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CHAPTER 1

Introduktion - Alkemi för ett nytt årtusende

En f̊agel flög rakt genom berget,
Genom mil av frusen sten.
Vingarna slog i graniten,
Ett förunderligt fenomen.

Kjell Höglund,
Genesarets sjö (1987).

SVUNNA tiders alkemister, kända namn som Hermes Trismegistus, Paracel-
sus och Albertus Magnus, sökte efter “De Vises Sten” eller “Clavicula
Solomonensis” - Salomos Nycklar. Detta var enligt legenderna en mystisk

substans med förmågan att omvandla bly till guld. 1 N̊agra av dessa alkemis-
ter, bland dem den legendariske Casanova - en man med många talanger -
sade sig ha lyckats med denna bedrift (för vilket de belönades med l̊angvariga
fängelsestraff). Efter denna tid utvecklades alkemin till kemi, med framst̊aende
upptäckter gjorda här i Uppsala under 1700-talet av t.ex. C.W. Scheele.
1800-talet förde med sig ytterligare revolutioner inom naturvetenskaperna, där
fysiken utvecklades till det ämne vi känner idag, efter t.ex. upptäckter om
elektricitet och magnetism av Maxwell och Örstedt. Det g̊angna 1900-talet var
ju i sin tur ett århundrade av ojämförliga framsteg inom naturvetenskapen,
framsteg ledda av naturvetenskapernas flaggskepp fysiken. Det är mot denna,
hastigt skissade, historiska fond av alkemi och naturvetenskap som dagens fasta
tillst̊andets fysik och materialvetenskap arbetar. I dessa dagar har man dock
gjort sig av med g̊angna tiders för̊aldrade ideer om magiska substanser och
byggt upp en mycket mer pragmatisk syn p̊a dessa förehavanden. Det är inte
omvandlingen av en värdelös metallklump till guld som är målet. Målet är att
omvandla ett simpelt material till en substans med egenskaper som gör det mer
värdefullt, om inte mer användbart, än guld självt.

1Man bör vara medveten om att denna framställning grovt förenklar alkemin, en disciplin
som även rymmer, förutom kemi, niv̊aer av symbolism och en egen existensiell filosofi.
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Chapter 1. Introduktion - Alkemi för ett nytt årtusende

Den kemiska bindningen, kraften som binder samman atomer till molekyler
och fasta material, är grunden till all existens som vi känner den. De veten-
skapliga teorier och metoder som används i denna avhandling beskriver den
växelverkan mellan atomer och elektroner som leder till denna oerhört vik-
tiga kemiska bindning. D̊a de gör detta inneh̊aller dessa teorier möjligheten,
och detta är jag säker p̊a, att öka v̊ar först̊aelse inom många, antagligen alla,
vetenskapliga omr̊aden rörande v̊ara dagliga liv. Denna avhandling behandlar
elektronstruktur i fasta material, s̊asom metaller och legeringar, men allt runt
omkring oss är uppbyggt av likadana atomer och deras elektroner. Den utökade
först̊aelsen av v̊ar omgivning genom att genomföra kvantmekaniska beräkningar
har börjat med metaller, p.g.a. deras enkla natur, men den har inte stannat
där och växer ständigt in i nya vetenskapliga fält. Teoriernas användbarhet
inom kemin och de farmaceutiska vetenskaperna har varit känd sedan länge
och p̊a senaste tiden har elektronstruktursberäkningar genomförts även inom
biologin, livets egna naturvetenskap. Försöken att modellera dessa livets bygg-
stenar har precis börjat, men med utlovade framsteg inom datorkapacitet och
beräkningsmetoder är det bara en tidsfr̊aga innan beräkningsfysiken (kanske
d̊a känd som beräkningsbiologi?) revolutionerar även denna vetenskap. Med
en fundamental först̊aelse av ett system fr̊an den elektroniska niv̊an kommer,
förutom en grundläggande vetenskaplig tillfredställelse, även en större kontroll
över de egenskaper och mekanismer som behärskar systemet, vare sig det är
metalliskt eller biologiskt. Denna först̊aelse ger allts̊a den förutsägande kraft
som kanske är målet för all naturvetenskap.

Denna avhandling behandlar teoretiska beräkningar av egenskaperna, s̊asom
fasstabiliteter, h̊ardhet (slitstyrka) och elektronstruktur, för ett flertal ämnen
och material. Målet med denna studie har varit trefaldigt och tvärvetenskapligt:
för det första var målet att öka först̊aelsen p̊a en fundamental vetenskaplig niv̊a
av materien och dess egenskaper och hur dessa bestäms av elektronstrukturen.
För det andra visar studierna kraftfullheten och användbarheten hos teoretiska
beräkningar som kan agera som komplement till experiment och bist̊a materi-
alvetenskapen i dess sökande efter nya skräddarsydda material. Sist, men inte
minst, har målet varit en direkt applicerbarhet där materialen och fr̊agorna
kring dem som studerats har varit s̊adana att de, förhoppningsvis, är av in-
tresse för en bredare publik inom det vetenskapliga samhället och inom den
industriella forskningen.

Avhandlingen är upplagd s̊a att den kan, återigen förhoppningsvis, läsas
p̊a flera komplementära niv̊aer. En första niv̊a, best̊aende av ett kort ab-
stract och denna introduktion (som även finns översatt till engelska), är rik-
tad till läsare oavsett vetenskaplig bakgrund. Den andra niv̊an, best̊aende av
stora delar av avhandlingssammanfattningen, vänder sig till läsare inom fasta
tillst̊andets fysik och materialvetenskap och inneh̊aller introduktioner till de
teoretiska metoderna och de fr̊ageställningar som forskats kring. Den tredje och
sista niv̊an är mer ing̊aende med en ordentlig genomg̊ang och analys av forskn-
ingsresultaten, dessa studier kan sedan utökas med direkt tillg̊ang till forskn-
ingsartiklarna och de tillhörande referenserna. Vid alla niv̊aer är målsättningen
att ge upphov till intresse och vidare studier, allt fr̊an att tända en gnista
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A Theoretical Treatise on the Electronic Structure of Designer Hard Materials

naturvetenskapligt intresse till att möjliggöra för den kunniga läsaren att själv
forska djupare i det presenterade forskningsfältet.

1.1 En teori rörande m̊anga elektroner

Som nämnts bestäms materiens egenskaper av elektronerna som omgärdar
atomkärnan och dessa elektroners växelverkan med varandra genom att skapa
kemiska bindningar. Ett fundament i de moderna fysikaliska teorierna rörande
materien är att ett materials grundegenskaper anges av materialets elektro-
niska laddningstäthet n(r) - fördelningen av elektronerna i rymden mellan
atomkärnorna. Om man känner till denna laddningstäthet kan man allts̊a
förutsäga ett materials alla egenskaper, s̊asom h̊ardhet, sprödhet, magnetism
och supraledningsförmåga. Att erh̊alla denna laddningstäthet är målet för elek-
tronstruktursberäkningar s̊asom de som presenteras här. Dessa beräkningar
sägs vara “fr̊an första principer” eller “ab initio”, menandes att de inte inne-
h̊aller n̊agra experimentellt bestämda parametrar. Den enda informationen
som behövs för att genomföra dem är vilka atomer som ing̊ar och var dessa
atomer är belägna. Man skulle kunna säga: Berätta Vilka atomer det är, Var
dessa atomer är belägna och sedan skall jag berätta Hur dessa atomer uppför
sig. Kan man begära mer av en teori rörande atomer och elektroner?

Utg̊aende fr̊an den fundamentala kvantmekaniken, kanske fysikens mest
spektakulära framsteg, grundad p̊a 1920-talet, konstruerades en modern teori
för att hantera system med många partiklar byggd p̊a användandet av laddnings-
tätheten p̊a 1960-talet av Hohenberg och Kohn. Denna teori blev känd som
Täthetsfunktionalsteori (engelskans Density Functional Theory - DFT), ett ar-
bete som gav Walter Kohn Nobelpriset i Kemi 1998, och denna teori är grunden
till allt arbete som presenteras i denna avhandling. Täthetsfunktionalsteori
kan sägas ge tv̊a bidrag till den kvantmekaniska mångpartikelsfysiken, som
inkluderar elektronstrukturen hos molekyler och fasta material. Det första
bidraget gäller först̊aelse. Fr̊an grundläggande kvantmekanik har teoretiska
fysiker och kemister lärt sig att tänka i termer av enpartikelsorbitaler men
när man eftersträvar en mycket hög noggrannhet blir den erfoderliga stor-
leken p̊a de s̊a kallade Slaterdeterminanterna ohanterlig och sv̊aröversk̊adlig.
Täthetsfunktionalsteori angriper problemet fr̊an en annan vinkel och använder
sig av den verkliga tredimensionella rymden och laddningstätheten i denna
rymd, en p̊ataglig och lättförst̊aelig storhet. Det andra bidraget är rent prak-
tiskt d̊a system med många partiklar, N fler än 10-20, behöver Slaterdetermi-
nanter som helt enkelt är sv̊arhanterliga, för att inte säga omöjliga att hantera
i praktiska beräkningar. Täthetsfunktionalsteori till̊ater hanterandet av gan-
ska stora system, upp till 100-1000 partiklar, och beräkningssv̊arigheten ökar
mycket l̊angsammare med antalet partiklar. 2

2Beräkningssv̊arigheten ökar med ungefär N2−3. Målet de senaste åren har varit att
finna en metod vars beräkningssv̊arighet ökar linjärt med antalet partiklar N , en s̊a kallad
O(N)-metod.

University of Uppsala 3



Chapter 1. Introduktion - Alkemi för ett nytt årtusende

1.2 Den vindlande vägen

Huvudelen av min forskning har best̊att av studier av h̊arda material. Detta
ämne valdes d̊a det innefattade en stimulerande blandning av teoretiskt ar-
bete med experimentellt samarbete och industriell relevans, samtidigt som det
möjliggjorde studier av ett brett spektrum fysikaliska problem. De teoretiska
studierna har varit tvärvetenskapliga, de har genomförts i nära samverkan
med experimentella oorganiska kemister, och har utforskat b̊ade elektronstruk-
turen hos det tredimensionella bulkmaterialet och den tv̊adimensionella ytan
för överg̊angsmetallkarbider/nitrider och oxider. De teoretiska studier som pre-
senteras i denna avhandling omfattar ett antal fr̊ageställningar och en rad olika
ämnen och system. Jag skall nu försöka att ge en kort “vägkarta” över forsknin-
gen som gjorts, en väg med mina artiklar som milstolpar som tar oss fr̊an de
första studierna till de allra senaste, förhoppningsvis visandes hur och varför
forskningen har f̊att den inriktning den fick.

Det första forskningsprojektet, som jag startade tillsammans med en grupp
oorganiska kemister, gällde en studie av de relativa fasstabiliteterna (skillnaden
i energi mellan olika strukturer av samma ämne) i MoC (molybdenkarbid)
och hur dessa fasstabiliteter p̊averkas av inklusionen av kolvakanser (Pub-
likationer I och II). Kolvakanser är n̊agot som förekommer naturligt i MoC
och närbesläktade ämnen, dessa vakanser har stora effekter p̊a ämnenas makro-
skopiska (mätbara) egenskaper. Efter att ha studerat effekterna p̊a en strukturs
egenskaper av en viss mängd vakanser föll det sig naturligt att utöka studien
till vad som händer om man har en stor vidd av olika vakanshalter, detta stud-
erades for kubisk MoC i Publikation III. Studierna av vakanser ledde till en
systematisk studie även av en annan grupp av punktdefekter, nämligen en rad
olika metalliska (Nb, W och Ru) och icke-metalliska (B, N och O) substitutioner
i kubisk MoC. Effekten av dessa substitutioner p̊a elektronstrukturen, de kohe-
siva energierna och bulkmodulerna (h̊ardheten) rapporterades i Publikation
IV. Licentiatsavhandlingen “Theoretical studies of phase stabilities and elec-
tronic structure in molybdenum carbide” (1999) och en inbjuden översiktsartikel
(Publikation XV) sammanfattande forskningen som dittills gjorts.

