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Abstract

The elastic constants, phase stability, heat of formation and the Debye temperature of various

noble metal compounds in the stoichiometry A3B (where A = Pt, Ir, Rh, Ru, Pd and B = Al,

Hf, Zr, Sc) were studied using the ab initio Density Functional Theory - Projector Augmented

Wave method. A total of 24 compositions was investigated, of which 16 compounds were

predicted to be thermodynamically stable. The remaining eight compounds were found not

energetically favorable, due to positive or low heats of formation. According to the Density

of States studies, the L12 structure was predicted in 8 compounds while four compounds had

the D024 structure. Among compounds with the L12 structure, the hardest phase predicted

was L12-Ir3Hf. L12-Pd3Sc was predicted as the least hard and most ductile compound. In

compounds with the D024 structure, Pt3Zr was predicted having highest hardness and highest

melting point. In all the compounds, the strongest interaction was found between hafnium

and the noble metals and least interaction was with aluminum. The melting points from

ab initio and molecular dynamics calculations slightly over-predicted experimental values,

but showed the same trends. Both the fracture toughnesses and the melting points deduced
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using the Sutton-Chen potentials had similar trends to ab initio results, suggesting that the

Sutton-Chen potentials is adequate for simulating metallic phases.
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Chapter 1

Introduction

With fast computers and efficient algorithms, it is now possible to design and understand

many new material properties. In designing and optimizing refractory alloys, difficulties are

usually encountered. The experimental data needed on the physical, thermodynamics and

mechanical properties of most new alloy systems are lacking. There are also difficulties with

the processing of refractory alloys, due to high temperature requirements in their experi-

mental preparation and synthesis. Theoretical modeling has been introduced to compliment

experimental alloy development so as to avoid the traditional “trial and error” material

preparation approach, which is time consuming and expensive.

The formulation and development of Quantum Theory in the 20th century has led to the

understanding of many aspects of the properties of condensed matter. Material properties

are determined by the interaction of its constituent atoms. To make specific predictions for

real materials and to design new materials, a detailed understanding of the interaction of
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these atoms is important. Thereafter, properties such as hardness, structure stability etc. of

a system are obtainable. Density Functional Theory [1, 2, 3, 4] has provided an important

theoretical foundation for modern first principles quantum calculation of materials properties.

Many physical properties of a material can be evaluated using an ab initio methods or semi-

empirical approach. Both methods obtain the total energy and atomic structure of interacting

electrons and nuclei. In a semi-empirical modeling approach, significant information is re-

quired about the atomic interaction (force fields etc) of the system under investigation. On

the other hand, ab initio describes a modeling method in which little or no knowledge exists

about the system. The number of atoms that ab initio method can handle is limited by

computer time and resource although an ab initio methods has the capability to provide

direct information of various properties.

In systems where large numbers of atoms are involved, Molecular Dynamics (MD) is the

preferred modeling technique. The semi-empirical molecular dynamics is an approach that

makes use of inter-atomic potentials. It is an established tool to evaluate many material

properties, and can be used to investigate and understand the structures of complex systems

even at the atomic level [5, 6, 7].

Commercially, pure metals are rarely used. They are used in the form of an alloy according

to their required physical properties. A desired property can be achieved by changing the

metallic composition of the alloy. Atomic ordering controls basic properties like conductivity

3



and hardness [8]. Intermetallic compounds are materials consisting of metals in approximate

stoichiometry ratios in ordered crystal structures. Intermetallics based on the aluminides are

particularly attractive, because they have high oxidation and corrosion resistance, low density,

high strength, and stiffness at elevated temperatures [9]. These exceptional properties had

encouraged the interest at developing improved high-temperature structural materials. Most

currently used high-temperature intermetallics are alloys in which an intermetallic compound

also served as the strengthening phase [10].

1.1 Literature Review

1.1.1 Intermetallic Compounds

The property of an intermetallic compound is determined by its crystal structure. For pure

metals, crystal structure and site occupations are limited. The structure for the majority of

pure metals are body-centered cubic (bcc), face-centered cubic (fcc), and hexagonal close-

packed (hcp). These structure types are shown in Figure 1.1.

The face-centered cubic structure (fcc) consists of an atom at each cube corner and an atom

in the center of each cube face. About 20% of the elements in the periodic table crystallize

with face centered cubic structures. Each atom in the fcc lattice has 12 nearest-neighbors.

For atoms of same size, the fcc has the closed pack arrangement of atoms. The distance along

the unit cell edges is called the lattice parameter, a. For cubic crystals, the lattice parameter
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Figure 1.1: Common structure types in metallic elements a: bcc, b: fcc and c: hcp

is identical in all three crystal axes. In the body centered cubic structure, atoms exist at

each cube corner and one atom is at the center of the cube. A comparison of the fcc and bcc

structures shows that the bcc is less dense than the fcc structure. In contrast to fcc, bcc has

only 8 nearest neighbors. The hexagonal structure comprises close packed planes.

Both fcc and hcp have closed-packed planes, and the difference is the stacking sequence.

As shown in Figure 1.2 [11], there are two types of plane positions for the hcp structure,

with an alternating ABAB arrangement. Conversely, three types of plane positions with the

ABCABC arrangement is adopted in the fcc structure. For hcp, atoms of the third plane are

in exactly the same position as the atoms in the first plane, while for fcc, atoms in rows A

and C do not align. Slip occur more easily on close-packed planes. Although both fcc and

hcp have closed-packed planes, there is only one set in hcp and four sets in fcc. Thus, slip

can occur in almost any direction in fcc and on only one plane in hcp. This makes slip easier

in fcc.
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Figure 1.2: Stacking arrangements in fcc and hcp crystal structures. Adapted from [11].

When metals are alloyed together, some alloy systems exhibit complete solid solubility while

others show limited solubility. The limits of solubility are determined by series of rules

called Hume-Rothery rules [12, 13]. Three types of alloys (substitutional, interstitial and

transformational) can be distinguished. In substitutional alloys, the solute substitutes the

solvent in the crystal lattice without structural changes. In interstitial alloys, the solute does

not occupy the sites in the lattice of the solvent but resides in crystallographic pores. In

transformational alloys, a completely new lattice is formed and this occurs as a result of

random arrangement of atoms in the final lattice. In solid solution, specific atoms occupy

specific lattice sites, giving rise to either; ordered, disordered (random) or clustered lattices.

These arrangements [14] are shown in Figure 1.3.

All heat engine performance increases with the temperature of the working fluid, the limiting
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Figure 1.3: Arrangement of solute atoms in ordered, clustered and random lattices. Adapted
from [14].

temperature is set by the melting temperature of available materials. Since the late 1940’s,

nickel-based superalloys (NBSAs) have been used as vanes and blade components in engines

and gas turbine generators. The success of the NBSAs in these demanding applications is due

to their excellent high melting temperatures, oxidation resistance and high yield stress [15].

To date, Ni3Al is the most studied NBSA. The strength of Ni3Al increases with temperature

[16]. In properly controlled stoichiometry, Ni3Al also has good ductility both in single crystal

[17] and polycrystalline form [18].

In the Ni3Al structure, Al atoms reside on the cube corners, while Ni atoms are located on

the cube faces. The structure of Ni3Al is designated as L12 in the Strukturbericht notation

or as cP4 in the Pearson’s symbol [19]. The cP4 (space group: Pm3m) notation indicates a

cubic (c) primitive (P ) structure with four (4) atoms per unit cell. In an ordered L12 binary

structure, the atomic ratio is A3B, where each B atom is surrounded by twelve A atoms.

Some examples of intermetallic structures are shown in Figure 1.4. The L10, L12 and B2

structures are highly symmetrical. Properties like strength and yield stress are determined by
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Figure 1.4: Some crystal structure of intermetallic compounds; left to right: Cu3Au (L12),
CuAu (L10), B2 and D024 structures.

the degree of ordering in an AB binary compound. Dislocation barriers are easily achievable

in these structure types. Ordering has more A-B bonds than A-A or B-B bonds. The

tendency to have more A-B bonds is determined by A atoms having more B atoms as nearest

neighbors. Since unlike atoms are favored over like atoms as nearest neighbors, the chances

are that any intermetallic compound where A-B bonds are more will have more strength and

may retain its structure to the melting point.

1.1.2 PGM compounds with L10, L12, B2 and D024 structures

Although NBSAs have excellent properties, they are currently used at about 85% of their

melting temperature [15]. For this reason, other materials that make use of the precepts of the

NBSAs, but have higher melting temperatures are required. Among the first considerations

were ceramics based on tungsten, niobium and molybdenum. The choice of these materials

was based purely on high melting points and strength. However, alloys based on these

refractory metals were found to suffer from creep and oxidation even at low temperatures

[20]. Ceramics suffer from much lower toughness and are costlier to process than the NBSAs
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[21].

Intermetallics based on the noble metals, especially the platinum group metals (PGMs),

were proposed [22], and have been studied [20, 23]. Apart from the high melting point of

the platinum group metals, they mostly have the fcc structure like nickel and good oxidation

resistance. Pt-based alloys have received considerable attention [20, 23, 24], as a possible

replacement for nickel based superalloy components. Platinum has higher melting point

(1796 ◦C ) compared to 1455 ◦C for Ni. It has the face centered cubic crystal structure and

excellent environmental stability [25]. The major drawbacks to the use of Pt are its cost and

high density. However, Pt is recyclable which could compensate for its high cost [26] and its

density could also be reduced by alloying it with light-weight elements suggesting it can still

find applications in the aerospace industry [27].

Listed in Table 1.1 [28] are PGM compounds with L10, L12, B2 and D024 structures. When

L12 is distorted tetragonally, then the L10 structure is obtained. When c = a, the atoms are

located at the positions of a face centered cubic lattice. The space group for L10 structure

is P4/mmm (no. 123). It’s Pearson symbol is tP2. The Pearson symbol for B2 compound

is cP2 [29] with a space group of Pm3m (no. 221). The stoichiometric formula for the D024

structure is AB3 [30]. The structure belongs in the hexagonal system, with the abac stacking

sequence. Its space group notation is P63/mmc (no. 194). The D024 crystal structure is

asymmetric.
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Considerable experimental efforts showed that the densities of many of the alloys in Table 1.1

are above 10, except in rhodium and ruthenium-based B2 compounds. Although low density

will allow considerable weight savings, these compounds may still qualify as good structural

materials on account of their high melting points.

Normal temperature-hardness behavior was demonstrated by Rh3Ti, Ir3Ti, Ir3Cr, Ir3Hf and

Ir3V while anomalous strength behavior was found in Rh3Nb, Rh3Ta, Ir3Nb and Ir3Zr [31,

32, 33, 34]. The melting temperatures of L12-rhodium-based compounds was found to be

lower than L12-iridium-based compounds, while their density was almost half of L12-iridium-

based compounds. In addition to their low densities, the specific strengths of rhodium-based

alloys were almost equivalent to those of iridium alloys. Strength improvement with element

addition (ternary alloying) was found promising in Ir-based alloys [35, 36, 37], while it was

ineffective in rhodium alloys [38, 39, 40, 35]. Rhodium-based alloys had better ductility -

25% for Rh-Nb and 35% for Rh-Ti, while at room temperature, the ductility of most iridium

alloys were below 10% [41, 42, 43]. Currently, the hardness of Iridium-based superalloys are

at about 200 MPa at 2,073 K [44, 45].

Iridium-based alloys are inherently brittle. An improvement in ductility from 10% (binary) to

about 20% (quaternary alloy) have been achieved [46, 47, 48, 49, 50]. Two kinds of fcc+L12

in the quaternary alloys [51] showed higher strength compared with iridium or rhodium-based

binary alloys. Although the deformation mechanism in these quaternary alloys are yet to be

reported, the various results suggested that a combination of iridium and rhodium may be a
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Table 1.1: Crystal structure, melting temperature (MT), and density of some noble metal-

based compounds [28].

Compd. Structure MT(K) Density (g.cm−3)

IrNb L10 2,173 15.25

Ru11Ta9 L10 2,353 14.41

IrAl B2 2,393 -

RuAl B2 2,333 7.97

RuSc B2 2,473 7.40

RuTi B2 2,393 8.55

RhTi B2 2,213 8.5

Ir3Hf L12 2,743 >20

Ir3Ta L12 2,727 >20

Ir3Nb L12 2,708 18.5

Ir3Zr L12 2,553 18.0

Ir3T i L12 2,388 18.5

Ir3V L12 2,373 18.5

Rh3Ta L12 2,730 14.0

Rh3Nb L12 2,236 11.7

Rh3Zr L12 2,173 11.0

Rh3T i L12 2,023 10.5

Rh3V L12 2,013 11.0

Pt3Al L12 1,829 -

Pt3Zr D024 2,427 18.0
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promising way of designing next generation of high temperature materials [52, 53].

Currently, the main area of application for platinum alloys are in the glass industries. The

hardness of platinum is enhanced in these applications with little rhodium addition, in a

process called ’oxide dispersion-strenghtening technique’ [39, 54]. Significant progress have

been made by many research groups at developing Pt-based alloys with higher temperature

mechanical strength comparable to most Ni-based superalloys. Many platinum-based L12

compounds including Pt3Ti, Pt3Cr, Pt3In, Pt3Ga, and Pt3Sn showed anomalous temperature

dependence of strength, while Pt3Al showed normal temperature dependence [55, 56]. The

fcc/L12 microstructure similar to the NBSA have been achieved in the Pt-Al system [57].

Further study have shown that the Pt-Al-X system has the best oxidation resistance [24, 58].

With this discovery, more work has been done on the Pt-Al alloys. It is now a common

knowledge that L12-Pt3Al transforms to a Pt3Ga-type phase at low temperature [48, 49, 50].

Stabilization effort was also reported [57]. Cuboidal L12 precipitates, similar to what is

obtained in the nickel-based superalloys is also exhibited in the fcc-platinum matrix phase.

Both chromium and ruthenium have been found to improve the strength of Pt-Al system

and this improvement was better than conventional platinum oxide-dispersion-strengthened

(ODS) alloys [54, 56]. At high temperatures, L12 precipitation-hardened alloys are suggested

with better properties than platinum-ODS alloys.

The compound, RuAl, is a highly promising alloy with the B2-structure. It has high melting
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point, good oxidation resistance, good strength at elevated temperatures and useful fracture

toughnesses [24]. Other reported compounds with the B2 structure includes IrAl, RhAl and

RhAl-X (X = B, Co, Fe, Ti, Ni, and Ir). With additional elements (ternary alloying), these

alloys maintained their B2 microstructure. Creep resistance was however found to worsen

with ternary alloying. Oxidation resistance improved with Iridium alloyed with aluminium

[59] and an increase in iridium content from NiAl to IrAl showed an increase in the creep rate

[60]. The strength for IrAl was higher than in NiAl, L12-Ni3Al, and L10-TiAl [59, 60]. At

higher temperatures, the strength of B2-IrAl was lower than that of its equivalent L12 phase.

Ductility was better in B2-IrAl alloys than in the L12 alloys. Although the ductility of B2

compounds (e.g. IrAl) improves slightly with additional elements, their creep properties also

get worsened drastically [61, 62, 63].

1.1.3 PGM compounds from electronic structure calculations

The advent of density functional theory (DFT) has made it possible to describe many proper-

ties of materials. In combination with methods such as the linear muffin-tin orbital (LMTO)

[64], the Korringa-Kohn-Rostocker (KKR) [65] the twenty most stable noble metal com-

pounds have been predicted [66]. These compounds (listed in Table 1.2) were predicted

based on the ab-initio calculation of their stability/heat of formation (�Hf ). Stability is

a microscopic quantity, that reflects the quantum properties of the electrons in a system.

It can be used as a criteria to determine whether a material can exist by thermodynamic

means. Structure stability is directly calculable from electronic structure theory, because to
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a large extent, it determines the resistance of the alloy to different kinds of applied external

conditions - stress, high temperature, or irradiation. While the results of Table 1.2 is a dis-

play of efficient methods based on DFT, it is also a pointer to new possibilities. For example,

further investigations of the Pt - Sc system [67], have confirmed Pt3Sc to exist with an or-

dered L12 structure up to the melting point of (1850 ◦C). When compared with Ni3Al and

Ir3Nb (Table 1.3), the calculated anisotropy and the elastic moduli of Pt3Sc suggests that it

should combine good strength with exceptional ductility. Moreover, the melting temperature

of Pt3Sc (1850 ◦C) is small compared with the melting temperature of Iridium based alloys

such as Ir3Nb. However, despite the higher temperature margin between Pt3Sc and Iridium

alloys, the ductility of Pt-Sc alloys is an advantage over the brittleness of Ir-based alloys.

Among the noble metals, rhodium based alloys have attracted much attention both from

experimental and first principle investigations. Firstly, rhodium is a fcc metal with high

melting point and compounds based on rhodium can be easily prepared with a microstructure

similar to that of nickel based superalloys [71]. Additionally, density in rhodium based

compounds is found to be less than that of the individual elements of the platinum group

[34]. The oxidation resistance property in rhodium based alloys is also found to be superior

to the other compounds [41]. Rhodium-based intermetallics of the type A3B where A =

Rh and B = Ti, Ta, Hf, Zr and Nb have been studied by electronic structure calculations

[72]. These compounds are found to crystallize in Cu3Au structure type, with the space

group symmetry of Pm3m. The theoretically calculated equilibrium lattice and bulk moduli

(Table 1.4) indicated that the compound with highest bulk modulus was Rh3Ta and Rh3Hf
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Table 1.2: The twenty fcc most stable alloys [66].

Alloys �Hf (eV/atom)

Pt3Sc -1.06

Pt3Hf -1.03

Pt3Y -1.02

PdPt2Sc -0.99

Pt3Zr -0.98

Pt2RhHf -0.98

PdPt2Y -0.97

PdPt2Hf -0.96

Pt3Lu -0.95

Pt2RhSc -0.94

NiPt2Sc -0.93

Pt2RhZr -0.92

NiPt2Hf -0.92

PdPt2Lu -0.92

PdPt2Zr -0.92

PtPd2Sc -0.91

IrPtRhHf -0.90

PtPd2Y -0.90

PtRh2Hf -0.88

Ir3Hf -0.88
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Table 1.3: Comparison of calculated bulk modulus B (GPa), Young modulus E (GPa), shear
modulus G (GPa), B/G ratio, Poisson’s ratio (v), and anisotropy constant (AG) of Pt3Sc ,
Ni3Al, Pt3Al and Ir3Nb

Alloys B E G B/G v AG Refs

Pt3Sc 246.2 203.6 74.7 3.30 0.36 0.93 [67]
Ni3Al 173.9 203.1 77.8 2.24 0.30 3.49 [68]
Ir3Nb 379.3 630.6 257.8 1.47 0.22 1.60 [69]
Pt3Al 292.3 330.5 126.4 2.31 0.34 1.30 [70]

Table 1.4: Lattice parameter and bulk moduli of rhodium based compounds [72], experimen-
tal data in parentheses.

