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Linköping 2010

The front page schematically illustrates a gradual transition from a clustered state in the lower
left corner, via a disordered state in the upper
left corner, to an ordered state in the upper right
corner.

ISBN 978-91-7393-330-8
ISSN 0345-7524
Printed by LiuTryck 2010

To the Republic

Abstract

This thesis is a theoretical study of configurational and magnetic interactions in
multicomponent solids. These interactions are the projections onto the configurational and magnetic degrees of freedom of the underlying electronic quantum
mechanical system, and can be used to model, explain and predict the properties
of materials. For example, the interactions govern temperature induced configurational and magnetic order-disorder transitions in Heusler alloys and ternary
nitrides.
In particular three perspectives are studied. The first is how the interactions
can be derived from first-principles calculations at relevant physical conditions.
The second is their consequences, like the critical temperatures for disordering,
obtained with e.g. Monte Carlo simulations. The third is their origin in terms of
the underlying electronic structure of the materials.
Intrinsic defects in the half-Heusler system NiMnSb are studied and it is found
that low-energy defects do not destroy the important half-metallic property at low
concentrations. Deliberate doping of NiMnSb with 3d-metals is considered and it
is found that replacing some Ni with extra Mn or Cr creates new strong magnetic
interactions which could be beneficial for applications at elevated temperature. A
self-consistent scheme to include the effects of thermal expansion and one-electron
excitations in the calculation of the magnetic critical temperature is introduced
and applied to a study of Ni1−x Cux MnSb.
A supercell implementation of the disordered local moments approach is suggested and benchmarked for the treatment of paramagnetic CrN as a disordered
magnetic phase. It is found that the orthorhombic-to-cubic phase transition in
this nitride can be understood as a first-order magnetic order-disorder transition.
The ferromagnetism in Ti1−x Crx N solid solutions, an unusual property in nitrides,
is explained in terms of a charge transfer induced change in the Cr-Cr magnetic
interactions.
Cubic Ti1−x Alx N solid solutions displays a complex and concentration dependent phase separation tendency. A unified cluster expansion method is presented
that can be used to simulate the configurational thermodynamics of this system.
It is shown that short range clustering do influence the free energy of mixing but
only slightly change the isostructural phase diagram as compared to mean-field
estimates.
v
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Populärvetenskaplig sammanfattning

Detta arbete är en teoretisk studie av den växelverkan och de fysikaliska processer
som styr ordnings- och oordningsomvandlingar i material med flera komponenter.
I grunden styrs alla materialegenskaper av den kvantmekaniska växelverkan
mellan elektroner och kärnor inne i kristallerna. På grund av sin komplexitet är
det dock ofta fruktbart att projicera denna fundamentala fysik på växelverkan
mellan atomers inbördes placering och orienteringen av deras magnetiska moment.
Ett av studieobjekten i detta arbete är NiMnSb som är en legering med potential för magnetiska tillämpningar inom elektroniken. Studien visar att de mest
troliga kristalldefekterna i detta material inte har några påtagliga negativa effekter utan att man istället kan förstärka växelverkan mellan atomernas magnetiska
moment genom att ändra kompositionen eller introducera Cr. En metod föreslås
för att inkludera bl.a. effekten av termisk expansion när den magnetiska oordningstemperaturen beräknas teoretiskt.
CrN är ett annat magnetiskt material som studeras i denna avhandling och
som är av intresse för tillämpningar i hårda ytskikt. En ny metod föreslås för att
beräkna egenskaperna hos magnetiskt oordnade material och den tillämpas på en
stabilitetsstudie av CrN. Vidare förklaras den oväntade observationen av ferromagnetism i legeringen mellan CrN och TiN med hjälp av en studie av materialets
elektronstruktur.
När fler än ett atomslag blandas i en kristallstruktur öppnas möjligheten för
flera olika konfigurationer, eller distributionssätt, av atomer. I systemet TiAlN är
dylika överväganden centrala för att förstå materialets goda egenskaper som skyddsfilm i skärande metallbearbetning. En syntes av två skilda metoder för studier
av sådana effekter presenteras och används för att räkna fram de konfigurationella
interaktionspotentialerna som förklarar materialets fysik.
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Introduction

This thesis is the result of research efforts in theoretical physics. The focus has
been on using and developing theoretical methods of solid-state physics to investigate, understand, and predict the properties of materials. The research has been
theoretical in content and form, but practical in the motivation of the chosen topics. A particular inspiration has been the search within materials science for better
materials for hard coatings to cutting tools and for improvement of magnetic devices. Therefore, it is suitable to start this thesis with a historical exposé of the
development of these classes of materials.

1.1

A historical background of materials development

1.1.1

The cutting tool - two and a half million years of research

Our own species of man, Homo sapiens, has walked the earth for about 130 000
years. However, the need for man to reshape and adapt the environment is much
older and has spurred the usage and design of tools for millions of years. Due
to mans lack of sharp teeth or strong claws the cutting tool has played the most
central role among all man-made objects from the oldest times. A cutting tool
is needed to cut the meat or the skin from a killed animal, to carve out desired
shapes from wooden or bone objects, to dig in hard grounds, and it makes a
powerful weapon for defense or hunting. The crucial properties of the cutting tool
is to be sharp and hard and during the history of mankind different materials have
been used to serve this purpose. The significance of changes of materials in usage
for tool production and specifically cutting tools production has led archeologists
1
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and historians to divide the early human history in ages named by the materials
of general choice 1 . This section gives a brief historical background to one of the
main topics of this thesis: materials used for cutting tools.
Wooden sticks or bone pieces can be sharp, but they are not particularly hard.
Instead it was the mastering of creation of cutting tools in stone that gave man
an upper hand on her immediate environment. In fact, the oldest found objects
created by man are stone tools from Ethiopia dating about 2.5 millions of years
back in history, beeing equal in time or possibly outdating the oldest known findings of the very gender Homo, i. e. Homo habilis [1, 2]. One may thus claim
that the stone age of human tool technology is as old as mankind itself. Different
minerals show very different properties and especially flint has been used extensively throughout the ages 2 . Flint is a microcrystalline SiO2 Quartz material
from which sharp flakes can easily be splintered by hammering by another stone.
The history of cutting tools development is to the utmost majority of years the
history of development of flint tools. Fig 1.1 shows three examples of flint cutting
tools from Östergötland in south-east Sweden. They are dated to approximately
3000 BC (leftmost tool) and approximately 2000 BC (middle and rightmost tools)
which corresponds to the ending part of the stone age in Scandinavia [3].
Very sharp and rather hard cutting tools can be made out of stone, but the
applicability of these tools are limited by the difficulty to create tools of arbitrary
shape and form. Therefore, the advent of metallurgy and metal working is an
important milestone in the technological development of tools. The oldest known
man made metal object is a small copper object from Iraq [2] and it is dated back to
9500 BC. The metal had not been cast, but instead hammered out from one of the
rather scarce sources of pure copper found in nature. The oldest findings of casting
of copper objects dates from about 4000 BC. A prerequisite for advanced metal
working is the development of ceramics, pottery, and the building of advanced
ovens. These are technical advances achieved for completely different purposes
and connected to bread baking in farming-based societies. It is one example of
how important technical advances are not only the inventions by gifted humans,
but rather a consequential or even accidental development in a society that has
reached a certain social and technological phase. A historical fact healthy to
consider for scientists of today.
Copper can be cold worked to improve hardness, but that leads to brittle tools.
At about 3000 BC in Mesopotamia it was found that the co-melting of different
copper ores led to considerable improvement in this respect. This was in fact the
beginning of the usage of alloying, the main object of study in the present thesis,
as copper alloyed with tin, forming bronze was the desirable result. Bronze, with
typical compositions like Cu0.9 Sn0.1 , has two main advantages over pure copper.
First it melts at lower temperatures making it easier to work, secondly it forms
a mixed phase, for instance a combination of a disordered fcc-Cu1−x Snx alloy
1 Since the adaption of new tool technologies occurred in different times at different places, in
some cases independently and in some cases due to influence from the outside, one should realise
that such a division is relative in time and space.
2 Obsidian, a glass form of a SiO -based mineral of volcanic origin was used in a similar manner
2
on the American continent.
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Figure 1.1.
Stone age cutting
tools, 3000-2000 BC [3]

Figure 1.2. Bronze age cutting
tools, about 800 BC [3]

Figure 1.3. Iron age cutting tools,
sickle 400-800 AD, knife 750-1050
AD [3]

Figure 1.4.
TiN (upper row)
and various Ti1−x Alx N (lower row)
coated cutting tools, 2010 AD [4].
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and ordered Cu3 Sn precipitates at normal temperatures, leading to an effective
hardening of the metal. In fact, this kind of hardening mechanism is similar to the
process that is one of the main subject of this thesis. However, although cutting
tools in bronze, like knifes, and sickles are found from the bronze age, the metal
tools did not during this period completely overtake the role of stone cutting tools
for everyday tasks. Partly due to the high cost and the scarce findings of tin,
and partly due to the still limited hardness of the bronze itself. Instead findings of
ceremonial items, jewellery, and importantly, weapons are common. Fig. 1.2 shows
a shaving knife and a knife with remainings of leather still attached to it. Both have
been found in Östergötland, Sweden and are dated to approximately 800 BC [3],
corresponding to the later bronze age in Scandinavia [5]. In Mesopotamia, the
near East, and the eastern Mediterranean region the bronze age is considered to
extend from about 3000 BC to about 1200 BC, sometimes with a specific copper
age preceding the bronze age a couple of hundreds of years [6]. In this region
the period displayed several grand civilisations such as the early, middle, and
late Egyptian kingdoms, numerous powerful Mesopotamian city-states and the
Minoan and Mycenaean kingdoms on Crete and Peloponnesos. The economical
foundations for all these societies were farming and cattle-breeding and the power
and wealth of the ruling aristocracy was based on the capability to seize the surplus

4

Introduction

production from depending farmers and slaves. However, the control of the trade
routs for metals, especially tin, rose in importance and came to be one of the major
factors in the competition and wars between kingdoms. This is an early example
of how the need for certain materials for cutting tools production governs political
decisions.
Although extremely rare, iron do occur in metal phase in nature, in the form
of meteorites 3 . There are also archeological findings of iron objects dating as far
back as the fifth millennium BC. At about 2500 BC there are signs of a certain
production of iron objects in Mesopotamia, also using meteorite iron. Significantly
the Sumerian word for iron is ”metal from heaven”. The proper iron age is considered to have began in the Near East around 1200 BC, to be compared with
about 500 BC in Scandinavia. Iron in its pure state is not particularly useful as
a cutting tool due to even lower wear resistance compared to bronze. However,
during the time period of about 1500 to 1200 BC a series of significant discoveries
and development of iron working, including the extraction of iron from ore and
its reduction and subsequent alloying with carbon, creating steel, was made in the
region of Asia Minor controlled by the Hittite Empire. During the decline of this
empire the knowledge of advanced iron working spread around the region. [2, 6, 5]
Once the production processes of iron and steel tools were known, the usage
of iron tools had a very profound advantage over bronze tools, also besides their
superior wear properties: The abundance of the raw materials. Iron ore, and of
course carbon, were available in a completely different way compared to especially
tin. This made the new metal tools cheaper and they started to affect all aspects
of everyday life of ordinary people. And it was not only iron cutting tools for
peaceful purposes that became abundant, it became possible also for ordinary
farmers to prepare powerful steel weapons. During the bronze age the arming
with metal weapons was a monopoly for the rich and powerful, a privilege that
was now broken leading some historians to name iron ”the democratic metal” [7].
The historical events during the transition from the bronze age to the iron age
illustrates how changes in the knowledge, development, and usage of different cutting tools materials are coupled to the change of whole societies. When established,
the usage of iron weaponry changed the power balance between classes within societies, paving the way for more ”democratic” societies in Greece, and possibly
also in Scandinavia [2, 7, 5]. Fig. 1.3 shows an iron sickle found in Östergötland
and dated to between 400-800 AD and an iron knife from the same region dated
to about 750-1050 AD.
By means of cutting, other tools can be formed and natural materials can be
worked. In order to be able to cut in a certain material, the cutting tool must not
only be sharp, but also of superior hardness compared to the worked object. Thus,
the hardness of the hardest available cutting tool material sets the limit of which
other materials that can be effectively used within a certain technological epoque.
Already the flint tool could be used to master materials such as wood, bone, and
skin. The introduction of metal cutting tools and especially steel cutting tools
extended this group of cuttable materials to heavy clay soil and softer metals.
However, at the same time as iron and steels became more and more important
3 The

metal from meteorites typically contains about 90% iron and 8% nickel.
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in society, and even though a large amount of metal tools can be created through
casting, the need to cut also in the hardest types of steels and other hard metals
emerged. This is the situation today and the task is primely solved using cutting
tools of cemented carbides like WC-Co and TiCN-Co, often coated with an even
harder material in the form of a thin film. Fig. 1.4 shows a collection of modern
cutting tool inserts coated with TiN (goldish) and Ti1−x Alx N (purple to dark
grey) with Al content ranging between 0.30 ≤ x ≤ 0.67 [4]. The understanding
of the physical properties of these hard protective coatings, the most recent link
in the ancient science of cutting tool development, is one of the main topics of
the present work. By applying the very last decades of development in theoretical
solid state physics to the topic of multinary nitrides materials it is an attempt
to pour yet another droplet into the sea of cutting tool knowledge produced by
more than 100 000 generations of researchers, industrial workers, craftsmen, metal
workers, farmers, and hunters.

1.1.2

Magnetic materials

The usage of magnetic materials are, in a relative historical context, a much
younger phenomenon as compared to the cutting tools. The first written accounts
of magnetic phenomena is found in the works of the chines writer Guanzhong who
died in 645 BC [8], describing as ”soft stones” naturally occurring magnetic iron
oxides today called lodestones, especially magnetite Fe3 O4 , since they ”cared for
iron in the same way as parents cared for their children”. The oldest Greek sources
referring to lodestone is Thales (625-547 BC). However, there exist archeological
findings, e.g. Knossos, Crete [8], indicating that the knowledge of permanent magnetism of this material is substantially older. The word magnetism is believed to
come either from the Greek area of Magnesia, where magnetite indeed can be
found, or from the town of Magnesia ad Sipylum in what is now west Turkey. The
latter is supported by other etymological arguments as some early Greek sources
refer to lodestone as ”Lydian stone” [8].
The origin of naturally existing permanent magnets is the magnetic field of
Earth itself. The measurement of this field using a magnet was also the first important practical application of a magnetic material: the compass. The oldest
indisputable references to compasses are from China from the eleventh century
AD although the usage can be much older. An archaeological finding from the
Olmec civilization in mesoamerica dating to about 1400-1000 BC has been tentatively suggested to be an extremely early compass [9]. In Europe, the usage
of the compass became widely spread during the thirteenth century [7]. Besides
the compass, magnetic materials were not generally used (at least not for their
magnetic properties) until modern times. The discovery and development of electromagnetic induction by Örsted, Faraday, Pixii, and others during the nineteenth
century [7] married the usage of magnetic materials with the emerging field of
electricity and today magnetism is utilised in many aspects of our everyday life.
Magnetic materials have also developed and the ferromagnetic transition metals
have been complemented with complex magnetically powerful alloys including also
lanthanide rare-earth elements such as SmCo5 and Nd2 Fe14 B. Most recently in this
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context, magnetic materials have been utilised in electronics, especially in memory devices such as hard disks and more recent MRAMs. However, there is a
vision: spintronics, of introducing the spin degree of freedom on an equal basis
with charge, or possibly even substitute it, in order to improve the performance of
electronic devices. For the realisation of this idea, further materials development is
needed especially for magnetic semiconductors and materials capable of producing
highly spin polarised currents. In the present work some materials with potential
applications within the latter field are investigated.

1.2 Atomic scale properties of disordered materials
For a person not well acquainted with metallurgy or materials science in general,
the idea of the optimal material might very well be a perfect and pure sample.
However, very seldom is this the case. Indeed alloying, doping, cold and hot
working, as well as engineering of materials microstructure are usual methods to
improve the properties of the starting material by introduction of different aspects
of disorder. The example of alloying of copper with tin, to form the substitutionally disordered bronze alloy as well as a disordered matrix of mixed phases, was one
early example of this method. In fact also flint owe its hardness partly to the fact
that it is microcrystaline with the different crystallites being arranged in a rather
irregular fashion. At the same time, disorder can also be detrimental for material
properties, for instance, accidental defects in semiconductor devices can be devastating. In magnetic storage media, such as hard disk drives, disordering of the
magnetic domains would lead to the loss of stored information. Therefore, studies
of these phenomena are central for the understanding of materials physical properties as well as for the design of new and better materials for applications. This
work is a theoretical investigation into the physics of two different, but coupled
degrees of freedom where disordering processes are of vital importance: atomic
configuration and magnetism.

1.2.1

First-principles calculations

All properties of materials are governed by the principles of quantum mechanics.
In particular the bonding in solid state matter is formed due to quantum mechanical interactions between electrons and nuclei. The fundamental equations, like the
Schrödinger and Dirac equations, have been known for more than eighty years but
their huge complexity, when applied to real solid state systems, hampered their
usage for a long time. It is quite recently, in a historical context, that accurate
and efficient approximations together with the development of powerful computers
have enabled their successful application in calculations of real materials properties from first-principles. Still, there are plenty of problems blocking the complete
understanding of materials on the most fundamental level. One is the non-perfect
approximations introduced for many-body effects. Another is finite temperature
considerations where not only ground state, but also all kinds of excited states
need to be enumerated and their properties calculated. The computational cost
is a severe problem when quantum mechanics is to be combined with statistical
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physics methods where thousands or millions of simulations are needed for the
obtaining of equilibrium properties. The treatment of disordered systems is a difficult problem on its own. In addition, a further obstacle for the application of
quantum mechanics to obtain understanding comes from the observers themselves.
The macroscopic length and time scales where we humans perform most of our observations of nature, correspond to the limiting case of quantum mechanics where
the classical description of physics is an excellent approximation. Thus, our intuition and ability for thorough understanding are taking the classical behaviour of
physics for granted. On the atomic scale, where matter can behave fundamentally
different, our physical understanding is clouded.
For these reasons it is desirable, when possible without loosing the accuracy, to
project the complete and complex quantum mechanics problem onto sub-problems
that are easier or less time consuming to solve, that can be used to enumerate excitations and disorder, and that can provide explanations to materials properties
that are physically transparent in the eyes of the investigators. The problems of
configuration and magnetism are two such sub-problems in which the key quantities to study, being the projections from the underlying quantum physics problem,
are the configurational and magnetic interactions.

1.2.2

Configurational interactions

To understand the concept of configuration, one should first consider the crystal
lattice of a solid. By translational symmetry all lattice sites of a simple crystal, like the face-centered cubic (fcc) structure, are equivalent. But if more than
one type of atoms are to be placed on the lattice sites, there are plenty of possibilities, configurations, how this is to be done and the original symmetry is in
most cases broken. This is the configurational degree of freedom schematically
illustrated in Fig. 1.5. The atoms can order as in panel (a), so that the translational symmetry is re-obtained, but with a larger primitive unit cell including
in this case two sublattices. The atoms could cluster so that each atomic type
tries to occupy sites close to equal neighbours as in panel (b). In some situations
and systems the atoms form substitutionally disordered solid solutions where the
configuration is a stochastic distribution where long range periodicity is lacking,
but where average properties appears to re-obtain the original lattice symmetries,
illustrated schematically in panel (c). One example of the first type, often called
ordered compounds, is the half-Heusler alloy NiMnSb, treated in papers I-III, and
in chapter 3, in which the effects of point defects, e.g. atomic swaps between the
sublattices, are studied. The clustering phenomena is studied in papers VIII-XI,
and in chapter 5 for Ti, Sc, and Al on the metal sublattice of the TiAlN and ScAlN
systems. Solid solutions in various forms are treated in papers III, IV, VII, VIII,
IX, X, and XI.
In each material, the preferences for one or the other type of ordering or clustering are determined by the nature of the configurational interactions between the
atoms. These interactions are the projection onto the configurational degree of
freedom of the underlying quantum mechanical system of the electrons, and most
importantly its energetics. The energetic preferences are balanced at elevated tem-
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(a)

(b)

(c)

Figure 1.5. Schematic 2-dimensional picture of different configurational states: (a)
ordering, (b) clustering, (c) disordered solid solution

perature by the larger number of possible configurational distributions associated
with a disordered state. Indeed, as V /T → 0 where V is the strongest configurational interaction in the system and T is the temperature, the completely random
distribution is the equilibrium configurational state of any system. Determining
the energy of each possible state, the interactions are the key for the complete understanding of the configurational thermodynamics of any system. However, since
many materials of interest are synthesised at non-equlibrium conditions, such as
rapid quenching from a melt, or solid solution promoting thin film growth by physical vapour deposition techniques, defects and disorder can typically be present at
substantially higher concentrations than what would be expected from equilibrium
thermodynamics. Thus, methods directly addressing the disordered states, as well
as its structural and magnetic properties, are also highly valuable.