I de tidigare studierna av vakanser hade den viktiga hänsynen till lokala
relaxeringar runt kolvakanserna medvetet utelämnats (p.g.a beräkningssv̊arig-
heterna som dessa medför). De lokala relaxationerna av metall och kolatomerna
runt vakanser och effekten av dessa relaxationer p̊a elektronstrukturen och
fasstabiliteterna i TiC (titankarbid) studerades s̊aledes i Publikation V. D̊a
vi studerat effekten av en spännvidd vakanser i MoC ville vi även studera hur de
andra 4d-metallkarbiderna ZrC (zirkonkarbid) och NbC (niobkarbid) reagerade
p̊a inklusionen av kolvakanser. Denna studie, tillsammans med observationen,
och den efterföljande förklaringen, av systematiska skillnader och likheter i
de experimentella fasdiagramen för dessa tre ämnen (MoC, NbC och ZrC)
ledde till Publikationerna VI och VII. Den tidigare nämnda detaljerade
studien av TiC ledde även till ett samarbetsprojekt om vakansordningen i TiC
(Publikation XIII).

Alla hittills presenterade forskningsprojekt har rört egenskaper hos bulk-
material, d.v.s. tredimensionella objekt, men i verkligheten är även egen-
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skaperna hos den tv̊adimensionella ytan viktiga och skilda fr̊an bulkmateri-
alets egenskaper. Studier har därför gjorts p̊a ytans elektroniska egenskaper
s̊asom ytenergier (som kan vara sv̊armätbara för karbider p.g.a. deras höga
smälttemperaturer) och utträdesarbeten för 3d, 4d och 5d överg̊angsmetallkarbider
(Publikation X). Ytsegregationen (tendensen för ett ämne att “flyta” upp
till ytan), en viktig process att kunna kontrollera vid tillverkningen av yt-
belägningar, av 3d, 4d och 5d överg̊angsmetaller p̊a en TiC (100) yta har även
studerats (Publikation XI).

D̊a h̊ardhet (slitstyrka) är en av de viktigaste egenskaperna hos de överg̊angs-
metallkarbider (s̊asom MoC, ZrC och NbC) som studerats har jag inbjudits till
ytterligare tv̊a samarbetsprojekt mellan teoretiska och experimentella veten-
skaper studerande andra h̊arda material. Resultaten fr̊an studier p̊a stabili-
seringen av det potentiellt ultrah̊arda (betydande lika h̊art eller h̊ardare än
diamant) materialet RuO2 beskrivs i Publikation VIII och IX. För det
andra inleddes ett samarbete visande hur teoretiska beräkningar förutsp̊ar
och förklarar vissa egenskaper av wolframkarbid (Publikation XIV). Sist,
men inte minst, har forskningen p̊a de h̊arda metallkarbiderna lett fram till
upptäckten av en patentansökt mekanism för tillverkning av nya superh̊arda
s.k. multilagersmaterial (beskriven i Publikation XII).

Utg̊aende fr̊an denna korta introduktion till den historiska och idemässiga bak-
grunden till det teoretiska fasta tillst̊andets fysik och till mitt forskingsarbete,
inbjuder jag er alla att fortsätta in i avhandlingen i er egen takt, och till ett
s̊adant djup som passar envar.
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CHAPTER 2

Introduction - Alchemy for a new millennium

We are dwarfs perched on the
shoulders of giants.
We therefore see more and
farther than they,
not because we have keener
vision or greater height,
but because we are lifted up and
born aloft on their gigantic
stature.
Bernard of Chartres (c.a 1200).

THE alchemists of old times, men of renown like Hermes Trismegis-
tus, Paracelsus and Albertus Magnus, searched for the “Philosopher’s
Stone” or the “Clavicula Solomonesis” - the Keys of Solomon. This

was a mysterious substance with transmutational properties said to have the
power to turn lead into gold. 1 Some, among them the legendary Casanova -
a man of many skills - even claimed to have succeeded in finding this magical
substance (a claim for which they were often thrown into jail). Since these
times alchemy has evolved into chemistry, with ground-breaking discoveries
(identifying for example oxygen) made here in Uppsala in the 18th century by
men like C.W. Scheele. The 19th century brought a further revolution in the
natural sciences where physics became the subject we know today, spurred by
discoveries on electricity and magnetism by Maxwell and Örstedt, to name a
few. The previous 20th century was, of course, one of unparalleled scientific
progress spearheaded by the queen of natural sciences; physics. This is some of
the historical background against which the solid state physics and materials
sciences of today operate. In these modern times scientists have, however, dis-
carded the antiquated ideas of magical substances and hold a more pragmatic
view in these matters. It is not the turning of a worthless bauble into gold that
is of the essence. The goal is to turn some base material into a substance with
properties that make it more valuable, if not more useful, than gold itself.

1One should note that alchemy is a more sophisticated discipline than is portrayed here
harboring, alongside with chemistry, subtle levels of arcane symbolism and existential phi-
losophy.
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The chemical bond, the binding force between atoms in a molecule or a
solid, is what makes all existence as we know it possible. The scientific theories
and methods used in this thesis describe the nature and interactions of atoms
and electrons which lead to the formation of these crucial bonds. Because of
this they hold within them the power, and of this I am certain, to increase the
physical understanding in many, if not all, of the scientific fields of our day-to-
day life. The work presented here deals with the electronic structure of solids,
such as metals and their alloys, but all things around us are built from atoms
and their electrons. The understanding of our physical surroundings by mak-
ing quantum mechanical calculations has begun with the metals, for reasons
of their simplicity, but has not stopped there and is growing into new fields
daily. The applicability in chemistry and the pharmaceutical sciences have
been known for quite some time now and lately the field of electronic structure
calculations has breached into biology, the science of life itself. The attempts
to model the building blocks of life has just begun, but with advances in com-
puter power and the computational models, it is only a question of time before
computational physics (then called computational biology?) revolutionizes also
this science. With a fundamental understanding from an electronic level of a
system comes, apart from its basic scientific appeal, a more complete control
over the properties and mechanisms governing any system, be it metallic or
biological. This understanding gives the power of prediction which is perhaps
the ultimate goal of all sciences.

The thesis presented here deals with theoretical calculations of the proper-
ties, like phase stabilities, hardness and electronic structure, for several com-
pounds and materials. The object of the study has been of a threefold cross-
disciplinary nature: firstly the object has been to gain further knowledge on a
fundamental scientific level of the properties of matter and how these are gov-
erned by the electronic structure. Secondly, the studies presented demonstrate
the versatility and increased applicability of theoretical calculations as a com-
plement to experiment and as a new tool for the materials scientist in his or
her search for novel designer materials. Last but not least, the object has been
one of direct applicability where the materials and questions studied have been
of such a nature that they, hopefully, give answers of immediate concern and
interest to a broader audience in the scientific community and among industrial
researchers.

The thesis has been disposed in such a manner that it will, again hope-
fully, lend itself naturally to reading at several complementary levels. The first
level, contained in the abstract and first sections of the introduction (which
have also been translated into Swedish) opens up to readers of a very general
background. The second level is directed to readers from within the solid state
physics and materials science community with introductions to the theoretical
background and the topics covered in my research. The third level is more
detailed where a thorough analysis of the results obtained from the theoretical
studies is presented, which can then be further complemented by direct access
to the articles and publications themselves together with relevant references.
At all levels the object is to give rise to further studies by the interested reader,
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from lighting the spark of basic curiosity to enabling the skilled and interested
reader to delve further into the field of research by him or herself.

2.1 A theory of many electrons

The properties of matter are governed by the electrons surrounding the atomic
nuclei and their interactions with one another by forming chemical bonds.
A fundamental pillar in modern physical theories of materials is that all the
ground state properties of a material are completely determined by the elec-
tronic charge density n(r) - the real space distribution of electrons around the
atoms. If one has access to this charge density then one can correctly predict
the properties of the material, like the hardness, ductility, magnetism or super-
conductivity. Obtaining this charge density is the object of electronic structure
calculations such as the ones presented here. These calculations are said to be
first principles or ab initio meaning that they do not contain any input from
experiment. The only information necessary to make the calculations is the
species of the constituent atoms and their geometric positions. Simply put; tell
me What it is, Where it is and I will tell you How it will behave. Can you ask
more from a theory of electrons?

From the basics of quantum mechanics originating in the 1920’s, perhaps
the most spectacular advance in physics, a modern theory for the handling of
systems with many particles using the charge density n(r), was constructed in
the 1960’s by Hohenberg and Kohn. It came to be known as Density Functional
Theory (DFT), a theory for which Walter Kohn was awarded the Nobel Prize
in Chemistry 1998, and this theory is the basis of all the work presented in this
thesis. Density functional theory can be said to make two kinds of contribu-
tions to the science of multi-particle quantum systems, including the electronic
structure of molecules and condensed matter. The first contribution is one of
understanding. From the fundamental quantum mechanics, theoretical physi-
cists and chemists have become used to thinking in terms of single particle
orbitals, but when high accuracy is required the number of Slater determinants
become prohibitive and comprehension becomes difficult. DFT takes another
approach, focusing on real three-dimensional space using the electron density
n(r), a tangible and easily understood entity. The second contribution is prac-
tical, since systems with many particles (more than 10-20) lead to extremely
large numbers of Slater determinants that are simply intractable, not to say
impossible to handle in practical calculations. DFT allows for the handling
of fairly large systems, N from 100 - 1000, and the computational effort rises
much more moderately with the increasing number of atoms. 2

2The computational effort increases with roughly N2−3. The goal is now to find a method
which scales linearly with the number of atoms (N), a so-called O(N)-method.
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2.2 The long winding road

The focus of my research has been on theoretical studies of hard materials, a
subject that was chosen because it promised a stimulating combination of the-
oretical work with experimental input and technological relevance, that also
would give a wide variety of research topics to study. The theoretical inves-
tigations have been of a cross-disciplinary nature, made in close collaboration
with experimental inorganic chemists, and the research has addressed both
bulk and surface electronic properties of transition metal carbides/nitrides and
oxides. The theoretical studies presented in this thesis spans over a number
of topics and systems. I will therefore try to give a brief “road map” of the
research conducted, taking us from the first publications to the latest, showing
how and why the studies were made in the order that is found.

First I started, together with experimental inorganic chemists, by looking
at the relative phase stabilities of MoC and how these phase stabilities were ef-
fected by the inclusion of vacancies in the structures (Publications I and II).
Carbon vacancies occur naturally in MoC and many related compounds and
have important effects on their macroscopic (measurable) properties. Having
studied the effect of a given vacancy concentration on the phase stabilities of
MoC, the urge was sparked to study the effect of a larger range of vacancy con-
centrations. This was done for cubic MoC in Publication III. The study of
vacancies lead me to make a systematic study of another point defect, namely
several different metallic (Nb, W and Ru) and non-metallic substitutions (B, N
and O) in the cubic MoC system. The effect of these substitutional impurities
on the electronic structure, cohesive energies and bulk moduli of the system
was reported in Publication IV. The studies up to this point in time were
reported both in the invited review article (Publication XV) and in my li-
centiate thesis “Theoretical studies of phase stabilities and electronic structure
in molybdenum carbide” (1999).

In the earlier studies of vacancies the important consideration of local relax-
ations around the vacancies had been knowingly omitted (for reasons of com-
putional efficiency). The local relaxation of metal and carbon atoms around
vacancies, and the effect of this on the electronic structure and phase stabili-
ties of TiC, was therefore studied in Publication V. Having studied the phase
stability of MoC over a large range of vacancy concentrations it was natural to
wonder if the same behavior was also found in the other 4d transition metal
carbides (TMCs); ZrC and NbC. This, together with the observation of, desire
and resulting ability to explain, some of the consistent trends in the experi-
mental phase diagrams of these systems, led to the study of the phase stability
diagrams detailed in Publications VI and VII. The detailed study of vacan-
cies in TiC over a large range of stoichiometries led to a collaboration studying
the vacancy ordering problem in TiC (Publication XIII).

The hitherto discussed investigations have all been concerned with the prop-
erties of bulk, i.e. three dimensional systems, whereas in reality the properties
of the two dimensional surface are also important and different from those of
the bulk. Studies have accordingly been made also of the surface electronic
properties, such as the surface energies and work functions of the 3d, 4d and
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5d TMCs (Publication X), and the surface segregation of 3d, 4d and 5d
transition metal impurities on the TiC [100] surface (Publication XI).

Since hardness is one of the chief attributes of the TMCs, I became involved
in two joint ventures between theory and experiment studying hard materials.
The results from theoretical studies of the stabilisation of the potential super-
hard material RuO2 are detailed in Publications VIII and IX. Secondly,
a collaboration with tribological materials scientists was made to show how
results from theoretical electronic structure calculations predict and explain
the properties of binderless tungsten carbides (Publication XIV).