Alloys Lattice parameter(Å) Bulk Modulus (GPa)

Rh3Ti 7.169 (7.227) 287.2
Rh3Zr 7.356 (7.426) 277.0
Rh3Nb 7.242 (7.289) 315.7
Rh3Hf 7.346 (7.389) 274.8
Rh3V 7.086 (7.154) 319.6
Rh3Ta 7.251 (7.297) 326.3

having the least bulk modulus. As much as the equilibrium lattice parameter of these alloys

compared well with experimental values, there are at present no experimental data to compare

with the bulk moduli. This problem, which is evident with most noble metal compounds have

hampered the possibility to verify theoretical results. It is therefore strongly suggested that

an experimental study of the elastic properties of most noble metal compounds needs to be

undertaken. While the constitution and properties of many binary noble metal compounds

have been investigated, little has been done to characterize the ternary systems. Possible

ternary systems are listed in Table 1.5.
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Table 1.5: Possible ternary systems of the noble metals
Pt− Rh− Pd Pt−Rh− Ir P t− Rh− Os Pt− Rh− Ru Pt− Pd− Ir
P t− Os− Pd Pt− Pd− Ir P t− Pd−Ru Pt− Ir − Ru Pt− Os− Ir
P t−Ru− Os Pd−Rh− Ir Pd− Rh− Os Pd−Rh−Ru Pd− Ru− Ir
Rh− Ru− Ir Rh− Ru− Os Ir −Ru− Os Rh− Ir −Os Pd−Os− Ir

1.2 Motivation

In view of previous discussions, the noble metals have been found to form solid solution with

other elements, resulting in many structure types. The melting points of these compounds are

high, but with density mostly above 10. Mostly, the compounds have high melting points, yet

strength and creep resistance remains a concern. In this research therefore, calculation efforts

was on noble metal alloys with aluminum as well as their alloys with scandium, zirconium

and hafnium. The structure primarily considered for simulation was the A3B (L12), similar

to Ni3Al. This structure type is highly ordered and therefore, many defect types - defects of

substitution, antiphase boundaries, super partial dislocations etc, should contribute to higher

strength and fracture toughness properties of the material [73, 74].

The intention of the present research, was to use the ab initio quantum mechanical calculation

methods to derive the heats of formation, elastic properties and the phase stability of some

noble metal alloys in the stoichiometry A3B (where A = Pt, Ir, Rh, Pd, Ru and B = Hf, Zr,

Sc, Al). Some of the compounds covered are known in literature, while many others are yet

to be described. The results would elucidates more on what is known and make information

available regarding the unknown.
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1.3 Aims and Objective

The aim is to employ ab initio quantum mechanical as well as empirical molecular dynamics

simulations to study the mechanical properties of an alloy formed between the platinum group

metals and aluminum, hafnium, zirconium or scandium in the stoichiometry A3B (where A

= Pt, Ir, Rh, Pd, Os and B = Al, Sc, Zr, Hf). Comparing results from the two approaches,

predictions will be made based on the stability of various phases of the noble metal alloys.

The specific objectives are to:

1. use ab initio quantum mechanical DFT approach to calculate the heats of formation,

elastic moduli and total DOS for the A3B compounds.

2. use empirical molecular dynamics to simulate and compare the melting point and high

temperature bulk moduli trend in the A3Al compounds.

3. use available codes and force fields; VASP 5.2 (ab initio DFT) and DL-POLY 4.2 (molec-

ular dynamics).

4. compare results from the two approaches (where available) with experimental data.

5. make predictions based on results from step 4.

All calculations were carried out with the computing facilities at the School of Physics,

University of the Witwatersrand. The Sutton-Chen inter-atomic potential (S-C) will be used

to study the melting points of some of the alloys. Among other things, the results would

show how valid the S-C potential is in simulating melting points in metallic phases. Doing so,
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particularly, without any additional empirical fittings. The structure of choice was the L12,

where the interest was to have this phase maintained over the melting temperature regime

of the compounds.

1.4 The Noble Metals

Reviewed in this section, are the various noble metals that form the basis for the compounds

investigated in this research.

1.4.1 Platinum

Platinum is a metal that belongs in group 10 of the Periodic Table of elements. It is silvery-

white in appearance and is malleable and ductile [75]. It possesses high resistance to chemical

attack [76]. Platinum is very scarce, its occurrence is only about 0.003 ppb in the Earth’s

crust. It is often found chemically combined with other metals in alluvial deposits. Platinum

alloys are widely used as catalysts in catalytic converters due to their outstanding catalytic

properties. They are also used to make fine jewelry because they are highly resistant to wear

and tarnish. The stable electrical properties of platinum are also exploited for many indus-

trial applications. Platinum has the face-centered cubic crystal structure with the following

additional properties: Young’s modulus =168 GPa, Shear modulus = 61 GPa, Bulk modulus

= 230 GPa, Poisson ratio = 0.38, Mohs hardness = 4 - 4.5 [77, 78].
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1.4.2 Rhodium

Rhodium is a silvery-white, hard transition metal. It is chemically inert and has only one

isotope (103Rh) in its naturally occurring state. It is one of the rarest and currently the most

expensive noble metal. Rhodium is usually found in platinum ores. Its reflectance is high and

it does not form an oxide, even when heated. At its melting point, it readily absorbs oxygen

which is released on solidification. It is less dense than platinum, but having a melting

point (1964 ◦C) higher than platinum (1768 ◦C). It is resistant to acids; it is completely

insoluble in nitric acid. The most use for rhodium is presently as alloying agent to harden

platinum or palladium. A platinum or palladium alloy hardened with rhodium can be used as

high-temperature corrosion-resistant coatings [79]. It is used in nuclear reactors to measure

neutron flux levels. The crystal structure of rhodium is face-centered cubic. Its additional

structural properties are: Young’s modulus = 380 GPa, Shear modulus = 150 GPa, Bulk

modulus = 275 GPa, Poisson ratio = 0.26 and Mohs hardness = 6.0.

1.4.3 Iridium

Iridium is a silvery-white transition metal. It is brittle and having a density second to osmium.

At extremely high temperatures (∼ 2000 ◦C), Iridium is the most corrosion-resistant metal.

Due to its rarity, it is employed only in a number of specialized industrial and scientific

applications where high corrosion resistance at high temperatures is required[80]. Some key

areas of use of iridium are in spark plugs, crucibles for recrystallization of semiconductors,
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electrodes for the production of chlorine in the chloralkali process, and as thermoelectric

generators in spacecraft [79]. To date, iridium is the only metal believed to have the potential

to maintain its good mechanical properties at temperatures well above 1600 ◦C [81]. It has

a face-centered cubic structure with the following moduli parameters: Bulk modulus = 320

GPa, Young’s modulus = 528 GPa, Shear modulus = 210 GPa, Poisson’s ratio = 0.26 and

Mohs hardness = 6.5.

1.4.4 Palladium

Palladium is a chemical element belonging in group 10 of the Periodic Table of elements.

It was discovered in 1803 and it is a lustrous silvery-white metal [82]. Palladium is a rare

metal, and about 70% of the world’s supply comes from the North-Western Province in South

Africa. Out of all the PGMs, Palladium is the least dense and has the lowest melting point.

Presently, half of the world supply of palladium goes into catalytic converters. It is also

widely used in the manufacture of computers, mobile phones, ceramic capacitors, component

plating, low voltage electrical contacts, and LCD televisions screens. It is also actively used

in medicine, especially in dentistry [79]. Hydrogen and groundwater purification is another

important area of application for palladium. It also has the potential to play a key role in the

technology of fuel cells. The structure of palladium is face-centered cubic, with a space group

of Fm3m. Its elastic properties are as follows; Young’s modulus: 121 GPa, Shear modulus:

44 GPa, Bulk modulus: 180 GPa and Poisson’s ratio: 0.39 [78, 83].
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1.4.5 Ruthenium

Ruthenium is an element found in group 8 of the Periodic Table. It is very rare and mostly

found with other PGM ores [82]. It is a hard, white metal, which does not tarnish at normal

temperatures, but can oxidize at high temperatures on exposure to air to form ruthenium

tetroxide, RuO4. Ruthenium is resistant to acids [80, 84] and its addition to other metals

can increase the hardness and corrosion resistance of the alloy [79]. The crystal structure of

ruthenium is hexagonal with the following moduli parameters[83, 78]; Young’s modulus =

447 GPa, Shear modulus = 173 GPa, Bulk modulus = 220 GPa, Poisson’s ratio = 0.30 and

Mohs hardness of 6.5.

1.4.6 Osmium

Osmium is a PGM, with the chemical symbol Os and atomic number 76 [82, 83]. Osmium

is hard but brittle. It is the densest natural element found in nature, mostly in platinum

ores. It has low vapor pressure (the lowest of the platinum group metals) and very high

melting point (the fourth highest of all elements). The last makes metallic osmium difficult

to manufacture and the brittleness means it is difficult to machine. The structure of osmium

is hexagonal with extremely high bulk modulus (B). Osmium is reported with a B value

between 395 and 462 GPa, which rivals that of diamond (443 GPa)[85]. Osmium has a low

shear modulus, which is only 222 GPa [86, 87, 88]. Osmium applications and research are

hampered because on exposure to air it emits osmium tetroxide (OsO4)[89], which smells

22



bad and is very poisonous. Osmium is primarily used where frictional wear minimization is

required. Application arrears include point pen tips, fountain pen tips, record player needles,

electrical contacts etc.

The outline of the remaining part of the thesis is as follows; Chapter 2 describes the ab

initio DFT concepts and merits of various approximations presently used to implement DFT

calculations. The various methods for obtaining equilibrium properties from ab initio DFT

calculations are discussed in chapter 3. The results of the ab initio calculation on noble-

metal-aluminide intermetallic compounds X3Al (where X = Pt, Ir, Rh, Os, Pd, Ru) are

presented in Chapter 4. The molecular dynamics (MD) concepts are introduced in Chapter

5 with results obtained on the lattice parameter, bulk modulus, density and the melting

points of the X3Al compounds. The ab initio results on other X3B compounds (where B =

Sc, Hf, Zr) are presented in Chapter 6. In chapter 7, conclusions were made based on results

obtained and an outlook for further work given.
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Chapter 2

Ab Initio DFT Calculations

2.1 Introduction

In material physics, the first step in evaluating the properties of a material is to obtain

the energy of the system. This is done by solving the time-independent Schr
..
odinger equa-

tion [90]. The Schr
..
odinger equation (Equation 2.1), is the most fundamental equation of

quantum mechanics. The equation can only be numerically solved for few atoms. To make

useful progress, the equation is solved using a series of approximations. The approximation

route basically replaces the original equation with simpler ones. As much as possible, es-

sential features of the original system are captured by these simpler equations, although the

approximated equations are sometimes difficult to justify.

ĤΨ = EΨ (Equation 2.1)
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where Ĥ = Hamiltonian describing electrons and nuclei

Ψ = wave function and

E = energy of the system.

The first approximation, aimed at solving the Schr
..
odinger equation usually decouples the

electron motion from that of heavier ions. This is known as the Born and Oppenheimer

approximation [91]. Following the isolation of the ions from the electrons, the ions can

thereafter be treated as classical particles because it now provides a fixed potential. The

Hamiltonian for this approximation can be written as:

Ĥ = −
(

�2

2m

)∑
i

∇2
i +

1

2

∑
i�=j

e2

| ri − rj | −
∑
i,p

e2Zp
| ri − rp | (Equation 2.2)

where, ri and m are the electron co-ordinates and mass respectively, rp is the nuclei coordi-

nates, while eZp is the charge of constituent nuclei.

The Hartree approximation is a further refinement on the Born and Oppenheimer method,

devised to solve the Schr
..
odinger equation. The total wave function is written as the product of

single electron wave functions (Equation 2.3), after which the variational principle is applied

[92], to obtain the Hartree equation (Equation 2.4).
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Ψ(r1, r2......rz) = ψ1r1, ψ2r2......ψzrz (Equation 2.3)

[
− �2

2mi
∇2
i −

Ze2

ri
+ e2

∑
j �=i

∫
d3rj

| ψj(→rj) |2
→
ri − →

rj

]
ψi

→
ri= εiψi

→
ri (Equation 2.4)

The εi in Equation 2.4 represents the energy contribution of the ith electron. The potential

due to the other electrons in which the ith electron moves is represented by:

e2
∑
j �=i

∫
d3rj

| ψj(→rj) |2
→
ri

(Equation 2.5)

Though, electron-electron interactions are easier to study within the electric field created by

other electrons, the Hartree equation does not account for Pauli exclusion principle and as

such, any calculation based on it is not reliable [90].

A better formalism is achieved when all orthonormal one-particle wave functions in Equation

2.4 are expressed with antisymmetric wave-functions [93]. With this, the Pauli exclusion

principle is obeyed. The simplest possible type of antisymmetric wave function is obtained

by antisymmetrizing all orthonormal one-particle wave functions ie.:
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Ψ(r1, . . . , ra, . . . , rb, . . . rN ) = −Ψ(r1, . . . , ra, . . . , rb, . . . rN ) (Equation 2.6)

The antisymmetrization always results in wave functions that are no longer a simple product,

but a sum of products. This complexity is resolved by constructing a determinant of the

electron wave-functions [94]. The determinant is a linear combination of all possible Hartree

wave-functions obtainable from permutations of ri added together with weights ±1, so as to

give the condition in Equation 2.6. The Hartree-Fock equation (Equation 2.7), is obtained

when all necessary simplifications are done.

[
− �2

2mi
∇2
i−

Ze2

ri
+e2

∑
j �=i

∫
d3rj

| ψj(→rj) |2
→
ri − →

rj
−1

2

[∑
j

∫
ψ∗
j (rj)ψi(rj)

| ri − rj | drj

]
ψj(ri
ψi(ri

]
ψi

→
ri= εiψi

→
ri

(Equation 2.7)

The last term on the left hand side of Equation 2.7 describes the exchange interaction which

is applied between parallel-spin electrons. This term ensures that Equation 2.7 obeys the

Pauli exclusion principle.

Due to an average non-local potential arising from the other electrons, the Hartree-Fock

equation is only a first order approximation to the total energy. By also assuming a single-

determinant form for the wave-functions, the HF approximation neglects correlation between

electrons, which can lead to a poor description of the electronic structure [95]
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2.2 Density Functional Theory (DFT)

Today’s electronic structure calculations make use of the Density Functional Theory. DFT

uses the electron density as a basic variable to describe a system with many particles. The

idea of using the electron density as a single entity to describe a system actually started from

the Thomas-Fermi (TF) theory [96, 97]. The TF density functional scheme treat electrons

as independent particles, with the electron-electron interaction energy arising solely from the

electrostatic energy. This scheme had limited success in describing real systems, but it is

considered the prototype for all modern density functional theories. The DFT used presently

by the material physics research community was formulated by Hohenberg and Kohn (known

as HK-DFT) [98] and Kohn and Sham (KS-DFT) [1].

The Hohenberg-Kohn DFT states that the total energy of a many-body system is a unique

functional of electron density. The total energy functional can be written as:

E[n] = F [n] +

∫
n(r)Vext(r)dr (Equation 2.8)

where F is a universal functional of n and the minimum value of the functional E is E0, the

exact ground-state electronic energy.

The universal functional F [n] is unknown, but independent of the external potential.
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2.2.1 The Kohn-Sham (KS) Equations

The Hartree-Fock equation is capable of producing good results (not in metals), but is too

time consuming to solve. Other DFT formulations (i.e. Thomas-Fermi equation) is quicker

to solve, but produces inaccurate results. A crossbreed between these equations is the Kohn-

Sham equation. This equation was introduced by Kohn and Sham [1] and it has capacity for

large numerical calculations in solids. The Schr
..
odinger equation requires that kinetic energy

of electrons be high at any region where the electron density is high, and also where the

gradient of their wave functions are large. The defect in the Thomas-Fermi equation comes

from the approximated kinetic energy because the equation only recognizes high kinetic

energy in a region of high electron density, but fails to take into account the requirement for

high kinetic energy where the gradient of the wave functions is large.

To obtain an electron problem that can be solved, the Kohn-Sham formalism [1], separated

the universal functional F [n], in the Hohenberg-Kohn equation into three distinct parts such

that:

F [n] = Ts[n] +

∫
n(r)n(r

′
)

r − r
′ drdr

′
+ µxc(n) (Equation 2.9)

where Ts[n] is a non-interacting kinetic energy given as:
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Ts[n] =
�2

2m

∑
i

∫
ψ∗
i (r)∇2ψi(r)dr (Equation 2.10)

The last functional, µxc(n) is unknown and it is usually approximated.

2.2.2 Approximations for µxc

In electronic structure calculations, µxc is most commonly approximated. The local density

approximation (LDA) is a well tested, most widely used and very successful approximation

within KS-DFT. LDA uses a functional that depends only locally on the density for µxc.

The assumption is that the exchange-correlation energy per electron in the electron gas and

at point r, εxc(r) is equal to the exchange-correlation energy per electron in a homogeneous

electron gas that has the same electron density at r, ie.:

µLDAxc [n(r)] =

∫
n(r)εxc[n(r)]dr (Equation 2.11)

so that:

vxc(r) =
δ[n(r)εxcn(r)]

δn(r)
(Equation 2.12)
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with:

εxc(n(r)) = εhomxc (n(r)) (Equation 2.13)

However, in practical calculations there is still the need to know the actual numerical value

of εxc for all densities. As there is no exact analytical form for this, calculations based on

many body perturbation theory [2] and the quantum Monte Carlo method [3] have been used

to parameterize numerical formulas for εxc that are accurate for a wide range of values of

n(r). Popular parameterizations include those of Hedin and Lundquist [2], Von Barth and

Hedin [99], Janak [100] Perdew and Zunger [4], Vosoko, Wilk and Nusair [101] and Perdew

and Wang [102]. However, since the fitting parameters used in constructing DFT-LDA are

distinct from those used in other theories, the accuracy to the exchange-correlation potential

in real system calculations can only be validated by an agreement between calculated results

and experimental data.

Another approximation for µxc is the generalized gradient approximation (GGA) [1]. The

GGA is an approach that improves the LDA by including gradient corrections. This is

achieved by adding an enhancement factor Fxc[n(r),∇n(r)], which directly modifies the LDA

energy density as:
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µGGAxc [n(r)] =

∫
n(r)εxc[n(r)]drFxc[n(r),∇n(r)]dr (Equation 2.14)

where Fxc is a correction chosen to satisfy many constraints for µxc. However, since it is

not possible to satisfy every constraint simultaneously, Fxc is often chosen according to the

nature of the system under study. PW91 [103] used to be a famous GGA functional within

solid state DFT community. The PW91 exchange enhancement factor has the form:

FPW 91
xc (s) =

1 + 0.19645s sinh−1(7.7956s) + (0.2743− 0.15084e−100s2)s2

1 + 0.19645s sinh−1(7.7956s) + 0.004s4
(Equation 2.15)

where the reduced density gradient s is a dimensionless quantity written as a function of

Seitz radius rs, ie.:

rs =

(
3

4πn

)1/3

(Equation 2.16)

s(r) =
|∇n(r)|

2kF (r)n(r)
=

3

(18π)1/3
|∇rs| (Equation 2.17)

Equation 2.15 is an improvement over the expression formerly given by Becke, known as B88

[104]. It is tailored to obey some extra exact conditions such as scaling relations [105] and
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correct behavior in a slowly varying limits of energy bounds [106]. Until recently, PW91 was

the sole GGA in use. It has now been superseded by the GGA formulated by Perdew, Burke

and Ernzerhof, known as PBE [107, 108]. The PBE approximation uses a much simplified

exchange enhancement factor. Despite its simplicity, most important conditions satisfied by

PW91 are also satisfied by PBE. For 0 < s < 3, i.e. the range exhibited by most physical

systems, the PBE and PW91 enhancement factors are virtually indistinguishable and yield

the same physical properties. While the GGA corrects the over-binding tendency of the LDA,

it unfortunately has the tendency to over-correct for heavy elements.