1.2 Atomic scale properties of disordered materials

1.2.3

9

Magnetic interactions

The magnetism of materials stem from the Coulomb interaction between the electrons in combination with the Pauli exclusion principle. The electrons provide
magnetic moments due to their orbital angular momentum and intrinsic spin angular momentum. In the systems studied in this work the spin term gives the
dominating contribution. The collective behaviour of the electrons could cancel
each other’s spins, but in the systems treated in papers I- VII they instead align
to form finite magnetic moments. Even though the electrons themselves can be
non-localised or itinerant, their collective magnetic moments are often possible
to approximately describe with atomic moments present in spheres around each
magnetic atom.

(a)

(b)

(c)

(d)

Figure 1.6. Schematic 2-dimensional description of different magnetic states: (a) ferromagnetic, (b) antiferromagnetic, (c) planar spin spiral, and (d) disordered

Fig. 1.6 shows schematically how such local magnetic moments can order in
different ways. The most usually encountered ground states are shown in the first
two panels describing the tendency for the atomic moments to either (a), align
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parallel to each other forming a ferromagnet or (b), order in opposite directions
forming an antiferromagnet. However, more exotic ground states are also possible
like the planar spin spiral state shown in panel (c). In panel (d) a disordered state
is shown, approximately corresponding to a high temperature situation where the
long range order has been destroyed by thermal excitations. In this work ferromagnets are studied in papers I- IV and VII and antiferromagnets in papers III- VII.
The spin spiral order turns out to be of importance in the FeNi system and is studied in comparision with many other magnetic orders in paper IV. In an analogy
to the configurational case above the preferences for different ordering schemes are
decided by the magnetic interactions between the moments. The strengths of these
interactions are also directly related to the critical temperature where magnetic
long range order is lost and a paramagnetic state, like the one shown in panel (d)
is obtained. Disordered magnetism is studied in papers III- VII. The model of
the atomic moments together with the magnetic interactions, in contrast to the
full quantum system of delocalised interacting electrons, is also valuable in order
to provide an understandable picture of the magnetism of solids.

1.3

General objectives

The general objective of this thesis is to study the configurational and magnetic
interactions in materials of relevance for hard coatings and spintronics applications
within these three broad perspectives:
How to obtain the interactions from first-principles calculations under relevant
physical conditions.
The consequences of the interactions in terms of favouring of different ordering or
clustering ground states and critical temperatures for disordering.
The origin of the interactions in terms of the underlying quantum mechanical system.
The objects of study are mainly multicomponent systems, like e.g. NiMnSb or
TiAlN. This adds complexity to the problems, as compared to the theoretically
more frequently studied binary systems at simple underlying crystal lattices, like
the face-centered or body-centered cubic lattices, but it is a necessary step following the development within most branches of material science.

1.4

Outline

The thesis is organised in the following way: First a theory chapter covers the
methodology, which has been the starting point of the investigations. First the
density functional theory framework is presented, used to solve the quantummechanical problems on the atomic and electronic level. Then the theory of
configurational thermodynamics and disorder is presented followed by the theory
of magnetic interactions in solids. After the theory chapter follow the chapters
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dedicated to three broad investigated issues, of which each is studied in several
individual papers: Effect of disorder on the magnetism of NiMnSb-based alloys,
the magnetic and structural phase transitions in CrN and TiCrN, and finally the
clustering thermodynamics of TiAlN. A chapter with conclusions is presented and
in the end of the thesis the papers are included.
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CHAPTER

2

Theoretical methods

In this chapter the theoretical methods that have served as the main tools for the
carrying through of the study are described. First the theoretical framework used
to solve the quantum mechanical problem, the density functional theory (DFT), is
introduced. In the second section the foundation of the cluster expansion theory
used for the investigation of configurational problems is presented together with
the two main theoretical frameworks for deriving effective cluster interactions. The
third section treats methods for treatment of magnetic disorder and the derivation
of magnetic exchange interactions.

2.1
2.1.1

Density functional theory
Theoretical background

The failure of classical mechanics theory to describe some of the results from stateof-the-art physics measurements was widely realized among physicists in the beginning of the twentieth century. Many of the phenomena contradicting the classical
views were connected to solid state physics or atomic physics: The photo-electric
effect, the Stern-Gerlach experiment, and the absorption spectra of atoms to mention a few. One of the more striking discrepancies between theory and experiment,
of relevance for the present work, was found independently by Bohr [10] and van
Leeuwen [11]. They showed that according to classical physics, permanent magnetic materials could not exist. This theoretical finding contradicted not only the
most recent, detailed, and accurate experiments of its time, but as we saw in the
previous chapter, more than two and a half millennia of empirical observations.
Such a fundamental contradiction is a proof of at least an incompleteness in the
theoretical framework.
13
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The solutions to those problems came with the advent of quantum mechanics.
One of the pioneers, Schrödinger, described that he was inspired to investigate
if matter could be described within a wave, or undulatory, mechanics formalism
being the counterpart to normal mechanics in the same way as wave optics is the
counterpart to ray optics [12]. The resulting equation, governing the propagation
of the matter-waves bears his name, the Schrödinger equation1 :
i

∂Ψ
= HΨ
∂t

(2.1)

In this equation H is the Hamiltonian which in a system of electrons and nuclei
without an external potential is described as
n

H=−

N

1X 2 1X 1 2 X
ZI
∇i −
∇I −
+
2 i=1
2
MI
|ri − RI |
I=1

+

(2.2)

i,I

1 X ZI ZJ
1
1X
+
2
|ri − rj | 2
|RI − RJ |
i6=j

I6=J

and Ψ is the wavefunction describing the particles of the system
Ψ = Ψ(r1 , r2 , ..., rn , σ1 , σ2 , ..., σn , R1 , R2 , ..., RN , t) = Ψ(r̄, σ̄, R̄, t)

(2.3)

and depending on the positions, ri , and spin, σi , of all the electrons and the
positions of all the nuclei RI (which spins are neglected in this work), and the time.
The terms in the Hamiltonian correspond to the kinetic energy of the electrons, the
kinetic energy of the nuclei, the potential energy of the electron-nucleus interaction,
the electron-electron interaction, and the nucleus-nucleus interactions respectively.
In cases where there is no explicit time dependence in the Hamiltonian, Eq. 2.1
can be separated in time and space and the spatial part, known as the timeindependent Schrödinger equation
HΦ(r̄, σ̄, R̄) = EΦ(r̄, σ̄, R̄)

(2.4)

is an eigenvalue problem which solutions Φ(r̄, σ̄, R̄) are the stationary states of the
Hamiltonian with the corresponding total energy E.
The Schrödinger equation is a non-relativistic equation and the relativistic
counterpart for fermions, like electrons, is the Dirac equation which is actually the
foundation, in a scalar-relativistic version, of the calculations performed in this
work. However, to avoid cumbersome notation, and without loosing any of the
fundamental points, the theory of the rest of this chapter is based on Schrödingers
non-relativistic framework.
With the fundamental equations at hand, one could hope that the road was
open for calculating all relevant materials properties directly from the basic constants of physics. Unfortunately, this is not the case, and as Dirac himself stated
in 1929 [13]:
1 In

Hartree atomic units.
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”The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble. It therefore becomes desirable that approximate
practical methods of applying quantum mechanics should be developed, which can
lead to an explanation of the main features of complex atomic systems without
too much computation.”
The problem of solving equation 2.4 for any condensed matter system is indeed a challenging task. We are working with a number of particles in the order of Avogadros number and the Coulomb interaction terms of the Hamiltonian (Eq. 2.2) couples the motion of all the particles. A first simplification is the
Born-Oppenheimer approximation [14] that states that it is possible to separate
the motions of the electrons from the motions of the nuclei since the difference in
their masses corresponds to several orders of magnitude. This means that the electronic subproblem could be solved on its own, considering the effect of the nuclei
as a fixed external potential. A second relief when dealing with bulk materials,
is that the Bloch-theorem [15] assures that due to the periodicity of the crystal
lattice we only need to consider the primitive unit cell rather than the macroscopic
crystal, and that the wavefunctions solving the Schrödinger equation in that case
is given on the form
φnk (r̄) = eik·r unk (r̄)

(2.5)

where n is the quantum number, k is a reciprocal vector, unk (r̄) is a function with
the periodicity of the lattice, and eik·r describes a plane wave. However, in all
cases where we have more than just a few electrons, it is anyway unmanageable
to directly solve the Schrödinger equation.
Instead of working with the wave functions, some physicist elaborated with
using the electron density n(r) as the basic variable [16, 17]. The point with such
an approach is that it simplifies the problem since the density is only a function
of the three spatial coordinates while the n-electron wave function (neglecting
spin) is a function of 3n coordinates. Unfortunately, the early attempts with
Thomas-Fermi theory, in which one tried to describe the energy of the system
in terms of a functional of the density, failed to reproduce even some qualitative
physical aspects of matter, such as the appearance of bonds between atoms. Thus,
the density approach was not generally considered as a practical way forward for
many years.
One of the key discoveries on the road to the ”approximate practical methods”
that Dirac had called for, was made by Hohenberg and Kohn in 1964.

2.1.2

The Hohenberg-Kohn theorems

In their land-mark paper [18], Hohenberg and Kohn formulated the fundament for
what should become modern density functional theory. An excellent treatise of
this theory is given in Ref. [19] and that work has inspired the brief introduction
given below. In two theorems Hohenberg and Kohn stated and proved that
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1 For any system of interacting particles in an external potential, the potential
is determined uniquely up to a constant, by the ground state particle density
n0 (r).
2 One can define a universal functional for the energy in terms of the density,
E[n], which is valid for any external potential, Vext (r). For any particular potential, the exact ground state energy of the system is the minimum
value of this functional, and the corresponding density that minimizes the
functional is the exact ground state density, n0 (r).

With those theorems at hand it is clear that if we knew the exact form of the
functional E[n], we would be able to solve all electronic structure problems. The
functional can in general terms be written as
Z
E[n] = T [n] + Eint [n] + d3 rVext (r)n(r) + EII ,
(2.6)
where the terms on the right denotes the kinetic energy of the electrons, the energy
of the interaction between the electrons, the interaction energy with the external
potential in the form of the Coulomb interaction with the nuclei, and finally the
energy of the interaction between the nuclei. The problem is however the same as
for Thomas and Fermi [16, 17], that the form of those functionals are not known.
Fortunately, the year after Hohenberg and Kohns publication, a practical scheme
was presented to solve this problem.

2.1.3

The Kohn-Sham equations

In 1965 Kohn and Sham suggested that the real interacting system should be
replaced with a system of non-interacting particles with the same density as the
real system [20]. In order to make this connection, those particles should be subject
to an effective potential Vs (r) rather than the pure external potential, and the
particles are described by wave functions solving the sinlge-particle, Schrödingerlike equations


1 2
(2.7)
− ∇ + Vs (r) ϕi = ǫi ϕi
2
where the effective potential is given by
Z
n(r′ )
δExc [n(r)]
Vs (r) = Vext +
dr′ +
.
′
|r − r |
δn(r)

(2.8)

Here the exchange-correalation energy functional Exc [n] appears which is the
only term within the Kohn-Sham approach that needs to be approximated. It is
discussed below. Since we are treating a system of non-interacting particles the
particle density, say of N particles, is easily obtained as
n(r) =

N
X
i=1

|ϕi (r)|2

(2.9)

2.1 Density functional theory

17

The Kohn-Sham total energy functional is given by

EKS [n] = Ts [n] +

Z

d(r)Vext (r)n(r) + EHartree [n] + Exc [n] + EII

(2.10)

where Ts [n] is the kinetic energy functional of the non-interacting particles
N

Ts [n] = −

1X
ϕi |∇2 |ϕi
2 i=1

(2.11)

and EHartree [n] is the classical Coulomb energy of a charge-density interacting
with itself
EHartree [n] =

1
2

Z

drdr′

n(r)n(r′ )
,
|r − r′ |

(2.12)

and EII is the energy from the interaction between the nuclei.
The advantage of this approach in comparison with the earlier density functional methods is that the kinetic energy of the non-interacting particles, which
is calculated in principle exact in the Kohn-Sham method, includes almost all of
the kinetic energy of the real system. In contrast, attempts to approximate the
true kinetic energy directly with a local-approximation based functional can give
errors on the order of ten percent [21].

2.1.4

The problem of exchange-correlation effects

The part of the Kohn-Sham energy (Eq. 2.7) that is problematic to derive is the
exchange-correlation functional Exc [n]. If this functional had been known the
problem of interacting particles could be solved exactly. This is not the case.
Instead it includes the effect of all intricate many-body phenomena inherent in
the Schrödinger equation, but in a sense hidden in the single-particle Kohn-Sham
equations. Fortunately, it is anyway possible to use the Kohn-Sham approach
for quantitative calculations of real materials properties. There are mainly two
reasons for this: the first is that the exchange-correlation energy is relatively small
as compared to the other terms in equation 2.7 which are derived exactly. The
second is that approximations exist that capture the many-body effects of the
exchange-correlation functional in a reasonably accurate manner.
The first of these approximations, the local density approximation (LDA), was
suggested in the original paper by Kohn and Sham [20]. In this approximation the
exchange-correlation energy is for each point in space calculated as the product of
the density at that point and the exchange correlation energy per unit charge of
the homogeneous electron gas, ǫhom
xc (n) with that particular density. The result is
the expression
LDA
Exc
[n] =

Z

ǫhom
xc ([n], r)n(r)dr.

(2.13)

18

Theoretical methods

The exchange-correlation energy of the homogeneous electron gas was studied
using quantum Monte Carlo simulations [22] resulting in a data set for a number
of densities in between which analytical interpolations have been created [23, 24].
Such a local approximation was first believed to work well only for systems with
a slowly varying density. However it has turned out to be very successful also for
systems with considerable density gradients. The reason for this can be explained
in terms of the exchange-correlation hole, the depletion of electronic charge around
electrons due to real many-body effects. In the expression for the total exchangecorrelation energy, only the spherical and system averaged exchange-correlation
hole enters. Furthermore, the exchange-correlation holes corresponding to all real
electronic systems, including the homogeneous electron gas, obeys specific limiting
conditions. This fact reduce the possible differences in average properties [19].
This far we have only considered non-spin polarised situations. The KohnSham approach within the local density approximation was generalised to the
spin-polarized case by von Barth and Hedin [25] in 1972. In the general case,
when the spin axis is allowed to vary in space, the density and the Hamiltonian
can be represented by 2 × 2 matrixes which in the case of the Hamiltonian becomes
1
αβ
αβ
(r),
HKS
(r) = − ∇2 + VKS
2

(2.14)

where α and β are the matrix indices.
It is interesting to note that it is only the exchange-correlation part of the
Hamiltonian that possesses an explicit spin dependency. In the collinear magnetic
case, where the spin axis is parallel in the whole space, those matrixes becomes diagonal and the problem turns into a treatment of two separate (but coupled) scalar
densities. In the spin generalisation of LDA (LSDA), the exchange-correlation en↑
↓
ergy per unit charge becomes a function of the two spin densities ǫhom
xc (n (r), n (r))
and the non-collinearity is never a problem since locally the spin density matrix
can always be diagonalized.
Even though the LDA and the LSDA (called only LDA from now on) have
been quite successful in describing all sorts of properties of solid state systems,
there are nevertheless some general problems. An early realisation was that LDA
calculations overbinds many systems in the sense that the lattice spacings are
underestimated. This problem is at least partially corrected by introducing gradient corrections in a clever way, like in the generalized gradient approximations
(GGA) [26, 27, 28], still forcing the system to behave properly in important limiting cases [19]. It has been suggested that the improved description of the volumes
in GGA calculations are more accidental than due to actual improvement of the description of the valence states [29], but the ability to predict reasonable volumes is
so important that the GGA, most often in the form according to Perdew et al. [28],
is anyway preferred in many of the calculations in this thesis. In some cases, such
as in paper I, the use of the LDA together with a well known experimental volume
can be an alternative.
There are other issues with the LDA which are not, or only marginally, corrected by the GGA. One such issue is the underestimation of bandgaps in semiconductors, another is the treatment of systems with localised states, like 4f -electron
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systems or transition-metal oxides, often referred to as strongly correlated systems.
The development of methods in this field, for instance the efficient combinations of
DFT with many-body techniques like the dynamical mean-field theory, is perhaps
the most hot research area of theoretical solid state physics today. But it is not
the topic of the present work.
The transition metal nitrides treated in this work are a kind of border cases
with respect to impact of correlations. For the system CrN (treated in papers V,
VI, and VII), it has been suggested that the LDA and GGA fail to reproduce
certain properties, like the experimentally observed semiconducting behaviour of
the cubic phase [30]. Thus, a quite simple but rather useful method to take strong
electron correlations into account, the LDA+U [31, 32, 33], is used in this work in
parallel with the GGA.
In this method, a Hubbard-type Hamiltonian [34] is considered to better describe the on-site Coulomb interaction of electrons in localised orbitals. In CrN
these are the Cr 3d-orbitals. The other orbitals are treated in the normal LDA
potential. The terminology ”+U” comes from the notion that U is the energy cost
to move an electron between two sites with equal initial occupation. The total
Coulomb energy due to the interaction between these N correlated electrons are
given by the expression
U
N (N − 1)
(2.15)
2
and this is assumed to be correct in the LDA in contrast to the Kohn-Sham
eigenvalues. To avoid double-counting this term is subtracted while the Hubbard
term is added to give the total energy functional
E=

E LDA+U = E LDA −

U X
U
N (N − 1) +
ni nj .
2
2

(2.16)

i6=j

The impact on the bandstructure can be realised by differentiating equation. 2.16 with respect to any of the orbital occupancies, obtaining the eigenvalues


1
LDA
(2.17)
− ni .
ǫi = ǫi
+U
2
Thus, the qualitative effect is to shift occupied states U/2 down in energy, while
unoccupied states are shifted up U/2 in energy. The actual implementation of the
LDA+U method that is used in this work, taking into consideration also exchange
effects, is the rotationally invariant version according to Dudarev et al. [35].
The effect of different treatments of exchange-correlation is drastically system dependent. To illustrate this, Fig. 2.1 shows the calculated electron density of states for the systems TiN and CrN using three different treatments of
exchange-correlation effects: LDA, GGA, and LDA+U (with effective U=3 eV).
For both systems and all three calculations, the volume is fixed at the experimental
room-temperature value to highlight the explicit effect of the exchange-correlation,
rather then the indirect effect via volume. CrN is treated in the cubic [001]1 ordered antiferromagnetic state (see papers VI and VII for details). TiN is allowed
to be magnetic in the calculations, but converge to a non-magnetic state.
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Figure 2.1. The calculated electron density of states for TiN and CrN in the cubic B1
structure at their experimental lattice spacing. Results obtained with the LDA, GGA,
and LDA+U (Uef f =3 eV) approximations for exchange-correlation effects.