Finally, the studies of the phase stabilities of the 4d TMCs had shown that
the most stable phase changed as a function of valence electron concentration
(VEC) from a cubic phase to an hexagonal phase. This discovery prompted a
larger study of the 3d, 4d and 5d TMCs to see if such a transition was common
to all three periods. The identification of such a region in the VEC, where
several phases have the same or similar total energies, and the combination of
this with a proposed mechanism for enhanced hardness in these industrially
important hard materials led to Publication XII and the patent application
called “A surface coating”.

From this brief introduction to the historical and intellectual background of
theoretical solid state science within DFT, and more specifically to the work
done here, I invite you one and all to continue into the thesis at your own pace
and to your own particular depth.
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CHAPTER 3

The many-body problem

These songs will not be to everyone’s
taste, for there is little variation
among them, all of them containing
the same words, ...
May those who find them pleasing sing
them; may those who do not, go off to
sleep.

Andrija Kacic-Miosic,
The Pleasant Conversation of

the Slavic People, Venice (1756).

THE properties of matter are governed by the behavior of almost mass-
less electrons which move around much heavier nuclei. If we want a
theoretical model describing matter we therefore need to solve a sys-

tem dealing with the interactions of a very large number of particles, in most
macroscopic cases of the order of many moles, i.e 1023 electrons. From this
it is evident that in order for us to manage to describe a real system some
approximations and simplifications have to be made. The main purpose of my
presentation here is to convey the main concepts that allow us to perform this
Herculean scientific feat [1].

In a quantum mechanical description of a system it is necessary to solve the
Schrödinger equation:

HΨ = εΨ. (3.1)

A system consisting of many electrons is described by its many-electron wave
function Ψ(r1, r2, ..., rN ), where ri denotes particle coordinates and spins. In
order to obtain the full many-electron wave-function an approximation is made,
due to Hartree (1928), describing the many-electron wave-function as a product
of single-particle wavefunctions, i.e

Ψ(r1, r2, ..., rN ) = ψ1ψ2...ψN . (3.2)

Each of the functions ψi then satisfies a one electron Schrödinger equation:
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Hψi = εiψi. (3.3)

The many-particle wave-function can be improved if one instead of a product
wave-function uses a determinantal wave-function, a so-called Slater determi-
nant (Hartree-Fock 1930). Using a Slater determinant makes the wave-function
anti-symmetric (necessary since electrons are fermions) and therefore takes into
account exchange effects. Using a determinantal wave-function and solving the
Schrödinger equation is known as Hartree-Fock (HF) theory and any effects
beyond the Hartree-Fock theory are known as correlation effects. A further
improvement to HF-theory is given by so-called Configuration Interaction (CI),
where one makes a linear combination of the lowest lying configurations in a
system to represent the wave-function. In principle this approximates the ex-
act wave-function to an arbitrary accuracy, but the explosive increase in the
number of configurations with increasing electron number makes this method
prohibitive in all but the most simple systems.

The Hamiltonian H in Eq. 3.3 describes the interactions of the electrons
with their surroundings, consisting of the nuclei in the solid and the other
electrons. The full Hamiltonian, which completely describes all the electronic
interactions, will therefore have the following terms:

H = − h̄2

2

∑
i(nuclei)

∇2
i

Mi
+

1
2

∑
i�=j(nuclei)

ZiZj

|Ri − Rj | −
h̄2

2m

∑
k(electrons)

∇2
k

+
1
2

∑
k �=l(electrons)

e2

|rk − rl| −
∑
i,k

Zie

|ri − Rk| . (3.4)

In this Hamiltonian m and rk denotes the electron mass and coordinates, Mi

and Ri nuclear masses and coordinates, while Zi is the charge of the constituent
nuclei. The first term in Eq. 3.4 is the kinetic energy term for the nuclei, the
second term is the Coulomb energy term between the nuclei, the third term
is the kinetic energy term for the electrons, the fourth term is the interaction
between the electrons and the last term is the Coulombic interaction between
the electrons and the nuclei. Since the nuclei are much heavier, and therefore
slower than the electrons, we can make the so-called Born-Oppenheimer ap-
proximation and say that the nuclei are stationary, and that our equations will
be solved for the electrons around these stationary nuclei. This allows us to
remove the first term. The second term is only a constant (since the nuclear
positions are known), and is not considered until we actually calculate the total
energy. We are now left with three terms concerning the electrons;

H = − h̄2

2m

∑
k(electrons)

∇2
k +

1
2

∑
k �=l(electrons)

e2

|rk − rl| −
∑
i,k

Zie

|ri − Rk| . (3.5)

Another more transparent way of writing this Hamiltonian is:
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H = T + W + Vext, (3.6)

where T is the kinetic energy term, W the electron-electron Coulomb inter-
action and Vext the interaction between the electrons and the nuclei (called
external interaction).

3.1 Density functional theory

One of the most successful modern theories for calculating the properties of
matter, the founder being given the Nobel prize in 1998, is Density Functional
Theory (DFT) [6]. In Density Functional Theory the basic variable is the charge
(electron) density n(r). The theory was initially formulated by the theorems
by Hohenberg and Kohn, but has since grown and is now one of the main
theoretical tools for understanding the properties of matter. The idea to use the
electron density as the basic variable when describing the properties of matter
did not originate with Hohenberg and Kohn. Thomas-Fermi theory (Fermi
1928) proposes a scheme based on n(r) but assumes uncorrelated motion of the
electrons, this theory was later improved by Dirac (1930) to include exchange
by a term derived from the exchange energy in a homogeneous system. The
exchange potential in a system of variable density can be approximated by a
term [n(r)]1/3, n(r) being the local density. This [n(r)]1/3 dependence is a
consequence of the exchange hole or Fermi hole. This hole is the region near
an electron which is avoided by electrons of the same spin. Modern density
functional theory approximates the full non-local exchange with a term based
on the local density, hence called the Local Density Approximation (LDA).
The local density approximation is widespread in solid state physics, but there
are more modern terms with which to treat the full non-local exchange such
as the Generalized Gradient Approximation (GGA), where the term is more
complex based on contributions also from the gradient of the local density,
or higher orders of derivatives such as the Laplacians, then being known as
meta-GGAs [7]. Common to all these approximations (LDA, GGA, meta-GGA
etc.) is that their main result and raison d’etre is that they allow us to solve
Schrödinger type equations with local effective potentials.

One can speculate why density functional theory is so successful, one of the
reasons that DFT and its local approximations to the exchange term work may
be that in solids, and to a lesser degree also in molecules, the electron density
shows small and slowly varying departure from that of overlapping atomic
densities. Properties like bonding, ionization, cohesive energies all result from
these subtle changes in the relatively featureless density distribution. Another
explanation to the success is that the approximations made in the LDA and
GGAs to the non-local exchange are fairly good (more about this in the next
section).
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3.2 Single-particle equations

Having made some introductory remarks about the physics of many-electron
systems, we are now in the position where we can formulate the main statements
of Density Functional Theory which say that:

i) The ground state expectation value of any observable, including the total
energy, is a unique functional of the exact ground state density n(r),

and

ii) The exact ground state density minimizes the total energy functional E[n].

The total energy functional that needs to be minimized in order to find the
true ground-state is [8]:

E[n] = T0[n] +
∫

dr3n(r)[Vext + Φ(r)] + EXC [n], (3.7)

where T0[n] is the kinetic energy of a non-interacting electron system with
density n(r), Vext is the potential from the nuclei, Φ(r) is the Coulomb potential
from the electrons and EXC is the exchange-correlation energy. We can thus
look at this as if we have an effective potential

Veff (r) = Vext + Φ(r) +
δEXC [n]

δn(r)
, (3.8)

which must enter in the one particle Schrödinger equations (Eq. 3.3). Important
to note here is that in the practical implementation of the Kohn-Sham scheme
only EXC requires approximation. For more general systems the spin is also
included in the formulations above in a manner that is, at least conceptually,
quite simple. The charge density n(r) is replaced as the variable by the density
matrix ραβ(r) defined by:

ραβ(r) = 〈Ψ|ψ+
β (r)ψ+

α (r)|Ψ〉 (3.9)

where

∑
α

∫
drραα = N, (3.10)

and N is the number of electrons. All ground state properties are now func-
tionals of the density matrix ραβ and the energy E is required to be stationary
with respect to variations in ραβ. The potentials are also allowed to be spin
dependent so

Vext−→V αβ
ext (3.11)
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and

V αβ
XC =

δEXC

δραβ
. (3.12)

The correct term for this would then be that we no longer have LDA (Local
Density Approximation) but LSDA (Local Spin Density Approximation), but
the two terms are often used interchangeably and throughout this thesis we
will therefore continue to use the abbreviation LDA.

3.2.1 Exchange-correlation energy and the electron hole

The one term in the Kohn-Sham total energy expression (Eq.3.7) which has
to be approximated in some way in the current theoretical framework is the
exchange-correlation function (EXC). When discussing approximations to EXC

it is useful to introduce the concept of an exchange-correlation hole. Since
electrons interact with each other, correlating their motion so that they tend
to avoid each other: ”An electron at r reduces the probability of finding another
electron at r′”, and every electron is surrounded by a hole in the electron density
of equal and opposite charge [3]. In LDA (LSDA) the exchange-correlation
energy is written as

ELDA
XC =

∫
drn(r)εXC [n↑(r), n↓(r)], (3.13)

where εXC is the exchange-correlation energy per particle in a homogeneous
spin-polarized electron gas. We can also write an exact term for the exchange-
correlation energy using the exchange-correlation hole [3]:

EXC =
1
2

∫
drn(r)

∫
dr′

1
|r − r′|nXC(r, r′ − r), (3.14)

where nXC(r, r′ − r) is the exchange-correlation hole and obeys the sum rule
(charge = -1):

∫
dr′nXC(r, r′ − r) = −1. (3.15)

It can now be shown that making a variable substitution R = r′ − r, EXC

can be written as [3]:

EXC =
1
2

∫
drn(r)

∫ ∞

0

dRR2 1
R

∫
dΩnXC(r, R), (3.16)

from this we see that the exchange depends only on the spherical average of
nXC . Herein lies the answer to why the LDA approximation works so well:
Even if LDA doesn’t give the right form for the exchange-correlation hole it
does give a spherical average which is very close to the real one [3].
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3.3 Limitations of density functional theory

Though DFT has been hugely successful, far more than was initially expected,
there are limits to the questions about electronic structure that DFT can an-
swer. Fundamentally, DFT only concerns the electronic ground-state structure,
this means that it is not meant to be used to study excited states (though tricks
enabling one to do so exist), and for example the band-gap (being the energy
difference between the filled valence band and the unfilled conduction band)
in semi-conductors comes out incorrect by several factors. A famous error is
also found for some transition-metal oxides that are predicted to be metallic,
when they are in-fact insulators. Other traditional short-comings of DFT have
later been attributed to failures of the specific exchange-correlation functions
used, for example the failure to predict the ground-state structure of Fe (be-
ing bcc) has been found to be corrected when using a GGA instead of LDA.
When finding an incorrect result, it is in general difficult to be certain from
where the problem stems; is it a fundamental problem with DFT, or a fail-
ure due to LDA/GGA, or due to using an incomplete basis-set, etc ... . As
a caveat to future theoreticians, one should also question if the experimental
“answer” is always correct, and whether the experiment actually probes the
quantity that is being gauged in the theoretical calculations. Though it is im-
portant to be aware that there are limitations to the applicability of DFT (and
the exchange-correlation functions used), one should perhaps not be too pes-
simistic, and instead view these procedures as an experimental computational
set-up and simply try to push the limits of the theory, of course always seeking
to validate ones findings in experiment.
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The computational methods

Is simplicity best,
Or simply the easiest?

Martin L. Gore,
Songs of Faith and Devotion (1993).