2.3 Kohn-Sham equation in plane waves

In the previous sections, the difficulty of the many body problems and how these can be

circumvented through density functional theory was discussed. The Kohn - Sham (KS)

equation, which is a single particle Schr
..
odinger equation and the LDA and GGA being two

approximations to the exchange-correlation term of the KS equation had also been discussed.

In this section, the implementation of Kohn-Sham DFT using planewave pseudo-potentials

will be discussed. This is a well established method [109], which although computationally

demanding, is accurate in describing infinite periodic systems such as solids. ?? is reproduced

in Figure 2.1, illustrating the various methods for its implementation.

The first step in solving problems with plane-waves is the construction of a basis set to
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Figure 2.1: KS-DFT equation and its methods of implementation

represent the wave functions.

ψ(r) =
∑

Ciφi(r) (Equation 2.18)

where φi(r) are the basis functions and Ci are the expansion coefficients.

In a periodic potential, the Bloch theorem [110], can be used to write the wave-function ψ

as a product of a periodic lattice part uj(r) and a wavelike part eik·r:

ψj,k(r) = uj(r) e
ik·r (Equation 2.19)

Because the periodicity of uj(r) is same as that of the direct lattice, it can be expressed in
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terms of a discrete plane-wave basis set, G, which are wave-vectors of the crystal, i.e.

uj(r) =
∑
G

cj,G eiG·r (Equation 2.20)

where G · R = 2πm. m is an integer, R are the crystal lattice vectors and cj,G are the

plane-wave coefficients. Each electronic wave-function can then be written as a sum of plane

waves:

ψj,k(r) =
∑
G

cj,k+G ei(k+G)·r (Equation 2.21)

Equation 2.21 is the expression for the reciprocal space vectors within the first Brillouin zone

of the periodic cell, k.

2.3.1 k-point sampling

The use of the Bloch theorem to obtain Equation 2.21 leads to an infinite number of

reciprocal-space over the first Brillouin zone. These k-points contribute to the electronic

potential of the bulk solid. For an accurate result, wave-functions need to be calculated

around all the k-points in the Brillouin zone. But because electron wave-functions do not

change appreciably over a small distances in k-space, ie. electronic wave-functions at k-points
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that are very close together will almost be identical [111], an acceptable result can be ob-

tained by performing the calculation over a finite, but sufficiently dense, mesh of k-points

[90]. For this reason, electronic states are only calculated at a set of k-points determined by

the shape of the Brillouin zone and the positions of the k-points within the Brillouin zone

must be chosen carefully to obtain efficient description of a particular system, while still

leading to quite significant computational savings. Different approaches for obtaining these

optimal or “special” k-point sets have been discussed [112, 113, 114].

All the calculations performed in this work employ the Monkhorst-Pack (MP) method [115].

In MP method, the k-points are distributed homogeneously throughout space in columns,

following the shape of the Brillouin zone, ie.

kj = x1jb1 + x2jb2 + x3jb3 (Equation 2.22)

where b1,b2,b3 are the reciprocal lattice vectors, and,

xij =
li
nj
, j = 1, . . . , nj (Equation 2.23)

where li are the lengths of the reciprocal lattice vectors and nj characterizes the number of

special points in the set.
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For less computation expense, the full special k-point set is obtained using the point-group

symmetry T of the crystal:

n(kj)T =
1

NT

∑
Tp∈T

n(Tpkj) (Equation 2.24)

where NT is the number of operations, Tp in the point group T .

The full reciprocal space charge density is then obtained as:

n(k) =
∑
i

wjn(kj)T (Equation 2.25)

By Fourier transformation, the full real space charge density n(r) for a crystal with point

group operations, T , is obtained as:

n(r) =
v

(2π)3

∫
BZ

nk(r)dk (Equation 2.26)

where v is the unit cell volume.

The values of the weighting factors, wj, are adjusted according to this new k-point set and
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the integrals Equation 2.26 are calculated with this set. Using a point group operations,

T , the charge density obtained is associated with other points throughout the zone. This is

achieved by evaluating ?? with the k-point sampling approximation such that:

n(kj) =
∑
i

ψ∗(kj)ψ(kj) (Equation 2.27)

2.4 Pseudo-potentials

Electrons in matter are broadly categorized into those close to the nucleus (core electrons)

and those far from the nucleus (valence electrons). Because the core electrons are strongly

localized in the closed inner atomic shells [111], DFT wave functions have very sharp features

for core electrons, resulting in much oscillation in the core states due to the orthogonality

requirement. To correctly describe events at the core regions, a very large set of plane waves,

or very fine grid would be required. This would be expensive and computationally demanding.

This problem is circumvented by describing the collective system of nuclei and core electrons

with pseudopotentials. In the pseudopotential approach, the Kohn-Sham equations are solved

for the valence electrons only, while the remaining scattering potential are described by

pseudopotentials at a certain radius from the core. This method reduces the number of wave

functions to be calculated, so that only calculations on the valence states are needed. The

drawbacks of treating core electron states with pseudopotential is that information on the
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full wave function close to the nuclei is lost, which can influence the calculation of certain

properties, such as electric field gradients [116]. Also, there is no before hand knowledge of

when the approximation yields reliable results.

In different chemical environments, the pseudopotential concept assumes that the electronic

structure of core-electrons remains unchanged. This approximation [117, 118], is used to

eliminate the need to treat atomic core states and the various nuclear potential responsible

for binding them. Illustration of the pseudo-potential concept is shown in Fig. 2.1 [119].

The pseudo-potential is constructed such that there are no radial nodes and that pseudo-

wavefunction and the pseudo-potential are identical to the all-electron wave-function and

the potential outside the cut off radius rc. Since the scattering properties of the ion core

are angular momentum dependent, the pseudo-potential is constructed so that its scattering

properties or phase shifts for pseudo-wave-functions are identical to the scattering properties

of the ion and core electrons for the valence wave functions [120].

2.4.1 First-Principles Pseudo-potential Generation

To generate pseudo-potentials usable in DFT calculations, the radial Schr
..
odinger equation

(Equation 2.28) must be solved self-consistently.
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Figure 2.2: Schematic illustration of the pseudo-potential concept. The solid lines show the

all-electron wave-function, ΨAE(r), and ionic potential, vAEion (r), while the dashed lines show

the corresponding pseudo-wave-function, ΨPS(r), given by the pseudo-potential, vPSion(r). All
quantities are shown as a function of distance, r, from the atomic nucleus.

The cutoff radius rc marks the point beyond which the all-electron and pseudo quantities
become identical.

[
− 1

2

d2

dr2
+
l(l + 1)

2r2
− Z

r
+ vH(r) + vxc(r)

]
ψAEl (r) = εlψ

AE
l (r) (Equation 2.28)

vH(r) and vxc(r) are the Hartree and exchange-correlation potentials, and ψAEn,l is the all-

electron atomic wave-function with angular momentum component l.

A versatile pseudo-potential should meet the following four criteria:

(i) the valence pseudo-wave-function ψPSl (r) must be the same as ψAEl (r) outside a given

cutoff radius rc. (ii) the charge enclosed within rc must be equal for the two wave-functions,
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∫ rc

0

|ψPSl (r)|2 dr =
∫ rc

0

|ψAEl (r)|2 dr (Equation 2.29)

and is normalized such that,
∫∞
0

|ψPSl (r)|2 dr =
∫∞
0

|ψAEl (r)|2 dr = 1. This is commonly

referred to as norm-conservation.

(iii) ψPSl (r) must not contain any nodes and be continuous at rc, as well as its first and

second derivatives.

(iv) the valence electron and pseudo-potential eigenvalues must be equal.

The essence of the above conditions is to permit freedom when generating pseudo-wave-

functions and consequently, when constructing pseudo-potentials. The ionic pseudo-potential

is then obtained by inverting Equation 2.28 once the pseudo-wave-function had been created,

giving:

vPSion,l(r) = εl − vPSH (r)− l(l + 1)

2r2
+

1

2ψPSl (r)

d2

dr2
ψPSl (r) (Equation 2.30)

where vPS
H

(r) and vPS
XC

(r) are calculated from the pseudo-wave-functions. However, the

consequence of this procedure is that a separate pseudo-potential must be generated for each

angular momentum component l.
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Pseudo-potentials of this type are referred to as non-local-norm-conserving pseudo-potentials,

and are capable of describing core ion scattering in a variety of environments. Non-local-

norm-conserving pseudo-potential are transferable. A pseudo-potential is said to be trans-

ferable if it is accurate in a variety of different chemical environments.

2.4.2 Ultra-soft pseudo-potentials

It has been observed that norm-conserving pseudo-potentials give wrong descriptions of first

row and transition metal elements [121]. These elements contain highly localized valence

orbitals, which makes it difficult to represent the pseudo-wave function in plane wave basis.

In these elements, the norm-conserving criteria will force the pseudo-wave function to vary

rapidly, meaning that to adequately describe their properties, large basis sets will be required.

As this is not practicable, the only compromise is to increase the core radius, which will then

adversely affect the transferability and reduce the quality of the pseudo-potential. To cure this

problem, other pseudo-potentials, known as “ultra-soft” pseudo-potential [122], developed by

Vanderbilt [123] in the early 1990s are in use.

Compared with other pseudo-potentials, ultra-soft pseudo-potentials result in smoother pseudo-

wave-functions. Therefore, they use fewer plane-waves for calculations of the same accuracy.

Ultra-soft pseudo-potentials yield results that are indistinguishable from those obtainable

from the best all-electron methods currently available [124]. The procedure is achieved by

relaxing the norm-conservation constraint Equation 2.29, which offers greater flexibility in
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the construction of the pseudo-wave-functions. In this scheme the total valence density n(r)

is partitioned into so-called hard and soft contributions:

n(r) =
∑
n

[
|φn(r)|2 +

∑
j

〉〈βi|φn〉
]

(Equation 2.31)

where βi are projector functions that depend on the ionic positions, and the augmentation

function Qij(r) is given by

Qij(r) = ψ∗
i (r)ψj(r)− φ∗i (r)φj(r) (Equation 2.32)

where ψi(r) are the all-electron wave-functions. The norm-conservation condition (Qij(r) =

0) is not satisfied in the construction of the ultra-soft wave-functions, φi(r).

Also, the orthonormal condition takes on a generalized form:

〈φi|S({RI})|φj〉 = εij (Equation 2.33)

where S(RI) depends on the ionic positions through |βi〉 and is defined as:
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S = 1 +
∑
ij

qij |βj〉〈βi| (Equation 2.34)

with

qij =

∫
Qij(r) dr (Equation 2.35)

When using ultra-soft pseudo-potentials, the cutoff energy Ecut is typically about half that

of conventional norm-conserving pseudo-potentials [124]. For simple estimates, the number

of plane-waves scales as E
3
2

cut, meaning that the number of plane waves required in a given

calculation is one-third less.

2.5 Projector Augmented-Wave Method

The projector augmented wave (PAW) method was introduced by Bl
..
ochl in 1994 [125]. This

method has the physics of all-electron formalisms with the numerical advantages of pseudo-

potential techniques. The method has been successfully used for density functional studies

due to its formal simplicity. As earlier pointed out, the features of the wave functions, are

very different for both the valence and core regions. At the valence region, it is smooth, but

near the nuclei it displays rapid oscillations, which places a highly demanding numerical
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representation on the wave functions. The Bl
..
ochl formalism addressed this problem by

providing a transformation between an auxiliary smooth wave function to the true all electron

Kohn-Sham single particle wave function according to Equation 2.36.

| ψn〉 = T̂ |
∼
ψn〉 (Equation 2.36)

where n is the quantum state label, containing a band index, a k index and a spin index.

By this transformation, the transformed KS equations is:

T̂ †ĤT̂ |
∼
ψn〉 = εnT̂ †T̂ |

∼
ψn〉 (Equation 2.37)

which needs to be solved instead of the usual KS equation. Since the wave functions are

already smooth at certain minimum distance from the core, T̂ is modified in Equation 2.37

to obtain a smooth auxiliary wave functions close to the nuclei. In a suitable way, T̂ can be

defined as:

T̂ = 1 +
∑
a

T̂ a (Equation 2.38)
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where a is an atom index and T̂ a is the atom-centered transformation, which has no effect

outside certain atom-specific augmentation region defined as:

| r − Ra | < rac (Equation 2.39)

where the cutoff radius rac is chosen to ensure that there is no overlap of the augmentation

spheres.

Inside the augmentation spheres, the true wave function is expanded in terms of a partial

waves φai , and for each partial waves, a corresponding auxiliary smooth partial wave
∼
φai is

defined such that:

| φai 〉 = (1 + T̂ a) |
∼
φai 〉 ⇔ T̂ a |

∼
φai=| φai 〉− |

∼
φai 〉 (Equation 2.40)

Given φ and
∼
φ respectively, Equation 2.40 completely defines T a for all i and a.

However, since T a is required to do nothing outside the augmentation sphere, both the partial

wave and its smooth counterpart need to be identical outside the augmentation sphere. In

Equation 2.40, this can be obtained by setting:
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φai (r) =
∼
φai (r) (Equation 2.41)

for r > rac . Where φai (r) = 〈r | φai (r)〉 and likewise for
∼
φai .

Inside the augmentation sphere, the complete set of all electron wave functions can thus be

expanded in terms of the smooth particle waves as:

|
∼
ψn〉 =

∑
i

P ani |
∼
φai 〉, (Equation 2.42)

for | r −Ra | < rac .

where P ani is an expansion coefficient.

Since | φai 〉 = T̂ |
∼
φi
a

then the expansion;

| ψn〉 = T̂ |
∼
φn〉 =

∑
i

P ani |
∼
φai 〉 (Equation 2.43)

for | r −Ra | < rac , has the same expansion coefficients, P ani.
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As T̂ is required to be linear, P ani is also a linear functional of |
∼
ψn〉, i.e.

P ani = 〈∼pi
a|

∼
psin〉 = T̂ |

∼
φn〉 =

∫
dr

∼
pi
a∗

(r −Ra)
∼
ψn (r) (Equation 2.44)

where |∼pi
a〉 are some fixed functions known as smooth projector functions.

To ensure no overlap between the projector functions, a one center all electron wave function,

defined as:

| ψan〉 =
∑
i

| φi〉〈∼pi
a| ψn〉 (Equation 2.45)

must reduce itself to |
∼
ψn〉 inside the augmentation sphere defined by a. This is satisfied by:

∑
i

|
∼
φi
a

〉〈∼pi
a| = 1 (Equation 2.46)

which also implied that:

〈∼pi
a|

∼
φi
a

〉 = δi1,i2 (Equation 2.47)
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For r > rac (i.e. outside the augmentation spheres), there are no restrictions on
∼
pi
a
. For

convenience therefore,
∼
pi
a
is treated as local functions, i.e.

∼
pi
a
(r) = 0.

To ensure that
∼
pi
a
produces correct expansion coefficients of the form in Equation 2.42

and Equation 2.43, it was restricted with the completeness relation in Equation 2.46, while

Equation 2.47 is an implication of this restriction.

The translation of Equation 2.46 to the projector functions is a difficult procedure. According

to Bl
..
ochl [125], the general form of the projector functions can be written as:

〈∼pi
a| =

∑
j

({
〈fak |

∼
φl
a

〉
})−1

ij

〈faj | (Equation 2.48)

where | faj 〉 is any set of linearly independent functions.

Using the relation in Equation 2.46, the atom-centered transformation, T̂ a becomes:

T̂ a =
∑
j

T̂ a |
∼
φl
a

〉〈∼pi
a| (Equation 2.49)

The first equality in Equation 2.49 is true in all space. The second equality is due to Equation

2.46 where outside the augmentation sphere, | φal 〉 − |
∼
φl
a

〉 = 0.
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Using these transformations, the all electron Kohn-Sham wave function ψn(r) = 〈r | ψn〉 can

then be written as:

ψn(r) =
∼
ψn (r) +

∑
a

∑
i

(
φai (r)−

∼
φi
a

(r)

)
〈∼pi

a|
∼
ψn〉 (Equation 2.50)

The smooth (auxiliary) wave function
∼
ψn (r) is now numerically convenient to obtain by

solving the eigenvalue Equation 2.37.

The transformation in Equation 2.50 have separated the original wave functions into a con-

tribution that contains rapid oscillations in certain, small, areas of space and auxiliary wave

functions that are smooth everywhere. The major advantage of PAW and this transfoma-

tion formalism is that the sets of functions needed to define the transformation are system

independent, and as such, they can conveniently be pre-calculated and tabulated for each

element of the periodic table [116].

2.5.1 Ultra-soft vs PAW Potentials

Both ultra-soft pseudo-potential and PAW potentials have similarities as pointed out by

Bl
..
ochl and derived by Kresse and Joubert [126]. Although, the PAW potential is based on a

different philosophy and was generated about 5 years after the ultra-soft potentials (US-PP),

yet, the construction scheme for both pseudo-potential are the same. Generally, the PAW
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potentials, uses less parameters and are more accurate for; magnetic materials, alkali and

alkali earth elements, early 3d elements, lathanides and actinides [126, 127]. US-PP becomes

progressively softer down the periodic table [127] while the performance of PAW potentials

are similar across the periodic table.

PAW potentials are more superior for treating compounds having species with very different

covalent radii. The US-PP is faster for a one component system, but at reduced precision

[126, 127]. Both US-PP and PAW works well with LDA and GGA.

2.6 Energy Minimization

In order to determine the physical properties of a system, the total energy of the system

has to be calculated. To do this, the electronic states that minimizes the Kohn-Sham total

energy needs to be determined. There are two methods that are usually used for this: steepest

descent method and conjugate gradient method.

2.6.1 Steepest Descent Method

The steepest descent minimization technique attempts to locate the minimum total energy

along the steepest descent path. It calculates the direction from the minimal until the

ground-state is located. The path of calculation is chosen using information from the present
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sampling point only, while information regarding previous search directions are ignored[128].

This method requires a large number of iterations and the results of its convergence may not

be reliable.

2.6.2 Conjugate Gradient Method

Compared with the steepest descent method, the conjugate gradient technique is a more expe-

dient minimization technique. This method combines information from all search directions

to create a new search direction that is independent (conjugate) to all previous directions.

The new search directions are linearly independent. To minimize storage, it is only the previ-

ous search direction that is saved, rather than all other previous directions [120]. After each

iteration, the dimensionality of a problem is reduced by 1. It is computationally cheaper and

faster as any n-dimensional vector-space is determined in n iterations [129].

2.6.3 Preconditioning

The number of plane-wave coefficients required to implement conjugate gradient minimization

technique is typically of the order of ∼ 105, meaning that a long time is required to minimize

a band. The efficiency of the method also reduces as the kinetic energy cutoff increases.

A preconditioning scheme [130] is usually applied with the conjugate gradient method to

overcome these problems. Preconditioning is achieved by separating the high kinetic energy
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plane waves and the low kinetic energy plane waves. In most cases, high kinetic energy plane-

waves dominate search directions, and are therefore sought, leaving the low kinetic energy

waves untouched. With this done, the range of Eigenvalue energies are compressed, leading

to faster convergence. The calculations performed in this work use preconditioned conjugate

gradient minimization scheme.