The calculations show that in the TiN-case it is almost impossible to se any
difference between the three methods. In the CrN case on the other hand, a
considerable difference is observed, especially when comparing LDA+U with the
other two methods. The increased splitting of the occupied and unoccupied states
is clearly seen. Also between the LDA and the GGA treatments a certain difference
can bee seen for the states around the Fermi level indicating considerable density
gradients for those states. It can be concluded that in the case of CrN, care must
be taken when choosing exchange-correlation methodology.

2.1.5

Plane-wave expansions of the wave functions

When the Kohn-Sham equations are to be solved numerically, the single-particle
wavefunctions in equation 2.7 need to be expanded in a basis set. Owing to the
powerful mathematical tools related to Fourier transforms, the usage of a plane
wave basis set is highly desirable. This is also a natural basis set for solutions
in periodic potentials, such as crystal lattices, according to the finding by Bloch
(Eq. 2.5). One additional advantage with the plane wave basis set is that it
lacks an explicit dependence on the positions of the atoms, in contrast to e.g.
muffin tin orbitals basis sets. This simplifies the derivation of forces acting on the
nuclei which is of great use in simulations of local lattice relaxations or molecular
dynamics simulations.
Unfortunately, the expansion in plane-waves is problematic due to the ex-
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tremely rapidly varying wavefunctions and effective potential close to the nuclei.
For instance, in order to describe the core states, but also the core region of the
valence states, plane waves with very high kinetic energy would be needed. To simultaneously treat both the core, and the smother region in between atoms, a huge
number of plane waves with a very high energy cut-off 12 |k + G|2 < Ecut , would
be needed. An attempt to solve this problem is the pseudopotential method. The
basic idea is that only the valence states, and particularly the valence states in the
region between atoms, are important for the bonding physics in solids. Therefore,
the effect of the nucleus and the core electrons are replaced by a smooth pseudopotential. The pseudopotential is constructued in order to reproduce the scattering
properties of the core region and the behaviour of the valence wave functions and
the effective potentials outside a certain cut-off radius from the nucleus.
A development of this philosophy is the projector augmented wave (PAW)
method [36] that has been used extensively in this work. The PAW method is an
all-electron method applying the frozen core approximation to the wave function
of the core states. Even though the calculations are performed with the assistance of auxiliary smooth wave functions, the full real wave-functions including
the core region is still available for total energy evaluations. This aspect increase
the reliability and transferability of the potentials between different problems.

2.1.6

The Green’s-function approach

A different approach to the solving of the Kohn-Sham equations is the Green’s
function approach. The Green’s function formulation will be seen in later sections
to be an extremely useful tool for the derivation of configurational and magnetic
interactions, which justify its more computationally demanding methodologies.
Describing the propagation of a particle from point r to point r′ at the energy
E, the one-particle Green’s function is given by the solutions to the equation


1
− ∇2 + Vs (r) − E G(r, r′ , E) = −δ(r − r′ ).
(2.18)
2
It is possible to get the Green’s function from the wave functions obtained with
any standard technique for solving the Kohn-Sham equations. However, in this
work the Green’s function is obtained and used within a multiple scattering framework based on the Korringa-Kohn-Rostocker method [37, 38]. The fundamental
idea of this method for solving the Kohn-Sham problem is that the total incoming
wave onto each scattering center, atoms or muffin-tin spheres in our case, equals
the total outgoing waves from all other centers. In a combined coordinate-atomic
position representation of non-overlapping muffin-tin (MT) spheres, the Green’s
function is
G(r + Ri , r′ + Rj , E) =

X

ij
′
Ril (r, E)gLL
′ (E)Rjl′ (r , E)

LL′

−δij

X
L

Ril (r, E)Hjl (r′ , E).

(2.19)
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In this equation r and r′ are the coordinates inside the muffin-tin spheres
at R and R′ , respectively. E is the energy with respect to the potential in the
interstitial region, L denotes a combination of l and ml quantum numbers, and
Ril is the regular solution to the Schrödinger equation inside sphere i, of orbital
angular momentum l, and energy E. Hil is the corresponding irregular solution.
ij
In equation 2.19 the scattering path operator gLL
′ (E) is introduced. It gives
the propagation of a state between two positions on the lattice at the energy E.
It is a very important object and will be used extensively in the next section. In
a simple ordered system with just one component it is given by
Z
1
−1
ij
dk [m(E) − B(k, E)]LL′ eik(Ri −Rj ) .
(2.20)
gLL
′ =
ΩBZ
BZ

An important feature is that the inverse of the scattering matrix, m(E), is
independent of, and enters separately from, B(k, E), the Fourier transform of the
so-called structure constant matrix [19]. This will allow for an efficient treatment
of substitutional disorder, studied in the next section.
Finally, in a Green’s function formalism, one can easily obtain the singleparticle density per spin by
1
n(r) = −
π

ZEF
dE Im G(r, r, E)

and the corresponding density of states as a function of energy
Z
1
dr Im G(r, r, E)
n(E) = −
π

(2.21)

(2.22)

which will also be useful in the treatment of interactions below.

2.2

Theory of configurational disorder

A recent review covering the key issues of importance for the treatise of configurational interactions in this work is given in Ref. [29]. The short introduction below
is inspired by that work.

2.2.1

A mathematical basis for the configurational problem

The schematic pictures in Fig. 1.5 gives a qualitative idea about the concept of
configuration in alloy systems, but for a scientific treatment, a mathematical foundation is needed. Such a foundation in terms of a cluster expansion was suggested
in a paper by Sanchez, Ducastelle, and Gratias in 1984 [39]. They developed a
framework for any number of alloy components, but for simplicity, this section
covers the case of a binary A1−x Bx system.
The objective is to create a orthonormal basis set that can expand the configurational part of any property of an alloy. The starting point is to define spin
variables σi used to enumerate the configurations. These variables take the values
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σi (A) = 1

(2.23)

σi (B) = −1
if site i is occupied with a A or B-type atom respectively. The vector of all the spin
variables in a crystal with N sites is then σ = {σ1 , σ2 , . . . , σN } and specification
of this vector completely describes the exact configuration of the whole crystal.
The scalar product between two functions of the configuration, f (σ) and g(σ), is
defined as
hf (σ), g(σ)i =

1 X
f (σ)g(σ)
2N σ

(2.24)

where the summation goes over all possible configurations σ. With this scalar
product an orthonormal basis set for the point clusters (1-site cluster) can then
first be defined as
φ0 (σi ) = 1

(2.25)

φ1 (σi ) = σi
where it is straight forward to show that for any site i
hφn (σi ), φm (σi )i =

1 X
φn (σi )φm (σi ) = δn,m
2N σ

(2.26)

1 X
φ0 (σi )φ1 (σi ) =
2N σ

(2.27)

for instance

hφ0 (σi ), φ1 (σi )i =
=

2N −1 X
1
1 · σi = (1 · 1 + 1 · (−1)) = 0
2N σ
2
i

(2.28)
and

hφ1 (σi ), φ1 (σi )i =
=

1 X
φ1 (σi )φ1 (σi ) =
2N σ

1
2N −1 X
σi · σi = (1 · 1 + (−1) · (−1)) = 1
N
2
2
σ
i

.

(2.29)

The completeness of the basis for the point clusters is also easily shown [39].
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Using the basis for the point clusters we can define a complete set of orthonormal basis functions for the whole configurational space of the crystal if we for all
clusters α of all sizes n up to the whole crystal use
Φnα (σ) =

Y

Y

φ0 (σi )φ1 (σi ) =

σi

(2.30)

i∈α

i∈α

where the orthonormality
hΦnα (σ), Φm
β (σ)i = δα,β

(2.31)

can be shown in the same way as above. Since we have a complete and orthonormal
basis we can expand any property G(σ) which is a function of the configuration
in this basis as
G(σ) =

X

gα(n) Φ(n)
α (σ)

(2.32)

α

where the expansion coefficients are simply the projections
gα(n) = hG(σ), Φ(n)
α (σ)i.

(2.33)

In the case when the configurational energy is the function of interest the
coefficients are the configurational effective cluster interactions,
Vα(n) = hEconf (σ), Φ(n)
α (σ)i

(2.34)

which is one of the key objects studied in this work. For symmetry reasons, all
(n)
Vα of clusters equal due to symmetry of the crystal must be the same, so it is
possible to consider figures, f , rather than unique clusters and define the statistical
cluster correlation functions as
1

(n)

ξfn (σ) = hΦf i =

(n)

mf

X

Φα (σ)

(2.35)

∀α∈f

(n)

where mf is just a normalisation factor. The terminology in general use today
prefers the term cluster over figure in the latter sense above. Therefore, cluster
will be used in the following, e.g. nearest-neighbour pair cluster. If those interactions were known, one could easily and quickly calculate the total energy of any
configuration using the expression
Econf =

X

(n)

Vf

(n) (n)

mf ξf ,

f

or apply them in an generalized Ising-type Hamiltonian

(2.36)
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1 X (2) X
σi σj +
V
2 p p i,j∈p
1 X (3) X
V
σi σj σk +
3 t t
i,j,k∈t

+

1 X (4) X
V
σi σj σk σl + · · ·
4 q q

(2.37)

i,j,k,l∈q

for statistical mechanics simulations.
Here one very important point should be made. This purely mathematical description of the configurational problem does not, in contrast to what is sometimes
assumed, guarantee that the expansion in the basis above of any particular property of a real physical alloy converges, with less than the inclusion of all clusters up
to the size of the whole macroscopic crystal. Nevertheless, the above assumption
is extensively used by several groups in conjunction with the Connolly-Williams
method and will be discussed further below. In any case, the results of Ref. [39]
serves as a useful mathematical starting point for the description of configurational
problems.
Instead of this concentration independent basis, a concentration dependent
expansions has also been developed [40, 41, 42]. In such a case, the summation
of configurations in the expressions above is limited to the summation over the
subset of configurations with the desired global composition. The configurational
Hamiltonian can in this case be given by

Hconf

=

X
1 X (2)
δci δcj +
Ṽp (c)
2 p
i,j∈p

+

X
1 X (3)
Ṽt (c)
δci δcj δck +
3 t

+

X
1 X (4)
Ṽq (c)
δci δcj δck δcl + · · ·
4 q

i,j,k∈t

(2.38)

i,j,k,l∈q

(n)

where the cluster interactions, Ṽf (c), are now concentration dependent and given
in the concentration fluctuation variables δci = ci − c. One should note that the
(n)
(n)
interactions of cluster size n differ with a factor, 2n Vf = Ṽf , when given in
terms of spin-variables and concentration fluctuation-variables respectively. But
for simplicity in notation, and since only the latter is used in this work, the specific
tilde-notation is dropped in the rest of this work. The concentration dependent
framework is used in this thesis, in particular to study the thermodynamics of
clustering in TiAlN in chapter 5 and in paper VIII.
In the mathematically ideal treatment the concentration dependent and independent expansions are directly related. In particular, it has been shown [40],
that due to the fact that in the thermodynamic limit, N → ∞, the number of
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configurations with close to equiatomic composition dominates over all others, the
expansion coefficients obtained from eq. 2.32 are actually equivalent to the coefficients obtained in a concentration dependent approach with x = 0.5. However,
in calculations of real physical systems, the expansions must always be truncated
and the validity of any specific expansion must be judged based on physical, rather
than mathematical, arguments.
Before entering a discussion about how the configurational effective cluster
interactions can be obtained from first-principles, the concept of the solid solution
is introduced together with two different methods to directly access the electronic
structure of this state.

2.2.2

Substitutionally disordered alloys

Substitutional solid solutions between two or more components are frequently
found in intermetallic systems. Some examples have already been pointed out,
Fe1−x Nix and Cu-rich Cu1−x Snx . The meaning of this term is a physical system
where it is possible to uniquely associate the atoms to fixed lattice points (due
to local relaxations or thermal vibrations, they do not have to sit on the lattice
points), but their particular distribution on the lattice points is stochastic. The
consequence is that solid solutions comply to the conditions of spatial homogeneity (large enough clusters will have equal composition all through the crystal) and
disappearance of statistical correlations at large enough distances. The extensive
properties of such alloys are self-averaging, i.e. their molar values do have a well
defined value for any macroscopic sample. This means that even though the result
of the Bloch-theorem (Eq. 2.5) can not be used in principle due to the lack of
a periodic repetition of the potentials, a calculation of a large enough supercell,
obeying the same statistical correlations as the real alloy within the range where
they exist, would reproduce the properties of the real system. The ideally random
alloy, is a special case corresponding to the equilibrium distribution as V /T → 0,
where V is the strongest configurational interaction in the system and T is the
temperature. In this case all statistical correlations between atoms go to zero.
The random alloy is a good starting point when modelling properties of a solid
solution system, in which the details of the statistical distributions are not known.
For instance, as will be seen, it is a good reference state for calculating configurational cluster interactions. In this thesis two different methodological schemes are
used to model the solid solution: The special quasi-random structure method first
suggested by Zunger et al. [43] and the coherent potential approximation (CPA)
first developed by Soven [44].

2.2.3

The special quasi-random structure method

There are two basic problems that need to be addressed in any supercell-based
model of a solid solution. First, due to periodic boundary conditions, some of the
correlation functions of the supercell will tend to be clustered. As an example, a
supercell based on 2 × 2 × 2 conventional unit cells of the fcc lattice, will have pair
(2)
correlation functions hΦi i = 1 for the 8:th, 17:th, etc coordination shells. One
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way to reduce this problem is to chose a supercell where the primitive translational
vectors correspond to different coordination shells. The other problem is that it
is not obvious how one should distribute the atoms on the lattice sites of the
supercell.
The way to do this properly is to consider equation 2.36 and then try to create
(n)
a supercell that has ξf (σ) equal to the solid solution (0 in the random case) for
(n)

all clusters f for which the interactions Vf are non-negligeble. Such a procedure
can involve a clever design of the geometry of the supercell together with the
distribution of the atoms in a way to counteract the above mentioned clustering
tendencies.
(n)
In practise, the problem is that the functions Vf are almost never known, at
least not in advance. In such a situation the most used strategy is just to try to
(n)
let ξf (σ) = 0 for as many clusters as possible, starting with the short ranged
pair clusters. This was the strategy originally used by Zunger et al. to suggest
a number of small structures, called special quasi-random structures (SQS), that
resembled the random state for a few pair correlation shells [43]. The physical justification for this is the general trend of the cluster interactions in known systems,
where the strongest interactions are typically rather short ranged pair-interactions.
Further more, a kind of convergence test can be performed by using successively
larger supercells that can be made to have zero correlation functions for successively larger numbers of shells. But in principle, no supercell can with confidence
be stated to truly represent the random solid solution without the knowledge of
the interactions, and a corresponding match of the correlation functions of the
supercell with the random state for all relevant clusters.
In this work a SQS approach is applied to model solid solutions (in most cases
on a specific sublattice) in papers IV, VII, VIII, IX, X, and XI.

2.2.4

The coherent potential approximation

Instead of trying to get around the periodicity problem within the supercell treatment, one can adopt an entirely different approach using the coherent potential
approximation (CPA) developed for electronic structure problems by Soven [44],
and applied within the KKR-formalism by Györffy [45]. The philosophy is to
replace the real system of stochastically distributed atoms on a lattice with an
effective medium. This medium is designed in a self-consistent way to reproduce
the average scattering properties of the real system, where the coherent on-site
matrix elements of the scattering path operator of the medium g̃(E), related to
the coherent potential function m̃ in the usual multiple-scattering way
Z
dk
1
,
(2.39)
g̃(E) =
ΩBZ
m̃(E) − B(k, E)
BZ

is equal to the compositionally average of the on-site scattering path operators of
the components, g A/B
g̃(E) = (1 − x)g A (E) + xg B (E),

(2.40)
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when the components are embedded in the effective medium. In such an embedding
situation the on-site scattering path operator of the i:th component can be derived
self-consistently through a single-site Dyson equation
g i (E) =

g̃(E)
1 + g̃(E)[mi (E) − m̃(E)]

(2.41)

where mi (E) is the potential function matrix of the alloy copmonent i. From
the scattering path operators of the component, one can then calculate desired
quantities of the alloy using e.g. the equations of section 2.1.6. CPA calculations
to model random alloys are used in papers I, II, III, IV, VII, and VIII.
The CPA does not suffer from the problems discussed for supercells above.
On the other hand, the single site character of the method gives rise to to other
issues. One important aspect is that the electrostatic energy due to charge transfer
between components (either real or due to differently sized atoms pushed into
equally sized muffin-tin spheres) can not be treated within the CPA. To correct
for this one has to do calculations using non-single site methods and efficient
schemes for this has been suggested [46, 47]. Another important issue is local
lattice relaxations, the fact that atoms in different local environments lower the
energy of the system by moving away from the fixed lattice points on which the
CPA calculation is done. Models to treat this effect also exist [48, 49], but their
use somewhat decrease the efficiency of the approach.
In this work the general strategy is to use a combined approach of the CPA
and the SQS formalisms in order to gain a confidence about the results for random alloys that could not have been obtained with each of the methods alone.
One specific method, based on this latter philosophy, is the locally self-consistent
Green’s function (LSGF) method [50, 51]. It is an Order-N scaling method using
the KKR-ASA framework and a divide-and-conquer strategy for the alloy problem. Within this method, the energy of a large SQS, with or without short-range
order, is calculated considering for each site the exact configuration of a certain
local environment, while outside this environment, the CPA effective medium is
applied. The LSGF method is used extensively in paper I and for the calculations
of electrostatic screening effects needed in CPA-based methods.

2.2.5

The generalized perturbation method

The CPA is not only a practical tool for obtaining the properties of the random
alloy, it is also a useful tool for obtaining the effective cluster interactions. In
this work the generalized perturbation mehod (GPM) as originally suggested by
Ducastelle and Gautier [52] is applied in conjunction with a screening model to
take the electrostatic contribution into account [46, 47, 53].
The starting point for the derivation of the interactions is Eq. 2.34 and the realisation that this definition could be re-written in a two step summation according
to Berera et al. [54], where the summation first is taken over configurations within
the cluster
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Vf

=

1
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(n)

X

vf ({σ1 , ..., σn })

σ1 ,...,σn =±1

n
Y

σi

(2.42)

i=1

(n)

where vf ({σ1 , ..., σn }) is the n-site potential of cluster f with the particular
configuration {σ1 , ..., σn }. They can in turn be determined from the average energy
obtained by summing over all configurations of the remaining crystal
(n)

vf ({σ1 , ..., σn }) =

1
2(N −n)

X

E({σ1 , . . . , σn }f ; σ ′ )

(2.43)

′

σ ∈f
/

where E({σ1 , . . . , σn }f ; σ ′ ) is the energy of the system with the specific configuration above in the cluster f and with the specific configuration σ ′ in the rest of the
crystal. At this point it is possible to chose a concentration dependent framework
by summing only over a subset of configurations σ ′ which has a specific global
concentration c.
Qn
From the study of the product i=1 σi in eq. 2.42 it is clear that the the
summation over configurations in the cluster will result in an expression where
the configurations with an even number of B-atoms have positive sign, while the
configurations with odd number have negative sign and thus
(n)

Vf

= EB−even − EB−odd .

(2.44)

where the two terms on the right are the properly averaged energies of configurations with even and odd numbers of B-atoms respectively.
Unfortunately, in neither the concentration independent, nor concentration
dependent case is it possible to explicitly perform the complete summation in
Eq. 2.43 in an accurate manner due to the huge number of configurations involved.
However, in the concentration dependent case we have access to an efficient method
to model this configurational averaging with an effective medium: the CPA. Thus,
(n)
the bandstructure contribution to the Vf can be calculated by the change in the
integrated density of states of the effective medium due to the embedding into it
of the corresponding clusters. In the GPM this is done by including only the terms
corresponding to the lowest order of scattering on the whole cluster
(n)−GP M
Vf

1
= − Im
π

ZEF
X
dE
Tr (∆ti g̃ij ∆tj . . . ∆tk g̃ki )f

(2.45)

p∈f

where g̃ij is the path operator of the CPA medium and where the sum is taken
over all irreducible paths in the cluster f starting and ending on the same site
B
and passing the other sites only once. ∆ti = tA
i − ti is the difference between the
A/B
is obtained
on-site scattering matrix of the alloy components on site i where ti
from


A/B
m̃ − mi
A/B
 .