HAVING set the stage of the physics governing the behavior of the elec-
trons in a solid we must now solve the actual problem at hand. Like
in many other modern computational research disciplines, this means

solving the equations using large computer codes and massive computational
power. The solving of the equations given from Density Functional Theory is
not as straight-forward as may be presumed. Many choices on levels of ap-
proximation (short cuts) and technical details have to be made along the way.
Though being in no way exhaustive, in this chapter we will briefly explain some
of the mechanics of solving the single-particle equations in a crystal and outline
the differences between the methods that have been used in this thesis to solve
said equations [9]. We therefore now return to the one-particle equations using
the effective potential introduced in the previous section (Eq. 3.8):

[−∇2 + Veff ]ψi(r) = εiψi(r), (4.1)

from this equation we can find the electron charge density n(r) since:

n(r) =
N∑

j=1

|ψj |2. (4.2)

Because both Φ and VXC depend on n(r) we can calculate a new Veff (r) using
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the local density approximation, GGA, etc, for the exchange-correlation and
the Poisson equation for the electrostatic contribution:

∇2Φ(r)i = −4π
N∑

j=1,j �=i

|ψj |2. (4.3)

We repeat, reiterate, this process until self-consistency is reached. By self-
consistency we mean that the difference between the Veff (r) (or n(r)) obtained
in iteration m only varies by a small amount δ (arbitrarily small and chosen
as the criterion for convergence) from the V (r) obtained by iteration m − 1.
Often one finds that taking the whole new n(r) and using it in Eq. 4.1 gives
bad convergence, and usually one only mixes in a small amount of the new
solution, (e.g. 5% mixing):

nin
m+1(r) = (1 − 0.05) ∗ nin

m−1(r) + 0.05 ∗ nout
m (r). (4.4)

When self-consistency has been reached we calculate the total energy of the
system of electrons and nuclei using the total energy expression of our functional
(Eq. 3.7).

4.1 A periodic and symmetric crystal

As was mentioned before, it would be difficult to solve the equations if we
had to calculate them for all the electrons in the material. This is where the
important concept of a crystal 1 comes into effect. Since the potential in an
infinite crystal will be periodic, i.e. invariant under translations T, solving the
equations in some reduced part of the system will solve the entire system since
these solution will necessarily repeat themselves on the lattice of the crystal.
To take it from the beginning; we can express translational invariance of the
potential as

V (r + T) = V (r) (4.5)

where T is defined as

T = m1a1 + m2a2 + m3a3. (4.6)

The vectors {ai} are the real-space Bravais lattice vectors that span the crystal
cell and {mi} are integers. Using the Born-Karman boundary condition this

1In solid state physics “crystal” means something whose structure can be described by
a given lattice and a basis. This seems to have little to do with the everyday meaning of
crystals, but in fact the shiny stones which lend their lustre to the rich and beautiful are also
crystals in the scientific sense.
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gives us that the wave-function will also be periodic, apart from a phase factor
(Bloch’s theorem):

ψk(r + T) = eik·Tψk(r) (4.7)

where k is the Bloch (wave)vector. The phase factor will be unity for some
electronic states. This happens when the wave-vector corresponds exactly to a
reciprocal lattice vector defined by

g = 2π(n1b1 + n2b2 + n3b3) (4.8)

the ni are integers and bi are the basis vectors of the reciprocal lattice, i.e

ai · bj = δij (4.9)

for k=g

eik·T = eig·T = e2πimini = 1. (4.10)

From this one sees that the periodicity in real space also introduces a periodicity
in reciprocal k-space, and that an electron state with wave vector k′ = k+g will
also satisfy the Bloch condition. When we consider the electronic structure of a
solid it is thus not necessary to consider all the vectors. We need only consider
the wave vectors contained inside the region of reciprocal space known as the
Brillouin Zone (BZ). In addition to the translational symmetry, the crystal
is also symmetric under rotations, this meaning that there are symmetries
(rotations, inversion and products of them) which transform one wave vector
into another wave vector (once again reducing the space in which we need to
solve our equations). The smallest possible zone which defines a complete set
of wave vectors is called the irreducible part of the BZ. This reduction of the
crystal by symmetry further reduces the computational effort needed.

Following the energy principle (minimize total energy), and the Pauli exclu-
sion principle, the eigenstates (with eigenvalues εi(k)) are filled starting from
the lowest eigenvalue and up. The energy value of the highest filled eigenstate
is known as the Fermi energy (εF ). The Fermi energy is defined by

N =
∫ εF

−∞
D(ε)dε, (4.11)

where N is the number of valence electrons and D(ε) is known as the Density
of States (DOS). A typical DOS (from cubic δ-MoC) is shown in Fig. 4.1.
The one-electron states most relevant for physical properties are those with
energies around the Fermi level. These states are important for the stability of
the crystal structure, transport properties, susceptibility, etc.
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Figure 4.1: The partial density of states for cubic NaCl-structured (B1) δ-MoC.
The Fermi level is indicated by a solid vertical line.

4.2 Linear combination of atomic orbitals

In order to solve Eq. 4.1 we need to expand ψi in a basis of other known
functions. This may be done by using the eigenfunctions αj(r) of the bound
states for a free atom:

|ψ〉 =
∑

j

cj |α〉. (4.12)

Since one cannot use an infinitely large basis, one needs to choose a large enough
basis to describe a particular problem, yet not too large as to make the compu-
tations unnecessarily heavy. This technique of using the states of the isolated
atom as basis functions is called Linear Combination of Atomic Orbitals: the
LCAO method. Inserting this expansions into Eq. 4.1 and multiplying from
the left with 〈α′| we get:

∑
j

cj [〈α′|Heff |α〉 − ε〈α′|α〉] = 0. (4.13)

This can be written as the secular equation:

[H− ε(k)O]u = 0, (4.14)

where H is the Hamiltonian matrix, O is called the overlap matrix and u is
a column vector containing the coefficients cj . This eigenvalue problem must
be solved for each wave vector (k-point) k. Eq. 4.14 can be solved for c if
and only if det(H − ε(k)O) = 0. This gives an equation in ε which can be
solved and which makes it possible to calculate c, and we have thus found a
first solution to Eq. 4.1. This solution can then be put into the next iteration
in our self-consistent scheme (mentioned earlier).
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4.3 Linear muffin-tin orbitals

The choice of basis-functions is crucial for the efficiency of the computational
method and the first step in the implementation of a DFT method is to repre-
sent the wave function is some basis-set. It is important that the wave functions
can be expanded with a minimal number of coefficients without losing accu-
racy, and at the same time taking into account how complex the representation
of the Kohn-Sham equation becomes in the chosen basis set. So important is
the choice of basis-set that the different computational methods are denoted by
this choice, for example Linear Muffin-tin Orbitals (LMTO), Full-Potential Lin-
earized Augmented Plane Waves (FP-LAPW) and Plane-wave pseudo-potential
methods (though in the case of pseudo-potentials we also have other differ-
ences). In the LMTO method a sphere of radius SMT is assigned around each
atom, this sphere is called the muffin-tin sphere (MT). This division of space
is done to simplify the problem by dividing the potential (and the solving of
the equations) into two separate regions:

VMT(r) =
{

V (r) , r < S
VMTZ , r ≥ S

(4.15)

The potential is seen here as being spherically symmetric (V (r)) inside the
muffin-tin sphere and constant (VMTZ) outside this sphere. In this geometry
the basis functions can now be constructed as Bloch sums of so-called muffin-tin
orbitals:

χlm = ilY m
l (r̂)

{
ψl(E, r) + Pl(E) (r/S)l

2(2l+1) , r ≤ SMT

(r/S)−l−1 , r ≥ SMT

(4.16)

where ψl(E, r) is a solution of the radial Schrödinger equation inside the muffin-
tin spheres. The potential function Pl(E) and the normalization of ψl(E, r) are
determined by requiring differentiability and continuity on the sphere boundary.
The tail of the basis function, i.e. the part outside the muffin-tin sphere can in
general be written as a Neumann function but in Eq.4.16 the kinetic energy of
this tail, known as κ2, is chosen to be zero and therefore the Neumann function
has this particularly simple form.

In the atomic sphere approximation, LMTO-ASA, the muffin-tin spheres are
overlapping in such a way that the total volume of the muffin-tin spheres is the
same as the unit cell volume. The potential is also assumed to be spherically
symmetric inside each muffin-tin sphere. The energy dependence of the muffin-
tin orbitals (see Eq. 4.16) is introduced to linearize the wavefunctions with
respect to energy [12]. One then expands, in energy, the radial wave function
ψl(E, r) around some energy Eν . These linear muffin-tin orbitals are written
as:

φlm(r, E) = ilY m
l (r̂)(φν (r) + ω(D(E))φ̇ν(r)), (4.17)
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where ψl(Eν , r) is denoted φν(r) and its energy derivative is denoted φ̇ν(r).
The wavefunctions are normalized and ω(D(E)) is chosen in such a way that
φlm(r, D) and its derivative matches continuously to the tail function at the
muffin-tin sphere boundary.

4.4 A full-potential linear muffin-tin orbital method

In a full potential method the idea is to describe the potentials and charge
densities in the crystal without the approximation of regarding them as neces-
sarily spherical. In the FP-LMTO method, the unit cell is divided into non-
overlapping muffin-tin spheres around the atoms and an interstitial region out-
side these spheres. Inside the atomic spheres (indexed by τ) the potential
and electron densities are expanded in a way that no longer requires spherical
symmetry:

nτ (r) =
∑

h

nτ (h; rτ )Dh(r̂τ ) (4.18)

and

Vτ (r) =
∑

h

Vτ (h; rτ )Dh(r̂τ ), (4.19)

where Dh(r̂τ ) are linear combinations of spherical harmonics (Y m
l (r̂τ )) which

are chosen such that they are an invariant representation of the local symme-
try group. The expansion coefficients nτ (h; rτ ) and Vτ (h; rτ ) are numerical
functions given on a radial mesh and are calculated self-consistently. In the in-
terstitial region the (periodic) charge density (nI(r)) and the effective potential
(VI(r)) are expanded in Fourier series:

nI(r) =
∑
G

nGeiG·r (4.20)

and

VI(r) =
∑
G

VGeiG·r, (4.21)

where G are reciprocal lattice vectors spanning Fourier space. The basis func-
tions in the FP-LMTO method are linearized in the same fashion as in the
LMTO method (Eq. 4.17) and to each orbital in the muffin-tin sphere a tail
from the interstitial region is added (no longer of the simple ASA form used in
Eq. 4.16):

Km
κl(r) = −κl+1ilY m

l (r̂)
{ −h+

l (κr) , κ2 ≤ 0
nl(κr) , κ2 ≥ 0 , (4.22)
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where h+
l (κr) is a spherical Hankel function of the first kind and nl(κr) is a

spherical Neumann function. These so-called envelope functions are κ depen-
dent. This introduces a κ dependence for the basis functions inside the muffin-
tin sphere through the matching condition at the sphere boundary. This is not
a problem since the ground state is still found from a variational method, using
several several basis functions with the same quantum numbers l and m, but
different κ values.

We are now in the position to construct Bloch sums of our LMTO basis
functions inside the muffin-tin spheres, in order to evaluate this Bloch sum
one makes a so-called one-center expansion of the basis functions inside the
muffin-tin spheres leading to:

ψk
i (rτ ′) = ΦK

κL(rτ )δττ ′ +
∑
L′

ΦK
κL′(rτ ′)Sk

L,L′(τ, τ ′, κ). (4.23)

The Sk
L,L′(τ, τ ′, κ) are the so-called structure constants and the basis function

ψk
i (rτ ′) should be viewed as how orbital i (centered on atom τ) appears when

viewed from the site of atom τ ′. We also introduce a convenient notation for
the basis functions:

|Ψi(k)〉 = |ψi(k)〉 + |Pi(k)〉, (4.24)

where |ψi(k)〉 is the basis function inside the muffin-tin spheres (Eq. 4.23) and
|Pi(k)〉 represents the basis functions, tails (Eq. 4.22), outside the spheres. We
can thus split the secular equation (Eq. 4.14), coming from the Kohn-Sham
equation (Eq. 3.7), into the following:

∑
j

[H0
ij + H1

ij − ε(k)Oij ]uj = 0 (4.25)

where

H0
ij = 〈ψi(k)|H0|ψj(k)〉, (4.26)

Oij = 〈ψi(k)|ψj(k)〉 + 〈Pi(k)|Pj(k)〉 (4.27)

and

H1
ij = 〈ψi(k)|Vns|ψj(k)〉 +

1
2
(κ2

i + κ2
j)〈Pi(k)|Pj(k)〉 + 〈Pi(k)|VI |Pj(k)〉.

(4.28)

In these equations H0
ij is the spherical part of the Hamiltonian matrix and

Oij is the overlap between the orbitals inside the sphere as well as in the
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interstitial. The Hamiltonian H1
ij now includes all the non-spherical terms

originating from the non-spherical parts of the potential inside the muffin-tin
spheres, the contribution to H from the interstitial, the kinetic energy and the
interstitial potential.