2.6.4 The Vienna ab initio Simulation Package (VASP)

All ab initio calculations and results reported in this thesis were done with the VASP com-

puter code [131, 132]. VASP is a package for performing quantum mechanical calculations on

molecules and solids. It uses an iterative variational method to solve the Kohn-Sham equa-

tion of a system [109]. This approach is preferred over the direct diagonalization method,

because the latter is inefficient for large systems. The Car-Parrinello (CP) [133] and the

conjugate-gradient [120] energy minimization methods are both implemented in the VASP

code. Both the local density approximation (LDA) and the generalized gradient approxima-

tion (GGA) are currently the most used functionals for treating µxc in VASP. Other high

hierarchy functionals such as the meta-GGA or hyper-GGA functionals do not presently lead

to any systematic improvement over the GGA [134, 135].

In practice, VASP uses a plane-wave (PW) basis-set to iteratively solve the Kohn-Sham

equation. An appropriate set of basis functions are chosen to expand the orbitals. The

plane-wave basis-sets are chosen and adopted in such a way that:
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(i) Basis-set convergence is adequately controlled, which is crucial for the accuracy of a cal-

culation.

(ii) It is easy to calculate the force and stresses on atoms using the Hellmann-Feynman theory

[136].

(iii) The effect of strongly bound core-electrons are treated using pseudo-potentials.

The Projector Augmented Wave (PAW) [125] method is implemented in VASP. While avoid-

ing nonlinear core-corrections, the PAW method makes all-electron density calculations fea-

sible for d- and f -electron systems. This not only allow reduced computational effort, but

also increases accuracy. VASP-PAW is very accurate when compared with other all-electron

calculations, such as the full-potential linearized augmented plane-wave (FLAPW) method

[109].

Apart from being able to solve the Kohn-Sham equations of a material, additional func-

tionalities of the VASP code include a set of routines for calculating wide range of materials

properties such as atomic, electronic and magnetic structures, spectra (electronic, optical, vi-

brational, ...), mechanical properties such as elastic constants, heats of formation, anisotropy

energies, activation energy for phase transitions etc.
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Chapter 3

Ab Initio Equilibrium Properties

For strong materials, mechanical properties are the main concern. After obtaining the ground

total energy for a given chemical composition and lattice structure, mechanical properties

such as ideal strength, elastic constants can be evaluated. The purpose of electronic structure

methods is to be able to predict the ground state equilibrium volumes, elastic and thermody-

namic properties of materials. Various techniques used to evaluate the equilibrium volumes,

elastic constants, bulk moduli and cohesive properties are discussed in this chapter.

3.1 Thermodynamic Stability and Cohesive Energies

Theoretically, if a substance is thermodynamically stable relative to some other phases, it

should be possible to make it by some conventional means. For ab initio studies, the en-

thalpy of formation is traditionally used as the key parameter in the study of thermodynamic
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stability [137, 138]. In the case of a binary compound of the form XmAln, where m and n

are integers, the formation energy (�Eφ) is the energy of XmAln relative to pure X and Al

atoms in their equilibrium crystal structures [139]:

�Eφ(XmAln) =
1

m+ n
EφXmAln

−
[

m

m+ n
EΦ
X +

n

m+ n
EψAl

]
(Equation 3.1)

where EφXmAln
is the total energy of XmAln with φ structure , EΦ

X is the total energy per

atom of X with Φ structure and EψAl is the total energy per atom of Al with ψ structure.

A negative heat of formation is an indication of a thermodynamically stable system [140],

while a positive value is an indication of an unstable or metastable system.

The cohesive energy for any material can be defined as the difference between the total energy

of the bulk material and energy of the free atoms. The expression for a binary system is

given in Equation 3.2.

Ecoh = ET −
N∑
a

Ea (Equation 3.2)

where ET is the total energy of the compound. Ea is the energy for each atom (or ion)

belonging to the crystal unit cell and N is the number of atoms in the unit cell.
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The cohesive energy Ecoh, correlates to the binding strength and therefore to the hardness

of a compound. In some materials however (e.g. transition metal carbides and nitrides),

cohesive energy alone does not provide reliable indication of the binding strength. Additional

information such as the elastic moduli, melting temperature etc in the condensed matter

phases are required to adequately describe hardness/bonding strength in such materials.

3.2 Compressibility

A fundamental property of a strong material is its compressibility. In materials science the

important properties are often termed“mechanical properties” rather than physical proper-

ties. Examples of mechanical properties include hardness and ductility. Popular equation of

state that relates with compressibility are those by Murnaghan [141], Vinet [142] and Birch

[143, 144]. Such an equation shows how volume varies with pressure. A desirable and com-

mon feature between equation of states is that it contain few parameters and it is able to

predict correctly high pressure behaviors irrespective of the material being studied. Birch-

Murnaghan EoS [143] is mostly used to obtain the bulk modulus of materials at ground

state because it is often used to fit experimental data. The third-order Birch-Murnaghan

isothermal equation of state is given by:

P (V ) =
3B0

2

{[
V0
V

7
3 − V0

V

5
3

{
1 +

3

4
(B

′
0 − 4)

[
V0
V

2
3 − 1

]}}
(Equation 3.3)
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The energy E(V), is found by integrating Equation 3.3 and;

E(V ) = E0 +
9V0B0

16

{[
V0
V

− 1

]3
B

′
0 +

[
V0
V

− 1

]2[
6− 4(

V0
V

2
3

]}
(Equation 3.4)

where V0 is the isothermal volume, B0 is the isothermal bulk modulus, B0
′
is the pressure

derivative of B0 and E0 is the energy of the material at V0.

The bulk modulus of a crystal is defined as:

B0 = −V0 dP
dV

(Equation 3.5)

The bulk modulus is determined by doing a least square fit to Equation 3.3.

3.3 Elastic Constants

Elastic constants are important information that determine the response of a material to

applied stress. Atoms are displaced from their equilibrium positions when deformed by

interatomic forces. For small deformations, the forces are proportional to the displacement

of the atoms. The Hookes law (Equation 3.6) shows that the force F , acting on an atom, is
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proportional to the displacement u.

F = −ku (Equation 3.6)

The constant k is an interatomic force constant. In describing elastic properties, crystals are

considered to be a homogeneous continuum medium rather than a periodic array of atoms

and the problem is generally formulated as follows [145]:

(i) The applied force, is described in terms of the stress σ, and the displacements of atoms

are described in terms of strain ε.

(ii) The elastic constants c relates stress σ and ε, so that σ = cε.

Stress is defined in units of force per unit area (σ = F/A) and can be characterized in the

general case by the stress tensor. The strain ε, is a dimensionless constant which describes

the relative displacement (deformation). In a 3-dimensional crystal, the stress and the strain

are tensors. The stress has components σij , showing that the force can be applied along 3

directions i and 3 faces j. The stress is defined locally, so that σij = σij(r).

The compression stresses (σxx, σyy, σzz), are defined as:

σxx =
Fx
Ax

,
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σyy =
Fy
Ay

,

σzz =
Fz
Az

(Equation 3.7)

and the shear stresses (σxy, σyx, σxz, σzx, σyz, σzy), are defined as:

σxy =
Fx
Ay

,

σyx =
Fy
Ax

,

σxz =
Fx
Az
,

σzx =
Fz
Ax

,

σzy =
Fz
Ay

,

σyz =
Fy
Az

(Equation 3.8)

To conserve angular acceleration inside a crystal, the shear forces must be in pairs. This

condition makes the stress tensor to be diagonal, i.e. σij = σji.

Atomic displacements are determined relatively by the strain as:

εij(r) =
dui
dxj

(Equation 3.9)

where ui is the displacement in i direction and xj is the direction along which ui may vary.

60



For compression strain (εxx, εyy, εzz),

εxx =
dux
dx

,

εyy =
duy
dy

,

εzz =
duz
dz

(Equation 3.10)

In a homogeneous crystal, εxx = εyy = εzz and it is equal to a constant (εxx = u
L). u is the

change in the crystal length L.

The shear strain (εxy, εyx, εxzεzx, εyz, εzy) is given as:

εxy =
dux
dy

(Equation 3.11)

Since σij = σji are always applied together, shear strains can also be defined symmetrically

as [145]:

εij = εji =
1

2

(
dui
dxj

+
duj
dxi

)
(Equation 3.12)

In a linear way, the elastic constants c relates the strain and the stress as:
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σij =

N∑
k,l=1

cijklεkl (Equation 3.13)

Equation 3.13 is a general form of the Hookes law. The matrix c, would have 3×3×3×3 = 81

components [145]. Due to the symmetrical nature of σij and εij , each will have 6 independent

components, thereby giving 36 elastic constants [145].

A convention (cmn) is generally used to denote these constants. The indices m and n are

defined as 1 = xx, 2 = yy, 3 = zz for the compression components and as 4 = yz, 5 = zx,

6 = xy for the shear components. For example, c11 = cxxxx, c12 = cxxyy, c44 = cyzyz. The

general form of the Hookes law is therefore given by:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σxx

σyy

σzz

σyz

σzx

σxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

c11 c12 c13 c14 c15 c16

c21 c22 c23 c24 c25 c26

c31 c32 c33 c34 c35 c36

c41 c42 c43 c44 c45 c46

c51 c52 c53 c54 c55 c56

c61 c62 c63 c64 c65 c66

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

εxx

εyy

εzz

εyz

εzx

εxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(Equation 3.14)

All the 36 elastic constants in Equation 3.14 are independent. Due to crystal symmetry

however, many of them are the same. For a cubic crystal, the number of elastic constants

descring its structure are 3 (c11, c12, c44). The number is 5 for hexagonal and 6 for a tetragonal
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Table 3.1: Independent elastic constants describing each crystal system

Crystal Structure Elastic Constants

Cubic c11, c12, c44
Hexagonal c11, c12, c13, c33, c55
Tetragonal c11, c12, c13, c33, c44, c66
Trigonal c11, c12, c13, c14, c33, c44

Orthorhombic c11, c12, c13, c22, c23, c33, c44, c55, c66
Monoclinic c11, c12, c13, c22, c23, c33, c44, c51, c52, c53, c55, c64, c66

material. Table 3.1 contains the independent elastic constants needed to describe known

crystal systems [145].

Effective isotropic polycrystalline bulk and shear modulus are calculated by two approxima-

tions due to Reuss [146] and Voigt [147]. The average between the two approximations (Voigt

and Reuss) is referred to as the Hill value, and it gives the actual effective moduli than either

of the two approximations [148]. For an isotropic crystallite, the limiting values of the Voigt

and Reuss bulk modulus are the same for cubic crystals.

Elements and compounds discussed in the following chapters exists either in the cubic, tetrag-

onal or hexagonal structures. The expressions for obtaining the aggregate bulk and shear

moduli for cubic, tetragonal and hexagonal structure are discussed subsequently. Information

regarding other structures is provided elsewhere [149, 150, 151].
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3.3.1 Cubic Structure

By symmetry, x, y and z are equal in a cubic crystal. Therefore, the elastic constants c11 =

c22 = c33; c12 = c21 = c23 = c32 = c13 = c31; c44 = c55 = c66. The off diagonal shear

components (c45 = c54 = c56 = c65 = c46 = c64) are zero. Also, mixed compression/shear

coupling does not occur, therefore, c14 = c41 = 0. The elasticity matrix in a cubic system is

therefore of the form:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1

σ2

σ3

σ4

σ5

σ6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c44

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ε1

ε2

ε3

ε4

ε5

ε6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(Equation 3.15)

and the general expression for the aggregate bulk and shear moduli for Voigt and Reuss

bounds are of the form:

BV =
(c11 + 2c12)

3
(Equation 3.16)
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GV =
(c11 − c12 − 3c44)

5
(Equation 3.17)

BR =
(c11 + 2c12)

3
(Equation 3.18)

GR =
5(c11 − c12)c44

[4c44 + 3(c11 − c12)]
(Equation 3.19)

3.3.2 Tetragonal Structure

According to Hooke’s law, the matrix notation in tetragonal system is of the form:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1

σ2

σ3

σ4

σ5

σ6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c66

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ε1

ε2

ε3

ε4

ε5

ε6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(Equation 3.20)

When expressed in cij , the Voigt bound for tetragonal systems are:
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BV =
1

9
(2c11 + c12) + c33 + 4c13) (Equation 3.21)

GV =
1

30
(M + 3c11 − 3c12 + 12c44 + 6c66) (Equation 3.22)

where

M = c11 + c12 + 2c33 − 4c13 (Equation 3.23)

and the Reuss bounds are:

BR =
C2

M
(Equation 3.24)

GR = 15

[
(18BV /C

2) + (6/(c11 − c12)) + (6/c44) + (3/c66)

]−1

(Equation 3.25)

where
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C2 = (c11 + c12)c33 − 2c213 (Equation 3.26)

3.3.3 Hexagonal structure

For hexagonal structures, the matrices describing its elastic constant array [145, 149, 152] is

of the form:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

σ1

σ2

σ3

σ4

σ5

σ6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c55 0 0

0 0 0 0 c55 0

0 0 0 0 0 (c11 − c12)/2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ε1

ε2

ε3

ε4

ε5

ε6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(Equation 3.27)

For Voigt and Reuss bounds, the expressions are:

BV =
1

9
[2(c11 + c12) + c33 + 4c13] (Equation 3.28)
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GV =
1

30
[12c66 + 12c44) + c11 + c12 + 2c33 + 4c13] (Equation 3.29)

BR =
(c11 + c12)c33 − 2c213
c11 + c12 + 2c33 − 4c13

(Equation 3.30)

GR =
5

2
[

c44c66[(c11 + c12)c33 − 2c213]

(c44 + c66)[(c44 + c12)c33 − 2c213] + 3BV c44c66
] (Equation 3.31)

In all crystal systems, the Hill average values are obtained by:

B =
1

2
(BV +BR) (Equation 3.32)

G =
1

2
(GV +GR) (Equation 3.33)

And the other two elastic properties; the Young modulus (E) and the Poisson’s ratio (v),

can be calculated from the following relations:

E =
9BG

3B +G
(Equation 3.34)
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v =
3B − 2G

2[3B +G]
(Equation 3.35)

The Poisson’s ratio v, is the ratio of transverse contraction strain to longitudinal extension

strain in the direction of stretching force. The strain is elementarily defined as the change in

length divided by the original length.

3.4 Mechanical stability from elastic constants

The mechanical stability for a structure can be evaluated from the calculated elastic con-

stants. For cubic crystals [153], the necessary conditions for mechanical stability are given

as:

(C11 − C12) > 0

(C11 + 2C12) > 0

C11 > 0, C44 > 0

Equation 3.36

The stability criteria for a tetragonal crystal are given by Equation 3.36 [153].

(C11 + C33 − 2C13) > 0, (C11 − C12) > 0
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C11 > 0, C33 > 0, C44 > 0, C66 > 0

(2C11 + C33 + 2C12 + 4C13) > 0

Equation 3.37

For orthorhombic structures, the mechanical stability criteria [153, 154] are given by Equation

3.37.

(C11 + C22 − 2C12) > 0, C11 > 0, C22 > 0

(C11 + C33 − 2C13) > 0, C33 > 0, C44 > 0

(C22 + C33 − 2C23) > 0, C55 > 0, C66 > 0

(C11 + C22 + C33 + 2C12 + 2C13 + 2C23) > 0

Equation 3.38

For hexagonal structures, only five elastic constants are independent [145]. Therefore, the

mechanical stability criterion in this case [155] are as given in Equation 3.38.

C11 + C12 − 2C2
13

C33
> 0

C66 =
C11+C12

2 > 0, C44 > 0

Equation 3.39
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3.5 Density of States (DOS)

The DOS of a system describes the number of states per interval of energy at each energy

level that are available to be occupied by electrons. For a free electron gas, the density of

states can be defined as:

N(E) =
1

2π2

(
2m

�2

) 3
2

E
1
2 (Equation 3.40)

This definition is not met in practice where finite atomic interactions are important. Many

interesting compounds are generally complex. The calculation of the density of states for

these complex systems are in most cases difficult. However, with computer simulations,

there are sets of sampling algorithms to evaluate the density of states with high accuracy.

3.5.1 Correlation between DOS and some physical properties

The microscopic electronic structure of an intermetallic compound is influenced by its phys-

ical properties. The understanding of the underlying physics that governs properties of an

intermetallic compound is a prerequisite in correlating the electronic structure of structural

intermetallic compounds with their various physical properties. Due to ionicity, hybridization

or covalence [156, 157], different shapes in the DOS curve are created. Electron redistribution
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(electro-negativity) that takes place when a compound is formed can lead to a maximum or

a minimum (pseudogap) in the vicinity of Fermi level (EF ).

On a DOS plot where the density of states is usually plotted against energy, the structure of

an intermetallic compound is considered most stable if EF (see Figure 3.1(a)) falls exactly on

the pseudogap. An unstable structure occurs when EF falls on a peak (see Figure 3.1(d)) or

on the anti-bonding (higher energy side) of the pseudogap (see Figure 3.1(c)) [158, 159, 160].

Maximum stability is ensured when Wocc/Wb ≈ 1 where Wocc is the width of the occupied

part of DOS and Wb is the width of the region of the bonding states. A compound having its

EF exactly at the pseudogap means the structure has a high melting point [161]. If EF lies at

higher energy than the pseudogap (anti-bonding region), the crystal will exhibit a disordered

or amorphous tendency. Since the value of N(E) in this state is high, the structure will try to

assume another structure in order to minimize the energy. Phase stability can be achieved by

preventing structure transition to another structure type, which can be achieved by adding

elements with lower electron concentrations [161].

If on the other hand, EF lies to the left of the pseudogap (see Figure 3.1(b)), i.e. within

the bonding state, it indicates that not all bonding states are filled, necessitating additional

electrons to make the system more stable. In summary, stable and ordered compounds tend

to have small N(EF ). Apart from being an unstable structure, a compound having its EF

on a peak in the DOS curve shows a more ductile compound [161, 162].
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Figure 3.1: Sample DOS plots. (a): stable structure, (b): EF is on the non-bonding side of
pseudogap (a more stable structure can be obtained with addition of elements having high
electrons. (c): EF is on the anti-bonding side of pseudogap (high tendency for metastability).
(d) EF is on a peak (unstable structure).

3.6 Strength of Materials

For any engineering material to be useful at high temperature, it must have an acceptable

level of hardness. Hardness is defined as “resistance to plastic deformation” [163], or as

“the resistance of a mineral to scratching” [164]. Hardness is a complex property [165] that

is dependent on many parameters such as temperature, pressure, porosity, impurities , the

nature of the chemical bond etc. Since hardness is not a fundamental property, its value can

be influenced by a combination of tensile strength, yield strength and modulus of elasticity

[166]. The principle of all hardness test methods is the forcing of an object (known as an
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indenter) into the sample surface and the dimensions of the indentation produced are then

measured.

Depending on the force of the indenter, hardness test can be either macro, micro or nano-

hardness. The macro-hardness tests ( such as Rockwell, Brinell or Vickers) are the most

widely used methods. In these tests, the indenting force range from 50N to 30000N [166].

For coatings and other related phases, micro-hardness tests (micro-Vickers, Knoop) is the

best choice. The indenter is a small diamond pyramid, loaded with a small force of 10 to

1000gf. In the nano-hardness test methods, the indenter is a small load of about 1nN.

Most popular hardness test methods, including; brinell hardness test, rockwell hardness test,

vickers hardness test and the knoop hardness test are discussed next.

Brinell Hardness Test

The indenter used in this case is a hardened steel ball. The diameter of the indenter ranges

from 2.5 - 10mm. The setup and procedure is depicted in Figure 3.1. For lead alloys, the

loading force is 300N, 5000N for aluminum alloys, 10000N for copper alloys and 30000N for

steels. The Brinell Hardness (HB) value is calculated by the formula:

HB =
2F

3.14D × (D − (D2 −D2
i )

1
2

(Equation 3.41)
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Figure 3.2: Brinell hardness test setup method. Adapted from [166].

where F = applied load in kg, D = indenter diameter in mm and Di is indentation diameter

in mm.