(2.46)
=
ti
A/B
g̃0
1 + m̃ − mi
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(A/B)

is the potential function matrix for component A or B depending on
Here mi
the occupancy of site i and g̃0 and m̃ are the CPA on-site scattering path operator
and coherent potential function, respectively.
The two-site screened Coulumb interactions are determined within the KKRatomic sphere approximation (ASA) from the formula [53]
(2)−scr

Vf

=

scr
e2
2 αf
(qA − qB )
2
S

(2.47)

where qA/B is the net charge of the alloy component A/B inside the atomic sphere
with radius S. αscr
is the intersite screening constant of cluster f . In this work the
f
latter are derived using the LSGF method described above. Higher order terms
for the electrostatic interactions are neglected in this work.
The resulting combined GPM and screened Coulomb terms for the pair-interactions
are then given by
(2)

Vf

(2)−GP M

= Vf

+ Vfscr

(2.48)

while the pure GPM interactions are used for larger cluster interactions.
The accuracy of the screened GPM method is discussed in details in Ref. [29].
The main advantage of the method is that it is possible to independently and
efficiently derive the interactions of a large part of the configurational space. This
is particularly important in systems with strong long range interactions, and in
systems where a large number of individually rather weak interactions add up
to the total ordering energetics. Furthermore, since the interactions are derived
from perturbations of the random alloy, they are particularly reliable to describe
fluctuations close to this state. One example is the effect of short range clustering
appearing in TiAlN solid solutions treated in chapter 5 and in paper VIII.
There are also inaccuracies in the screened GPM method. One issue is that
since the screening constants are derived within the atomic sphere approximation,
there can be a corresponding error, particularly in systems with a relatively open
crystal structure. Furthermore, the single-site nature of the CPA might also include errors effecting the accuracy of the GPM method. Arguable, the largest
problem with the screened GPM method is however the lack of consideration of
local lattice relaxations. This issue is discussed further in chapter 5 and paper VIII

2.2.6

The Connolly-Williams cluster expansion method

Perhaps the most widely used method today in phase stability studies of alloys
is the Connolly-Williams [55] or structure inversion method. It is based on the
quite straightforward assumption that equation 2.36 could be inverted. I.e. if a
sufficiently large number of ordered structures α with known correlation functions
(n)
ξf (α), are calculated using a DFT approach to obtain their energies E(α), then
the set of linear equations
ΞV = E,

(2.49)
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where Ξ is the matrix of correlation functions with the elements mf ξf (α), V
is the vector of interaction potentials and E is the vector of energies, could be
(n)
inverted to directly obtain all Vf potentials by either direct solution or leastsquare fitting procedure of an over-determined system.
This procedure can also be used within both a concentration independent or
dependent framework. In the most frequently used scheme, the calculated enthalpies at fixed pressure are expanded rather then the energies since that fits
better into the concentration independent framework. Actually this procedure is
often called only the Cluster Expansion Method and is implemented in computationally efficient schemes [56, 57].
The advantage of this method is that the input into the expansion are energies
(or enthalpies) from direct calculations of real alloy structures. This avoids the
kind of problems encountered in the perturbative based approach described above,
involving additional models for e.g. electrostatic screening. Furthermore, local
lattice relaxations can be taken into account in the calculations of the energies.
Unfortunately also this approach has drawbacks. The general problem for the
method is that the range of cluster interactions to be included in the expansion is
not known a priori. In principle, for any given number of equations, corresponding
each to one DFT calculation and one obtained energy, a number of different sets
of cluster interactions could describe them. Therefore, different algorithms have
been developed to find optimal sets of cluster interactions and the development
work is still ongoing [58, 59].
This issue can be particularly problematic when one tries to obtain concentration independent cluster interactions. In many systems, electronic band-filling
or volume change can give rise to considerable impact on the configurational interactions between atoms. If one tries to capture such non-linear effects with one
set of concentration independent interactions, it might not be possible to converge the set of interactions with respect to cluster size or cluster range. This
point is discussed in Ref [29] and more recently in both physical and more formal
mathematical terms in Ref. [60].
In this work we use instead a concentration dependent Connolly-Williams approach to obtain the parts of the configurational interactions that are related to
local lattice relaxations, and to tune the short ranged GPM-derived interactions
to correct for inaccuracies related to e.g. the screening model as discussed in the
previous section.

2.3
2.3.1

Magnetic interactions in solids
Introduction

The search for a complete theoretical description of all aspects of magnetic phenomena in condensed matter is an enormous challenge. Even though the basic
equations governing the electronic system are known, from which all properties
in principle should be possible to derive, not even the determination of ground
state magnetic properties from first-principles are straight forward. One illustrative example is the fcc-Fe1−x Nix system studied in paper IV. These alloys are

32

Theoretical methods

of the utmost importance in many technological application due to the so called
Invar effect with vanishing thermal expansion over a large temperature range. The
discovery and investigation of this effect awarded C. E. Guillaume the Nobel prize
in physics 1920. Magnetism is believed to be at the core of the explanation to this
phenomena but a complete quantitative description is still not established.
Also ground state magnetic properties of fcc-FeNi are elusive even though many
theoretical, not to mention experimental, investigations have been undertaken.
According to the findings in paper IV, the fcc-FeNi system displays a competition between a large number off different magnetic structures, such as ferromagnetic, double-layered antiferromagnetic and non-collinear spin spiral states,
all close in energy. One important conclusion is that at ambient conditions, a
collinear ferrimagnetic state, with a chemical local environment induced spin-flip
in an otherwise ferromagnetic state, could be a key to the Invar effect. However, it
is found that a quantitative confidence about the relative energetics of the different
magnetic structures, as well as for exactly which compositions and volumes they
correspond to the ground state, is not possible to obtain with the present combination of state-of-the-art first-principles techniques. There are several reasons for
this, including that the coupling of the magnetic state with both local environment
and global composition gives rise to a huge number of possibly relevant magnetic
orderings. Also there are uncertainties caused by the exchange-correlation approximations. Nevertheless, the study shows the potential of first-principles techniques
to provide qualitative discoveries and brake-troughs in the explanations of important magnetic phenomena.
It is easy to realise that the treatment of finite temperature magnetism is even
more difficult, as all relevant excited states, not only ground state-candidates, need
to be enumerated and their properties calculated. Therefore, a coarse-graining
procedure is justified to capture and model relevant parts of the wide range of the
magnetic phenomena. Such a coarse-graining will take different forms depending
of which time, length and energy-scales that are to be modelled. In this work
the topic of study is the interface, in terms of magnetic interactions, between
the electronic structure level and the description of order-disorder phenomena in
magnetic materials using an atomic moment picture.

2.3.2

Adiabatic ansatz to atomic moments

Even though the electronic states relevant for the magnetism of many metals, such
as fcc-Fe or the half-Heusler alloy NiMnSb, are itinerant, delocalised in the system,
they can still collectively give rise to localized magnetic moments. The reason
is that the spin density often is centred and concentrated in a locally collinear
manner at the lattice sites of magnetic atoms [61]. This was illustrated in a
beautiful way by Sjöstedt and Nordström [62] for the case of fcc-Fe. Using a
full-potential electronic structure method where the magnetic density was treated
as a vector field with full freedom to change both magnitude and direction at
each point in space, they showed that even for noncollinear spin-spiral states, the
picture of atomic moments was almost re-obtained in the sense that semi-local
noncollinearity was mostly present in the interstitial region between atoms where
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the magnitude of the spin density was very low. On the other hand, noncollinearity
in the form of spin spirals still had an important impact on the system through
interatomic noncollinear ordering of intra-atomic almost collinear moments [62].
These considerations motivate the usage of an atomic moment approximation
(AMA) with collinear spin densities within each atomic sphere, but where the
spin orientation of the spheres could be noncollinearly ordered with respect to
each other as schematically drawn in Fig. 1.6. This approximation, much more
computationally efficient as compared to the unconstrained treatment in Ref. [62],
is actually what is implemented in several first-principles methods, like the EMTO
and the BGFM Green’s function methods used in this work and employed in paper IV. However, also these implementations are too computationally demanding
to be used directly in statistical mechanics simulations of finite temperature properties.
Instead the AMA can be implemented in a semi-classical approach treating the
atomic moments as classical vectors, having the possibility to fluctuate in length
and in direction. Starting from the Kohn-Sham Hamiltonian, the corresponding
equation of motions for the semi-classical description could be derived [63, 64].
One important realization is that the longitudinal spin fluctuations, corresponding to fluctuations in the diagonal terms of the spin density matrix, are much faster
than the transversal motion, corresponding to off-diagonal elements. The reason
can be understood since the energy scales of transverse fluctuations are typically
much lower as compared to the characteristic electronic energies associated with
intra-atomic exchange. This means that the orientation of the moments can be
considered to be fixed when their magnitudes are derived, in a quasi ground-state
manner or using some thermodynamic modeling scheme to find their finite temperature equilibrium value. The orientations of the moments can then be studied
using for each case the magnitudes corresponding to the equilibrium value. This is
an adiabatic ansatz much in analogy with the Born-Oppenheimer approximation
used in the separation of the nuclear and electronic degrees of freedom [65, 64].
A qualitative illustration of the energy scales from the NiMnSb system studied
in this thesis: to distort the magnetic moments from the ferromagnetic ground
state to a very unfavorable antiferromagnetic state cost 0.17 eV/Mn-atom according to PAW calculations, but to shrink the magnitude of all moments to zero cost
1.57 eV.
When determining the critical temperatures of order-disorder transitions in
magnetic materials, the weakest link is thus in most cases the transverse fluctuations. In particular, large local, but disordered, moments are typically present
also in the paramagnetic state. In the NiMnSb and CrN based systems studied in
this work, the Mn and Cr-moments are actually quite constant regardless of magnetic ordering. In those cases it is clear that the magnetic interactions governing
transvers fluctuations of moments are the most important object that should be
studied, although longitudinal spin fluctuations could have a quantitative influence
on e.g. thermodynamic properties [66, 67, 68, 69].
Therefore we primarely study the interactions corresponding to the Heisenberg model, perhaps the most widely used semi-classical model within the AMA.
This model is also used in simulations of critical ordering temperatures in pa-
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pers III and VII in conjunction with a Metropolis [70] type Heisenberg Monte
Carlo method.
In its simplest form the Hamiltonian of this model takes the form
X
H=−
Jij ei ej
(2.50)
i6=j

where Jij are the magnetic exchange interactions and ei and ej are unit vectors in the direction of the magnetic moments of magnetic atoms on site i and j
respectively.
In both those papers, also non-magnetic atoms are present in the simulations.
They form ordered additional sublattices, but also a random substitutional disorder with the magnetic atoms.
Even in systems where the magnitudes of the atomic moments are rather insensitive to magnetic state and local environment, the value of the exchange interactions could depend on e.g. the global magnetic state in which they are derived [53].
An alternative formulation is: the more different the physical conditions, that you
try to describe with your semi-classical Hamiltonian, are from your electronic
structure reference state, the more complex must the Hamiltonian be. Such a
discussion can be followed in Refs. [71, 72, 53]. Therefore the strategy adopted
in this work is to derive the interactions from a reference state that corresponds,
as closely as possible, to the external and internal conditions of the situation we
would like to model. For instance, when the objective is to simulate the critical
order-disorder temperature, we derive the magnetic interactions from a magnetic
reference state resembling the situation around this temperature. This implies
that we are in need of a disordered magnetic reference state from which to derive
interactions. Furthermore, in analogy with the discussion about configurational
disorder above, a direct access to the electronic structure of a magnetically disordered state would be valuable for studies of both magnetic and non-magnetic
properties of paramagnetic phases.

2.3.3

Disordered local moments

In 1985, in a remarkable paper Gyorffy et al. [65] applied the disordered local
moment (DLM) approach in the coherent potential approximation to model the
paramagnetic state of ferromagnetic metals, like bcc-Fe. In complete analogy with
the CPA treatment of binary alloys discussed above, the DLM-CPA method models a random alloy of e.g. Fe↑0.5 Fe↓0.5 where ↑ and ↓ denote the spin directions of
the included local moments. It can be argued that on the mean-field, single-site
level the DLM-CPA approximation gives a very close description of the paramagnetic state of magnetic materials [65]. The DLM-CPA method has also been
suggested as a static approximation of a dynamical mean-field theory picture of
local moments [73]. The application of the CPA to disordered local moments
are actually more straight forward as compared to binary alloys: in the magnetic
case the electrostatic charge transfer between spheres is zero avoiding the issue
of screening models discussed above for the alloy case. However, one of the most
practical aspects with the method is perhaps the possibility to combine magnetic
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and configurational disorder on the same footing: mixing magnetic atoms with up
and down moments and also non-magnetic atoms in the same CPA cycle. In this
work the DLM-CPA method is applied in papers III, VI, VII. In paper VI and
in chapter 4 we investigate the possibility to construct a supercell analogy to the
DLM-CPA method.

2.3.4

The magnetic force theorem

There are several ways in which one can derive magnetic exchange interactions. In
this work they are obtained using the GPM implementation [53] of the magnetic
force theorem [74, 75]. Within this framework the interactions can be calculated
in different global magnetic reference states, in particular the ferromagnetic or
the disordered local moment state. The interactions are related to the pair interactions for the alloy case, differing on a constant related to the definition of the
Hamiltonians, and is in the case of a DLM reference state given by
1
Im
Jij =
4π

ZEF
dE Tr (∆tg̃ij ∆tg̃ji ) ,

(2.51)

where ∆t = t↑ − t↓ are the difference between the on-site scattering matrixes and
g̃ij is the scattering path operator of the corresponding effective medium.
In paper II the effect of doping on the magnetic interactions in the ferromagnetic state is investigated. In papers III and VII magnetic interactions are derived
from the DLM reference state to simulate the critical order-disorder transition
temperatures. In the former case also interactions derived from the ferromagnetic
reference state are considered for comparison.
As stated above, charge transfer is not an issue between atoms only differing
in the direction of the moment. So in contrast to the alloy case, there is no need
for the introduction of a screening model in the case of magnetic interactions
derivations.
Finally it should be mentioned that also other methods have been used to derive
exchange interactions in systems related to this work: Ležaić et al. and Sandrtaskii et al. applied the frozen-magnon approach and used the energies of spinspiral calculations to obtain the magnetic exchange interactions of NiMnSb [66, 76],
while Filippetti and Hill used a structure inversion of 4 collinear magnetic structures to obtain the nearest and next-nearest neighbour interactions in CrN [77].
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CHAPTER

3

Effects of disorder on the magnetism of NiMnSb-based alloys

3.1

Introduction

Typically, the larger the number of components present in an alloy or compound,
the larger the complexity of its physical properties related to configurational disorder. For instance, in an ordered two-component AB compound with two sublattices, one can think of two types of anti-site defects, AB and BA . In a threecomponent compound we have six and in a four-component system there are
twelve. Similar arguments hold for other types of point defects. Related to this
fact, the entropy of mixing in solid solutions also increases with the number of
components. Despite of this there exist many classes of multi-component systems
considered to be ordered compounds. One of the most prominent in present day
solid state physics and material science is the Heusler alloys.

3.1.1

Heusler alloys

The Heusler alloys are named after the German engineer F. Heusler [78, 79] who
performed many investigations on this class of materials and found some spectacular and completely suprising properties among them. In particular he noted that
the compound Cu2 MnAl was magnetic even though none of its components was
believed to be so at the time 1 . In the ideal case these alloys are three-component
systems, which have the stoichiometry A2 BC with the structure shown if Fig. 3.1,
called the Heusler structure and designated L21 with the spacegroup F m3̄m. An
important and related class are the so called half-Heusler or semi-Heusler alloys
1 The concept of antiferromagnetism and non-collinear magnetism with zero net magnetization
was not understood until later.
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having the ideal stoichiometry of ABC and a similar structure, shown in Fig. 3.2,
having the designation C1b with spacegroup F 4̄3m.

Figure 3.1. The L21 Heusler structure of, e.g. Cu2 MnAl.

Figure 3.2. The C1b half-Heusler
structure of, e.g. NiMnSb.

Both these two structures can be seen as either a face-center cubic structure
with a basis of 4 sublattices, or an ordered superstructure on an underlying bcclattice. Since the symmetry is face-centered cubic the fcc description is used within
this work. The sublattices are placed and occupied according to: 1 = (0, 0, 0):A,
2 = ( 14 , 14 , 41 ):B, 3 = ( 21 , 0, 0):A, 4 = ( 34 , 41 , 41 ):C. In the half-Heusler structure
sublattice 3 is empty.
In reality many systems without the ideal A2 BC or ABC stoichiometry are regarded as Heusler systems as long as they crystallize in either of the two structures.
In such cases at least one of the sublatices consist of an alloy rather than a single
element. Partial disordering, in combination with or without off-stoichiometry is
endemic in Heusler alloys. There are also numerous examples of gradual orderdisorder transitions upon heating, which in the case of a half-Heusler system could
follow the chain C1b → L21 (by mixing the A atoms on both sublattice 1 and 3) →
B2 (by mixing the B and C atoms on sublattices 2 and 4) → A2 (bcc), complete
disorder. The last step is perhaps unlikely to occur below melting in the case when
the starting point is the C1b with an empty sublattice and more likely when all
the sublattices are filled with atoms of similar type and size.
The Heusler structures appear in a large number of systems and their properties
can be very different. Conductivity varies from metallic to semiconducting [80],
magnetism from ferromagnetic to antiferromagnetic [81], and non-magnetic, orderdisorder transitions are observed in some systems [81, 82] while martensitic transformations appears in others [83]. Heusler alloys are currently studied intensively
and are considered for e.g. thermoelectric [84] and magnetocaloric [85] applications and have recently been highlighted for displaying topological insulating
properties [86, 87]. One interesting application, and the main motivation for the
studies of this work, is their usage in spintronics. Of particular interest in this
aspect are systems that are half-metallic.
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NiMnSb - a half-metallic ferromagnet

A half-metal, a concept introduced by De Groot et al [88], is a material whose
electronic band structure displays a bandgap at the Fermi level for one of its spin
channels while the other displays metallic behaviour. Such systems would serve
as excellent spin filters to produce 100% spin polarized currents of possible usage
in spin valves, spin transistors, and in many different kinds of magneto-resistance
and spintronic applications.

Figure 3.3. Spin up and down electronic density of states (DOS) as a function of energy
with respect to the Fermi level of NiMnSb. The inset shows a zoom in of the region around
EF , including also the non-half-metallic PdMnSb for comparison. Calculations done with
the PAW method.