4.5 A plane-wave pseudo-potential method

The Full-Potential LMTO method, described in the previous section, is one of
the most accurate methods available in electronic structure calculations. One
can, however, sometimes be limited in the size of problems which are solvable
by using the FP-LMTO method, simply because the calculation times become
prohibitively long (or because one wants quick answers). In such situations,
when the size of the system (in terms of number of atoms or electrons) is nec-
essarily large, one can turn to other less accurate methods to solve the problem
at hand. One such highly versatile method is the plane-wave pseudo-potential
method as implemented for example in the Vienna Ab-initio Simulation Pack-
age - VASP [13], another implementation is found in the DACAPO [14] code.
Since the VASP code has been used in some of the work (Publications V,
XII, XIII and XIV) in this thesis a short introduction to the plane-wave
pseudo-potential method is presented here [15].

4.5.1 A plane-wave basis set

Plane waves, of the form eiqr, can efficiently be used to expand periodic func-
tions and, from the Bloch condition (Eq. 4.7), all functions are periodic (with
a phase factor) in the crystal. In a plane-wave basis set one can represent the
wave functions by:

ψnk(r) =
∑
G

cnk(G)exp[i(k + G)r], (4.29)

where the summation is over all the reciprocal space vectors G and cnk are
the expansion coefficients. This expansion is truncated at some energy-cutoff
since the contributions from plane waves with high kinetic energies, |k+G|/2,
are sufficiently small to be neglected. A plane-wave expansion is convenient for
many reasons such as its easy computer implementation, the simple diagonal
form of the kinetic energy operator, the efficiency of fast Fourier transforms
(FFT) between real and reciprocal space, and since it is a transparent and
easily understood basis set.

Forces are also conveniently calculated within the plane-wave basis set. The
ionic forces are, as will be covered in greater detail in Chapter VI: Forces and
relaxations, calculated from derivatives of the total energy with respect to ionic
positions, using the Hellman-Feynman theorem [16]. Since the plane waves are
not dependent on the ionic positions one does not need to include extra terms,
so-called Pulay forces [17], originating from derivatives of the basis-functions
with respect to the ionic positions. This is one of the main reasons for the
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popularity of the method, and the efficient implementation of forces has made
it widely applicable, and applied, to many problems.

4.5.2 Pseudopotentials

In plane-wave methods one runs into serious problems when trying to describe
the electrons in the core regions of the atoms. This is because the wave func-
tions in the core regions vary very rapidly, necessitating a very large number of
plane-waves to describe them accurately. An efficient solution to this problem
is with so-called pseudo-potentials where the real wave functions of the elec-
trons in the core region is exchanged for simpler approximative wave functions.
One assumption that is made is the frozen core-like approximation assuming
that the inner core electrons (more correctly the pseudo-potential from the core
electrons) are unchanged by the chemical surroundings and do not change and
can therefore be ignored. 2 The assumption can be justified since most of the
interactions between atoms are mediated by the valence electrons, so most of
the physical properties in a system are covered. The wave functions in the
core region are replaced by smoothly varying pseudo wave functions and the
interaction in the core region is replaced by a constructed pseudopotential.

2This is not a completely uncomplicated assumption making, for example, studies of core
level shifts, a very real physical effect, impossible.
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CHAPTER 5

Perspectives on the chemical bond

Love one another, but make not a bond
of love,
Fill each other’s cup, but drink not
from one cup.
And stand together, yet not too near
together,
For the pillars of the temple stand
apart,
And the oak tree and the cypress grow
not in each other’s shadow.

Kahlil Gibran,
The Prophet (1923).

THE chemical bond - the binding force between atoms in a molecule or
a solid - is what makes all existence possible. Without this bonding
creation would consist of only individual atoms floating around in a

gaseous form - a very dull prospect. The chemical bond is in reality the re-
distribution of the valence electrons in the constituent atoms of any solid or
molecule in such a way that it is energetically favorable (nature seeking to min-
imize the energy). Classically, one divides bonding into three types depending
on how the valence electrons are redistributed. If we consider the simplest case
of a two-atom molecule or solid (the two atoms being repeated on the crystal
lattice), we first have the ionic bond; where a number of valence electrons are
transfered from one of the atoms to the other atom, an example of this sort of
bond is found in NaCl (rock-salt). Secondly, we have the covalent bond were
the atoms “share” valence electrons and the electrons are highly localized along
the nearest distances between the two atoms, the classic example of this type
of bond is found in diamond carbon. The third type of bond is the so-called
metallic bond, where the valence electrons are very non-localized, i.e placed
quite homogeneously in the space in between the atoms (rather like a thickly
spread dough), examples of this is found in all common metals, for example
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Fe or Mo. These traditional classifications are imprecise, and in practise the
bonding type of a realistic system is often found to be a “mixture” of the three
archetypes. There have been several attempts of more rigorous, quantifiable,
theories for classifying the bonding in a material, from the electro-negativity
scales of Pauling [18] and population analysis of Mulliken [19] to the classifi-
cation scheme using gradient regions of the electron density by Bader [20]. A
recent theory uses so-called Electron Localization Functions - ELFs, and iden-
tifies regions of bonding in the electron density from the excess of local kinetic
energy [21].

Results from theoretical electronic structure calculations lend themselves
easily to studies of the nature of the chemical bond since they by necessity
(see Chapter 3: The many-body problem) calculate the ground-state electronic
structure, i.e. the distribution of electrons in the crystal. Traditionally, in solid
state physics one has studied the bonding in a material from the distribution of
electron bands in reciprocal k-space or the distribution of states in energy, the
Density of States (DOS). However, one can also study directly the real space
distribution of electrons in the crystal. Such studies can sometimes illustrate
a lot of the physics of bonding in the system. This is not always the case
though, since one is hampered by a lack of precise scientific vocabulary and
since it is often difficult to single-out individual mechanisms. However, some
attempts have been made to try to understand the systems studied in this thesis
by investigating different aspects of the real space electronic charge density,
examples of this are found in Publications I, IV, VII and XIV.

5.1 The cohesive energy

In order for a compound to be formed, the total energy of the system (the
constituting atoms) must decrease when forming the chemical bonds. The
amount of energy gained in the redistribution of the valence electrons when
a solid or molecule AB is formed from atoms A and B is quantified by the
cohesive energy (Ecoh) which is defined (for a two component compound) as:

Ecoh = Esolid(AB) − Eatom(A) − Eatom(B). (5.1)

Here, Esolid(AB) is the calculated total energy of the solid (for example δ-MoC)
and Eatom(A/B) is the total energy of the respective atom (in the MoC case, a
Mo atom and a C atom). Though the cohesive energies are experimentally mea-
surable quantities, calculating the total energies of the atom is, however, not
trivial and one must take into account the effects of polarization and promotion
energies [22]. A concept that is therefore often used in theoretical calculations
is that of generalized cohesive energy (E∗

coh), defined as:

E∗
coh = Esolid(AB) − Ensp

atom(A) − Ensp
atom(B). (5.2)

Here, Esolid(AB) is the calculated total energy of the solid and Ensp
atom(A/B)

is the total energy of the respective non-spin-polarized atom. Care must be
taken to also clearly state which atomic electronic ground-state configuration
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is used (since this will influence the energies of the atomic state). If the cohesive
energy for a given compound is negative it means that the constituent atoms
will gain energy by pairing together to form a solid or a molecule (in one way
or the other). If one starts filling up the energy levels (orbitals) in a system,
some of the energy levels will have lower energy than those in the constituent
atoms and some will have higher energy. The ones with lower energy are called
bonding (since they contribute to stabilizing the system) and the ones with
higher energy are called anti-bonding orbitals (since they will ultimately break
the system apart). The rather abstract concept of cohesion can be quite graph-
ically displayed if one plots the difference between the electron distribution in
the solid and that of the constituent atoms, or the charge transfer. Charge
transfer ∆ρ being defined as the electron density of the compound (ρcrystal)
minus the electron density of the constituent atoms superimposed on the lattice
grid (ρatoms):

∆ρ(r) = ρcrystal(r) − ρatoms(r). (5.3)

NaNa

NaNa

NaNa

NaNa

NaNa

ClClClCl

ClCl

ClCl

C

C

C

C

C
Nb

NbNb

Nb
Nb

Figure 5.1: Charge density transfer plots for the three major classes of bonding;
ionic, exemplified by NaCl (left), covalent, exemplified by diamond (middle) and
metallic, here represented by bcc-Nb (right). Build up of charge is represented by
dark contours and light contours indicate a depletion of charge.

The pure charge density displays the chemical bonds in the systems, but
remains rather featureless, with maxima around the atoms and similar to the
charge density of the overlapping free atoms. If one now instead displays the dif-
ference between the electron density of the compound and the electron density
of the constituent atoms (the charge transfer), one is shown how the electrons
are moved when forming the solid. Accordingly, this allows one to see how the
actual chemical bond is formed in real space. In Fig. 5.1 (a) - (c) the charge
redistribution is displayed in the three show-room cases of the different bonding
types; NaCl (ionic), diamond (covalent) and Nb (metallic), and in Fig. 5.2 the
charge redistribution in a real system (cubic NaCl-structured MoC) is shown.
In these figures we can clearly see the difference between the three principle
types of bonds. In the left-most part of Fig. 5.1 we see the nature of the ionic
bond with large charge transfer from the Na atoms to the more electro-negative
Cl atoms. In Fig 5.1 (middle) is displayed the covalent bonding in diamond
carbon, here charge is taken from all atoms and placed in the characteristic
very directional bonds between the neighboring carbon atoms. To conclude,
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in Fig. 5.1 (right) one can see the thickly spread “dough” of electron density
between the metal atoms, taken from the metal atom sites and distributed
evenly in the interstitial regions, characteristic of the very non-localized metal
bond with shared valence electrons. From these pictures one also naturally
draws the conclusion that, though the examples shown are extreme cases, the
bonding (redistribution of electrons) in a given compound will fall in some cat-
egory in between these specific cases, being a mixture of two or three of the
major bonding types. For example, the bonding in (cubic NaCl-structured)
MoC is seen, in Fig. 5.2, to have characteristics from all three bonding types
with charge transfer from the Mo atoms to the C atoms (since there is a build
up of charge, a dark region, on the C atoms and a depletion of charge, a light
region, on the Mo atoms), and a “dough” of charge in between the neighboring
atoms.

-0.022
-0.014
-0.007
-0.001
0.002
0.006
0.010
0.013
0.014

Figure 5.2: Charge density transfer plots for the bonding in a “real” compound,
in this case cubic NaCl-structured MoC. Build up of charge is represented by dark
contours and light contours indicate a depletion of charge. Mo atoms are found in
the corners and center of the figure while C atoms are found on the sides.

5.2 The energy of formation

The cohesive energy, defined in the previous section, is a very helpful concept
when dealing with atoms and molecules. Since solid state physics has evolved
from the physics of atoms and molecules, it is natural that the concept of
cohesive energy is often used also here. However, in the case of solids the
compound must not only be more stable than the constituents in their free-
atom state, it must also be more stable than the constituent atoms in their
solid states. For example, MoC will be metastable (and will decompose, for
example, at elevated temperatures), unless MoC is more stable than Mo in the
bcc form and C in the graphite form. To take this into account the concept
of energy of formation is introduced, being defined as (in the specific case of a
transition metal carbide):
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Eform(MemCn) =
E(MemCn) − mE(Mebcc) − nE(Cgraphite)

n + m
, (5.4)

where E(MenCm) is the calculated total energy of the compound (Esolid in
the definition of cohesive energy, Eq. 5.1), n and m are the number of atoms,
E(Cgraphite) is the total energy of graphitic carbon and the energy of the metal
is calculated in the bcc phase (for a bcc metal). As will be seen in Chapter 8:
Theoretical studies of phase diagrams, by calculating the energies of formation
per atom for several competing structures at different stoichiometries one can
quite elegantly construct phase stability diagrams (phase diagrams at T = 0).

Also unlike in the di-atomic molecule case, in solids the compound can also
choose to have one of several geometric configurations - structures. The total
energy of the system, and thus the energy of formation, depends on the struc-
ture of the compound. Nature chooses the structure with the lowest energy
of formation as the ground-state structure, other metastable structures may be
formed at elevated pressures or temperatures, or due to kinetics during the
formation processes. For ease of discussion, a nomenclature parallel to that for
cohesive energy (where the concept of bonding/anti-bonding is used) would be
helpful when discussing changes in energy of formation and phase stabilities.
Therefore we have suggested, in Publication VII, a nomenclature of stabiliz-
ing and destabilizing electrons, where an electron is said to be stabilizing if it
lowers the energy of formation of the system and destabilizing if it raises the
energy of formation. For example, if the energy of formation for NbC (in the
NaCl-structure) is higher than that of ZrC (in the NaCl-structure) then the
extra electron in NbC can be said to be destabilizing to the NaCl-structure.