For an accurate hardness measurement, hard alloy specimen should be seven times or more

thicker than the indentation depth while soft alloys should be fifteen times or more thicker

than indentation depth.
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Vickers Hardness Test

The indenter in the Vickers Hardness test method is a square-based diamond pyramid. The

loads vary form 1kgf to 120 kgf and it is applied for about 30 seconds. The length of the

indentation created is measured with a microscope, and the microscope is often an integral

part of any Vickers hardness tester. The method is more accurate, as the impression produced

is clearer than the impression of Brinell indenter. The Vickers number (HV ) is calculated by

the formula:

HV =
1.854× F

D2
(Equation 3.42)

where F = applied load in kg, D = length of the impression diagonal in mm.

Knoop Hardness Test

The indenter in the Knoop test is also a diamond pyramid with an angle of 130 ◦ and 170 ◦30′

respectively. The loading forces used in this testing method ranges from 10gf - 1000gf. The

penetration depth of the indenter is usually very small which is why the method is more

suitable to soft material and thin coating.

The Knoop hardness number (HK), is calculated by the formula:
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Figure 3.3: Vickers hardness test setup method. Adapted from [166].

HK =
14.229× F

L2
(Equation 3.43)

where F = applied load in kg, and L = long diagonal of the impression in mm.
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Figure 3.4: Knoop hardness test setup method. Adapted from [166].

Rockwell Hardness Test

Two types of indenter are used in the Rockwell hardness tests. The first is a hardened steel

ball of diameter 1/16
′′
and 1/8

′′
or a spherical diamond cone of 120 ◦. Before making any

test, the penetration depth indicator is first adjusted to zero, after which the indenter (60 -

150 kgf) is applied. The penetration depth is measured after removal of the major load.

Rockwell method are categorized in different scales (A, B, C, D, E, F, G, H, K) and in
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Figure 3.5: Rockwell hardness test for scale B and C. Adapted from [166].

numbers, with no units. The setup for scales B and C are shown in Figures 3.4. For soft

steels, aluminum alloys and copper alloys, the Rockwell hardness scale B is applicable. Harder

alloys such as cast iron, then the Rockwell hardness scale C is more applicable. For example,

a Rockwell test result of 53 HRC, will mean, 53 units, measured in the scale C by the Rockwell

Hardness (HR) method.

Hardness can be studied indirectly because it correlates to several physical properties such as

ionicity, melting point, elasticity, cohesive energy, etc. [167]. From the basic crystal-chemical

parameters, several formulae have been proposed for estimating hardness of materials. These

formula contain terms involving valence and mean interatomic distance, as well as various

constants related to such factors as the crystal structure, the valency of the bonds, the co-

ordination number and atomic number. From mechanical point of view, the hardness of a

material is usually defined as the resistance of the material to deformations [11]. Therefore,

79



because the Bulk Modulus (i. e. the elastic response of a material to hydrostatic pressure)

scales roughly with hardness [165, 168, 169], it has been used with success as a guide for

theoretical predictions of hard materials. The Bulk Modulus, B, is a measure of the resistance

of a material to volume change.

It has been shown that the Shear Modulus (i.e. the material’s resistance to shape change) is

more correlated to hardness than the Bulk Modulus [170, 171, 172]. One of the methods for

predicting hardness in non-metallic solids include the volumetric cohesive energy (UV ). U =

cohesive or structure energy and V = molecular volume. The unit is given in kcal.cm−3. In

the case of Mohs hardness (Hm) scale [173], UV is expressed as:

U

V
= 24[Hm − 2.7] (Equation 3.44)

4 < Hm < 9 for ”hard core solids”

U

V
= 48[Hm − 3.3] (Equation 3.45)

Hm > 4 for ”soft core solids”,
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U

V
=

1

2
H3
m (Equation 3.46)

Hm > 4 for all solids

The“hardcore” is defined as binary solids either of the AB type in which one or both has an

atomic number below 10, or of any other type in which one element has an atomic number

below 10 and the other element has an atomic number below 18. “Soft-core” solids include

all others.

Hardness and toughness are important properties of engineering materials. Since hard mate-

rials are less responsive to plastic deformation and are brittle, cracks can be initiated and/or

propagated easily thereby limiting their potential use where deformation would occur [174].

Toughness is defined as the ability of a material to withstand plastic deformation before frac-

turing. For most materials, some degree of toughness is required, depending on the actual

use . Room temperature toughness of a material is important. Toughness can also be de-

fined as the ability of a material to withstand plastic deformation without rupture [175]. The

toughness (ductility) of many materials can change if conditions are altered. An increase in

temperature will usually increase ductility and a decrease in temperature will usually reduce

ductility [175]. Additions to metals (i.e. alloying) or impurities, can alter the ductility, as

can heat treatment [175]. There are many heat treatments which affects the phases, their

microstructure and so the properties.
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Figure 3.1 shows that the Poisson’s ratio is related to the elongation (and by extension,

the ductility) of crystalline alloys and amorphous metals [176, 177, 178, 179, 180]. At low

temperatures, the higher the Poisson’s ratio, the better the ductility of a crystalline or amor-

phous metal. Niobium (bcc) for example has 0.40 Poisson’s ratio at room temperature and

it has an elongation of 44%; gold (fcc) has a Poisson’s ratio of 0.42 and an elongation of

50% [176, 178]. Other ductile metals which are fcc such as palladium, copper and silver also

have high values of Poisson’s ratio. Metals with low values of Poisson’s ratio are known to

be brittle, and the crystal structure has also to be considered. A good example is beryllium,

which is hexagonally close-packed, and has a Poisson’s ratio value of 0.08, and tensile elon-

gation of only 1% . In wholly or partially amorphous metallic alloys, similar trends are also

evident [179, 180]. A classification rule was given by Frantsevich et al. [181] to distinguish

brittleness and ductility by Poisson’s ratio. The critical value for Poisson’s ratio is 1/3. For

brittle materials , the Poisson’s ratio is less than 1/3.

Another empirical relation linking materials ductility and its elastic moduli (B/G)was pro-

posed by Pugh . A high B/G ratio signified ductility while a low value corresponded to brittle

nature [176]. The critical value separating ductile and brittle materials is around 1.75. If

B/G > 1.75, the material behaves in a ductile manner, otherwise the material behaves in

a brittle manner [176]. For engineering purposes, if two materials have the same hardness

(assuming all other things are equal: melting point, density, ease of processing availability

etc), that with the higher ductility is more likely to be preferred. It is possible to gauge

ductility with the Poisson’s or B/G ratio because it can be evaluated completely from first
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Figure 3.6: Elongation vs. Poisson’s ratio for some pure elements (purity ≥ 99.95% ).
Adapted from [177, 178].

principles calculations without any additional empirical information [182].

The brittle-ductile behavior of selected cubic materials was studied by Pettifor [183], showing

that the angular character of bonds relates to the Cauchy pressure C12 − C44. A positive

Cauchy pressure corresponded to metallic character in bonds, and therefore to ductile be-

havior of materials [183].

83



3.7 Debye Temperature

The Debye temperature (ΘD), is defined as the highest temperature that a crystal can at-

tain under single normal vibration. It is an essential quantity characterising phonon-related

properties of materials [184]. It reflects the strength of bonds between its elements, struc-

ture stability, density and structure defects [185]. The connection between these properties

and the elastic coefficient of poly-atomic solids was first introduced by the German physi-

cist Paul Debye [186]. There is increased interest in calculating the Debye temperature of

materials, because in combination with first principle total energy calculations, it offers a

simple, but very effective, method to understand the ground state structure properties as

well as the thermo-physical properties and phase stability of materials at finite temperatures

[187, 188, 189].

According to the Debye theory the Debye temperature (ΘD), can be calculated from density

(ρ) data and the data related to the longitudinal (Vl) and transverse (Vt) wave velocities in

the solid [190, 191, 192]:

ΘD =
�

kB

[
3n

4π

(
NAρ

M

)]1/3
vm (Equation 3.47)

where kB is the Boltzmann’s constant, � is Planck’s constant, NA is Avogadro’s number, M

is the molecular mass, n is the number of atoms per formula unit, (ρ = M/V ) is the density
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and vm is the average sound velocity, which is further expanded as [193]:

vm =

[
1

3

(
2

v3l
+

1

v3t

)]−1/3

(Equation 3.48)

Since the Debye temperature is related to many material properties such the elastic constants,

specific heat, hardness and melting temperature, its theoretical calculations is made possible

using the frozen phonon approach [194], linear response theory [195] , or the ab initio force

constant method [191, 196]. However, all of these schemes are computationally demanding. In

easier way, the Debye temperature can be approximated from elastic moduli [197, 198], using

the sound velocity [199]. For nonmagnetic systems, an approximation in which the average

sound velocity correlates to the ab initio bulk (B) and shear (G) modulus is [193, 200]:

vl =

(
3B + 4G

3ρ

)1/2

, vt =

(
G

ρ

)1/2

(Equation 3.49)

Without any detailed knowledge of the phonon spectrum of a compound, the Debye temper-

ature can be calculated, since the elastic constants is obtainable easily from first principles

calculations. Due to bond mixture in some crystal structures, Equation 3.47 is not universal.

With the exception of the alkali metals, it is poorly fulfilled for other cubic elements and

compounds [201]. At zero temperature, an expression given by Blackman [202, 203] showed

a better relationship between Debye temperature and elastic constants, for various cubic
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structures [201].

ΘD = CB(
aGB
M

)
1
n (Equation 3.50)

GB = [c44(c11 − c12(c11 + c12 + 2c44)]
1
3 (Equation 3.51)

CB = 3.89× 1011s
−1
6
�

kB
(Equation 3.52)

where � = Plancks constant, kB = Boltzmann constant and s = no of atoms per formular

unit.

On the average, a crystal with a large Debye temperature should be a stiffer crystal. This is

because the optical phonons have a higher frequency and therefore require greater energy to

activate.

3.7.1 Melting Point

The melting point (m. p.) of a material refers to the temperature at which the substance

changes from the solid to the liquid state. In other words, is the temperature at which
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the vapor pressure of the solid and the liquid are equal is regarded as the melting point of

the solid. At the melting point, the solid and liquid phase are equal. While the melting and

freezing points of most substances are approximately equal (e.g. mercury), certain substances

possess different solid-liquid transition temperatures on heating or cooling(e.g. agar). Unlike

the boiling point, the melting point of a solid is relatively insensitive to pressure, because

there is only a small change in volume between solid/liquid transition phases [204]. It is more

difficult to compress a solid and liquid than a gas.

The melting point of a pure substance is usually higher than for an alloy or impure sub-

stance. The more impurity present, the lower the melting point and the broader the melting

temperature range [205], pure metal has single melting point, while alloys have both a solidus

(temperature at which melting starts) and liquidus temperature (temperature at which the

alloy is completely molten). Materials that have high melting points, like tantalum, niobium,

molybdenum and tungsten are refered to as refractory materials. The element with the high-

est melting point is tungsten (3410 ◦C). Tantalum hafnium carbide (Ta4HfC5) is a refractory

compound with a very high melting point of 4215 ◦C [205].

At the melting point, while the enthalpy (H) and the entropy (S) of the material are changing

(�H,�S > 0) the Gibbs free energy (�G) of the material is zero [205]. Melting occurs for

a particular material when the latent heat of fusion of the liquid becomes lower than that for

the solid. At various pressures, this happens at a specific temperature which is known to be:
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T =
�H
�S (Equation 3.53)

where �H , �S, and T are the change of enthalpy of melting, change of entropy of melting

and temperature at the melting point.

The melting point of bulk crystalline materials can be predicted, based on the Lindemann

criterion [206]. The Lindermann criteria specifies an increase in thermal vibrations with

increase in temperature. Melting is initiated at large enough vibrations when adjacent atoms

partly occupy the same space. The Lindemann criterion conludes that melting begins when

the vibration amplitude exceeds a certain threshold value. If all the atoms in a crystal are

assumed to vibrate with the same frequency, then the average thermal energy E, of the

system can be estimated using the equipartition theorem [207];

E = 4π2mν2 u2 = kBT (Equation 3.54)

where T is the absolute temperature, m is the atomic mass, kB is the Boltzmann constant,

ν is the frequency and u is the average vibration amplitude. Should the threshold value of

u2 = c2a2 then the melting point can be estimated as:
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Tm =
4π2mν2c2a2

kB
(Equation 3.55)

where c is the Lindemann constant and a is the atomic spacing.

Other expressions for evaluating melting points are possible [208], depending on how the

average thermal energy is obtained. One of such commonly used expression is based on the

Lindemann criterion [209]:

Tm =
mν2c2a2

kB
(Equation 3.56)

If the expression for the Debye frequency ν is replaced in Equation 3.56, then the melting

temperature becomes:

Tm =
2πmc2a2Θ2

DkB
�2

(Equation 3.57)

where � is the Planck constant and ΘD is the Debye temperature. Values of the Lindemann

constant c, range from 0.15 - 0.3 for most materials [210].

The melting temperature of a material can be estimated from the elastic constants, where the
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elastic constants and moduli are in GPa. For cubic crystals [211, 212], a simple relationship,

empirically linking the equilibrium values of Cij to the melting temperatures are:

Tm(K) = 553 + (591/Mbar)C11 ± 300 (Equation 3.58)

Tm(K) = 607 + (930/Mbar)B ± 500 (Equation 3.59)

Tm(K) = 277 + 8.16× E (Equation 3.60)

For tetragonal systems, the expression is:

Tm = 354K + (450K/Mbar)[
1

3
(2C11 + C33)]± 300K (Equation 3.61)
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Chapter 4

Ab Initio Results for X3Al
Compounds

All the ab initio results in this work were derived with the ab initio simulation package

(VASP). The exchange and correlation functionals were treated in the generalized gradient

approximation of Perdew-Burke-Ernzerhof [108] with projector augmented wave (PAW) po-

tentials [125]. An energy cutoff of 500 eV was used for the plane wave basis to achieve energy

convergence within 10−5 eV. These conditions were maintained both for structure relaxations

and density of states (DOS) calculations. The Brillouin zone was sampled with an 8×8×8

grids for structure relaxations and 16×16×16 for the DOS according to the Monkhorst-Pack

scheme [115]. A face-centered cubic structure (space group Pm3m) similar to Ni3Al was

adopted for each binary system. Atoms occupy two inequivalent sites, where the noble met-

als, X, are located at (0, 12 ,
1
2), (

1
2 , 0,

1
2), (

1
2 ,

1
2 , 0) and the Al atoms at (0, 0, 0).
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4.1 Properties of X3Al compounds

The calculated lattice parameter, elastic constants and theoretical density (ρcal) for the base

elements and compounds in the stoichiometry X3Al (where X = Pt, Ir, Pd, Ru, Os) are

shown in Tables 4.1 and 4.2. For all the compounds, the elastic stiffness coefficients (c11, c12

& c44) satisfied the generalized mechanical stability criteria, Equation 3.35.

Given in Table 4.2. are the calculated elastic moduli, Debye temperature, heats of formation

and the melting points calculated within the PAW-GGA framework. All the moduli were

computed using the Voigt-Reuss-Hill averaging methods.

The experimental lattice constants and elastic parameter for many of these compounds are

presently not available in the literature. For lack of experimental data , these lattice con-

stants and elastic moduli cannot be compared. It is therefore strongly suggested that an

experimental study of the elastic moduli be carried out in order to verify the theoretical

results. For the noble metal elements however, the proximity between the theoretical results

and experimental data suggest that the calculations are accurate and reliable enough for

predictions. In the binary compositions, the results showed that rhodium, ruthenium and

palladium based alloys are much lighter that iridium, osmium and platinum based alloys.

When one atom of rhodium, ruthenium or palladium (about 25% of the binary composition)

was substituted with platinum (ternary alloying), an increase of about 52% in density was

observed (i.e. ρcal of Pd3Al = 7.43 g.cm−3 while ρcal for PtPd2Al was 11.28 g.cm
−3).
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Table 4.1: Calculated lattice parameter and the elastic constants (cij). All the

elastic constants are in GPa and experimental data are in square brackets.

Material Cell (Å) c11 c12 c13 c22 c23 c33 c44 c55

Al 4.025 [4.050]a 125 [108]b 49 [61]b 40 [29]b

Ir 3.876 [3.839]a 570 [590]c 251 [249]c 237 [262]c

Pd 3.954 [3.891]a 202 [227]c 159 [176]c 73 [72]c

Rh 3.843 [3.803]a 408 [413]c 192 [194]c 174 [184]c

Pt 3.977 [3.803]a 306 [347]c 231 [251]c 76 [76]c

Ru 569 [563]d 223 [188]d 180 [168]d 651 [624]d 173 [181]d 174

Os 767 270 231 832 249 243

Ni3Al 3.591 [3.572]c,d 235 [230]c,d 157 [150]c,d 128 [131]c,d

Ir3Al 3.863 389 239 164

Os3Al 3.863 407 270 66

Pd3Al 3.906 171 125 87

Pt3Al 3.919 [3.920]e 327 179 115

Rh3Al 3.835 271 196 128

Ru3Al 3.833 217 184 79

Pt2IrAl a = 3.983; b,c = 3.889 378 178 352 207 147 155

PtIr2Al a,b = 3.895; c = 3.848 367 183 230 333 149 173

Pt2OsAl a = 4.006; b,c = 3.845 369 190 326 246 143 177

PtOs2Al a,b = 3.799; c = 4.048 392 244 214 371 49 147

Pt2PdAl a = 3.879; b,c = 3.933 268 171 287 167 96 106

PtPd2Al a,b = 3.903; c = 4.047 212 152 137 219 85 73

Pt2RhAl a = 3.942; b,c = 3.864 320 174 317 188 131 144

PtRh2Al a,b = 3.888; c = 3.807 313 156 192 298 123 149

Pt2RuAl a = 4.032; b,c = 3.825 313 178 297 230 126 179

PtRu2Al a,b = 3.791; c = 4.011 310 202 204 295 59 133

aRefs [78, 83], bRef [203], c,dRefs [177, 213], eRef [214].
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Table 4.2: Calculated Modulus (B, G, E), Poisson’s ratio (v), density(ρcal), Debye

temperature, ΘD, (K), melting temperature (MT±300K) and heat of formation

(Hf) in eV/at. All moduli are in GPa and experimental data are in square

brackets.