The materials studied by De Groot et al. in their pioneering electronic structure investigation was the half-Heusler alloys NiMnSb, PdMnSb, PtMnSb, as well
as NiMnSn [88]. Out of these NiMnSb, first synthesised by Castelliz [89], and
PtMnSb, but not PdMnSb or PtMnSn, were predicted to be half-metals. The
bandstructure of NiMnSb calculated with the PAW mathod is shown in Fig. 3.3.
The inset shows a zoom in of the region around EF for both NiMnSb and PdMnSb.
Since the discovery by De Groot et al., a large number of experimental and
theoretical studies have been devoted to investigate the properties of NiMnSb,
and the issue of half-metallicity in this compound is heavily debated. Positron
annihilation experiments [90], as well as indirect measurements of resistivity and
magnetic moments [81, 91, 92] support the LDA predictions of half-metallic band
character. On the other hand surface and interface sensitive techniques such as
Andreev reflection [93], spin polarised photo emission spectroscopy [94], and tunnel
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junctions [95], have failed to reproduce more than a fraction of the predicted high
spin polarisation. Surface and interface calculations [96, 97] as well as studies of
structural defects [98, 99] have been used to suggest explanations for this discrepancy. In contrast, spin-orbit coupling, by its very nature blurring the distinction
of the spin channels, has been shown to be very weak in NiMnSb, but significant
in PtMnSb [100]. Quite recently, electronic structure calculations that go beyond
the LDA in treatment of electron-electron correlations effects have been used to
investigate the properties of NiMnSb [101, 102]. Using a LDA in combination
with a dynamical mean-field theory (DMFT) approach, Chioncel et al. suggested
that dynamical electron correlations induced so called non-quasiparticle states just
above the Fermi level in the spin down band gap of NiMnSb. However, the impact on spin polarisation, even at room temperature was not large [101, 103]. In
opposite of these results, very recently Allmaier et al. used a variational cluster approach based on ab-initio parameters and suggested that non-local strong electron
correlations caused a substantial redistribution of spin down density to the Fermi
level thus considerably reducing spin polarisation also at 0 K [102]. However, as a
consequence, they obtained a substantially reduced saturation magnetic moment,
3.7µB /f.u., which is strikingly different from the integer 4.00µB /f.u. obtained with
LDA [88]. The integer value in the LDA case is in fact a signature of the predicted
half-metallic character.
The LDA results compare more favourably with measured values of saturation
magnetic moment per formula unit, e.g. 4.2µB [81], 3.97µB [104], 4.02µB [105],
4.025µB [106], 4.08µB [92], 4.0µB [107], which are close, and in some cases slightly
above the integer value. The spread in experimental values indicates either an
impact of defects and/or secondary phases or a rather low experimental resolution.
Thus, before a systematic study of relevant possible defects has been performed,
no final conclusion about the possibility of half-metallic character can be drawn
from this comparison.
One more way to use the measured saturation magnetic moments to judge
about the possible half-metallic character of NiMnSb is to study the influence
of alloying. If NiMnSb were a half-metal, one would expect that the magnetic
moment upon alloying followed an analogy to the Slater-Pauling curve [109, 110].
In the case of a 100% spin polarisation around the Fermi level, this would imply
that upon isostructural alloying with similar elements, all extra charge, in the
case of higher valence alloying, or all removed charge, in the case of lower valence
alloying, would be taken purely from the occupied spin up channel, keeping a
constant occupation of the spin down channel. Thus, the saturation magnetic
moment would be directly proportional to the change in valence showing a strict
linear dependence on the alloying concentration with
dM s
= 1,
dnel

(3.1)

where M s is the saturation magnetic moment and nel is the number of valence
electrons per formula unit in the alloy.
If instead the situation was like in the description by Allmaier, with a considerable spin down density of states at EF [102], without even a pseudogap that
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Figure 3.4.
Experimentally measured saturation magnetic moments in
NiTi1−x Mnx Sb [80] and Ni1−x Cux MnSb [108] alloys as a function of valence electron concentration. Pure NiMnSb has valence 22. The line correspond to values
expected from a rigid band shift of a half-metallic ferromagnet.

could somewhat pin the spin down band as in the Slater-Pauling metals, one would
expect that the slope in Eq. 3.1 would take a non-integer value. In the case of
a rigid band shift of both spin channels the slope would be smaller than 1, but
even possible non-rigid band effects seem unlikely to exactly reproduce the result
of Eq. 3.1.
Indeed, a few such experimental series are available for the alloy systems
NiMn1−x Tix Sb [80] and Ni1−x Cux MnSb [108]. Fig. 3.4 shows the measured saturation magnetic moments of these experiments as a function of valence electron
concentration (where pure NiMnSb is at 22). As one can see, for both higher valence alloying (Cu substituting Ni) and lower valence alloying (Ti substituting Mn),
the change in saturation magnetic moment follows closely to the line predicted by
the theory of half-metallic rigid band shift. For high Cu content, at a valence of
about 22.4 electrons/f.u., the linear increase of M s is broken, for instance implying
that the Fermi level touches the bottom of the spin down conduction band. The
quick drop at even higher Cu-content has been tentatively explained by a partial
onset of antiferromagnetism [111]. For larger amounts of Ti addition (lower valence than shown in the figure), NiTi1−x Mnx Sb enters a spin-glass state and M s
drops rapidly [80]. The combination of the measured near-integer magnetic moment of pure NiMnSb and the Slater-Pauling-like behaviour upon alloying shown
in Fig. 3.4 seems to be a strong indication of half-metallicity in bulk NiMnSb.
However, before one draws definite conclusions it should be noted that an old
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experimental work on Ni1−x Cux MnSb from 1969 is much less conclusive with respect to change in M s [112]. Further more, as stated above no definite conclusions
should be made before a systematic study of possible intrinsic defects, including
the effect on magnetic moments and the half-metallic character, has been carried
out.
Even though half-metallic character of bulk NiMnSb at low temperatures is at
least strongly supported by many different experiments, as well as electronic structure calculations, the situation at elevated temperatures is quite different. Finite
temperature behaviour has been studied experimentally [104, 113, 106, 107, 114]
and a magnetic anomaly has been observed at 70-100 K appearing as a kink in
magnetisation and resistivity measurements. It has been suggested that it reflects
the transition from a half-metallic to a normal ferromagnetic state [113, 106]. The
anomaly is far below the rather high Curie temperature, which is experimentally
measured to be 718 K [112]-756 K [115]. First-principles based theoretical calculations of TC , regardless of thermodynamic modelling scheme used, all yield
higher values, between 838-1210 K [116, 66, 117, 76]. Besides the manybody effects discussed above, also finite temperature magnetic excitations in the form of
spin waves [118, 119] possibly together with longitudinal spin fluctuations mainly
of Ni-moments [66, 67] or loss of the Ni-Mn coupling [106] have been suggested
as an explanation for the low-temperature anomoly. If this is the case, that halfmetallicity is lost already at this low temperatures, pure NiMnSb is unlikely to
have a future as spin filter material in real applications. Instead one should consider if the ancient approach of deliberate introduction of defects, doping, could
improve the finite temperature behaviour.
At end of the day, the Curie temperature is limiting the temperature range
of usability of any spin-filtering material. Thus, it is of importance to be able
to predict this temperature from first-principles calculations if new and improved
spintronics materials are to be suggested. In this context it is rather unsatisfactory
that the previous attempts to simulate TC in NiMnSb shows such a systematic
overestimation. It is a legitimate question to consider whether the discrepancy
is due to theoretical simplifications in the models themselves, or if the studied
material is considered in a much to idealised way, as all calculations of magnetic
interactions this far have neglected both structural defects and non-magnetic thermal excitations.
From these considerations two main issues emerge as most urgently calling for
theoretical investigations:
• The impact of impurities in the form of intrinsic defects as well as deliberately
introduced doping and alloying, on the magnetic moments, interactions and
other properties of NiMnSb at low temperature.
• The effect of disorder and excitations on the Curie temperature of NiMnSb
as well as its alloys.
The first issue is treated in papers I and II and in the section 3.2 below, the second
issue is considered in section 3.3 and in paper III.

3.2 Defects, doping, and alloying of NiMnSb
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Native point defects

In a three-component half-Heusler alloy, such as NiMnSb, where there is also a
virtual ”fourth component” in terms of the empty sublattice, there are plenty of
point defects that needs to be considered. If we start with stoichiometric defects
there are six types of atomic swaps between the sublattices, if we also consider
the empty sublattice. Furthermore one could consider different distances between
the defected lattice points. In this study two cases are considered, one with the
shortest possible distance, and one with the largest possible distance in a supercell
of 500 lattice sites. Non-stoichiometric defects are also considered, motivated by
the experimental fact that it is difficult to exactly control the relative composition
of all three constituents, and especially Mn [81]. There are 6 types of anti-site
defects, 3 types of interstitials where Ni, Mn, or Sb occupy the empty sublattice
position and 3 types of vacancies.
The results of these calculations are discussed in details in paper I. The main
conclusions are that although several defects do induce spin down states at EF , destroying half-metallicity, those are quite high in formation energy and are unlikely
to be present in large amounts in experimental samples. On the other hand, other
defects that preserve half-metallic character are rather low in formation energy,
e.g. Ni and Mn interstitials as well as the MnNi and the NiMn anti-sites are below
1 eV in formation energy and preserve half-metallicity in the dilute regime. Interestingly, in our work we found that while sveral defects lower the total magnetic
moment, in line with the results of Orgassa et al. [98, 99], the Mn interstital defect
increases the magnetic moment with 1µB per defect and could, considering also
some experimental reports of additional Mn incorporation, explain the measured
slightly higher than expected magnetic moment discussed above. Thus, an exact
integer value of the magnetic moment per formula unit is not a necessary condition
for a sample to be half metallic.

3.2.2

Effect of alloying on the magnetic moments

Impact of alloying is studied in the two systems NiMnSb and PdMnSb, in order
to verify whether or not the condition in, Eq. 3.1, could be used to distinguish
between half-metallic and non-half-metallic systems. The two systems are isovalent
and with many similarities in the band structure, but with the major difference
that PdMnSb is not predicted to be half-metallic due to overlap of the spin down
valence band with EF as shown in Ref. [88] and seen in the inset of Fig. 3.3. Thus,
the study of the alloying of PdMnSb can be used to give a guideline how M s of
a ”nearly half-metallic” system would change. The same alloying materials are
tested as shown in Fig. 3.4, i.e. NiTi1−x Mnx Sb, Ni1−x Cux MnSb, PdTi1−x Mnx Sb,
and Pd1−x Cux MnSb. The calculations are performed using the same method
as in paper I, the locally self-consistent Green’s function method taking local
environment effects into account in contrast to earlier CPA-based calculations [80,
120, 111]. The resulting total magnetic moments M s are shown in Fig. 3.5.
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Figure 3.5. Theoretically obtained total magnetic moments M s as a function of valence
electron concentration (NiMnSb and PdMnSb are at 22) for the systems NiTi1−x Mnx Sb,
Ni1−x Cux MnSb, PdTi1−x Mnx Sb, and Pd1−x Cux MnSb.

It is directly seen that the NiMnSb-based alloys follow the half-metallic line
from the low-valence region up to around 22.2 electrons/f.u. where the slope decreases due to onset of occupation of the spin-down conduction band. This is in
line with the experiment in Ref. [108] although in the calculations the deviation
seems to appear at somewhat lower valence. For the non-half-metallic system
PdMnSb, the situation is somewhat different. Due to the overlap of the spin down
valence band with EF the change of M s upon alloying does not follow Eq. 3.1.
s
Instead for Cu-addition dM
dnel < 1 since some extra charge goes into the spin down
states. At a valence electron concentration of about 22.2 the Fermi energy seems
to fall into the small band gap seen above EF in the inset of Fig. 3.3 and in a
narrow region around x = 0.25 Pd1−x Cux MnSb could actually be half-metallic,
or very close to half-metallic. When PdMnSb is alloyed with Ti substituting Mn
the slope of M s is instead larger than 1. This indicates a reversed band shift
of the spin down channel with respect to the spin up channel. At large Ti compositions, the PdTi1−x Mnx Sb systems seems to again approach the half-metallic
situation.
This illustrates that there is a qualitative difference of the behaviour
s
of dM
between
half-metals and non-half-metals although in this particular case
el
dn
the quantitative difference is small. Thus, very careful experimental tests are
s
of half-metallic
likely to be able to observe the difference in behaviour of dM
dnel
and non-half-metallic systems. One should note that the predicted deviation from
the half-metallic integer value of M s for NiMnSb in Ref [102] is more than three
times larger as compared to the corresponding deviation in PdMnSb. Nevertheless,
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future experiments, for instance measuring M s for the systems Ni1−x Cox MnSb,
NiMnSb1−x Snx and NiMnSb1−x Tex would be welcome to provide further insights
into this issue.

3.2.3

Changing magnetic interactions of NiMnSb in the ferromagnetic state with doping

In an effort to investigate the possibility to influence the magnetic interactions of
NiMnSb by doping, paper II considers the impact of magnetic 3d-metal additions
to NiMnSb. The influence of Cr, Mn, Fe, Co, and Ni present as low concentration
defects on the Ni, Mn, and empty sublattices are studied. The possibility of the
dopant atoms going to the Sb sites is neglected on the basis of high formation
energies for NiSb and MnSb found in paper I. The study of the energetics of the
doping process indicates that by producing a NiMnSb sample slightly Ni-poor, addition of any lower valent 3d metal considered on the Ni-sublattice is energetically
favourable. On the other hand, even if NiMnSb is produced poor in Mn, only
uptake of Cr on the Mn-site is energetically favourable. Out of the energetically
favourable doping options, especially addition of Cr as well as adding extra Mn on
the expense of Ni, seems to give the largest possibilities for positive impact on finite
temperature behaviour of NiMnSb. Indeed CrNi and MnNi antisites induce large
moments with a very strong magnetic interaction coupling with surrounding Mn
atoms of the host. If the 70 K anomaly is due to thermal induced spin excitations,
the introduction of such dopants could possibly push the transition to higher temperatures. If the transition is related to strong electron correlations-effects, doping
could be a strategy to minimise their impact on spin polarisation [121]. In such a
case, the results of paper II could serve as useful starting point for further studies.

3.3

Calculating TC of Ni1−xCux MnSb

Several groups have calculated the magnetic critical temperature of NiMnSb using
a Heisenberg, or related Hamiltonian, solving the thermodynamic problem with a
Monte Carlo or random phase approximation approach, using magnetic exchange
interactions obtained from first-principles calculations [116, 66, 117, 76]. As mentioned above these calculations typically overestimate the experimental value of
the Curie temperature of NiMnSb by more than a hundred, and in many cases several hundreds, of Kelvin. In some cases one might be satisfied with this accuracy,
and simply state that the models seem to capture the main qualitative feature
of the finite temperature magnetic energetics, but admit its quantitative failure.
However, that would be unsatisfactory if theoretical methods are to be used for
predicting new and better magnetic materials for future applications. To solve this
issue, some groups tend to blame the fundamental inaccuracies in the exchangecorrelation functional within a LDA based DFT approach [111]. Accordingly they
make use of a LDA+U approach to obtain magnetic exchange interactions. It is
true that the LDA and GGA functionals are approximations that in some material
systems lead to considerable errors in comparison with experimental measurements
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of ground state properties. So a study of the influence of strong electron correlations on the magnetic interactions is interesting. However, in the present system
there are no reports of considerable failure of e.g. GGA to predict equilibrium
volume, total magnetic moments, or any other property. Beside the debated and
non-resolved issue of half-metallicity itself discussed above, that is. Instead focus
needs to be put on all the other approximations done in the standard procedure
for calculation TC .
Quantitative derivations of TC from first principles are indeed a challenging task, even besides the fundamental problem of electron correlations. First
of all, the Heisenberg Hamiltonian, or extensions including longitudinal fluctuations [66, 67, 68], can not take all dependencies of the magnetic interactions on the
internal and external conditions into account. For instance, the interaction parameters are often depending substantially on the chosen magnetic reference state in
which they are derived. Furthermore, in the case of multicomponent systems, the
underlying atomic configurational state depends on the temperature and must be
considered simultaneously. Finally, different kinds of thermal excitations, such as
vibrational and electronic excitations, will be present at the critical temperature.
Taken together this means that when the magnetic degree of freedom is treated
with a separate Hamiltonian, the interaction parameters will be temperature dependent.
In this section and in paper III the issues of how this problem can be treated
is addressed using the alloy system Ni1−x Cux MnSb as an illustrative example.
The basic underlying idea is that if the critical temperature is to be studied, the
exchange interactions should be derived from a reference system describing, as
closely as possible, the situation around this temperature.

3.3.1

Magnetic interactions at finite temperature

The starting point of this investigation of magnetic interactions in the half-Heusler
systems is pure NiMnSb and a study of the influence of thermal expansion and
thermal one-electron excitations in the form of Fermi-Dirac smearing. The model
used for deriving thermal expansion is the simple Debye-Grüneisen model [122]
which however has shown good agreement with experiments for many metallic
systems [122]. The framework suggested here should work equally well with a more
accurate modelling scheme of thermal expansion. We use primarily a disordered
local moments reference state when deriving the magnetic exchange interactions,
since it should be a better description of the disordered real magnetic state existing
around TC as compared to the ideally ordered ferromagnetic state. For comparison
reasons, also results using the latter reference state is presented in paper III.
One could consider a brute-force method to include the influence of thermal
expansion and one-electron excitations by simply calculating the critical temperature for every reasonable lattice spacing and electronic temperature. However,
a more time efficient iterative scheme is described in Fig. 3.6 and it is used in
paper III. As is the case in any iterative solving procedure one should be cautious
above the possibility of diverging solutions. However, in the present system it is
not a problem since TC decreases with increasing lattice spacing while the lattice
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Figure 3.6. Illustration of the iterative process used for obtaining TC including the
effect of thermal expansion and one-electron excitations.

spacing increase with temperature.
The results of the iterative procedure for pure NiMnSb are shown in Fig. 3.7.
The starting point is the 0 K first-principles calculations, which results in a TC of
942 K. Considering this high temperature an expanded lattice spacing is obtained,
which in turn, together with Fermi-Dirac smearing at this temperature results in
somewhat weaker magnetic interactions and a corresponding lower TC of 750 K.
This step somewhat overcompensates the temperature effects and the following two
steps converges to a TC value of 780 K. Thus, it is clear that the consideration of
thermal lattice expansion and one-electron excitations in a self-consistant manner
considerably decrease the calculated TC and is a part of the explanation of the
previous theoretical over-estimations of the experimental TC value.

3.3.2

Effect of Cu alloying on the magnetic exchange interactions of NiMnSb

Substitution of Ni by various concentrations of higher valent Cu was considered
above in the study of total magnetic moments. In paper III the impact on TC
is studied. In contrast to a naive interpretation of the increase in magnetic mo-
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Figure 3.7. The iterative determination of TC for pure NiMnSb following the scheme in
Fig. 3.6. The top panel shows the calculated lattice parameter as a function of iteration
step. The middle panel shows the values of the Mn-Mn exchange interactions on the
first (J1 ) and second (J2 ) coordination shells. The lower panel shows the resulting Curie
temperature for each step.

ment, Cu addition causes a pronounced decrease in TC . This finding is in line
with both available experimental investigations [108, 112] and previous theoretical studies [111]. Indeed pure CuMnSb is antiferromagnetic. This shows clearly
the importance of deriving the magnetic interactions in order to understand the
underlying physical changes with composition. It is found that a usage of the disordered magnetic reference state is needed in order to get the correct, with respect
to experiments, shape of the concentration dependence of the TC curve. This can
be contrasted to the work of Kudrnovský et al. [111] who instead blamed the error
on LDA and advocated a LDA+U treatment of electron correlations while sticking
to the ferromagnetic reference state.
Fig. 3.8 shows the calculated magnetic exchange interactions of Ni1−x Cux MnSb
obtained with the EMTO method as described in paper III. The interactions between the first 6 Mn-Mn coordination shells are shown as a function of Cu content.
The interactions between the first two coordination shells are the strongest and
they both decrease rapidly with Cu content. At a concentration of about x = 0.82
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Figure 3.8. The calculated magnetic exchange interactions between Mn moments of
Ni1−x Cux MnSb as a function of Cu content. The disordered local moments reference
state is used, but other thermal effects are not included in this derivation.

they both changes sign and at higher Cu content the system is predicted to become antiferromagnetic. This is the case even though J2 changes back to positive
values.
The reason for the change from high-TC ferromagnetism in NiMnSb to antiferromagnetism in CuMnSb was discussed by Galanakis et al [120] and Kudrnovský et
al. [111] based on CPA calculations. In line with previous investigations on similar
Heusler and half-Heusler systems, the authors analysed Ni1−x Cux MnSb in terms
of the Anderson s − d model with important contributions coming from RKKYtype interactions and superexchange [120]. In particular the authors of both works
emphasise the importance of the position of the Fermi level with respect to the
non occupied Mn spin down state: As EF gets closer to the unoccupied state with
increasing Cu-content, the negative super-exchange interactions becomes stronger
weakening the ferromagnetic tendency and thus lowering TC [111, 120]. Even
though this explanation is in line with many previous discussions about the magnetic interactions in Heusler alloys, an alternative viewpoint is also possible. But
first it should be noted that the weakening of the exchange interactions obtained
in Ref. [111], and in Fig. 3.8 of this work, can not strictly speaking be due to the
influence from any truly non occupied states. Only occupied states contribute to
the energies obtained with a Kohn-Sham approach on the level of LDA or LDA+U.
The only reason why the position of unoccupied states could have an influence on
the interactions is that they becomes occupied in another magnetic state, such as
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antiferromagnetic or disordered magnetic state. So instead of the fenomenological explanations offered in previous works one could study the electronic density
of states of the ferromagnetic and disordered local moment state to look for a
qualitative explanation of the change in interactions.