It can be noted that in Publication I the total energies of stoichiometric
and substoichiometric compounds were compared by adding the total energy of
graphitic carbon to the substoichiometric total energies. This recipe will give
differences in energies of formation. Yet another way of studying the energies
of formation is sometimes used, then often called bonding energy, if one instead
of using the total energy of graphitic carbon takes the total energy of atomic
carbon. This recipe will give energies that are different from the energies of
formation with a simple constant shift (without the need to calculate the total
energy of graphite) and will thus also give the same energy differences as the
energies of formation. The bonding energy has been used in Publication X.

5.3 Charge distribution as a theoretical tool

As was discussed above, understanding more about the nature of the chemical
bond can be aided by studies of the real space distribution/redistribution of
charge. The real space charge density can also be used to understand features
of the electronic properties in a material, for example differences in bonding be-
tween different structures of the same compound, changes in bonding between
compounds and the placement (in real space) of specific parts of the bonding.
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Figure 5.3: Charge density contours for the vacancy peak at −3eV in the δ phase.
The cut is made in the (002) plane and the contours, from light to dark, are drawn
between every tenth percentile from 0% to 100% of the total electron density. The C
atoms are at the four corners and the Mo atoms in the center of the four sides. The
vacancy is situated in the center of the plot.

In this section will be shown some examples of this from the studies included
in this thesis.

In the studies of stoichiometric and substoichiometric MoC phases (Publi-
cation I) an important new feature was found in the substoichiometric Densi-
ties of States . These so-called vacancy peaks are very narrow (localized) peaks
of mainly Me-d character which emerge chiefly (or are most obvious) in areas of
low DOS. The vacancy peaks are also reported in experimental studies of sub-
stoichiometric transition metal carbides (and other materials) [44]. In order to
understand more about these vacancy peaks the charge density from the peak
regions in the DOS were isolated and plotted in a plane of the crystal. This is
shown in Fig. 5.3, displaying the electron density in the (002) plane of cubic
δ-MoC originating from the vacancy peak of δ-MoC0.75 at −3 eV. The states
plotted are clearly situated on the Mo atom nearest to the carbon vacancy
site, and are directed towards the next-nearest neighbor Mo atom through the
carbon vacancy. States associated with the vacancy peaks are thus shown to
be situated on the Mo nearest to the carbon vacancy and are directed through
the vacancy towards next-nearest neighbor Mo atoms.

In Publication III, the effects on the cohesive properties and electronic
structure in cubic MoC of metal and non-metal substitutions were calculated.
In these studies the difference in charge densities was calculated and analyzed
in order to understand how the surplus or deficit of charge was distributed in
the substitutional systems. As an example, to illustrate the trends in bonding
when going from substitution of boron to substitution of oxygen, we studied the
changes in electronic density in the crystal by taking the difference between the
charge densities of the substitutional compound and the charge density of MoC.
That is, the charge density of MoC is subtracted from that of MoC0.75B0.25,
to see the characteristics of the changes in charge density (e.g. ionic versus
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25% Nitrogen

25% Boron MoC

C

C

MoMo

Mo

C

C

N MoO

C

B

25% Oxygen

Figure 5.4: Difference in electron density a) MoC0.75B0.25 minus MoC, c) MoC
minus MoC0.75N0.25 and d) MoC0.75O0.25 minus MoC. The electron density of MoC
is shown in b) for reference. The positions of the atoms are indicated in the figure.
The cuts have been made in the (002) plane. The contours are shaded from dark to
light, dark being the areas with largest difference in electron density from the reference
MoC.

covalent) and where in space the changes are most pronounced. In Fig. 5.4 these
differences are displayed in a plane of the crystal. The electron density of MoC
is shown for reference. Fig. 5.4 shows that in a substitution of carbon for boron
the largest change in electron density is from a highly covalent p−d bond which
in the substituted system is between B and Mo atoms. For nitrogen substitution
most of the extra charge is found at the nitrogen atom, and in particular it
may be seen that the extra valence electron accompanying the N substitution
enters orbitals which are centered on the N atom. Hence substituting C for N
increases the ionic component of the chemical bond. This is also the case for
oxygen substitution, where the tendency for an ionic component to the bonding
is even larger. This is a clear indication of the increased electro-negativity when
going from boron to oxygen, in combination with that the p-bands becomes less
extended as we traverse the series. This results in a smaller overlap with the
Mo atom and a reduced covalent bonding.

The bonding in the hexagonal Me2C phases (Zr2C, Nb2C and Mo2C) was
studied in Publication VII. Here a closer study of the DOS for the hybridized
Me-d C-p states indicated that the degree of hybridization was increased when
going from Zr2C to Mo2C. Fig. 5.5 shows the charge density originating from
the hybridizing region in a (2 4 3) plane of the crystal. The left-most fig-
ure (Fig. 5.5a) shows the charge density in Zr2C, while the next two figures
(Fig. 5.5b and c) show the difference in charge density when going to Nb2C
and Mo2C, respectively. Fig. 5.5a clearly shows the very layered nature of the
bond, where all the charge is in bonds between metal and non-metal atoms and
even some bonding between carbon neighbors is seen (the charge seen between
the top two metal atoms). Figures b and c therefore clearly show that the
difference in bonding when going to Nb2C and Mo2C is that more charge is
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C C

C C

Zr

Zr

Zr

a) Zr2C

C C

C C

Me

Me

Me

b) Nb2C-Zr2C

C C

Me

Me

Me

C C

c) Mo2C-Nb2C

Figure 5.5: Charge density contours from the electronic states in region II (as in-
dicated in Fig 7.20) seen in the (2 4 3) plane. The regions inside the dark contours
have more electron density than those inside lighter contours. The topmost figure,
a, shows the total charge density for Zr2C while figures b and c show the difference
in charge density for this region when Zr is exchanged for Nb and Mo respectively.

placed in the metal to non-metal bonds. This is due to an increase in the p-d
hybridization as indicated from the changes in the DOS.
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CHAPTER 6

Forces and relaxations

Use the force Luke, use the force.
Obi-Wan Kenobi,

Star Wars IV: A New Hope (1977).

AS was mentioned in the Introduction, the only two parameters needed as
input in an ab initio electronic structure calculation of a material is the
constituent atoms and their geometric positions. A recent development

in accurate all-electron calculations of materials is, however, modifying this
statement. The most modern versions of the computer codes used for these
calculations now also contain the ability to calculate the quantum mechanical
forces, arising from the electronic structure, acting on a given system of atoms.
The potential of such treatment opens up whole new fields of study where
not only the properties of explicitly given (experimentally verified) structures
may be calculated, but the actual structures themselves are obtainable given
only the constituent atoms. The inclusion of forces also ultimately allows for
ab initio molecular dynamics (MD) by simply applying Newtonian mechanics
driven by the quantum mechanical forces.

One method of finding the equilibrium geometry for a system is by directly
calculating the total energy for several different atomic geometries and then
using some fitting procedure, as is often done when finding the equilibrium
volume in simple crystals. This is certainly a valid approach but not a very
efficient one, with access to the atomic forces themselves even the equilibrium
geometries of complex systems are obtainable. In principle, one could simply
state which atoms are present and then wait for the computer to supply the
equilibrium geometric and electronic structures. 1 A method of perturbing the

1One question in this case would then also be what influence the starting positions has
on the final outcome.
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relaxed systems in order to avoid local minimas would most probably need
be used. However, also the obtained meta-stable structures would be of great
interest since they may have attractive properties in themselves and may be
stabilized by, for example, alloying, elevated temperatures, high pressures or
due to process kinetics. Such a completely ad hoc approach to materials and
their structure is however not yet possible, mostly due to limitations of com-
puter power but, as will be shown, the techniques even now allow for prediction
of novel and hitherto experimentally unverified structures and phases.

6.1 The all-electron force

The force on an atom is equal to the electrostatic force on its nucleus, accord-
ing to the Hellmann-Feynman theorem F = δE

δR =< δH
δR > [16]. As shown by

Pulay [17], the HF force should in general be supplemented by a contribution
due to the use of an incomplete basis-function set (IBS) in practical calcula-
tions [23]. The IBS contribution vanishes if the basis functions are independent
of atomic positions as in the plane-wave pseudopotential method, as discussed
in the section below.

To find the force on atom α we displace the atom by a small distance δτα

and calculate the change in total energy from Eq. 3.5. From this the change in
total energy can be shown to be

δE =
∑

i

εiδni −
∫

ρ(r)δVeff (r)d3r − Fα
HF δτα (6.1)

where

Fα
HF = Zα

d

dτα
[−

′∑
β

∑
R

Zβ

|τα − τβ + R| +
∫

ρ(r)
τα − r

d3r] (6.2)

is the Hellmann-Feynman force and is equal to the electrostatic force on the
nucleus. The first term in Eq. 6.2 ideally vanishes to the first order in δτα as
a result of electron number conservation. The atomic force on atom α is thus
given by

Fα = − δE

δτα

= Fα
HF − 1

δτα
[
∑

i

niδεi −
∫

ρ(r)δVeff (r)d3r] (6.3)

In the full-potential LMTO method [11] that has been used throughout
much of this thesis an implementation of the quantum mechanical forces has
been made. This allows one to, within the same theoretical and methodological
framework, calculate the forces on the atoms of the system and the computer
code will move the atoms until equilibrium is reached. An example of the
usefulness of implementing forces in electronic structure calculations is found
in the parts of Publication VII on hypothetical hexagonal Me2C (Zr2C, Nb2C
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and Mo2C) phases where the exact structure of these phases was not known
experimentally. In this case the inter-planar distance, shown in Fig. 6.1, was
not known and the calculations give predictions of the structure of phases that
may at some point be manufactured experimentally. In the meantime the
predictions themselves contribute so that trends in the bonding and energies of
these compounds can be obtained and analyzed without the otherwise necessary
experimental input.

C-axis
z

C

Me

CAB

Figure 6.1: Structure of the hexagonal Me2C phases (Me being Zr, Nb or Mo),
showing the c-axis and the layer distance z which is relaxed.

6.2 Combined approaches

Though it would be most gratifying to implement and use forces and relax-
ations within the most accurate all-electron methods themselves, such treat-
ment is sometimes intractable and a more efficient use of computer time may be
achieved by first making the relaxations with a slightly less accurate method,
for example a pseudopotential method. Forces can also be more easily im-
plemented in a plane-wave pseudopotential method because of the vanishing
IBS-term in the force (see the previous section). An example of a computer
code with such an efficient implementation of forces is found in the Vienna ab
initio simulation package (VASP) [13]. Experience and various test cases have
shown that the relaxations and movements of the atoms obtained from the less
accurate methods are very similar to those in the more accurate methods. 2

The relaxed structures can then be exported into the more accurate methods to
make detailed calculations of the final electronic structure and total energies.
A scheme that has been used frequently in this thesis is a three-step process
where one first calculates the equilibrium volume for the unrelaxed structure
using the most accurate FP-LMTO method. Secondly, one calculates the local
atomic relaxations with the VASP code at the previously calculated equilibrium

2Relaxations have been performed within the full-potential method and the atomic posi-
tions for several structures were found to be the same within a few percent. Differences were
found to be the largest in the most open structures.
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volume. 3 Finally, the relaxed structures are exported back into the FP-LMTO
program and a second calculation is made in order to find the equilibrium vol-
ume of the relaxed structure.

C

Ti

Figure 6.2: The solid arrows indicate schematically the relaxation of the titanium
atoms in a structure with 1 vacancy, shown in the (100) plane of the crystal. If next-
nearest neighbor relaxations are also included the C atoms will relax inwards towards
the vacancy, indicated by dashed arrows. When studying other substoichiometric
TiC1−x structures the relaxation was always found to be outward (away from the
vacancy).