Material B G E B/G v ρcal(g.cm−3) Pc ΘD MT �Hf

Al 76 [76] 42 107 1.79 0.26 [0.35] 2.8 [2.7] 12 544 [433] 1289 [933]

Pt 256 [278] 65 [61] 179 [168] 3.95 0.38 [0.38] 21 [21] 155 265 [237] 2361 [2041]

Ir 357 [355] 226 [210] 560 [528] 1.58 0.24 [0.26] 22 [22] 14 450 [420] 3922 [2739]

Pd 174 [180] 52 [44] 142 [121] 3.35 0.37 [0.39] 11 [12] 86 307 [271] 1745 [1828]

Rh 264 [270] 161 [150] 402 [275] 1.63 0.25 [0.26] 12 [12] 17 518 [512] 2962 [2237]

Os 425 [418] 255 [222] 639 1.67 0.25 [0.25] 22 [22.6] - 426 [467] 3903 [3306]

Ru 338 [321] 184 [173] 467 [447] 1.78 0.26 [0.30] 12 [12.4] - 491 [555] 3037 [2607]

Ni3Al 183[171] 92 237 1.98 0.28 [0.40] 6.14[7.26] 29 268 1942

Ir3Al 289 136 352 2.34 0.30 12.63 76 282 2846 -0.40

Os3Al 316 73 204 4.31 0.39 12.50 205 234 2957 +0.15

Pt3Al 228 108 279 2.12 0.30 12.24 64 255 2486 -0.69

Pd3Al 140 60 158 2.33 0.31 7.43 38 247 1566 -0.62

Rh3Al 220 91 240 2.42 0.32 7.64 68 308 2155 -0.46

Ru3Al 195 51 140 3.85 0.38 7.55 105 240 1835 -0.03

Pt2IrAl 245 124 319 1.98 0.28 14.87 - 254 1998 -0.55

Pt2OsAl 253 119 308 2.13 0.30 14.79 - 250 1934 -1.89

Pt2PdAl 206 82 218 2.51 0.32 12.29 - 227 1575 -0.67

Pt2RhAl 225 109 282 2.06 0.29 11.98 - 258 1774 -0.64

Pt2RuAl 231 108 279 2.14 0.30 11.50 - 257 1724 -1.75

PtIr2Al 261 127 328 2.06 0.29 15.71 - 258 1939 -0.44

PtOs2Al 278 101 269 2.75 0.34 21.99 - 237 2062 -2.28

PtPd2Al 166 61 162 2.72 0.34 11.28 - 216 1308 -0.64

PtRh2Al 223 110 283 2.03 0.29 12.50 - 284 1727 -0.57

PtRu2Al 237 85 229 2.79 0.34 12.41 - 257 1712 -2.85

Experimental data are from Refs [29, 77, 78, 83, 215, 216, 217].
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Figure 4.1: Bulk (B), shear (G) and Young (E) modulus trends in X3Al noble metal com-
pounds,

The final structure of the ternary alloys Pt2XAl/PtX2Al was found not to be L12 . but a

tetragonal (L10) structure, hence the six elastic constants describing the compounds.

The trends for the elastic moduli (i.e. bulk, shear and Young modulus) are shown in Fig-

ure 4.1. The bulk modulus increases from palladium (Pd) based alloys to iridium and os-

mium based alloys. Accordingly, the compressibility of these alloys increases in the sequence

c(Os3Al) < c(Ir3Al) < t(PtPd2Al). Since strong correlation exists between the shear mod-

ulus and hardness of a material, we conclude from these data that the material with the

highest hardness are the iridium based alloys, while the lowest hardness will be for ruthe-

nium based alloys. Comparing the elastic moduli (i.e. B & G), most of the noble metal

compounds should be mechanically better than Ni3Al. If the Pugh criteria (ie. B/G > 1.75)

is adopted to gauge ductility, then all the noble metal compounds are predicted to be ductile.
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Figure 4.2: Elastic Moduli trends in Pt− Ru−Al (left) and Pt− Ir −Al (right) systems

The effect of change in the elastic moduli due to replacement of one atom of Pt per unit cell

in each compound are shown in Figures 4.2 - 4.4. According to the results in Figure 4.2 (left),

replacement of one atom of Pt with Ru in Pt − Ru − Al system showed an improvement

both in the Young (E) and Shear (G) moduli. Beyond one atom of Pt replacement, the

Young and Shear moduli drastically reduced. However, the Bulk modulus (B), was steadily

improved across the entire atom replacement regime. Pt substitution with Ir in the Pt-Ir-Al

system, showed steady improvements in B, while the improvements in G & E are similar and

not substantial after one Pt atom replacement (see Figure 4.2 (right)).

The trend in Pt−Os−Al system (Figure 4.3 (left)) was similar to that earlier discussed in

the Pt−Ru−Al system. While steady improvement was observed in B, the best E and G

values were obtained when one atom of Pt was replaced with Os. Further substitution of Pt

with Os yielded no further improvement in E and G. Both E and G were improved when

one atom of Rh was substituted for Pt (Figure 4.3 (right)). With additional Rh, a reduction
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Figure 4.3: Elastic moduli trend in Pt−Os−Al (left) and Pt− Rh− Al (right) systems

in the values of all elastic moduli was observed.

Replacement of Pt with Pd within Pt − Pd − Al system did not produce any encouraging

result. All the elastic moduli (B, G & E) showed downward trend (see Figure 4.4).

4.2 Electronic Density of States of cubic binary X3Al

compounds

Valuable information, particularly regarding phase stability can be obtained from electronic

structure studies. The DOS plot for all the L12-X3Al compounds are shown in Figures 4.5.

At zero temperature and according to the DOS plots, the L12 structure is very unlikely in

all the compounds. However, the L12 phase is achievable in Ir3Al, Pt3Al, Rh3Al and Os3Al.

The density of states at the Fermi level for this compounds are small compared to that of

Pd3Al and Ru3Al. Due to the Fermi level been on the non-bonding side of their DOS plots,
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Figure 4.4: Elastic moduli in Pt− Pd− Al alloy system

interstitial ternary alloying with elements having high electrons (i.e. Palladium, Cobalt,

Chromium etc) should lead into a more stable L12 structure in Ir3Al, Pt3Al and Rh3Al.

With the EF falling on a sharp peak and close to the pseudogap, the compound Pt3Al is

predicted to be a ductile compound, with low self diffusion and reduced creep.

The Fermi level of Pd3Al and Ru3Al are on the anti-bonding side of the DOS plots. These

compounds will be metastable. To achieve the L12 structure in these compounds, energy

reduction is necessary and this could be achieved by adding low-electron elements such as

Ru, Rh, Mo, Nb and Lr. For the ternary alloy to have lightweight, the density of the chosen

element must be given consideration.
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Figure 4.5: The total electronic density of states for phases of X3Al compounds. Energies
relative to Fermi level are indicated by the dotted vertical line.

4.3 Summary

The bulk modulus was highest for Os3Al and least for Pd3Al. The shear modulus was

highest for Ir3Al and this phase is predicted the hardest compound compared with Ru3Al

that had the least shear modulus value. The compound with highest melting point was

Os3Al. Melting point in the compounds show similar trend to the bulk modulus (i.e. high

bulk modulus corresponded to high melting point). Although, Os3Al had the highest bulk

modulus and melting point, its heat of formation was positive and its phase stability was

unfavorable as shown by the DOS calculations. There is no reported phases in Os-Al, while

the stoichiometry; Ir3Al, Rh3Al, Pd3Al and Ru3Al does not exist on phase diagrams [218,

219]. The calculated �Hf agreed with the phase diagrams on the existence of L12-Pt3Al.

The DOS calculation also agreed with the phase diagrams on the instability of L12-Pt3Al at
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ground state. The heats of formation for most of the other compounds are small. However,

as shown by the DOS plots, additional elements into some of the compounds (i.e. Pt3Al)

would play a significant role at getting a more stable structure at ground state. The results

in Table 4.2, showed that none of the ternary (i.e. Pt2XAl/PtX2Al) compounds had better

melting/mechanical properties compared with the binary compounds (X3Al). However, on

overall, all the X3Al compounds had higher melting points and elastic properties compared

with Ni3Al.
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Chapter 5

Semi-empirical Molecular Dynamics

5.1 Introduction

Molecular Dynamics (MD) is a technique for computing thermodynamic and kinetic prop-

erties of molecular systems using Newton equations of motions. The MD method was first

used to study the interactions of hard spheres by Alder and Wainwright [220, 221]. A first

set of realistic potential was used to study liquid argon [222, 223]. In MD calculations, infor-

mation which include atomic positions and velocities are generated at the microscopic level.

Macroscopic observables such as the energy, the pressure, the heat capacities etc, are then

evaluated. To evaluate these macroscopic quantities, Newtons second law or the equation of

motion has to be solved.
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The Newtons second law can be written as:

→
Fi= mi

→
ai (Equation 5.1)

→
Fi = force on particle i, mi = mass of particle i and

→
ai = acceleration of particle i. The

relationship between the force and the gradient of the potential energy V , is also defined as:

→
Fi= −∇i

→
V (Equation 5.2)

Combining Equation 5.1 and Equation 5.2 will yield Equation 5.3.

−d
→
V

dri
= mi

d2
→
ri

dt2
(Equation 5.3)

as a function of time, Equation 5.3 relates the derivative of the potential energy
→
V to the

change in position.

For constant acceleration, the Newton’s second law can be re-written as:

→
F= m

→
a= m

d
→
v

dt
= m

d2
→
x

dt2
(Equation 5.4)
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where

→
a=

d
→
v

dt
(Equation 5.5)

which after integration becomes:

→
v=

→
a t+

→
v0 (Equation 5.6)

and since

→
v=

d
→
x

dt
(Equation 5.7)

Equation 5.7 is integrated to obtain:

→
x=

→
v t+

→
x0 (Equation 5.8)

combining Equation 5.6 and Equation 5.8 gives:

→
x=

→
a t2+

→
v0 t+

→
x0 (Equation 5.9)

Equation 5.9 gives the expression that relates
→
x at time t to the acceleration,

→
a , where the
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initial position is
→
x0, and the initial velocity is

→
v0.

The derivative of the potential energy with respect to position
→
r , gives the acceleration as:

→
a= − 1

m

d
→
E

dr
(Equation 5.10)

According to Equation 5.9 and Equation 5.10, the trajectory of a system is calculated by only

knowing the initial positions of the atoms, their velocity distributions and the acceleration.

Material properties are determined from the trajectories. This is a deterministic process

[224, 225], since the positions and the velocities at time zero will determine the positions and

velocities at all other times. A way to obtain the initial positions from experimental data

structures includes NMR spectroscopy or x-ray crystallography.

The initial velocity is determined according to the Maxwell-Boltzmann or Gaussian distribu-

tion [226]:

→
P (vi)=

(
mi

2πkBT

) 1
2

exp

[
− 1

2

mi

→
v2i

kBT

]
(Equation 5.11)

At temperature T , the velocity
→
vi is a random choice, corrected to have an overall momentum

of zero (Equation 5.12):
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→
P=

N∑
i=1

mi
→
vi= 0 (Equation 5.12)

The implication of Equation 5.11 is that an atom i at temperature T would have velocity v.

The temperature, T of a system can be evaluated from Equation 5.13, where N is the number

of atoms in the system.

T =
1

3N

N∑
i=1

|
→
Pi|
2mi

(Equation 5.13)

5.2 Integration Algorithms

The equations of motion can only be solved numerically. Analytical solution is impossible

because the relationship between the potential energy and atomic positions in the system

is somewhat complicated. Several numerical algorithms have been developed for integrating

the equations of motion. Among molecular dynamics programmers, the most popular group

of integration algorithms are the Verlet algorithms (listed below). They only differ slightly

in their usefulness, but are of equivalent accuracy and stability [227, 228].

1. Verlet algorithm.
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2. Leap-frog algorithm.

3. Beeman’s Algorithm.

4. Velocity Verlet.

When choosing an algorithm for MD simulations, such an algorithm [228], must satisfy the

fundamental requirements of:

Accuracy - does it give an accurate description of the atomic motion?

Stability - does it conserve the system energy and temperature?

Simplicity - is it easy to write a computer program for it?

Speed - does it calculate the atomic motion as quickly as possible?

Economy - does it use a minimum of computing resources e.g. memory.

All integration algorithms [225], assume that the velocities, positions and accelerations of

each particle in a molecular system can be approximated by Taylor series expansion as:

r(t+ ∂t) = r(t) + v(t)∂t +
1

2
a(t)∂t2 + ... (Equation 5.14)
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v(t+ ∂t) = v(t) + a(t)∂t +
1

2
b(t)∂t2 + ... (Equation 5.15)

v(t+ ∂t) = a(t) + b(t)∂t + ... (Equation 5.16)

Where v is the velocity, a is the acceleration and r is the position.

5.2.1 Verlet Algorithm

The Verlet algorithm [229], is derived by writing;

r(t+ ∂t) = r(t) + v(t)∂t +
1

2
a(t)∂t2 (Equation 5.17)

and

r(t− ∂t) = r(t)− v(t)∂t− 1

2
a(t)∂t2 (Equation 5.18)

Summing Equation 5.17 and Equation 5.18, Equation 5.19 is obtained:
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r(t+ ∂t) = 2r(t)− r(t− ∂t)a(t)∂t2 (Equation 5.19)

Both the accelerations and positions at time t and time t−dt are used by the Verlet algorithm

to calculate new positions at time t + dt. Their is no explicit definition for velocities in the

Verlet algorithm. The advantages with the Verlet algorithm are that; it is straightforward,

and it requires a modest storage. However, it is of moderate precision.

5.2.2 The Leap-frog Algorithm

In the leap-frog algorithm, the position and velocity of a particle can be derived by writing:

r(t+ ∂t) = r(t) + v

(
t +

1

2
∂t

)
∂t (Equation 5.20)

v

(
t +

1

2
∂t

)
= v

(
t− 1

2
∂t

)
+ a(t)∂t (Equation 5.21)

The velocities are first calculated at time t + 1/2dt; and thereafter used to calculate the

positions, r, at time t + dt. The advantage of leap-frog algorithm is that the velocities are

explicitly calculated. Its disadvantage is that all velocities are not calculated at the same
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time as the positions. At time t, the velocities can be approximated by the relationship in

Equation 5.22:

v(t) =
1

2

[
v

(
t− 1

2
∂t

)
+ v

(
t+

1

2
∂t

)]
(Equation 5.22)

5.2.3 Beeman’s Algorithm

The Beeman’s algorithm is closely related to the Verlet algorithm and it can be shown to be

given by the following expressions:

r(t+ ∂t) = r(t) + v(t)∂t +
2

3
a(t)∂t2 − 1

6
a(t− ∂t)∂t2 (Equation 5.25)

v(t+ ∂t) = v(t) + v(t)∂t +
1

3
a(t)∂t +

5

6
a(t)∂t− 1

6
a(t− ∂t)∂t (Equation 5.26)

Compared with the Verlet algorithm, this algorithm provides a better energy conservation

and more accurate expression for the velocities. However, the algorithm expression is more

complex and therefore, more expensive to calculate.
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5.2.4 The Velocity Verlet Algorithm

This algorithm [230], can be shown to be given by the following expressions:

r(t+ ∂t) = r(t) + v(t)∂t +
1

2
a(t)∂t2 (Equation 5.23)

v(t+ ∂t) = vt+
1

2

[
a(t) + a(t+ ∂t)

]
∂t (Equation 5.24)

The velocity Verlet algorithm is regarded as the most complete form of Verlet algorithm

because without any compromise on precision, it provides both the atomic positions and

velocities at the same instant of time, thereby requiring less computer memory.

All MD integrating algorithms will typical evolves through three distinct stages. These are

the initialization, equilibration and production stages. The positions and velocities of atoms

are defined at the initialization stage, while the dynamics of the interacting atoms is developed

at the equilibration stage. This stage usually takes some time for proper system updating.

Past history of the system is lost after equilibration. The production stage is used to generate

the space-phase trajectory, from which equilibrium material properties are calculated. An

example of integrating algorithm is shown in Figure 5.1.

110



Figure 5.1: Flowchart for implementing MD calculations

5.3 Ensembles and boundary conditions

Due to the huge size of molecular systems, time independent statistical averages are often

introduced to connect the macroscopic system to the microscopic system. This is achieved by

defining the thermodynamic state of the system with a small set of parameters, for example,

the pressure, P , the temperature, T , and the number of particles, N . Other thermody-

namic properties can then be derived from the equations of state and other fundamental
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thermodynamic equations.

The microscopic state of a system is defined by the atomic positions and their momenta. In

MD, an ensemble is a collection of all systems with different microscopic states but iden-

tical macroscopic or thermodynamic state. Different types of ensembles [231] with their

characteristics are listed as follows:

1. Microcanonical ensemble (NVE) : The thermodynamic state [232], is characterized by a

fixed number of atoms (N), volume (V ) and a fixed energy (E). This corresponds to an

isolated system.

2. Canonical Ensemble (NVT): This is a system in which the thermodynamic state is char-

acterized by fixed number of atoms (N), volume (V ) and temperature (T ).

3. Isobaric-Isothermal Ensemble (NPT): The NPT ensemble [233, 234, 235, 236] is charac-

terized by a fixed number of atoms (N), a fixed pressure (P ) and a fixed temperature (T )

4. Grand canonical Ensemble (µVT): The thermodynamic state for this ensemble is charac-

terized by a fixed chemical potential (µ), a fixed volume (V ), and a fixed temperature (T ).

For bulk phases, the trajectory needed to evaluate the macroscopic properties is easier to

evaluate when the sample is subjected to boundary conditions. Boundary conditions are

applied to mimic the presence of an infinite bulk, surrounding the N atoms in a system. For

a periodic system containing N atoms and confined to volume V , application of boundary
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condition allows a small portion of the cell (called primary cell) to be treated. The bulk

material, which is considered a replica of the primary cell is then sampled in all directions

[227, 231]. To obtain an accurate result, it is important that a molecular dynamics simulation

is allowed to run for sufficiently long time so that enough representative of the bulk system

is sampled.

5.4 Interatomic Potentials

The interactions between atoms and molecules in a material is either of covalent or non-

covalent type [237, 238]. Covalent interaction occurs when one or more pairs of electron are

shared. As a result, overlapping of partially occupied orbitals takes place. Conversely, attrac-

tion in non-covalent interactions are from the electrical properties of the atoms or molecules.

Covalent interactions are much stronger than the non-covalent types, and are of short range,

while the non-covalent interactions are of longer range. The number of valence electron on an

atom determines the number of covalent bonds it can form. Most frequently, covalent bonds

are more favored between atoms of similar electronegativity. For successful calculations, MD

simulations adopt physically correct interatomic potential models. Interatomic models are

designed to give statistically-averaged representations for macroscopic systems consisting of

many particles. This approach has proved effective as interactions between atoms are ade-

quately described and the calculation can handle thousands to millions of atoms. A good

knowledge of the nature and magnitude of an interatomic and intermolecular interactions is
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important for the correct prediction of material properties.

In metallic systems, cohesion are due mainly to metallic bonding [239]. Any system with

many electrons is a many-body interaction, which can only be described by many-body effects.

For this reason, the embedded atom model (EAM) potentials [240] have been developed and

used to study elemental metals and their alloys [241, 242, 243]. Other variants of EAM

includes the Glue Model potentials [244], the Finis-Sinclair potential for the bcc elemental

metals [228], which have also been developed for noble metals [245], the Sutton-Chen (S-C)

potentials [246] for the ten specified fcc elemental metals, and the Rafii-Tabar and Sutton

potentials for the fcc random binary alloys [247].

According to the EAM model [240], the total energy of an elemental system can be written

as:

ΦEAM =
∑
i

Fi[ρh,i] +
1

2

∑
i

∑
j±i

φij(rij) (Equation 5.27)

where ρh,i is the electron density of the host at the site of atom i, Fi[ρ] is the energy needed

to embed the atom i into the background electron density ρ, and φij is a pairwise central

potential between atoms j and i, separated by a distance rij , which represents the core-core

repulsive electrostatic interactions. Fi[ρ] is a universal functional [248].
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The host electron density is obtained from linear superposition of the individual contributions

and is given by:

ρh,i =
∑
j �i
ρ∗j(rij) (Equation 5.28)

where ρ∗j is the electron density of atom j relative to interatomic separation.