Figure 3.9. Panel (a)-(e): The total electronic density of states of the ferromagnetic and
disordered local moments magnetic states of Ni1−x Cux MnSb for different Cu-content.
Panel (f) shows the difference between the two states projected onto s-, p-, and dsymmetry.

In Fig. 3.9 the total (spin up + down) electronic density of states of these two
magnetic states are shown as a function of energy with respect to the muffin-tin
zero. Five compositions, x = 0.00, 0.25, 0.50, 0.75, 1.00, are shown. The Fermi
level for the ferromagnetic state (EFF M ) is shown with a dashed vertical line while
the Fermi level of the DLM state (EFDLM ) is shown with a solid vertical line. If we
start with NiMnSb in which the ferromagnetic state is far below the DLM state in
energy, we can consider the change in band energy coming from an alloying induced
shift of the Fermi levels. In pure NiMnSb EFF M and EFDLM are approximately
equal. In the FM state, EF falls into a local minima with a clearly lower DOS as
compared to the DLM state (panel (a)). This means that for a fixed amount of
extra charge, EFF M needs to go to higher energies as compared to EFDLM . Thus,
upon Cu alloying, the band contribution to the total energy makes the FM state
less favourable with respect to the DLM state. As more Cu and more charge
is added, the FM state needs to continually occupy states higher in energy as
compared to the DLM state further decreasing the energy difference between the
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magnetic states. As long as the DOS at EF is lower in the FM state as compared to
the DLM state, this is an accelerating effect. At approximately x = 0.75 the latter
is no longer the case, interestingly almost coinciding with inflexion points of the
concentration dependence of the two strongest exchange interactions in Fig. 3.8.
These arguments suggest that an understanding of the magnetic interactions
of Ni1−x Cux MnSb can be found from studying the nature of the electronic states
right around EF . They turn out to be mostly of Ni and Mn d-character. Also, the
difference between the DOS of the two magnetic states are mostly of d-character
as can be seen in panel (f) of Fig. 3.9. Thus, it seems reasonable to put the larger
focus on the Ni-Mn nearest neighbour bonds as well as the Ni-mediated Mn-Ni-Mn
interactions for understanding the magnetic behaviour of NiMnSb. This is in line
with the discussion in Ref. [66], but different from some works that have focused
mainly on s- and p-mediated indirect interactions [120, 123]. It deserves to be
mentioned that in NiMnSb, Ni and Mn has an inter-atomic distance close to those
in bcc-Fe.

3.3.3

Impact of configurational disorder on TC

The fact that the experimental measurements of both saturation magnetic moments and TC display a considerable dispersion is in itself a proof that the magnetism of NiMnSb behaves differently depending on synthesising conditions. Structural defects are the probable explanation as was discussed in a previous section.
In paper III the effect of structural defects on the critical temperature was studied. Since no choices of methodological approach was done in order to fit the
results to experiments, the calculated results including different structural defects
could be compared to the experimental values of TC and give an idea about what
types of defects that were possibly present in the real samples. It was found that
all types of considered defects reduced the calculated TC in the Ni-rich region
while CuMn -MnCu swap defects actually stabilised the ferromagnetic state at high
Cu-content. A transition from a tendency to form Mn interstitials in Ni-rich compositions towards a tendency for CuMn -MnCu swap defects in Cu-rich compositions
was tentatively suggested on this basis.
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CHAPTER

4

Magnetism and structure of CrN and TiCrN

4.1

Introduction

Magnetic effects are traditionally considered as important on their own, like in the
previous chapter, but less often for structural properties of materials. This chapter
illustrates the importance of magnetism in the case of hard coating materials.
Being isostructural with the more generally familiar compound TiN, also CrN
has the B1 cubic F m3m structure at ambient conditions, shown in Fig. 4.1, and has
made its way into the family of hard protective coating materials. Even though its
hardness is not higher than that of TiN [124], it has shown excellent performance
as an alloying material in, e.g., Cr1−x Alx N, not the least since it is possible to alloy
a larger amount of AlN into the cubic phase of CrAlN as compared to TiAlN [125].
From a fundamental physics point of view, CrN on its own poses a number of
questions related to its structural and electronic properties. Among the transition
metal nitrides of use in hard protective coatings, only CrN displays a magnetically
ordered state at low temperatures. Below a temperature of 280 − 286 K CrN
takes an orthorhombic P nma structure with an antiferromagnetic ordering of Cr
moments [126, 127]. The x-y plane of this structure is drawn with a dashed line
in Fig. 4.2. In the z-direction, the primitive translation vector is the same as
the lattice spacing of the conventional cubic cell. The magnetic order consists
of alternating double [011]-planes of spin up and spin down Cr moments. There
is a small structural distortion from the underlying B1 lattice with the angle α,
shown in Fig. 4.2, being slightly less than in the cubic case, about 88.3◦ [126]. The
transition is a first-order transition showing a hysteresis upon heating and cooling
of, e.g., change in resistivity [128] and volume [127].
The nature of the conduction of CrN is a well-debated issue, where both
the high temperature cubic phase, and the low temperature orthorhombic phase
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have been measured to be both semiconducting and metallic in different combinations [127, 129, 130, 131, 128]. Recently Rivadulla et al. [132] illustrated
that the cubic-to-orthorhombic phase transition could be obtained at fixed room
temperature upon a small compression. They also claimed the observation of a
reduction of the bulk modulus upon this transition, a finding mainly drawn from
first-principles calculations where the cubic paramagnetic phase was treated as
non-magnetic [132].

!
Figure 4.1. The cubic B1 structure
with F m3m symmetry, of e.g. CrN
at room temperature. Cr atoms
(blue) and N atoms (green) forms
separate fcc-sublattices.

Figure 4.2. The unit cell of the antiferromagnetic orthorhombic lowtemperature phase of CrN shown
with dashed lines in the 001-plane
of the B1 lattice.

Theoretical studies by Filippetti et al. using first-principles calculations applying the local spin density approximation for exchange-correlation effects, confirmed
that the orthorhombic magnetic state really was lower in energy than a number of
different ordered magnetic states on the cubic lattice, as well as the non-magnetic
cubic state [133, 77]. Furthermore, it was shown that a magnetic structure induced stress could explain the energy gain associated with the orthorhombic distortion [77]. These calculations showed that the non-magnetic cubic phase had a
large peak in electronic density of states right at the Fermi level, while the magnetic states all displayed a pseudogap at EF [133]. This can be compared to the
photo emission spectroscopy and resistivity studies by Gall et al. [130], Sanjinés et
al. [134], and recently Bhobe et al. [128], of the cubic phase displaying a lack
of a distinct Fermi edge and resistivity in line with a semiconductor. Herwadkar et al. [30] modelled different ordered magnetic states of CrN using the a LDA
plus a Hubbard U-term (LDA+U) for treating electron-electron correlations. They
showed that for reasonable values of U, derived with constrained LDA calculations,
a band gap was obtained at the Fermi level.
In common for all these calculations is their focus on ordered magnetic as well
as non-magnetic states. At the same time, it is well known that most ferromagnetic and antiferromagnetic materials retain local magnetic moments also above
the critical temperature in the paramagnetic phase, although long-range order
between them is lost. Thus, one can question any attempts, such as the one in
Ref. [132], to model the cubic paramagnetic phase of CrN using non-magnetic cal-
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culations. Ordered magnetic phases should not be used either because ordered and
disordered magnetic phases can show substantially different behaviour of important physical properties, illustrated, e.g., by the mixing enthalpies in the bcc-FeCr
and bcc-FeV systems [135, 136]. Instead the magnetic interactions governing the
order-disorder energetics should be considered or, as a starting point, a disordered
magnetic system should be directly modelled. In a previous study we showed that
considering disordered magnetism indeed was important to understand the mixing enthalpy of the Cr1−x Alx N system [137]. That study employed the KKR-ASA
framework together with the CPA-DLM model for disordered magnetism and the
GGA exchange-correlation functional. However, no theoretical studies have probed
the structural and magnetic transition of CrN treating the paramgnetic phase as
a disordered magnetic system. The effects of strong electron correlations on the
thermodynamics of the system have also been neglected. Furthermore, it would be
of great use to have access to a modelling scheme in which disordered magnetism is
treated with a standard supercell technique. That is because such techniques are
required in practise for the calculation of static local lattice relaxations in alloys
as well as in molecular dynamics simulations.
One objective of this work has thus been to develop and benchmark supercell
techniques for the treatment of systems with disordered local moments and to
apply them to a study of the thermodynamic properties of CrN, including its
temperature and pressure dependent phase transition.
Owing to the well known antiferromagnetism of CrN and the non-magnetic
character of TiN, it was a rather unexpected finding by Aivazov and Gurov [138]
of ferromagnetism in the solid solution between the two nitrides[138]. This effect
was re-discovered almost thirty years later by Inumaru et al. [139, 140, 141] who
obviously were not aware of the earlier work that had been conducted in the Soviet
Union. Inumaru et al. measured rather high magneto resistance in the Ti1−x Crx N
solid solutions, but the Curie temperature seems to be too low for usage in devices,
140 [140]-170 [138] K. The maximum value of TC was obtained at about x = 0.50
by both groups, but while the ferromagnetism completely vanished at just slightly
higher Cr content in the experiments by Inumaru et al. [140], the results by Aivazov
and Gurov are less clear in this aspect [138]. Up to now no theoretical explanation
of this phenomena, based on first-principles calculations, has been suggested. At
the same time, it would be of great value for electronic and spintronic applications
if a ferromagnetic, all-nitride material with considerable magneto-resistance at
room temperature was discovered. Such a material could readily be applied during
thin-film growth of nitride based semicondicting devices. An explanation of the
physical mechanisms governing the magnetism, and in particular the magnetic
exchange interactions, of the so far only observed ferromagnetic transition metal
mono-nitride system is thus highly desirable.
Accordingly, one objetive of this work is to study the magnetic interactions of
Ti1−x Crx N solid solutions and see if they could explain the appearance of ferromagnetism in this nitride system, as well as its peculiar concentration dependence.
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A supercell treatment of magnetic disorder

The aim in this section is to model the physical properties of a magnetic material
in its paramagnetic phase using a supercell technique. This is indeed a complex
task, involving the consideration of many different types of magnetic and nonmagnetic thermal excitations as was discussed in section 2.3 and demonstrated in
chapter 3. A reasonable first step, however, is the semi-classical description of a
magnetic state with disordered local moments. The relevance of such a state for
real paramagnets is discussed in Ref. [65] for the DLM-CPA treatment and the
following discussion should be seen as a supercell analogy of that method.
The starting point is the classical Heisenberg Hamiltonian that was introduced
in section 2.3
Hmag = −

X

Jij ei · ej = −

X

Jα nα < Φα >,

(4.1)

α

i6=j

where nα is the number of atoms in the α:th coordination shell on the lattice. The
objective is to create a supercell that describes the high temperature, paramagnetic
limit of that system where all atomic moments are completely uncorrelated.
To be able to decide the appropriate orientations of the magnetic moments in
the supercell, we need to derive the desired value of the spin correlation functions
< Φα >=

1 X
ei · ej
N i,j∈α

(4.2)

for this case. Since it is only the relative angle of the two spins that are of
importance, we can for each term chose a coordinate system where ei = ẑ. Then if
ej is to be uncorrelated to ei it implies that any area element on the unit sphere is
equally probable to contain ej and we get for every coordination shell the familiar
1
< Φα >=
4π

Z2πZπ

cos θ sin θ dθdφ = 0.

(4.3)

0 0

This result can also be obtained with a much simpler set of collinear moments,
that is just pointing up or down in ẑ. Given that their configuration is uncorrelated
we obtain for each shell the average
< Φ̃col
α >=

1 X
1
ei · ej = {ẑ · ẑ + ẑ · (−ẑ)} = 0.
N i,j∈α
2

(4.4)

This means that for a truly Heisenberg system, governed by the Hamiltonian
in Eq. 4.1 the physical properties of the disordered state can be calculated using
supercell methods designed for treating configurational disorder of binary alloy
components on a lattice. In particular the special quasirandom structure method
is used in paper V to study the bulk modulus of CrN, intensively in paper VI to
investigate phase transitions in CrN, and to obtain a reference value of the energy
of pure CrN in paper VII. However, also a magnetic sampling method, where the
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direction of Cr moments in several supercells are generated by random followed
by an averaging procedure can fulfill the requirements of Eq. 4.3 and is suggested
in paper VI.
Note that in some cases a part of the energy of the complex quantum mechanical interactions in the electronic system can not be described by the ordinary
Heisenberg Hamiltonian and an extention including bi-quadratic terms is needed
Hmag = −

X

Jij ei ·ej −

i6=j

X

2

Kij (ei · ej ) = −

X

(Jα nα < Φα > +Kα nα < Ψα >) ,

α

i6=j

(4.5)
where Kij are the bi-quadratic interaction potentials and
< Ψα >=

1 X
2
(ei · ej )
N i,j∈α

(4.6)

are the bi-quadratic spin correlation functions. In the state with uncorrelated
moments we get following the procedure of Eq. 4.3
1
< Ψα >=
4π

Z2πZπ

cos2 θ sin θ dθdφ =

1
.
3

(4.7)

0 0

However, using the simplified collinear set we obtain
< Ψ̃col
α >=

1
1 X
2
(ei · ej ) = {(ẑ · ẑ)2 + (ẑ · (−ẑ))2 } = 1
N i,j∈α
2

(4.8)

thus differing from the system we want to describe. Instead, as is advocated in
paper VI, in cases where the Kij terms can not be neglected a non-collinear (nc)
but still manageable set of magnetic vectors described by up and down moments
along all the x̂, ŷ, and ẑ directions can be used. For uncorrelated configurations
of this set, one obtains of course for the bi-linear term
< Φ̃nc
α >=

1 X
1
ei · ej = {(ẑ · x̂) + (ẑ · (−x̂)) +
N i,j∈α
6

+(ẑ · ŷ) + (ẑ · (−ŷ)) + (ẑ · ẑ) + (ẑ · (−ẑ))} = 0

(4.9)

satisfying Eq. 4.3, but also for the bi-quadratic term one obtains
< Ψ̃nc
α >=

1
1 X
(ei · ej )2 = {(ẑ · x̂)2 + (ẑ · (−x̂))2 +
N i,j∈α
6

+(ẑ · ŷ)2 + (ẑ · (−ŷ))2 + (ẑ · ẑ)2 + (ẑ · (−ẑ))2 } =

1
3

(4.10)

in agreement with the corresponding values in the system we try to model, Eq. 4.7.
In addition to the discussion above about the relation between the disordered
orientations of magnetic vectors and configurational disorder of alloy components,
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also the usual issues of modelling configurational disorder should be considered.
In particular the range of the interactions with respect to the translational symmetry of the supercells used. In the present case of CrN, the considerations of
two different SQS structures based on different geometries, for which the configurational correlation functions differed substantially outside the 7th coordination
shell, it was found in paper VI that magnetic interactions outside this radius only
influenced the energetics of the system on the magnitude of a few meV per formula
unit.

4.3

Phase transitions in CrN - strong electron
correlations and magnetic disorder

With a method to treat a disordered magnetic state using a supercell approach
at hand, one can model the paramagnetic phase of CrN with confidence and on
equal footing with the distorted antiferromagnetic phase. However, an additional
challenge arise in this system since it is clear that conventional LDA and GGA
approaches to exchange-correlation effects do not fully reproduce experimental
findings of a band gap at the Fermi level in the paramagnetic state [130, 134, 128],
although Bhobe eq al. recently claimed that the orthorhombic phase was a bad
metal [128]. The usage of an LDA+U approach was suggested by Herwadkar et
al. [30] on basis of improved agreement for the results of electronic structure calculations with the experimental photo emission measurements. In paper VI the
impact of strong electron correlations beyond the LDA and GGA on the thermodynamic properties of CrN, including the phase transition, is studied. In paper V
the compressibility of both the orthorhombic antiferromagnetic phase and the cubic paramagnetic phases are studied motivated by previous claims of a collapse
of the bulk modulus upon the pressure induced cubic to orthorhombic transition.
Both the GGA and the LDA+U methods are used also in the latter paper, but no
changes of the bulk modulus in support of the claimed anomaly could be observed.
It is found in paper VI that an effective U ef f = (U − J) of 3 eV gave a good description of lattice parameters for both the cubic and orthorhombic phases as well
as good description of the electronic valence band. In contrast, GGA calculations,
and even more pure LDA calculations, considerably exaggerated the orthorhombic
distortion and showed an overlap of the Cr 3d-states at the Fermi level.
Treating the paramagnetic cubic phase as a disordered magnet within the
collinear approximation discussed above, with the mean-field magnetic entropy
and taking strong electron correlations into account, the temperature and pressureinduced cubic-orthorhombic phase transition is qualitatively explained in paper VI.
However, the transition temperature is overestimated with about 200 K, highlighting the importance of applying a more accurate treatment of the magnetic free
energy and performing a quantitative study of non-collinear effects in future studies.
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In paper VII the magnetism of the Ti1−x Crx N solid solutions are studied using both a supercell SQS approach within a PAW framework and with the CPA
approximaiton implemented in a KKR-ASA method. The magnetic exchange interactions between Cr moments are derived for each Cr concentration using the
magnetic force theorem in the disordered local moments reference state. In the
PAW calculations both the GGA and the LDA+U approximations for exchange
and correlation effects are used, but only non-essential quantitative differences are
found for the studied properties.
The supercell total energy calculations of three relevant magnetic structures,
ferromagnetic, cubic antiferromagnetic with a [001]1 single layer stacking of moments, and the orthorhombic [011]2 antiferromagnetic ground state of CrN, confirm the experimentally observed appearance of ferromagnetism in Ti-rich compositions. This result is explained by a drastic change in the magnetic interactions
between Cr moments of CrN upon Ti addition. Indeed both the nearest neighbour
interaction, being large and negative in pure CrN, and the second-nearest neighbour interaction, being slightly positive in pure CrN, increases almost linearly
with increasing Ti content. Close to x = 0.50, the nearest neighbour interaction
changes sign and the ferromagnetic state becomes lower in energy as compared
to the antiferromagnetic cubic state. Using the obtained interactions, the critical
temperatures are simulated using a Heisenberg Monte Carlo method. In the ferromagnetic region, x . 0.50, the results agree fairly well with the experimental
reports by Inumaru et al. [140] with a quick decrease in TC as Cr atoms becomes
more and more diluted. However, there is a considerable overestimation of the
critical temperatures reflecting the conclusions in chapter 3 that considerable care
must be taken to include all relevant thermal effects if quantitative derivations of
TC are to be done. The sudden disappearance of magnetic order at about x = 0.50
reported in Refs. [140, 141] is explained as the disappearance of net magnetisation
upon a transition to antiferromagnetic order.
The origin of the change in magnetic interactions is found in the electronic
structure of the solid solutions. In particular, when Ti is solved into CrN, electron
density is redistributed from Ti to Cr and N changing the band occupancies of
the states in both the Cr-Cr t2g − t2g and the Cr-N-Cr eg − p − eg bonds. Upon
Ti addition, the spin down part of the Cr non-bonding t2g states start to get
occupied, moving away from the half-filled situation that favours antiferromagnetism. In addition, the onset of occupation of eg anti-bonding states enhances
the ferromagnetic double-exchange interaction over the Cr-N-Cr bonds.
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CHAPTER

5

Thermodynamics of disorder and clustering in TiAlN

5.1

Introduction

In the previous chapter, the system CrN was studied and shown to be an important
model system for investigations of magnetic interactions in nitrides. Here, the
attention is turned to the system TiAlN, which has recently become an important
system for studies of configurational thermodynamics, both experimentally [142,
143, 144] and theoretically [49, 145, 146].