Examples of investigations using such a combined approach, with a full
potential method in combination with a pseudopotential calculation of the
relaxations, is the work done on vacancies in pure metals by Söderlind and
coworkers [24]. Here it was found that the metal atoms surrounding a vacancy
moved towards the vacancy when the structures were relaxed [25]. A more re-
cent work by ourselves using such a combined approach studied the relaxations
in substoichiometric titanium carbide, detailed in the coming Section 7.5.1 and
Publication V. There it was, among other things, seen that the neighboring
titanium atoms around a vacancy, somewhat counter-intuitively, relaxed away
from the vacancies (see Fig. 6.2). This in turn can be understood if one takes
into account the very different natures of the simple non-directional metal-
lic bonding in the pure metals and the bonding in transition metal carbides,
where there is a strong component of highly directional covalent bonds between
the carbon p-orbitals and the metal d-orbitals (see Chapter 7: The transition
metal carbides). Rather like the situation if the bonds are thought of as springs,
the effect of removing an atom and its bonds (breaking a spring), is that the
atom is pulled tighter towards its neighbors by the remaining springs. Another
example of using the combined approach described above is found in Publica-
tion XIII, where the thermodynamic stability and equilibrium structures of
predicted vacancy ordered phases in TiC1−x was established.

3An even more accurate method would be to calculate the relaxation for every lattice
parameter. This is a very time consuming approach for large systems, but one that was used
in the work on the hypothetical Me2C phases described earlier.
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CHAPTER 7

The transition metal carbides

Experiment is the sole
judge of truth.

Richard P. Feynman.

THE transition metal carbides (TMCs), together with the transition
metal nitrides are known as refractory hard materials. 1 The transi-
tion metal compounds have a unique combination of properties, e.g.

high hardness, high melting point, excellent electrical and thermal conductiv-
ity, good corrosion resistance and in some cases superconductivity (niobium
nitride has a TC of 18 K). All these properties make them suitable as bulk
or thin film materials in many technological applications of which there are
several examples; WC together with Co binder material is so industrially im-
portant that it is known simply as hard metal, and TiC and TiN are used as
coating layers on cemented carbides in the cutting tool industry (for example
by Sandvik Coromant and SECO Tools here in Sweden). The transition metal
carbides (together with nitrides and, to a lesser extent, borides) were originally
utilized in cutting and grinding tools because of their extreme hardness. Al-
though this application is still predominant these materials can, and are, used
in other applications. One other such application is in micro-electronics were
these metallic ceramics 2 can be used as interconnects, ”wires” that connect
the thousands of transistors, in very-large-scale-integrated (VLSI) circuits on
silicon or GaAs chips [26]. Some transition metal carbides have also attracted
interest as potential catalysts [27]. A class of nano-layered ternary carbides and
nitrides, for example Ti3SiC2, which are hard, yet easily machinable, have also

1Refractory meaning that they have high melting points. For example, TaC and HfC have
the highest melting points of all known materials.

2Termed metallic because of the presence of conduction electrons.
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gained large interest [28]. Today, a large number of transition metal carbide
phases is known. However, thermodynamically stable binary carbides are only
formed by the transition metals in groups IV(Ti, Zr, Hf), V(V, Nb, Ta), VI(Cr,
Mo, W) and by Mn in group VII.

7.1 Structure and bonding

Most of the transition metal carbides fall into the class of interstitial carbides,
other classes of carbides include ionic carbides and covalent carbides like SiC.
The TMC compounds are termed interstitial since the non-metal atoms can
be viewed as occupying the octahedral interstitial positions 3 in the metal fcc
lattice. The non-metal atom can occupy the interstitial positions since the
radius of the metal atom is approximately twice that of the non-metal atom. 4

In the interstitial carbides the metal atoms are arranged in such a way that
they form metal layers, with close-packed-like 5 arrangements, with hexagonal
or cubic stacking sequence or with a mixture of these [29]. This description of
the different phases as variations of stacking sequences is exemplified by the
MoC phases in Fig. 7.1.
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Figure 7.1: Four phases of MoC; η, δ, γ and γ′, seen as variations of stacking
sequences of metal and carbon atomic planes.

As one moves across the periodic table, the structure of the carbide phases
changes. The group IV carbides (TiC, ZrC and HfC) only crystallize in the
cubic NaCl structure. The NaCl (B1) structure is common to both the mono-
carbides and the mono-nitrides. This structure can be regarded as a combina-

3Octahedral after the coordination at these sites, there are also (smaller) tetrahedral
interstitial sites important in the diffusion processes of carbon.

4Though one should be careful when discussing atomic sizes, especially in electronic struc-
ture calculations which result in the real space distribution of electrons around the atoms,
and since even the experimental sizes vary with chemical surrounding.

5Called close-packed-”like” since the atoms in non-metal planes are too large to allow
perfect close-packing.
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tion of two face-centered cubic (fcc) lattices - one with a basis of one metal atom
per lattice site and one with a non-metal atom per lattice site. This structure
is also found among the group V metals (V, Nb and Ta) but in this group,
hexagonal Me2C phases are also formed at lower carbon contents. In contrast,
the group VI metals (Cr, Mo and W) can form several different carbide phases.
These structures, cubic and hexagonal, can all be viewed as different stacking-
sequences (as shown in Fig. 7.1) of close-packed-like planes of metal and carbon
atoms. In this view, using the close-packed site notation, the WC-structure is
described by AbAb, the NaCl-structure by AcBaCbAcBaCb, the TiAs-structure
by AbAcBaBc and the η-structure by AcBaCbAcBaCb (capital letters for metal
sites and lower-case letters for non-metal sites) [29]. Not all of the interstitial
sites need to be occupied by non-metal atoms, and in fact as many as 50 %
can be vacant without changing the crystal structure (as can be seen in the
phase diagram of Ti-C). The concentration of vacancies in pure metals on the
other hand is usually less than one percent even at pre-melting temperatures.
The larger fraction of vacancies sometimes present in transition metal carbides
and the effects of their relative positions thus needs to be taken into account in
studies of these compounds. It is also known that, for example, the perfectly
stoichiometric cubic NaCl phase, in these compounds, is unstable so that vacan-
cies are always present. In all the studies detailed in this thesis, the vacancies
in the compounds are modeled by creating large supercells. 6 In nature these
vacancies would be disordered, or at least less ordered than in our approxima-
tions, but to manage these systems we must let ourselves fall for this anerisian
illusion 7 of highly ordered (periodic) vacancies. So-called vacancy ordering
has, however, been observed experimentally at low temperatures [30, 31] and
the effects of such ordering has been investigated in Publication XIII.

Most transition metal carbides (except WC and γ-MoC) exhibit homogene-
ity ranges where the composition is varied by changes in the occupancy of
carbon atoms in the interstitial sites. A general rule seems to be that the
width of the homogeneity range decreases when going from the group IV to
the group VI metals. This is well illustrated by comparing TiC and δ-MoC,
which both exhibit the NaCl structure. TiC has a wide homogeneity range
varying from about TiC0.45 to TiC0.95, while the δ-MoC phase has a much
more narrow composition range varying from about δ-MoC0.66 to δ-MoC0.75.
This physical reason for this change in the homogeneity range as one traverses
the series of transition metal carbides from group IV to group VI has also been
the subject of study in Publications VII and VIII, presented in Sections 7.6
and 8.1 of this thesis. It should be noted that stability regions in the experi-
mental phase diagrams only show the equilibrium conditions. This means that
carbide phases with other structures and compositions may be synthesized as
metastable phases. They will, however, decompose to the equilibrium phases
by e.g. annealing.

The unusual combination of desirable properties found in transition metal

6A supercell technically being any cell larger than the minimal (primitive) cell needed to
describe the crystal.

7Eris being the Greek goddess of Chaos, known for giving apples to Paris, thereby being
the cause of the Trojan wars chronicled in the Iliad of Homer.
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carbides has challenged theorists to study the nature of the bonding in these
systems. As was exemplified in Chapter 5: Perspectives on the chemical bond,
the bonding in transition metal carbides cannot be classified wholly into one
sort and has to be described as a mixture of metallic, covalent and ionic bond-
ing. As was also discussed in the above-mentioned chapter, electronic structure
calculations based on DFT give a very solid way of allowing us to study the
chemical bond, since we can easily plot the real space charge density in one or
several planes of the crystal.

Figure 7.2: Schematic bonds from overlap between metal-d with metal-d, and non-
metal-p with metal-d orbitals in the (100) plane of the NaCl-structure. The left-most
figures display metal d-t2g bonds, while the figure to the right displays metal d-eg

bonds. In-plane metal atoms are shown with dark circles and non-metal atoms with
white circles.

The first part of the bonding, the ionic bonding, is characterized by a charge
transfer from the metal atom Me to the non-metal atom, which leads to elec-
trostatic interactions. Secondly, in the cubic NaCl-structure common to many
TMCs, the metal atom Me is octahedrally coordinated by the C atom ligands.
Thus the d-electrons centered on a metal site can be classified according to
t2g and eg symmetry, where the eg orbitals point toward the corners of the
the octahedron formed by the non-metal ligand atoms (C) and the t2g orbitals
point towards the faces of the octahedron [32]. Illustrated in Fig. 7.2 are the
three types of covalent bonds that can be formed by the metal d-orbitals and
the non-metal p-orbitals in this geometry. Thirdly, the overlap between the
metal-d orbitals with neighboring metal-d orbitals (like in the pure metal) is
also present. The bonding in transition metal carbides has been shown to be
result from a competition between a weakening of the transition metal d-d
bonds by the dilation of the lattice and increased bonding due the occupa-
tion of hybridized states of interaction between metal d and non-metal s and
p bonds [33].
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7.2 The experimental background

Most of the work presented in this thesis is theoretical dealing with questions
arising from experimental knowledge, and tries to shed some light upon the
experiments. Since the projects on the transition metal carbides in particular
have been made in collaboration with experimental inorganic chemistry, it is
appropriate that a brief overview of the experimental situation for the transition
metal carbides, discussing how they are manufactured is presented here. The
presentation follows those found in Refs. [34–36].

7.2.1 Chemical vapor deposition

A number of different thin film deposition techniques are used to deposit the
transition metal carbide thin films and the most important are Chemical Vapor
Deposition (CVD) and Physical Vapor Deposition (PVD). CVD is character-
ized by that a chemical reaction deposits the desired material on a substrate.
The basics of CVD are shown in Fig. 7.3. Gaseous reactants, precursors, are
introduced into a reactor in which the heated substrate is placed. On the sur-
face of the substrate, or in the vicinity of the surface, chemical reactions will
occur and as a result a solid material is deposited as a thin film. The gaseous
reaction products are then pumped away from the reactor and a thin film of
the material deposited is left on the substrate. Normally in a CVD process the
precursors can be gases, liquids or even solids at room temperature.

Figure 7.3: The CVD process [35], where a metal-halide (shown with white and
black circles) and hydrogen (shaded circles) are introduced in the reaction chamber
and the metal carbide is deposited on the substrate.

In general, CVD systems can be divided into hot-wall and cold-wall reactors.
In a cold-wall reactor only the substrate is heated and reactions take place on
the substrate surface. The cold-wall reactor has the disadvantage of a narrow
deposition zone and a low through-put (number of deposited films/time unit).
In a hot-wall reactor the reactor tube is heated along with the substrate, and
film deposition takes place on both the substrate and reactor walls. This gives
a wider deposition zone allowing many substrates to be deposited at the same
time, and a hot-wall system was used in Publication II. The chemical reac-
tions in the CVD process can be written (for a metal-halide plus hydrocarbon
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source and not chemically balanced) as:

αMeXn(g) + βCmHy(g) + γH2(g) ⇀↽ ηMeC(s) + χHX(g) (7.1)

One of the most common methods to activate a CVD process is to use heat
(called thermally activated CVD). This requires a high temperature, typical
deposition temperatures being 800-1000◦ C, and for many technological appli-
cations it is important to be able to deposit films also at low temperatures.
Another way of activating the process can then be to use a plasma or a laser,
yet another way is to find precursors that react at lower temperatures. The
most commonly used metal and carbon precursors in CVD of transition metal
carbides is metal halides and hydrocarbons, but more exotic molecules like C60

have also been used as carbon precursors [37]. In the experimental Publi-
cation II CVD has been used to deposit molybdenum carbide thin films on
single-crystal Al2O3.

7.2.2 Physical vapor deposition

Physical vapor deposition is divided into sputtering and evaporation techniques
and various modifications of the two. Sputtering typically utilizes an argon glow
discharge or plasma to bombard a target of coating material, thereby ejecting
atoms towards the substrate situated opposite to the target. By combining tar-
gets of different materials one can deposit various alloys or compounds. Using
evaporation techniques the material to be deposited is evaporated towards a
substrate in a vacuum chamber. For evaporants with high melting points, like
the refractory materials, the evaporation is typically performed by accelerating
a highly energetic electron beam towards the metal to be evaporated.