For ordered binary alloys, the EAM potentials can be written as [249]:

ΦEAMAlloy =
∑
ti

Fi[ρh,i] +
1

2

∑
i

∑
j �=i

φti.tj(rij) (Equation 5.29)

where φ depends on the type of atom ti and tj .

The host electron density then becomes:

ρh,i =
∑
j �=i

ρ∗tj(rij) (Equation 5.30)

where each term in the sum depends on the type of neighbor atom j.
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5.4.1 Many-Body Rafii-Tabar and Sutton Long-Range Alloy Po-
tentials

The Rafii-Tabar and Sutton (RTS) potentials [247, 250] are another variant of the Sutton-

Chen (SC) potentials, which model the energetics of fcc binary metallic alloys. RTS is

otherwise called the quantum Sutton-Chen potentials (Q-SC). Quantum effects are catered

for in its parameterization. It provides a more accurate calculation of temperature dependent

physical properties than the ordinary S-C potentials [251].

The Q-SC potential is given by:

ΦRTS =
1

2

∑
i

∑
i�=j

P ∗
i P

∗
j V

AA(rij) + (1− P ∗
i )(1− P ∗

j )V
BB(rij)+

[P ∗
i (1− P ∗

j ) + P ∗
j (1− P ∗

i )]V
AB(rij)− dAA

∑
i

P ∗
i [
∑
j �=i

P ∗
j Φ

AA(rij)+

(1−P ∗
j )Φ

AB(rij)]
1
2 −dBB

∑
i

(1−P ∗
i )[
∑
j �=i

(1−P ∗
j )Φ

BB(rij)+P
∗
j Φ

AB(rij)]
1
2 (Equation 5.31)

the site occupancy operator, P ∗
i is defined as

P ∗
i = 1

when site i is occupied by an A atom, and defined as:

P ∗
i = 0

when site i is occupied by a B atom.
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The functions V AA, V BB, V AB,ΦAA,ΦBB,ΦAB are defined as:

V AA(r) = εAA[aAA/r]n
AA

(Equation 5.32)

V BB(r) = εBB[aBB/r]n
BB

(Equation 5.33)

V AB(r) = εAB[aAB/r]n
AB

(Equation 5.34)

ΦAA(r) = [aAA/r]m
AA

(Equation 5.35)

ΦBB(r) = [aBB/r]m
BB

(Equation 5.36)

ΦAB(r) = [aAB/r]m
AB

(Equation 5.37)

The constants dAA and dBB are further defined as:
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dAA = εAAcAA (Equation 5.38)

dBB = εBBcBB (Equation 5.39)

where εAA, cAA, aAA , mAA and nAA are equated with the parameter ε, c, a, m and n of the

pure A metal as tabulated by Sutton and Chen [246]. Similarly, εBB, cBB, aBB, mBB and

nBB are equated with the parameter ε, c, a, m and n of the pure B metal.

Expressing the functions V AB and ΦAB as:

V AB = (V AAV BB)
1
2 (Equation 5.40)

ΦAB = (ΦAAΦBB)
1
2 (Equation 5.41)

Thus for a binary A-B alloy systems, the parameters εAB, cAB, mAB, nAB and aAB are

obtained by arithmetic and geometric means as:
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εAB =

(
εAεB

) 1
2

, (Equation 5.42)

mAB =
mA +mB

2
, (Equation 5.43)

nAB =
nA + nB

2
, (Equation 5.44)

aAB =

(
aAaB

) 1
2

(Equation 5.45)

The procedure for deriving the potential for osmium and ruthenium made use of the Sutton-

Chen form of EAM. For pure metals, the total potential energy in the Sutton-Chen form of

EAM is given as [246]:

ΦSCl = ε[
1

2

∑
i

∑
j �=i

φrep(rij)− c
∑
i

(ρi)
1
2 ] (Equation 5.46)

where φrep(rij) is a pair potential accounting for repulsion between i and j atomic cores and

ρi is a local density accounting for the cohesion associated with i. φrep(rij) is given by:
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φrep(rij) = (
a

rij
)n (Equation 5.47)

and

ρi =
∑
j �=i

(
a

rij
)m (Equation 5.48)

In Equation 5.46 - Equation 5.48, c is a dimensionless quantity, rij is the spacing between

atoms i and j, ε is a quantity with the unit of energy, a is the lattice parameter and m and

n are positive integers with n > m.

The potentials for Os and Ru was deduced from the density functional calculations wherein

m and n completely defines Equation 5.46. The value of c was fixed by the equilibrium

condition for each crystal structure [246].

The potential parameters for platinum, iridium, palladium and rhodium were obtained from

[252], while those for ruthenium and osmium were derived for the first time in this thesis,

and they are given in Table 5.1.

The newly derived S-C type potential was used to calculate the bulk modulus and melting

points of osmium and ruthenium. To ascertain the correctness of the newly derived potentials,

results based on it was compared with those obtained from existing S-C potentials for the

other PGMs. All calculations were implemented with the DL-POLY computer code [253].
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Table 5.1: Sutton-Chen potential parameters used in present work.

Metal n m ε (eV) c a(Å)

Pt 11 7 9.7894E-3 71.336 3.9163

Rh 13 5 2.4612E-3 305.499 3.7984

Pd 12 6 3.2864E-3 148.205 3.8813

Ir 13 6 3.7674E-3 224.815 3.8344

Os 13 6 3.8665E-3 230.728 3.8640

Ru 14 5 2.6060E-3 323.468 3.8330

5.4.2 Radial Distribution Function

TheRadialDistribution Function (RDF) (or pair correlation function), describes on average,

how atoms in a system are radially packed (see Fig. 5.2) around each other. In simplest

terms, it is a measure of the probability of finding a particle at a distance away from a

given reference particle, relative to that for an ideal gas. The RDF is an effective way of

describing the average structure of disordered molecular systems [254]. The RDF can be

deduced experimentally from x-ray or neutron diffraction studies, thus providing a direct

way for comparing experimental and simulation results. In conjunction with the interatomic

pair potential function, RDF can be accurately used to calculate the internal energy of a

system [254].

Mathematically, the formula for RDF is:
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Figure 5.2: Schematic diagram showing a heavy element, with nucleus (red) and electrons

(blue) to explain the RDF concept. Adapted from [254].

g(r) =
n(r)

ρ4πr2�r (Equation 5.49)

where g(r) is the RDF, n(r) is the mean number of atoms in a shell of width �r at distance

r, ρ is the mean atom density.

In a typical RDF plot (see Fig. 5.3), the RDF is usually plotted against the interatomic

separation r. A number of important features can be obtained from an RDF plot. The RDF

is zero at short separations (small r) and this indicates the effective width of the atoms, since

they cannot approach any more closely. A number of peaks are also observed, which indicates

the packing of the atoms around each other in ‘shells’ of neighbors. A high degree of ordering

is indicated when peaks are observed at long ranges. The peaks are usually broad at high
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Figure 5.3: Sample plot to illustrate the RDF concept. Adapted from [254].

temperature, indicating thermal motion, while at low temperature they are sharp. The peaks

are usually sharp in crystalline materials, due to their atoms being strongly confined in their

positions. Every RDF tends to a value of 1 at very long range. This happens because the

RDF describes the average density at this range [254].

In pure metals, melting takes place at a fixed, well defined point. In an alloy, melting does

not take place at a fixed temperature, but over a range of temperatures. In MD, melting

temperature can be obtained from phase transition phenomena. The phase transition from

the solid state into liquid can be determined using three approaches:

(1) a jump on the total energy vs temperature plot,

(2) drastic increase in the diffusion coefficient and

(3) a change in the shape of the radial distribution function (RDF).
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5.5 The DL-POLY Package

DL-POLY is a molecular dynamics simulation package developed at Daresbury Laboratory.

The DL-POLY computer code is able to simulate ten-of-thousands of atoms, in most popular

MD ensembles and boundary conditions. There are basically two forms of the code: DL-

POLY 2 [255] and DL-POLY 4 [247]. The DL-POLY 4 is a recent version of DL-POLY 2

and it can handle more atoms than DL-POLY 2. For scientific research of non-commercial

nature, both versions are issued free under license to individuals or academic institutions.

The DL-POLY 2 is fully compatible to the DL-POLY 4. The DL-POLY package is designed

to accommodate many force fields. The package is also easier to adapt to other user specific

force fields. For calculation efficiencies, DL-POLY integration techniques were more of the

Leapfrog Verlet (LFV) and Velocity Verlet (VV) [256].

5.6 Results from MD calculations

The elastic properties of a material varies with temperature. In materials for high tem-

perature application, knowledge of the thermoelastic properties is vital for describing the

mechanical response of such materials to fracture toughness, stress etc. In this section, the

focus is on the temperature dependence of bulk moduli and the melting point of the fcc

structured noble metals, nickel and their associated X3Al compounds. All intramolecular
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forces are modeled with the Sutton-Chen (S-C) potentials. The bulk modulus and the melt-

ing points of the metals are evaluated to compare the validity of osmium and ruthenium

potentials generated for the first time in this work with existing S-C potentials for the other

PGMs available in the literature.

Calculation Method

To study melting, a super-cell containing 6912 atoms was generated and simulated with

the cubic periodic boundary condition. The relaxation time was fixed at 0.1ps with the

constant temperature-pressure (NPT) Berendsen ensemble [236]. The equations of motion

for interacting atoms was solved with the Velocity Verlet (VV) algorithm at a time-step of

10−15s. Each system was simulated at temperature increments of 100K and latter reduced

to 50K to limit fluctuations near the melting points. All calculations were carried out for

100000-steps of equilibration, with a production time of 1ps. The melting temperature for

each compound was determined by analyzing their diffusion coefficient (DCO), the radial

distribution function (RDF) and lattice atom distribution pattern at different temperatures.

A smaller super-cell, consisting of 3456 atoms was used for structure relaxations and bulk

modulus calculations. Each cell was simulated first with the NPT ensemble to obtain the

equilibrium volume, after which it was switched to the NVT ensemble [235] to distort the

cell and obtain change in energy. To obtain the lattice parameters and the bulk moduli, a
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least-square fit of the energy-volume data was done using the Birch-Murnaghan equation of

state.

5.6.1 Bulk modulus and Melting of X3Al

The result of the bulk modulus and melting points obtained with the Sutton-Chen potential

for nickel and some noble metals are listed in Table 5.2. Also listed are available experimental

data. The bulk modulus obtained for osmium from the MD calculation lied between values

given by available experimental data, suggesting that the S-C parameters derived in this

work is valid and suitable for simulation. A high bulk modulus coincided with high MD

derived melting temperatures. However, experimental melting points were over-predicted by

the MD calculation. The higher the experimental melting point of an element, the higher

the over-prediction. Defects is one of the known factors that promote melting, therefore, the

observed over-prediction may have been influenced by different defect types.

For L12-X3Al compounds, the results of the lattice parameter, density and bulk modulus from

1K - 2000K are shown in Table 5.3. The analysis of the bulk modulus (Figure 5.3), shows

that Os3Al has the highest bulk modulus, followed by Ir3Al and Pt3Al. However, the trends

in Pt3Al and Ir3Al was almost constant across the temperature regime, suggesting that L12-

Pt3Al and L12-Ir3Al should have better strength than the other compounds. The strength

of the L12-X3Al compounds were much better when compared with that of L12-Ni3Al. As
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Table 5.2: Calculated bulk modulus and melting temperature for nickel and some

noble metals using the Sutton-Chen Potentials listed in Table 5.1. Experimental

data are in curly brackets.

Metal B (GPa) MP (K) Refs.

Ni 237, {180} 1850, {1728} [78, 83]

Pd 195, {180} 1950, {1828} [78, 83]

Pt 387, {230} 2300, {2041} [78, 83]

Ir 422, {306, 320, 355} 3600, {2739} [29, 257, 258]

Rh 398, {380} 2850, {2237} [78, 83]

Ru 322, {220} 3200, {2607} [78, 83]

Os 428, {395±15, 411±6, 443, 462} 3700, {3306} [87, 259, 260]
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Figure 5.4: Molecular dynamics results for the bulk modulus for L12-X3Al from 1K to 2000K.

would be expected, the density is lowest in Rh3Al compound.

5.6.2 Melting in X3Al alloys

The result of diffusion coefficient (DCO) analysis, radial distribution function (RDF) and

lattice atom distribution as a function of temperature for L12-Pt3Al are shown in Figure 5.4

(a - c) . On the DCO plot (Fig. 5.4(a)), the melting point was identified by monitoring where

a discontinuity or jump occurred, and this occurred between 1890K and 1900K. A drastic
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Table 5.3: Calculated lattice parameter, density and bulk modulus at 1K, 500K,

1000K, 1500K and 2000K of some X3Al alloys using the Sutton-Chen potentials

given in Table 5.1.

Material Properties 1K 500K 1000K 1500K 2000K

a (Å) 3.672 3.723 3.767 3.808 3.845

Ni3Al B (GPa) 198 140 125 113 108

ρ(g.cm−3) 4.36 4.26 4.20 3.70 3.66

a (Å) 3.885 3.920 3.951 3.982 4.011

Pt3Al B (GPa) 296 285 283 265 247

ρ(g.cm−3) 9.54 9.51 9.41 9.34 9.11

a (Å) 3.852 3.887 3.918 3.948 3.976

Ir3Al B (GPa) 300 280 267 259 250

ρ(g.cm−3) 9.63 9.44 9.30 9.20 9.11

a (Å) 3.651 3.693 3.732 3.768 3.803

Rh3Al B (GPa) 298 224 200 180 162

ρ(g.cm−3) 6.67 6.61 6.55 6.51 6.44

a (Å) 3.972 4.014 4.052 4.087 4.120

Ru3Al B (GPa) 270 223 190 171 161

ρ(g.cm−3) 4.84 4.76 4.70 4.66 4.62

a (Å) 3.787 3.818 3.839 3.871 3.897

Os3Al B (GPa) 465 410 347 302 294

ρ(g.cm−3) 10.09 9.93 9.52 9.29 9.18
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change in the shape of the RDF (Fig. 5.4(b)) between 1890K and 1900K also identified the

melting point, while the temperature where a change occurred in lattice ordering was used

to identify the melting point on lattice atom distribution as a function of temperature plots

(Fig. 5.4(c)). In the temperature-lattice ordering plots, initially at 1880K and 1890K, the

cubic lattice has only slightly lost ordering, but at higher temperatures 1900K and 1960K,

the ordering was completely lost, showing that the material has melted.

It was seen from the DCO that aluminium had a higher diffusion coefficient than platinum.

Structurally, aluminum has a larger interatomic spacing than platinum, which would have

naturally subjected it to easier polarization. Additionally, elements with higher atomic mass

are expected to have higher melting points. This observation is not surprising, as the melting

of a substance depends both on the single-molecule properties and their spatial arrangement

(packing).

From Figure 5.5, the melting point of L12-Rh3Al according to the DCO, the RDF and the

atom distribution plots was between 2590K and 2600K. This result also showed aluminum

having higher diffusion coefficient than rhodium.

The various results in Figure 5.6, showed that L12-Pd3Al melting point was between 1390K

and 1400K. The DCO result also showed aluminum having higher diffusion coefficient than

palladium.
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Figure 5.5: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 1880K, 1890K, 1900K and 1960K

in L12-Pt3Al.
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Figure 5.6: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 2500K, 2590K, 2620K and 2700K

in L12-Rh3Al. 132



Figure 5.7: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 1350K, 1380K, 1400K and 1480K

in L12-Pd3Al.
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All the three results in Figure 5.7 agreed and showed that L12-Ir3Al melted between 2720

& 2730K. In L12-Os3Al compound, melting was observed between 3000 & 3100K. This is

shown by the DCO, RDF and atom distribution as a function of temperature in Figure 5.8.

In L12-Ru3Al compound, melting was observed between 2700K and 2800K. This is shown by

the DCO, RDF and atom distribution as a function of temperature in Figure 5.9.

5.7 Predicted melting temperatures: comparison of ab-

inito, MD and experimental results

From the results in Table 5.4, experimental melting points were over-predicted by both MD

and ab initio calculations. Although, the trend from the two approaches were similar and

consistent. The higher the experimental melting point of an element, the higher the ab-inito

and MD melting points. The over-prediction may have been due to factors that promote

melting, such as defects. For Pt3Al, the MD calculated melting point was just 3.88% more

than experimental value.
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Figure 5.8: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 2700K, 2720K, 2740K and 2750K

in L12-Ir3Al.
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Figure 5.9: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 2900K, 3000K, 3100K and 3200K

in L12-Os3Al .
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Figure 5.10: Molecular dynamics results for (a) the diffusion constant, (b) radial distribution

function and (c) atom distribution near the melting point at 2500K, 2700K, 2800K and 2900K

in L12-Ru3Al.
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Table 5.4: Calculated melting temperatures, ab initio (AI) and MD in X3Al

alloys.

Mater. AI (K) MD (K) Expt. (K)

Ni 2213±300 1850±50 1728

Pd 1747±300 1950±50 1828

Pt 2328±300 2300±50 2041

Ir 3914±300 3600±50 2739

Rh 2927±300 2850±50 2237

Ru 3037±300 3200±50 2607

Os 3903±300 3700±50 3306

Pt3Al 2486±300 1900±50 1829

Ir3Al 2846±300 2740±50 -

Os3Al 2957±300 3100±50 -

Rh3Al 2155±300 2600±50 -

Pd3Al 1566±300 1400±50 -

Ru3Al 1835±300 2700±50 -

Experimental data are from Refs [78, 83, 87, 259, 260]
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5.8 Summary

When the result in Table 4.2 (ab initio) is combined with that in Figure 5.3 (MD), the most

promising compounds are Pt3Al and Ir3Al. These compounds had higher melting/mechanical

properties compared with Ni3Al and are predicted to maintain their mechanical properties

over a wide temperature range (see Fig. 5.3).
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Chapter 6

Other X3B cubic intermetallic

compounds

6.1 Introduction

The compounds discussed in previous sections were those formed between the noble metals

and aluminium. A survey of alloy phase diagram databases [219], indicated that other ele-

ments such as scandium, zirconium and hafnium will also form solid solution with most noble

metals. The use of scandium, zirconium and hafnium as an alloying element is of interest

due to their many potentials. One of the basic scientific interest is to improve the properties

that can be achieved by the addition. Scandium is a silvery white metal and the eighth most

abundant rare element on earth. There are no known resources that are explorable for Sc.

It is extracted from the earth’s crust and as a by-products from processing of ores of other
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metals such as W, Sn, U and Al [82]. Scandium is a light metal, and it has the capability to

improve the strength of aluminum alloys by almost 50% [261]. The density of scandium is

approx. 3 g.cm−3 with high melting point (1813K).

Due to its ability to withstand incredible forces, it has been used as guiding fins on missiles.

Its addition into aircraft materials has become highly advantageous, giving them incredible

weight, maneuverability and range advantages [261]. Although, the global yearly demand

for metallic Sc is very small and its commercial use is still scanty [262] . However, the

various attractive properties of scandium qualifies it as an alloying element in lightweight

high temperature applications.

In nature, hafnium is always found associated with zirconium in minerals such as zircon and

baddeleyite [263]. Except the inert gases [264], the chemical similarity between hafnium and

zirconium is more pronounced than any other two elements in the periodic table. Due to

similarity in their chemistry, the separation of hafnium and zirconium is extremely difficult.