5.1.1

Experimental background

Production of cutting tools for machining of hard metals is a multi-billion-euro
business in Sweden alone. Improvements in the hardness, thermal resistance and
durability of the tools are directly transferable into faster cutting processes and
higher production capacities of manufacturing companies in every businesses area
handling metals. Thus, improvements on these issues are intensively sought, both
in industrial research and development, and in the scientific community.
The cutting tools themselves are typically made out of hard and tough materials, like composites of WC and Co, or TiCN and Co. In order to further increase
hardness a protective coating thin film of an even harder material is applied on the
tool surface. TiN is a compound which combines high hardness with good adhesion
to the tool materials and is thus readily applied as a thin film coating using e.g.
physical vapour deposition techniques. Furthermore, TiN displays an attractive
goldish colour, as seen in Fig. 1.4, and is used also for decorative purposes e.g. in
the watch industry.
Unfortunately the usability of TiN coatings for hard protective purposes is
limited to application at moderate and low temperatures. At working temperatures above about 400 ◦ C the hardness of TiN thin films drops drastically due to
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relaxation of lattice defects that has a hardening effect on the as-deposited films,
but also from about 500-600 ◦ C due to onset of oxidation that deteriorates TiN
coating performance [147, 148].
During the 1980s, the alloying of TiN with other materials emerged as a route
to improve performance and possibilities for tailoring coatings properties. In particular the addition of Al to the films, creating the Ti1−x Alx N solid solutions, was
shown to give promising results [149, 150, 151, 152, 148]. The results of a more
recent detailed investigation by Hörling et al. [153] of Ti1−x Alx N coated cutting
tools and their life time in milling operations, is shown in Fig. 5.1.
It is seen that the addition of Al to TiN increases tool life time and at compositions of Ti0.34 Al0.66 N the performance is considerably improved. Up to this
Al-content a single phase of the B1 structure (Fig. 4.1), is observed [153]. However, at even higher Al-content, a mixed cubic and wurtzite, the ground state
structure of AlN, is observed. The appearance of the mixed phase seems to be
detrimental for the coating performance as the life time drops drastically in the
case of Ti0.25 Al0.75 N coatings.

Figure 5.1. Measurements by Hörling et al. [153] of the tool life time as a function of
Al-content of Ti1−x Alx N coated cutting tools upon milling in low-carbon steel alloyed
with Cr and Mo.

Thus, much of the development of TiAlN coatings has been focused on the competing interests of increasing the Al-content in the cubic phase of the film, and
at the same time avoiding the appearance of the wurtzite phase already during
film growth. In 2003 Mayrhofer et al. discovered that another important phenomena, besides oxidation resistance, was of importance for the improved cutting
performance of cubic Ti1−x Alx N coatings as compared to pure TiN: age harden-

5.1 Introduction

63

ing [142]. They showed that the single B1 phase solid solutions with x = 0.50 and
x = 0.66, formed during growth, decomposed isostructurally through spinodal decomposition at annealing temperatures around 800-1000 ◦ C, resulting in strained
TiN and cubic AlN domains within the solution matrix. This process increased
the hardness of the films, or at least counteracted the softening due to relaxation
of lattice defects that should be present also in TiAlN [142, 154, 153]. At even
higher annealing temperatures, the wurtzite AlN phase appeared, resulting in a
decrease of hardness [142]. Recently the spinodal decomposition of Al-rich TiAlN
was beautifully demonstrated using atomic probe tomography [143, 144].

5.1.2

Electronic structure calculations of Ti1−x Alx N

Following this experimental discovery theoretical investigations were undertaken
to explain the findings. Mayrhofer et al. used first-principles calculations of the
mixing enthalpies of several ad-hoc chosen Ti1−x Alx N configurations in the B1
structure to illustrate the existence of an isostructural miscibility gap [145]. The
present author with co-workers used the CPA and the SQS-methods to derive
the mixing enthalpies of the random solid solution and the mean field phase diagram of cubic Ti1−x Alx N [49]. It was shown that the main driving force for
isostructural decomposition was an electronic structure effect where the Ti-Ti
next-nearest neighbour bonds formed by weak hybridisation of 3d-states with t2g symmetry (called non-bonding in contrast to the strong Ti-N bonds giving rise
to bonding/anti-bonding states), was broken upon Al addition as the later atom
lacks d-states. Particularly interesting, as the Al content increased, the Ti 3d t2g
states transformed into unfavourable localised states at the Fermi level, resulting
in a strongly asymmetric mixing enthalpy curve [49] and presumably a non-linear
increase in the strength of the Ti-Ti bonds.
The geometry of the 3deg and 3d t2g -states as well as the bonds they give rise
to in TiN is schematically illustrated in Fig. 5.2. Also shown is that even though
the Ti 3d t2g - Ti 3d t2g bond might be weaker than to the Ti 3d eg - N 2p nearest
neighbour bond, it is of larger importance for configurational considerations when
Al is added. This is so since the remaining Ti-N bonds, at least to first order, are
not affected by Al addition while the Ti-Ti bonds are cut.
Fig. 5.3 illustrates this effect in terms of the electronic structure. In the left
panel the calculated total electronic density of states (DOS) for TiN, using the
PAW method and the GGA functional for exchange-correlation effects, is shown
together with the experimental measurements using XPS [156] and UPS [155]
techniques. The basic features of the valence DOS is the Ti 3d eg - N 2p bonding
states, which also have an ad-mixture of Ti 4s - N 2p character, between about -8 to
-3 eV with respect to the Fermi level, the non-bonding state of almost exclusively
Ti 3d t2g -character from about -2.5 eV to +2.5 eV, followed by the anti-bonding
counterparts of the Ti 3d eg - N 2p and the Ti 4s - N 2p hybrids at 2.5-5.6 eV and
from 6-12 eV (the latter not completely shown) respectively. This interpretation of
the DOS is the same as in most of recent works, e.g. Refs. [157, 158], although in
an earlier work it was discussed whether ”non-bonding” or ”anti-bonding” was the
correct terminology for the states around EF [159]. The GGA calculations show
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TiN
Ti 3d eg - N 2p

Ti1-xAlxN
Ti
N
Al

Ti 3d t2g - Ti 3d t2g

Bond cut

Figure 5.2. Schematic illustrations of the Ti 3d eg -N 2p nearest neighbour and the
weaker Ti 3d t2g -Ti 3d t2g next-nearest neighbour bond in TiN (left). The importance of
the latter for the configurational behaviour becomes obvious when Al is added and the
bonds are cut (right).

very good agreement with the band structure measurements of the two experiments
shown [156, 155], which in particular demonstrates an abrupt Fermi edge.
In the right panel a zoom of the region around EF is shown displaying the
Ti-site projected DOS for pure TiN and for two different Ti atoms in a 128 atom
SQS modelling a Ti0.25 Al0.75 N solid solution. One of the Ti-atoms in the latter
case has five other Ti atoms as nearest metal neighbours. The other has only
one. The striking difference in the DOS between the Ti atoms in Ti0.25 Al0.75 N
and with pure TiN demonstrates the electronic structure effect discussed above.
In particular, both Ti atoms in Ti0.25 Al0.75 N lack the low-energy shoulder of Ti in
TiN, but only the almost isolated Ti atom is demonstrating an almost atomic-like
state right at EF . The Ti atom in a Ti-richer environment on the other hand
displays a low energy-feature at about -1 eV with respect to EF . These results
illustrate the strong configurational sensitivity of the electronic structure in this
system.

5.1.3

Mean-field phase diagram

According to the mean-field results in Ref. [49], almost the entire composition
range was within the miscibility gap at cutting operation relevant temperatures
around 1000 ◦ C [49]. The corresponding spinodal region was 0.25 ≤ x ≤ 0.99.
Even though the mean field approximation is useful to obtain a first estimate
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Figure 5.3. Left panel: Calculated electronic density of states of pure TiN together
with the experiments by Haasch et al. [155] (Expt. 1) and Johansson et al. [156] (Expt.
2). The magnitude of the experimental values are given in arbitrary units and is shown
for a qualitative comparison. Right panel: A zoom around EF of the Ti site-projected
DOS in pure TiN and for Ti atoms in cubic Ti0.25 Al0.75 N with 5 and 1 Ti metal nearestneighbours.

for phase stabilities at finite temperature, it can not be trusted on its own for
quantitative predictions. In particular at finite temperatures, the mean field approximation to the configurational free energy, which approach the true value only
in the limit T → ∞, underestimates the free energy of solid solutions. The reason is that short range order or clustering effects decrease the value of the energy
as compared to the completely random alloy. This effect is stronger than the
simultaneous decrease in entropy. Thus, it has been speculated whether short
range clustering effects could have a pronounced impact on the thermodynamics
of TiAlN [49, 145, 160]. To answer this question one could consider using either
the generalized perturbation method, or the Connolly-Williams cluster expansion
method as described in chapter 2 to obtain the configurational interactions of a
generalised Ising Hamiltonian. A Monte Carlo method could then be used to solve
the statistical mechanics problem for this Hamiltonian.
Unfortunately, the TiAlN system posses some difficult issues for both these
two methods, at least within their standard appearance. It was shown in Ref. [49]
that local lattice relaxations decreased the isostructural mixing enthalpy by more
than thirty percent. The GPM can not in itself treat such effects. On the other
hand, the strong non-linearity of the Ti-Ti bond strength with composition and
the asymmetric concentration dependence of the mixing enthalpy together with
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the electronic band structure effects discussed above, indicate that we are dealing
with a material system where the concentration independent cluster expansion
is unreliable [161, 29, 60]. Therefore, some development of the methodology for
obtaining the interactions seems necessary in order to deal with this system.

5.2

Clustering thermodynamics beyond the mean
field approximation

In this chapter and in paper VIII, a unified cluster expansion method is suggested
for the problem of obtaining the configurational interactions from first-prinicples.
The idea is that although neither the GPM nor the Connolly-Williams cluster
expansion methods on their own could be trusted for a reliable determination of
interactions of systems like cubic Ti1−x Alx N, a combination of them might.

5.2.1

Separating the configurational Hamiltonian

We start with noting that the total ordering energy of any particular structure s
on an underlying lattice
tot
,
(5.1)
Esord = Estot − Erand
tot
where Erand
in our concentration dependent approach is the total energy of the
ideal random solid solution with the same composition as s, is a function of the
configuration. Likewise, so is the ordering energy of the structure when all atoms
are forced to be fixed on the lattice points rather than free to relax. Of course,
the difference between these two cases is also a function of the configuration. As
was shown by Sanchez, Ducastelle, and Gratias [39] and for the concentration
dependent case by Asta et al. [40], and discussed in chapter 2, any such property
can in principle be described with, or expanded in, a basis of cluster functions.
Thus, if we divide our ordering energies according to

E ord = E ord−f ix + E ord−rel ,

(5.2)

where the terms correspond to the total, the fixed-lattice
tot−f ix
E ord−f ix = E tot−f ix − Erand
,

(5.3)

and the lattice relaxation part
tot−rel
E ord−rel = E tot−rel − Erand
,

(5.4)

of the ordering energies respectively, this is directly transferable to the effective
cluster interactions. It follows from the linearity of the scalar product in Eq. 2.24
according to
D
E D
 (n) E
=
(5.5)
Vα(n) =
E ord , Φ(n)
= E ord−f ix +E ord−rel , Φα
α
E
E D
D
=
+ E ord−rel , Φ(n)
=
E ord−f ix , Φ(n)
α
α
= Vα(n)−f ix + Vα(n)−rel
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which is true both in a concentration independent and concentration dependent
framework.
(n)−f ix
Subsequently we note that for the first term on the right, Vα
, it is possible
to use the GPM method to obtain a set of concentration dependent interactions.
(n)−rel
Furthermore, the second term, Vα
is likely to show a smooth concentration
dependence in line with the finding for the mixing enthalpies of the random alloys
in Ref. [49]. This indicate that the problem of cluster expanding E ord−rel should
be considerably easier as compared to the total E ord and realistic to solve with a
concentration dependent Connolly-Williams method. Our resulting concentration
dependent generalised Ising Hamiltonian for the configurational energy then reads
Hconf

=
+
+

X
1 X  (2)f ix
δci δcj +
Vp
(c) + Vp(2)rel (c)
2 p
i,j∈p
 X
1 X  (3)f ix
(3)rel
Vt
(c) + Vt
(c)
δci δcj δck +
3 t
i,j,k∈t
 X
1 X  (4)f ix
Vq
(c) + Vq(4)rel (c)
δci δcj δck δcl + · · · (5.6)
4 q
i,j,k,l∈q

To get the total alloy Hamiltonian the mixing enthalpy (in this case at zero
pressure) of the random alloy should be added according to
Hall = ∆Hmix + Hconf .

5.2.2

(5.7)

Fixed-lattice interactions

The starting point for obtaining fixed-lattice interactions is the GPM method. The
derived GPM 2-, 3-, and 4-site interactions are shown and discussed in paper VIII.
One interesting observation is a drastic increase in the magnitude of the first pair
interactions in the Al rich regime. This increase can be seen as an increase in
the bond strength of the Ti-Ti bond and could be understood from the electronic
structure seen in Fig. 5.3. Unfortunately, there exist uncertainties for the accuracy
of GPM derived interactions also for the fixed lattice case. The screening model
or its implementation, used for the electrostatic term needed in addition to the
single-particle eigenenergies to obtain the Kohn-Sham total energies, could involve
inaccuracies, and the perturbative nature of the GPM in itself could give rise to
errors, for instance by an unconsidered but possible coupling of band-structure and
electrostatic effects. Such effects are believed to be strongest in the short-ranged
pair-interactions, while longer ranged interactions have been shown to excellently
well describe ordering energy differences [29].
In paper VIII we propose a way to increase the quantitative accuracy of the
fixed-lattice interactions by tuning of the GPM interactions using the ordering
energies obtained as a part of the cluster expansion of the lattice relaxation energies, i.e. the results from the direct calculations with atoms on their fixed lattice
points. One can see this tuning process as a Connolly-Williams cluster expansion
of the error of the GPM description of Esord−f ix . Following the discussion above
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and in Ref. [29] the larger part of this error is likely to be present in short-range
pair interactions, thus avoiding the standard uncertainty of the cluster expansion
method, regarding which clusters should be included in the basis.
The first step in the tuning is to allow only the nearest neighbor pair interaction
to vary from the GPM value. The result turns out to be an almost concentration
independent scaling of the GPM value with a factor 1.26-1.28. If we allow for
simultaneous tuning of the first two pair interactions we obtain almost the same
result with a scaling factor of the second interaction close to 1, i.e. the original
GPM value is retained. We therefore satisfy ourselves with the tuning of the first
pair interaction but note that in a different material system, a few more shells
might have to be considered in order to obtain excellent fixed-lattice interactions.
It should be emphasised that the tuning keeps the scheme in accordance with
first-principles. No empirical parameters are involved.

5.2.3

Lattice relaxation interactions

The next step is to perform the cluster expansion of the relaxation energies. We
do it with concentration dependent interactions following the strategy and considerations discussed above. For each concentration we keep the volume fixed at the
equilibrium volume of the relaxed special quasi-random structures, while internal
positions and cell shapes are allowed to relax independently for each structure. We
use the PAW method to calculate the relaxation energies of 100 ordered structures
with the compositions x = 0.25, 0.325, 0.50, 0.625, and 0.75. In addition, for each
of these concentrations, the relaxation energy of a special quasi-random structure
is obtained serving as a ”near-random” reference point.
In principle there is no need for a direct access to a random-like state in the
cluster expansion framework. The key property that is expanded is the energy
differences between structures and the reference state could be chosen freely, as
for instance the phase separation energy. However, by including the SQS relaxation
energy which is very close to that of the true random state, using the SQS volume
in the calculations, and present the difference in relaxation energies with respect
to that of the random, we emphasise that we strive to obtain interactions that
describe configurational states close to the disordered solid solution in an accurate
way.
The standard problems in a Connolly-William cluster expansion are present
also in this study. In particular, it is not obvious in which cluster basis the ordering relaxation energies should be expanded. The fact that we are allowing for
a concentration dependence also means that in principle, for each concentration
we only have 20 energy differences and a corresponding number of energy equations as constraints on our potentials. Furthermore, since the structures used are
limited in size and some of them are based on the same supercell geometry, their
correlation functions will not be completely independent. These facts make it dangerous to include too many free parameters, in terms of cluster interactions in the
least-square fitting of the ordering energies.
We performed tests of cluster bases with up to 12 free parameters, including
the pair interactions in different combinations up to the 15:th coordination shell
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and also checking 3-, and 4-site interactions on the first two coordination shells.
Our conclusion is that in the present system, a good description of the relaxation
energies can be obtained with a basis of six pair interactions on the 1st, 2nd,
4th, 6th, 8th, and 10:th coordination shells. Furthermore, those interactions show
only a rather weak concentration dependence in line with the findings in Ref. [49].
If more clusters are included in the expansion, the improvement in reproduction
of the relaxation energies of the direct calculations is rather small and the interaction potentials themselves show a tendency to display unphysical oscillatory
concentration dependence.
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Figure 5.4. The lattice relaxation part of the ordering energies of the 20 structures
considered for x = 0.25. Shown are both values obtained with the direct DFT calculations
using the PAW method, and with the relaxation part of the effective cluster interactions.

The relaxation energies for the case x = 0.25 are shown in Fig. 5.4 for the 20
structures considered. Shown are both the results of direct PAW calculations and
the values obtained with the effective cluster interactions. The inset shows the
difference between the two methods, ∆Esord−rel = |Ising Esord−rel − DF T Esord−rel |.
We note that in the TiAlN system, the size mismatch is not the major reason for
large lattice relaxations. Instead the presence of a nitrogen sublattice in between
the metal atoms makes a strong impact on the relaxations, in comparison to simple
fcc alloys with a similar volume mismatch.
However, in volume mismatched systems, the introduction of a long-range relaxation interaction term could be needed. Using the concentration dependent
fixed volume approach of this work, such a term would lower the energy of long
range superlattices, in contrast to its role in the formalism of Refs. [162, 56, 57]
where it acts as a punishment term preventing the overstabilisation of superlat-
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tices.

5.2.4

Statistical mechanics simulations

In paper VIII, results of a thermodynamics analysis utilising the obtained Ising
Hamiltonian in Monte Carlo simulations are reported. Applying thermodynamic
integration from the high-temperature state we obtain the free energy of mixing as
a function composition and temperature. Using the common tangent construction
we obtain the binodal line of the phase diagram. The spinodal line can be found
from the condition
 2 
d G
= 0.
(5.8)
dx2 T
We find that at temperatures of relevance for cutting operations, T < 1500 K,
cubic TiAlN is phase separating over almost the entire composition range. At
2000 K the system is predicted to display spinodal decomposition for x ≥ 0.28 or
x ≥ 0.33 depending on if the resulting phases are allowed to relax in volume or
not during the decomposition. In this statement we neglect the tiny amount of Ti
that should be possible to solve in c-AlN without spinodal decomposition.
These results show a striking, but explainable resemblance with previous results
using the mean-field approximation [49]. In contrast to ordering systems, the
competing phases in a phase separating system are all solid solutions. Thus, when
the configurational thermodynamics analysis is improved, such as including the
effect of short range clustering, all competing phases are effected in a similar way.
In contrast, in ordering systems, the disordered phase is more heavily influenced
than the ordered phase resulting in a larger error in mean-field estimates of critical
temperatures in such cases. Furthermore, there is a small but non-zero influence of
volume mismatch on the tendency for phase separation. This mismatch is almost
entirely dictated by the global composition rather then the particular configuration
and in our simulations its influence on phase stability is not affected by short-range
clustering effects.

5.3
5.3.1

ScAlN - volume effect and piezoelectricity
Volume mismatch induced decomposition mechanism

One system, related to TiAlN, where volume mismatch has been shown to be
the dominating factor in determining the tendency for phase separation is cScAlN [163]. We predicted that the volume mismatch as a driving force for phase
separation should express itself in a different type of separation as compared to
the electronic structure effect present in TiAlN, but missing in ScAlN [163]. To investigate this issue, we performed an experimental comparative study of the phase
separation of metastable ScAlN and TiAlN thin films reported in paper X. Thin
films of cubic Sc0.57 Al0.43 N and Ti0.51 Al0.49 N were grown using reactive magnetron
sputtering and then stepwise annealed up to a maximum temperature of 1100◦C.
The process was followed in situ by synchrotron x-ray scattering. The study
confirmed the theoretically predicted difference. ScAlN phase separated through
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nucleation and growth of non-isostructural wurtzite AlN in domain boundaries,
however, keeping coherency between the phases at the interface. The activation
temperature was 1000-1100◦C. In contrast, TiAlN exhibits spinodal decomposition into isostructural coherent TiN and c-AlN activated at 800-1000◦C, the latter
in agreement with previous reports [142].

5.3.2

Impact of configuration on the piezoelectric response
in w-ScAlN

Also in the ScAlN system, configurational interactions gives rise to interesting
physical phenomena. In particular in wurtzite ScAlN, as is shown in paper XI, the
competition between two different nitrogen coordination schemes, one four-fold
favoured by wurtzite AlN, and one five-fold favoured by a hexagonal ScN-phase,
increase the response of the internal parameters to strain and decrease the elastic
modulus, giving rise to a spectacular up to 400 % increase in the piezoelectric
responce of the wurtzite Scx Al1−x N alloys as compared to pure AlN. This effect
is particularly pronounced around Sc atoms. This theoretical work confirms the
experimental results of Akiyama et al.[164] and shows that the observed effect is
an intrinsic material property induced by the Sc alloying.

5.4

Pressure effects on the phase stability of TiAlN

This far the effect of temperature on the configuration of TiAlN has been in focus. In the actual applications of TiAlN thin films, as protective coating on a
cutting tool, also considerable pressure levels could be obtained during operation
due to the small contact area between the tool and the work-piece and the considerable force applied. This fact has been largely ignored when the phase stability
of TiAlN has been studied both experimentally and theoretically. In paper IX
the effect of hydrostatic pressure on the phase stabilities in the TiAlN system is
studied. For entropy effects, not being the main issue in this particular study,
the mean-field approximation is applied. It is found that application of pressure
enhances isostructural cubic decomposition due to two simultaneous effects. First
the competing wurtzite phase is relatively destabilised by pressure, and second,
the isostructural cubic mixing enthalpy increase with pressure. Both effects can
be understood from the basic thermodynamic relation


∂∆G
= ∆V
(5.9)
∂p T
where
∆G =
∆V =

GTi1−x Alx N − (1−x)GTiN − xGAlN
VTi1−x Alx N − (1−x)VTiN − xVAlN

(5.10)
(5.11)

are the free energy of mixing and the deviation of the volume of the mixed system from a linear interpolation from the end components respectively. Since the
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hexagonal wurtzite phase is larger in volume as compared to the cubic phase at
all compositions, the mixing free energy of this phase increases with pressure. The
opposite is obviously true for the cubic. However, considering the isostructural
cubic case, the volumes of the solid solutions are higher as compared to a linear interpolations between TiN and c-AlN, resulting according to Eq. 5.9 in an
increase in the isostructural mixing enthalpies.
The overall results on the isostructural phase diagram is not large but due
to the asymmetric shape of particularly the spinodal line, a considerable effect
of increased tendency for spinodal decomposition could be obtained at relevant
temperatures and pressures at compositions below x = 0.50.

CHAPTER

6

Conclusions

The general objective of this work has been to study configurational and magnetic
interactions as tools for bridging the gap between first-principles calculations and
the modeling, understanding, and prediction of materials properties in multicomponent systems. Especially, physical phenomena related to disorder and to configurational and magnetic order-disorder transitions have been investigated. The
studies have resulted in theoretical methods development and specific results for
the considered material systems.

6.1

Methodological development

Thermal effects on magnetic interactions
The accuracy of any semi-classical Hamiltonian in the description of any finite temperature property, depends on how well its interaction parameters reflect the underlying quantum mechanical electronic system at this temperature. Thus, when
deriving the magnetic exchange interactions, for e.g. the Heisenberg Hamiltonian,
aimed at simulating the magnetic critical temperature with quantitative accuracy,
thermal effects should be considered also in the first-principles calculations. In this
work a self-consistent scheme is developed to include the effect of thermal expansion and Fermi-surface smearing due to one-electron excitations on the calculated
TC . The iterative method, presented in chapter 3 and in paper III demonstrates
the importance of such considerations when performing TC calculations for the
Ni1−x Cux MnSb half-Heusler system.
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A supercell framework for the modeling of disordered magnetic states
Today supercell calculations is the most frequently used tool for first-principles
studies of static lattice relaxations in alloys, defects and impurities in semiconductors and metals, as well as for performing molecular dynamics simulations. However, for simulations of properties of magnetic materials in their high-temperature
paramagnetic phase, a way to simulate a disordered magnetic state is needed. At
present, such a method, in the form of the disordered local moments (DLM) model,
is implemented within the effective medium approach, e. g. CPA. In chapter 4 and
in paper VI, we develop two different supercell techniques, based on the special
quasirandom structure method for disordered alloys and on a magnetic sampling
method, to treat disordered magnetism within a supercell framework. We show
that both methods are consistent with the DLM-CPA approach and with each
other in the case of CrN. Furtermore, we demonstrate how the magnetic sampling
method can be used to capture explicit effects of noncollinearity in the disordered
magnetic state. These methods could be valuable tools in future studies of hightemperature properties of magnetic materials.
A unified cluster expansion method to obtain configurational interactions
In first-principles studies of alloy phase stabilities at finite temperature, cluster
expansion of the configurational energetics is standard procedure. The main two
tools for obtaining the configurational effective cluster interactions of a generalized
Ising Hamiltonian are the Connolly-William cluster expansion (CE) and the generalised perturbation method (GPM). In this work it is shown that it is possible
to benefit from both of these frameworks by using a unified approach. It is based
on the separation of concentration dependent interactions into fixed-lattice and
lattice relaxation terms. The terms are then cluster expanded separately. To derive the fixed lattice part, mainly the GPM method is used, capable of accurately
describing long ranged electronic structure induced interactions. For the lattice
relaxation terms, a concentration dependent Connolly-Williams CE is used. Without extra first-principles calculations, the Connolly-Williams results can also be
used for tuning the fixed lattice relaxations to compensate for possible inaccuracies in the short ranged GPM interactions due to its approximate treatment of
electrostatic screening effects. The method has the potential of reaching quantitative insights into difficult alloy phase stability problems for which neither a pure
GPM, nor a Connolly-Williams approach are sufficient.

6.2

Results for material properties

NiMnSb
Since intrinsic defects are endemic in many Heusler alloy systems, they could be
problematic for the usage of NiMnSb in spintronics applications. However, in
paper I it is shown that all intrinsic defects that are reasonably low in formation
energy, preserve the half-metallic character of the bandstructure, at least at low
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concentrations. It is also demonstrated that the experimentally found higher than
expected magnetic moment could be explained by Mn interstitial defects which are
rather low in formation energy and keeps the half metallic character of NiMnSb.
It has been suggested in the literature that NiMnSb looses its half-metallic
properties at around 70-100 K possibly due to spin-waves or other thermally induced magnetic excitations. In paper II, we suggest a strategy to strengthen the
magnetic interactions in the material by deliberate doping with extra Mn replacing some Ni, or by introducing Cr doping. Such impurities induce very strong
magnetic interactions that could possibly decrease the detrimental influence of
temperature on spin polarisation.
CrN and TiCrN
CrN is an important material for hard-coatings applications. Just below room
temperature CrN exhibits a structural phase transition that has recently attracted
interest also for its implications for mechanical properties. We show in papers V
and VI that this transition should be understood as a first order magnetic orderdisorder transition between an ordered antiferromagnetic orthorhombic phase at
low temperature or high pressure, and a disordered magnetic state with cubic
structure at high temperature and low pressure. In this case, allowing for disordered local magnetism also in the cubic phase, there is no significant difference in
the bulk modulus of the two phases
TiCrN solid solutions have experimentally been demonstrated to display ferromagnetism in Ti-rich compositions. I show in paper VII that this can be understood due to a change in the magnetic interactions between Cr moments upon Ti
addition. At compositions around Ti0.5 Cr0.5 N the nearest neighbour interaction,
that is strong and negative in pure CrN, changes sign and starts to favour ferromagnetism. At all compositions, the next-nearest neighbour interaction is positive
and increase linearly with Ti composition. On the other hand, when Cr atoms gets
too diluted in the lattice the critical temperature drops drastically. The change in
interactions is explained to be due to charge transfer from Ti to Cr and N which
changes the occupancies of the Cr d-states with both t2g and eg symmetry. As the
occupation of the t2g -states moves away from half-filled, the antiferromagnetic coupling between nearest neighbours decrease. As the occupation of the anti-bonding
eg -states increase so do the ferromagnetic coupling between next-nearest neighbours. These findings could be used in attempts to design ferromagnetic nitride
materials with high Curie temperature.
TiAlN and ScAlN
In chapter 5 and paper VIII it is demonstrated that short range clustering effects
do not significantly influence the isostructural phase stabilities of cubic TiAlN
solid solutions. Cubic Ti1−x Alx N is predicted to display the beneficial coherent
isostructural spinodal decomposition for compositions x ≥ 0.33 at 2000 K, and
for an even larger region at lower temperatures. Furthermore, in paper IX the
tendency for spinodal decomposition is shown to be further enhanced upon hydrostatic pressure, even at the moderate levels achievable in the tool-workpiece
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contact area during cutting operations. This is manifested in a pressure induced
suppression of the wurtzite AlN-phase and in an increase in the cubic isostructural
mixing enthalpies with increasing pressure.
In earlier works we showed that volume mismatch was the main driving force
for phase separation in cubic ScAlN in contrast to cubic TiAlN. This difference was
predicted to give rise to distinct phase separation patterns in the two otherwise
related systems. The predictions were confirmed by the detailed experimental
study in paper X. We showed that ScAlN phase separates through nucleation
and growth of non-isostructural, but still coherent, AlN at domain boundaries.
This process needs a higher activation temperature as compared to the spinodal
decompositions of TiAlN and provides an additional tool for nanostructure design
of nitride materials.
In paper XI we were able to explain the experimentally observed 400 % increase
in the piezoelectric constant of wurtzite structure Sc0.5 Al0.5 N as compared to pure
AlN. We showed that the increase was an intrinsic material property and that
the reason was a competition between two different coordination preferences of
nitrogen in wurtzite AlN and hexagonal ScN respectively. This competition led
to a strong increase in the response of the internal coordinates to strain, and
a weakening of the C33 elastic constant. These findings are important for the
possibility to predict and develop new materials for sensors in electronic devices.
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Simak, B. Alling, F. Tasnádi, and I. A. Abrikosov.
Physical Review B, 79(134107), 2009.
Phase stability of Ti2 AlC upon oxygen incorporation:
A first-principles investigation.
M. Dahlqvist, B. Alling, I. A. Abrikosov, and J. Rosén.
Physical Review B, 81:044111, 2010.
Stability trends of MAX phases from first principles.
M. Dahlqvist, B. Alling, and J. Rosén.
Physical Review B, 81:220102(R), 2010.
Wurtzite structure Sc1−x Alx N solid solution films grown by
reactive magnetron sputter epitaxy: Structural characterization
and first-principles calculations.
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CHAPTER

7

Comment on Papers

Below is given a comment on the copyrights followed by a brief summary of each
included paper together with an account of the present authors contribution.

Copyrights
Copyrights of papers I, II, III, IV, X, and XI belong to the American Physical
Society. Copyright of paper IX belongs to the American Institute of Physics.
Reprints of these papers are included with permission from the copyright holders.
Remaining papers, including paper V published in Nature Materials, are included
in the form of the authors most recent version of the manuscript.

Paper I
Role of stoichiometric and nonstoichiometric defects on the magnetic
properties of the half-metallic ferromagnet NiMnSb

Summary
This paper is a direct continuation of the work presented in my Master’s thesis. It is
a complete investigation of all native point defects in the half metallic ferromagnet
NiMnSb and their respective effect on the spin down band gap as well as magnetic
moment. Their formation energies are also calculated.

Author’s contribution
I took part in the planning of the project, did all the calculations, participated
in the evaluation and interpretation of the results and were responsible for the
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writing of the manuscript.

Paper II
Energetics and magnetic impact of 3d-metal doping of the half-metallic
ferromagnet NiMnSb

Summary
In this paper, the work in paper I is extended to the investigation of the impact of
non-native doping of NiMnSb with 3d-metals. The energetics of the introduction
of the dopant atoms on the different crystallographic sites is considered together
with an investigation of the influence on the half-metallic character of the band
structure, local magnetic moments, and the impact on magnetic exchange interactions. Doping of NiMnSb with Cr as well as replacing some Ni with extra Mn is
tentatively suggested as routs for attempts to improve the materials performance
in spintronic devices at elevated temperature.

Author’s contribution
I planned and carried out the calculations of this project, took a major part in the
analysis of the results, and were responsible for the writing of the manuscript.

Paper III
Effect of thermal expansion, electronic excitations, and disorder on the
Curie temperature of Ni1−x Cux MnSb alloys

Summary
In this work the ability of first-principles based simulation schemes to predict the
magnetic critical temperature, the Curie or Néel temperature, of Ni1−x Cux MnSb
alloys are tested. In particular it is shown that thermal expansion, electronic excitations, and structural disorder need to be considered for quantitative purposes.
Furthermore, it is argued that when the critical temperature is studied, a disordered magnetic reference state should be used rather then a ferromagnetic one,
when the magnetic exchange interactions are derived. The paper was chosen as
an Editors’ suggestion by the editors of Physical Review B.

Author’s contribution
I planned this work together with Dr. Ruban, carried out the calculations, took
part in the discussions interpreting the results, and was responsible for writing the
manuscript.
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Paper IV
Competition between magnetic structures in the Fe rich fcc FeNi alloys

Summary
The magnetism of Fe-rich fcc-FeNi alloys is studied using complementary firstprinciples methods. Of particular interest are the compositions around Fe0.65 Ni0.35
displaying the invar effect. A large number of different magnetic structures are
studied and it is shown that in particular non-collinear spin spiral states and
collinear ferrimagnetic spin-flip states, induced by local environment effects, are
low in energy and compete with the ferromagnetic state at slightly compressed
volumes. The connection with the vanishing of thermal expansion in the invar
alloys is discussed.

Author’s contribution
I took part in a series of preliminary calculations and assisted in the discussions
and in the writing of the manuscript.

Paper V
Questionable collapse of the bulk modulus in CrN

Summary
In this comment we show that the main conclusion in a previous article, claiming
a drastic increase in compressibility of CrN at the cubic to orthorhombic phase
transition, is unsupported by first-principles calculations. We show that if the
cubic CrN phase is considered as a disordered magnetic material, as supported by
different experimental data, rather then non-magnetic, the bulk modulus is almost
unaffected by the transition.

Author’s contribution
I performed the calculations, took a major part in the discussions and was responsible in the writing of the manuscript.

Paper VI
Effect of magnetic disorder and strong electron correlations on the thermodynamics of CrN
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Summary
Two different methods for the modeling of a magnetically disordered CrN state
using a supercell approach are investigated. They are found to give equivalent
results of the total energy, being also similar to results obtained with an effective
medium approach. Furthermore, CrN is shown to be better described using a
LDA+U framework for the treatment of electron-electron correlations as compared
to GGA or LDA calculations. Modeling the cubic paramagnetic phase with our
models for magnetic disorder and considering the strong electron correlations, the
temperature and pressure induced phase transitions in CrN can be explained.

Author’s contribution
I planned the project, carried out the calculations, took a major part in the interpretation of the results and was responsible for writing the manuscript.

Paper VII
Theory of the ferromagnetism in Ti1−x Crx N solid solutions

Summary
The rather unexpected experimental finding of ferromagnetism in Ti1−x Crx N solid
solutions, contrasting the antiferromagnetic ground state of pure CrN, is verified
and explained theoretically by means of first-principles calculations. A change in
magnetic interactions between Cr moments in CrN is found upon Ti addition. The
effect is suggested to be due to a charge transfer from Ti to Cr and N influencing
the band-filling of the important Cr 3d-states with both eg and t2g symmetry
leading to a favoring of ferromagnetic order.

Author’s contribution
I did pretty much everything.

Paper VIII
A unified cluster expansion method applied to the configurational thermodynamics of cubic TiAlN

Summary
We use a study of the cubic Ti1−x Alx N system to illustrate a practical way of
combining the major methodologies within alloy theory, the Connolly-Williams
cluster expansion and the generalized perturbation method, in order to solve difficult alloy problems. The configurational, concentration dependent, Hamiltonian
is separated into a fixed-lattice and a local lattice relaxation part. The effective
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cluster interactions of the first part is obtained primarily with a GPM-based approach while the later is obtained using cluster expansion. In our case the impact
on the isostructural phase diagram of considering short range clustering beyond
the mean field approximation, obtained from the mixing enthalpy and entropy of
the random alloy, is rather small, especially in the composition region x ≤ 0.66,
within reach of thin film growth techniques.

Author’s contribution
I took a major part in the planning of this work, carried out the calculations, participated in analysis of the results and was responsible for writing the manuscript.

Paper IX
Pressure enhancement of the isostructural cubic decomposition in
Ti1−x Alx N

Summary
The effect of pressure on the phase stabilities of Ti1−x Alx N solid solutions are
studied using first principles calculations. The application of hydrostatic pressure is found to increase the tendency for isostructural cubic decomposition and
decrease the tendency for forming wurtzite structure AlN. The influence is sufficiently strong that it for certain compositions could impact in a desirable direction
the material stability in the tool-work piece contact during cutting operations.

Author’s contribution
I carried out the calculations, contributed in the interpretation of the results and
were responsible for writing the manuscript.

Paper X
Effects of volume mismatch and electronic structure on the decomposition of ScAlN and TiAlN solid solutions

Summary
The decomposition of cubic metastable Sc0.57 Al0.43 N and Ti0.51 Al0.49 N thin films
are studied experimentally using reactive sputtering deposition and stepwise annealing followed in sity by synchrotron x-ray scattering. Even though first-principles
calculations predicts similar values of the isostructural mixing enthalpies, a pronounced difference between the two systems in terms of decomposition mechanism is observed. It is shown that the electronic structure driving force for decomposition in TiAlN induces isostructural spinodal decomposition at temperatures around 800-1000◦C while the volume mismatch in the ScAlN system instead
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induces phase separation through nucleation and growth of coherent but nonisostructural wurtzite AlN at domain boundaries at 1000-1100◦C. The paper was
chosen as an Editors’ suggestion by the editors of Physical Review B.

Author’s contribution
I took part in the planning of our larger project regarding the phase stabilities
in the ScAlN system, performed the calculations included, and assisted in the
interpretation of the results as well as in the writing of the manuscript.

Paper XI
Origin of the Anomalous Piezoelectric Responce in Wurtzite Scx Al1−x N
Alloys

Summary
The experimentally reported anomalous 400 % increase in the piezoelectric coefficient of Scx Al1−x N alloys with respect to pure AlN is explained theoretically. The
effects comes from a pronounced change upon Sc addition in the response of the
internal atomic coordinates to strain and a softening of the C33 elastic constant.
The underlying mechanism is the flattening of the energy landscape due to a competition between two different nitrogen coordination schemes associated with the
wurtzite and hexagonal-ScN type structures respectively.

Author’s contribution
I took part in the planning of our larger project regarding the phase stabilities in
the ScAlN system, set up the SQS-structures, performed the calculations of the
energy landscape in Fig. 4 and assisted in the interpretation of the results. I also
assisted in the writing of the manuscript.