Hafnium and zirconium will form intermetallic compounds with most metallic elements,

except the alkali metals and some alkaline earth metals [264]. Very often, Hafnium and

zirconium are considered for the same applications due to their very similar physical and

chemical characteristics. Other than the higher transition temperatures (α→ β) for hafnium

[264], the only other property showing a major difference between them is the density.

Due to its corrosion resistance and high cross-section for neutron absorption [265], Hafnium

141



is widely used for the design of the safety and control mechanisms in nuclear reactors. Future

advanced reactors is believed [266] will use more of hafnium plated nuclear fuel rods. Under

extreme conditions, the strength of niobium, nickel, titanium, tungsten, molybdenum and

tantalum alloys were found improved with hafnium addition [265, 267]. Due to their bio-

compatibility and corrosion resistance, they are used to manufacture medical implants and

devices [268]. Good mechanical properties, high temperature martensitic transformations

and shape memory behavior had been observed [269] in alloys comprising nickel-titanium-

hafnium. Some intermetallic compounds of hafnium and cobalt, iron, platinum and palladium

have shown potential as materials for hydrogen storage [270].

While available information [218, 219] showed that the L12 phase had been reported in

Pt3Sc, Ir3Sc, Ir3Zr, Ir3Hf, Rh3Sc, Rh3Zr, Rh3Hf, Pd3Sc and Ru3Sc, some other information

gives conflicting report regarding the structure of other compounds [271, 272, 273, 274, 275].

For example, both the L12 and D024 structure have been reported in Pt3Zr, Pt3Hf, Pd3Zr

and Pd3Hf. The intention of this chapter is to use various density functional schemes to

calculate the heat of formation, elastic moduli, Debye temperature, melting point and the

electronic structure of noble metal compounds in the stoichiometry X3B (where B = Sc,

Hf, Zr). These calculations are to provide clarification where necessary on compounds with

competing structures.
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6.2 Calculation Methods and Results

For compounds with cubic structures, calculation methods were similar to the one described

in section 4.1. For other structures, the gamma centered scheme was used in the sampling of

the Brillouin zone. Table 6.1, shows the sets of data obtained from the ab initio calculations.

Again, the elastic stiffness coefficients (c11, c12 & c44) satisfied the generalized mechanical

stability criteria (Equation 3.35) for the cubic structures.

6.2.1 Heats of formation and thermodynamic stability

For stable and high-performance alloys, the heat of formation (�Hf ) is expected to be

negative. The more negative �Hf is, the more stable the structure. In addition, miscibility

in a compound between competing species can be readily evaluated by �Hf results. Alloys

with positive heat of formation are immiscible in thermodynamic equilibrium. The heats of

formation in Figure 6.1 showed that L12-Os3Sc is not energetically favored because it has

positive heats of formation, and �Hf for L12-Ru3Sc, L12-Ru3Zr, L12-Os3Hf and L12-Os3Zr

were so small that their thermodynamic formation in the L12 phase is unfavorable. All

compounds with appreciable negative �Hf are predicted to be thermodynamically stable

and should be possible to synthesize some by conventional means.

According to the �Hf calculations, L12-Pt3Hf would be the most stable structure, followed

143



Table 6.1: Calculated lattice constant (a), elastic constants (cij), Moduli (B, G,

E), Poisson’s ratio (v), density (ρcal), Debye temperature (ΘD/K), melting tem-

perature (MT±300K) and heat of formation (Hf) in eV/at. All elastic constants

and modulus are in GPa.

Alloy a (Å) c11 c12 c44 B G E B/G v ρcal PC ΘD MT �Hf

Ir3Sc 3.949 358 198 164 252 139 352 1.81 0.27 12.79 35 281 2667 -0.60

Ir3Zr 3.983 399 209 194 272 165 412 1.65 0.25 14.90 14 294 2910 -0.72

Ir3Hf 3.968 410 214 204 279 172 429 1.62 0.24 19.70 10 281 2976 -0.80

Os3Sc 3.954 327 234 105 265 86 233 3.07 0.35 12.63 129 234 2486 0.08

Os3Zr 3.993 386 242 140 290 121 319 2.39 0.32 14.68 102 264 2837 -0.04

Os3Hf 3.978 394 248 144 296 124 327 2.39 0.32 19.46 103 250 2879 -0.11

Pt3Sc 4.011 292 162 115 205 103 265 1.99 0.29 12.36 47 246 2277 -1.05

Pt3Zr 4.050 338 179 119 232 113 292 2.05 0.29 14.31 60 252 2552 -1.03

Pt3Hf 4.035 351 181 126 238 120 309 1.98 0.28 18.88 55 243 2626 -1.09

Pd3Sc 4.019 201 124 89 151 69 180 2.19 0.30 7.78 42 265 1735 -0.86

Pd3Zr 4.035 257 140 94 179 86 222 2.09 0.29 10.01 49 281 2079 -0.81

Pd3Hf 4.018 270 142 102 185 94 242 1.96 0.28 14.64 41 265 2151 -0.87

Rh3Sc 3.935 258 159 119 192 96 246 2.01 0.29 8.06 40 310 2080 -0.61

Rh3Zr 3.963 313 171 137 219 119 301 1.84 0.27 10.36 35 325 2402 -0.69

Rh3Hf 3.949 322 178 147 226 125 317 1.81 0.27 15.18 31 301 2461 -0.75

Ru3Sc 3.938 244 191 84 208 61 167 3.40 0.37 7.94 107 262 1992 -0.04

Ru3Zr 3.969 294 203 112 233 89 237 2.62 0.33 10.21 91 292 2290 -0.11

Ru3Hf 3.955 300 209 118 239 92 245 2.60 0.33 15.00 91 267 2324 -0.22
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Figure 6.1: Heats of formation for fcc X3B compounds.

by L12-Pt3Sc and L12-Pt3Zr, while the least stable structure were those of L12-Ru3Sc and

L12-Os3Zr. The formation of solid-solution is predicted to be highest in those compounds

with high negative heat of formation and hence, the strength of interaction between element

X (where X = Pt, Ir, Os, Rh, Pd Ru) and B (where B = Sc, Zr, Hf) to form the compound

X3B , varies in the order of X-Hf > X-Zr > X-Sc (trend shown in Figure 6.2).

6.2.2 Shear Modulus and Hardness

The shear modulus was obtained from the elastic stiffness constants according to the Voigt-

Reuss-Hill averaging methods [148]. Since the shear modulus correlates with hardness better

than the bulk modulus, the shear modulus was used in this work to gauge hardness. According
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Figure 6.2: Reaction trend between elements X and B to form fcc X3B compounds

to the calculations, the shear modulus Figure 6.3. predicted highest hardness for L12-Ir3Hf,

while the compound with least hardness was L12-Ru3Al.

6.2.3 Cauchy Pressure, B/G ratio and Ductility

The Cauchy Pressure (CP) and/or the bulk (B) to shear (G) modulus B/G ratio have been

used with success to characterize ductile/brittle behavior in a compound. Cauchy pres-
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Figure 6.3: Calculated shear modulus for fcc X3B compounds.

sure is defined as C12 - C44. According to this calculation, both CP and B/G ratio gave

similar trend. A plot of B/G ratio against CP is shown in Figure 6.4 for all the X3B com-

pounds. Any compound with B/G > 1.75 and high CP value is considered ductile. The

higher the CP value, the more ductile the compound. According to Figure 6.4, most of

the compounds, especially; L12-Os3Sc, L12-Ru3Sc, L12-Ru3Hf, L12-Ru3Zr, L12-Os3Hf, L12-

Os3Zr, L12-Pt3Sc, L12-Pt3Zr, L12-Rh3Sc, L12-Pd3Sc and L12-Pd3Zr was predicted to exhibit

good ductility. L12-Ir3Zr and L12-Ir3Hf were predicted to be brittle compounds. Also, the

calculation showed that L12-Ir3Sc, L12-Rh3Zr and L12-Rh3Hf were borderline compounds.

However, being metallic compounds, it is predicted that they will show a more ductile than

brittle behavior. Platinum is the most ductile metal [276, 277] and this was confirmed by

this calculation.
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Figure 6.4: B/G ratio and Cauchy Pressure plot in fcc X3B compounds.

6.2.4 Poisson’s ratio, B/G ratio and Hardness

The Shear modulus (G) is related to the Poisson’s ratio (v) as: 3/G = 2B×(1−2v)×(1+v).

For hard materials, highly directional bonds plays a major role. The shear modulus will

increase and give a low Poisson’s ratio. Both the Poisson’s and B/G ratios should be as low

as possible for a hard material. According to the results in Figure 6.5, the compound with

the highest hardness was predicted to be L12 − Ir3Hf and the least hard was L12 −Os3Al.
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Figure 6.5: Calculated Poisson’s ratio for some noble metal compounds.

6.2.5 Melting Points

From the elastic stiffness coefficients, the melting point of the fcc X3B compounds was

evaluated. According to Figure 6.5, the compound with highest melting point was Ir3Hf.

6.3 Electronic Density of States for fcc X3B compounds

The DOS plot for the L12-X3B compounds are shown in Figure 6.6. At zero temperature, the

L12 phase is not feasible in Os3Sc, Os3Zr, Os3Hf, Ru3Hf and Ru3Zr. The Fermi level, EF , on

the DOS of these compounds falls on a peak, which is an indication of an unstable structure.
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Figure 6.6: Calculated melting point for fcc X3B compounds.

The formation of Pt3Hf, Pt3Zr, Pt3Sc, Ir3Sc, Ir3Zr, Ir3Hf, Rh3Sc, Rh3Zr, Rh3Hf, Pd3Sc and

Ru3Sc in the L12 phase is predicted by the DOS plots. For some of these compounds, EF

falls on the non-bonding side of the pseudogap (e.g. Rh3Sc, Pd3Sc) and for some others (e.g.

Pt3Hf, Pt3Zr, Pd3Hf, Pd3Zr), the EF was more on the anti-bonding side of the pseudogap.

While the compounds having their EF on the antibonding side are predicted metastable, a

more stable structure can be achieved with element addition (ternary alloying). Elements

such as Ru, Rh, Mo, Nb and Lr should be beneficial in this regard. Again, the density of

the chosen element must be given adequate consideration to attain lightweight in the ternary

compound.
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Figure 6.7: The total electronic density of states for phases of X3B compounds. Energies

relative to Fermi level are indicated by the dotted vertical line.
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6.4 Summary

The results discussed hitherto have been on X3B compounds with the fcc (L12) structures.

Both �Hf (Figure 6.1) and DOS (Figure 6.7) agreed and predicts the existence of Pt3Sc,

Ir3Sc, Ir3Zr, Ir3Hf, Rh3Sc, Rh3Zr, Rh3Hf, Pd3Sc, Pd3Hf, Pd3Zr and Ru3Sc with the L12

structure, while Os3Sc, Os3Zr, Os3Hf, Ru3Hf and Ru3Zr are unstable structures in the L12

phase. Available information [218, 219], showed that there is no reported phases in the Os-Sc

system, while the stoichiometry; L12-Os3Zr, L12-Os3Hf, L12-Ru3Hf and L12-Ru3Zr does not

exist on phase diagrams.

Two different structures have been reported for Pt3Zr; Schulbert et al. [271] reported the

L12, while Wallbaum [272] reported the D024 structure. The results calculated of the two

competing structures (Figure 6.8) showed that the D024 is a more stable structure for this

compound than the L12 structure.

A phase diagram of the Pt-Hf system was unknown. However, the intermetallic compound

Pt3Hf had been described [273, 274]. Similar to Pt3Zr, both L12 and D024 structures have

been reported for Pt3Hf [218, 275]. The energy-volume plot and the DOS for the two compet-

ing structures are shown in Figure 6.9. By the results, both structures had equal probability

for existence. This occurrence is attributable to phenomenon like inter-facial stress [278, 279].

A fit of the energy-volume curves to the Birch-Murnaghan equation of state showed that

Pt3Hf is more stable in the D024 structure than the L12. The fitted results are summarized
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in Table 6.2.

The compound Pd3Hf has been reported with both the L12 and D024 structures [218, 275].

At zero temperature, the energy-volume plot and the DOS curves (Figure 6.10) gave both

phases equal probability of existence. However, a fit of the energy-volume curves to the

Birch-Munaghan equation of state showed that Pd3Hf was more stable in the D024 structure

than the L12 structure. The fitted results are summarized in Table 6.2.

L12-Pd3Zr was energetically favored by the �Hf calculation, but only the D024 structure

is reported [280, 281]. According to the results in Figure 6.11, D024-Pd3Zr was found to be

more stable than L12-Pd3Zr.

Based on the results in Table 6.2, Pt3Hf, Pt3Zr, Pd3Hf and Pd3Zr were more stable in the

D024 structure, but harder and lighter in the L12 phase than the D024 phase. This prediction,

which is supported by available experimental data [279] showed that the micro-hardness of

D024-Pt3Hf and D024-Pt3Zr are 796HV and 811HV respectively. From the DOS results, it

should be possible to stabilize the D024 phase to the L12 phase. Addition of low-electron

elements into the compounds should be beneficial at reducing the energy of the system,

thereby stabilizing the D024 structure to the L12 phase.

Conversely, it is possible for the other compounds with the L12 structure (i.e. Pt3Sc, Ir3Sc,

Ir3Zr, Ir3Hf, Rh3Sc etc.), to exhibit other phases when under different types of stress.
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Table 6.2: Calculated lattice parameter (LP), equilibrium bulk modulus (B0),

equilibrium energy (E0) , density (ρcal) and the melting points (m. p.) of some

X3B compounds with L12 and D024 structures . Experimental results are in

brackets.

Compd. phase LP(Å) B0(GPa) E0(eV/at.) ρcal(g.cm−3) m.p. (K) Refs.

L12 4.035 [4.02] 290 -8.129 18.88 [279]

Pt3Hf D024 a = 5.636 [5.636] 151 -8.135 19.59[19.62] 2011±500

c = 9.208 [9.208] [2400] [279, 280, 282]

L12 4.035 217 -6.957 10.01

Pd3Zr D024 a = 5.612 [5.612] 216 -6.974 10.42 2621±500

c = 9.235 [9.235] [2163±283] [274, 280, 281]

[2053±298]

L12 4.018 224 -7.392 14.64

Pd3Hf D024 a = 5.595 [5.595] 220 -7.393 15.19 2661±500

c = 9.192 [9.192] [2243] [283, 284]

L12 4.050 282 -7.693 14.31

Pt3Zr D024 a = 5.644 [5.644] 280 -7.701 16.96[18.13] 3212±500[2523] [213, 279, 282]

c = 9.225 [9.225]
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Figure 6.8: (a) calculated total energy-volume curve, (b) DOS for L12-Pt3Zr and (c) DOS

for D024-Pt3Zr structures. The V0/V axis had been magnified by a factor of 100 for better

resolution.
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Figure 6.9: (a) calculated total energy-volume curves, (b) DOS for L12-Pt3Hf and (c) DOS

for D024-Pt3Hf structures. The V0/V axis had been magnified by a factor of 100 for better

resolution.
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Figure 6.10: (a) calculated total energy-volume curves, (b) DOS for L12-Pd3Hf and (c) DOS

for D024-Pd3Hf structures. The V0/V axis had been magnified by a factor of 100 for better

resolution.
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Figure 6.11: (a) calculated total energy-volume curves, (b) DOS for L12-Pd3Zr and (c) DOS

for D024-Pd3Zr structures. The V0/V axis had been magnified by a factor of 100 for better

resolution.
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Chapter 7

7.1 Conclusions

Both ab initio and molecular dynamics were used together in this thesis to study, ground

state properties of noble metal compounds in the stoichiometry X3Al and X3B (where X

= Pt, Ir, Rh, Ru, Pd and B = Sc, Zr, Hf). All ab initio results were obtained using den-

sity functional electronic structure total energy calculations. Sutton-Chen potentials were

obtained for all noble metals and these were used to investigate the physics of the melting

process in a typical X3Al alloy. It was found that Al shows greater diffusion than the other

metal in each of the alloys. Based on the PAW-GGA pseudopotential method, the elastic

constants, phase stability, heat of formation, Debye temperature and the melting temper-

atures of these compounds were systematically studied. The calculated heat of formation

showed that compounds in the stoichiometry L12-Os3Al, L12-Os3Sc, L12-Ru3Al, L12-Ru3Sc,

L12-Ru3Zr, L12-Os3Hf and L12-Os3Zr were not probably energetically favored.
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Regarding phase stability, compounds like Pt3Sc, Ir3Sc, Ir3Zr, Ir3Hf, Rh3Sc, Rh3Zr, Rh3Hf

and Pd3Sc are predicted to be stable in the L12 phase, while Pt3Hf, Pt3Zr, Pd3Hf and

Pd3Zr are metastable and would have the D024 structure at ground state. However, as the

compounds with the ground state D024 structures are harder and lighter in the L12 phase

than in the D024 phase, the stability of these compounds from the D024 to the L12 phase will

be beneficial. Apart from the high shear modulus values L12-Pt3Hf (120 GPa) and L12-Pt3Zr

(113 GPa), solid solution is readily formed in these compounds.

The shear modulus among compounds with the L12 structures, compared with L12-Ni3Al

(92 GPa) showed that L12-Ir3Hf (172 GPa), L12-Ir3Zr (165 GPa), L12-Ir3Sc (139 GPa), L12-

Pt3Sc (103 GPa), L12-Rh3Zr (119 GPa) and L12-Rh3Hf (125 GPa) had higher values and are

predicted to give better mechanical property than L12-Ni3Al. The calculated melting point

for these compounds were at least 500K above the melting point for L12-Ni3Al.

The melting points predicted by the Q-Sc potentials for elements with low melting points was

within acceptable ranges, while the results for elements with high melting points was grossly

over-predicted. Although the melting points were over-predicted similar trends were obtained

from both ab initio and MD calculations. The melting point given by MD calculation for

Pt3Al was only 3.8% more than the experimental value, which does not in anyway suggest

that the melting point for other high melting compounds may not have suffered from over-

prediction. The over-prediction could be as a result of defects and imperfection in crystal

structures. This tendency needs to be considered whenever the S-C potential is used in
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simulating high temperature metallic phases.

As indicated by the density (ρcal), shear modulus (G) and B/G ratio calculations, compounds

with highest potential were; L12-Ir3Al, L12-Pt3Al, L12-Pt3Sc, L12-Ir3Sc, L12-Rh3Sc and L12-

Rh3Zr. Other compounds with densities comparable to L12-Ni3Al such as L12-Rh3Al, L12-

Ru3Al, L12-Pd3Sc and L12-Ru3Sc were found with lower strength. The results obtained from

the MD and ab initio bulk modulus showed similar trends (i.e. Os3Al > Ir3Al > Pt3Al >

Rh3Al), suggesting an agreement between the two methods of calculation.

7.2 Outlook

The present work had performed ab initio DFT and MD calculations on some binary as well

as ternary noble metal alloys. Based on available codes - VASP and DL-POLY, the melting

and mechanical properties of these compounds have been studied. In the context of several

available approaches, it is suggested that these compounds be investigated with other codes

and result compared with the data discussed here.

It is well established that imperfection in crystal structures and different defect types can

impact on crystal properties (i.e. melting etc.), the compounds discussed in this thesis

are suggested for further investigation particularly regarding defects. The temperature and

pressure dependence (phase diagram) of the compounds were not systematically studied.
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This area is also suggested for further work.

The DOS results presented in this study was primarily to understand phase stability. Other

approaches such as the band-structure, electron localization function, charge density etc will

provide the same information. However, for more detailed information, particularly regarding

bonding, these other studies are suggested on these compounds in any future work.
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