While PVD allows deposition at temperatures considerably lower than CVD
(down to room temperature), CVD can give more uniform films even on rough
surfaces, especially when depositing complicated structures with holes and
edges, providing that the process is controlled by surface kinetics (the mobility
of atoms on the surface).

7.2.3 Superlattices and multilayers

Superlattices and multilayers are artificial layered structures commonly made
from two or more elements or chemical compounds, for example TiN/VN. The
layers are deposited as thin films on a substrate in a repetitive manner, al-
ternating between one and the other, i.e .../TiN/VN/TiN/VN/TiN/... . A
multilayer can be either crystalline or amorphous, while a superlattice always
consists of crystalline films that are epitaxial to each other. The periodicity (or
wavelength Λ) of the layers will give rise to unique mechanical and chemical
properties, for example increased hardness. Several studies on superlattices
of transition metal nitrides have shown a hardness enhancement of 2-3 times
the value observed for individual transition metal nitride films [38, 39]. This
increase in hardness can be explained since the interfaces between the different
layers will act as barriers for the movement of dislocations. More about this ef-
fect, and the topic of hardness in materials, can be found in the coming Chapter
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10: Novel designer hard materials, where a new class of materials expressing
multilayer characteristics is proposed.

7.3 Earlier theoretical studies

Given the technological interest in the transition metal carbides (TMCs) and
the large experimental activity, many theoretical calculations have been made
on these systems using a wide variety of techniques. Since a large part of the
research presented here has been devoted to the physics of TMCs, a summary
of earlier work in the theoretical field is presented here. Bibliographies for the
other fields of research may be found in the appropriate sections of this thesis,
or in the publications included herein. Though this list cannot possibly be
complete, a short survey of the work, earlier and contemporary, of others in
the field may be of value to put the present work in its correct setting.

Two basic textbooks that can be recommended as introductions to the field
of TMCs are the books by Goldschmidt [40] and Storms [41]. Earlier theoretical
research in this field is summarized in two review articles by J.L. Calais [42]
and A. Neckel [43]. Examples of other later comprehensive reviews of the field
include works by K. Schwarz [32], L.I. Johansson [44] and W.S. Williams [26].
A series of comprehensive studies of the cohesive properties and electronic
structure of the cubic 3d, 4d and 5d mono-carbides and mono-nitrides were
made by Häglund, Guillermet and coworkers [45]. A recent study on the trends
governing hardness in the transition metals and their carbides and nitrides is
due to Grossman and coworkers [46]. The theoretical studies previously done on
stoichiometric compounds which have the most relevance to the work on TMCs
in this thesis are those done on the MoC system by Krainik and coworkers using
APW-LCAO-CPA techniques [47] and Novikov and coworkers using cluster
methods [48]. The WC system has also been studied by for example Price and
Cooper [49] using a FP-LMTO method and Liu et al. using a pseudopotential
method [50]. A study of the elastic instability of MoC and MoN in the NaCl-
structure (B1) was recently made by Hart and Klein [51].

When it comes to theoretical calculations on substoichiometric TMCs some
work has been done on cubic MoC1−x by Ivanovskii and coworkers [52] us-
ing a Green’s function LMTO method and by Krainik et al. using LCAO-
CPA [53]. Hexagonal substoichiometric MoC1−x was studied by Bazhin and
coworkers [54]. Theoretical studies of other substoichiometric TMCs have been
made for TiC using the APW method by Redinger and coworkers [55, 56] and
using the KKR-CPA method by Marksteiner and coworkers [57], while Cap-
kova and Skala [58] used CNDO/2 cluster methods. Substoichiometric TiX and
VX; X=C, N, O, have been studied by Ivanovskii and coworkers [59] using a
LMTO-Green’s function method. Theoretical studies of substitutional impuri-
ties in TMCs are reviewed by Ivanovskii and Shveikin, and include some studies
of 3d and 4d metal impurities in δ-MoC [60]. Ivanovskii and coworkers [52,59]
have also done work on metal and non-metal substitutional impurities in TiC
using a LMTO-Green’s function method. A study, attracting recent attention,
coupling an increase in hardness and shear modulus to the valence electron
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concentration (VEC) in TiCxNx has been made by Jhi, Ihm and coworkers
using pseudopotential methods [61, 62]. The effective cluster interactions were
determined for VC1−x by Ozolins and coworkers [63].

7.4 Molybdenum carbide

In the Mo-C system at least six different phases have been identified, see Ta-
ble 7.1. The question why MoC has so many different phases has even once
called in the literature for “The MoC problem”. This question can probably
be considered as answered, since the studies presented in this thesis (mainly
Publications VI and VII) show that the energy differences between differ-
ent phases, differing only in stacking sequence (as discussed earlier), is smaller
in the group VI carbides than in any other TMC group. This small energy
difference means that the various phases may be more easily stabilized through
minor differences in, for example, chemical constitution or through process
kinetics. The two (possibly three) different Mo2C phases exhibit an ABAB
stacking sequence of the metal planes with carbon in the octahedral sites. The
difference between the Mo2C phases is due to order/disorder transformations
of the carbon atoms. The cubic δ-MoC phase is isostructural with TiC, i.e.
a NaCl (B1) structure, while the phase denoted γ-MoC is isostructural with
WC and exhibits a simple hexagonal structure. In addition, two more complex
phases with hexagonal structures have been identified: the η-MoC phase and
the γ′-MoC phase (see Fig. 7.1).

Table 7.1: Name, structure (cubic, hexagonal or orthorhombic) and stacking se-
quence of metallic planes for the six known molybdenum carbide phases

phase structure sequence phase structure sequence
β′-Mo2C ortho ABAB δ-MoC1−x cubic ABCABC
β-Mo2C hex ABAB γ-MoC hex AAAA

η-MoC1−x hex ABCACB γ′-MoC1−x hex AABB

The influence of temperature and composition on the stability of different
molybdenum carbides is shown in the phase diagram. Several phase diagrams
have been published in the literature, but the most recent one by Velikanova,
Kublii and Khaenko [64] shows that the only thermodynamically stable phases
at room temperature are two types of Mo2C and γ-MoC (Fig. 7.4). In con-
trast, η-MoC and δ-MoC are high-temperature phases which become stable at
temperatures above about 1700◦C. The γ′-MoC phase is considered to be a
metastable phase at all compositions and temperatures and is therefore not
found in the phase diagram. In fact, the γ′-MoC has usually been synthesized
by carburizing Mo metal with CO and it has been proposed that this phase is
stabilized by oxygen and should be considered as an oxycarbide and not a true
binary carbide phase [65]. However, recent studies by Lu and coworkers [66]
have shown that the γ′-MoC phase can be deposited as an oxygen-free thin
film material and that this phase therefore exists as a true carbide.

Not only does MoC exhibit a large number of meta-stable phases, many of
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these phases are also found to be substoichiometric, i.e they contain vacancies
in the carbon sublattice. As stated above δ-MoC has a narrow homogeneity
range and the thin films created experimentally are often found to contain
around 25 % vacancies. The effect of these vacancies on the stability and
electronic structure of these phases is not well understood and this has been
one of the primary subjects of the research on the molybdenum-carbon system
(Publications I and VII).

Figure 7.4: Phase diagram for the Mo-C system [64]. The hexagonal WC-structured
γ-phase is indicated as MoC (narrow homogeneity range), the cubic NaCl-structure is
called δ, the η-phase is hexagonal and the β-phases are hexagonal and orthorhombic
Mo2C phases.

In the present thesis the studies devoted to the MoC phases consists of two
main parts, the first dealing with relative phase stabilities between several sto-
ichiometric and substoichiometric MoC phases (Publications I and II). The
second dealing with the δ-MoC phase, studying the effect of metal and non-
metal impurities (Publication IV) and the whole range of vacancy concen-
tration, 0% - 100%, for this phase (Publication III). No previous theoretical
studies have addressed the effect of vacancies on the order of relative stability
between several phases of the technologically important transition metal com-
pounds, nor has there been a study of a range of both metal and non-metal
substitutional impurities in MoC.

7.4.1 Phase stabilities and bonding mechanisms in stoi-
chiometric and substoichiometric MoC

This section (based on Publication I) concerns the relative phase stabilities of
the four experimentally verified MoC phases: the cubic δ(NaCl) phase and the
three hexagonal γ(WC), η and γ′(TiAs) phases, see the structures in Fig. 7.1
and the phase diagram in Fig. 7.4. The effect of vacancies on the relative
stabilities of these four phases was investigated using a model structure with

University of Uppsala 51



Chapter 7. The transition metal carbides

ordered vacancies on the carbon sublattice. The equilibrium energies for these
stoichiometric and substoichiometric phases are shown in Fig. 7.5 and Fig. 7.6.
When determining the relative phase stabilities of the three structures the
energy of the stoichiometric MoC phase Etot is compared with the energy of
the substoichiometric phase E(MoC1−x) plus the energy of the extra x carbon
in the graphite structure 8 (the most stable form of carbon) i.e

Etot = E(MoC1−x) + xE(Cgraphite). (7.2)
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Figure 7.5: Energy vs. volume for stoichiometric MoC: γ, δ, γ′ and η phases.

In Fig. 7.5, the γ-MoC phase is seen to be the most stable stoichiometric
phase followed by γ′-MoC, δ-MoC and η-MoC. 9 When vacancies are intro-
duced this order of relative stability is changed, as seen in Fig. 7.6, and for
substoichiometric MoC0.75 the δ-MoC0.75 phase is found to have the lowest en-
ergy followed by γ′-MoC0.75 and γ-MoC0.75. One can also see that δ-MoC and
η-MoC become more stable when vacancies are introduced, γ′-MoC is more or
less unchanged while γ-MoC is drastically destabilized.

Addressing the so-called MoC problem (see the previous section), the phase
stabilities of WC (isoelectronic to MoC) phases have also been studied (the
results are not shown here and are further elaborated in Publications VI and
VII). When comparing the energy differences between three stoichiometric
phases in MoC (the δ, γ and γ′ phases) and the energy differences for the
corresponding phases in WC, one finds an explanation to why MoC has so

8This recipe will give the differences in energy of formation.
9The total energy of the MoC η-phase is here shifted somewhat, due to the large interstitial

region used in the calculations. In following studies (Publication VII and VI), where the
interstitial volume ratio is consistent, the MoC η-phase was found to be more stable.
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Figure 7.6: Energy vs. volume for substoichiometric MoC: a) γ-MoC and γ-
MoC0.75, b) δ-MoC and δ-MoC0.75, c) γ′-MoC and γ′-MoC0.75 and d) η-MoC, η-
MoC0.83 and η-MoC0.67.

many competing metastable phases in that the energy differences are smaller
between the different phases in MoC than in the isoelectronic WC.

The density of states is an important quantity for understanding the bond-
ing in a compound. The DOS for the four phases are displayed in Fig. 7.7
and Fig. 7.8. In these figures the DOS for the respective substoichiometric
compound is mirrored under the DOS of the stoichiometric compound. The
DOS is divided into three main regions: I - a region of predominantly carbon s
states with a small degree of hybridized d states from molybdenum, II - a region
of hybridized carbon p states and molybdenum d states, III - predominately
molybdenum d states with a small degree of hybridized p states from carbon.
Region II can be viewed as the bonding part of the Mo-d C-p hybridization
couples, while region III is the corresponding non-bonding and anti-bonding
part. By studying differences and changes in these three regions valuable in-
formation concerning the bonding character of the three different phases can
be extracted.

The most significant common feature, in the changes from the stoichiometric
to the substoichiometric phase, in these DOS ( although not so clearly in the γ′)
is the emergence of sharp peaks in the DOS. These peaks have Mo-d character
and are situated in regions with a low DOS in the intermediary region between
regions II and III, and in region III. These peaks are called vacancy peaks since
it is believed that they emanate from unscreened Mo-Mo bonds through the
carbon vacancy site.

To investigate if the vacancy peak emanates from Mo-Mo bonds through
the vacancy site (this was already discussed in Chapter 5: Perspectives on the
chemical bond), the electron density attached to these peaks was analyzed.
Fig. 5.3 displays the electron density in the (002) plane originating from the
vacancy peak of δ-MoC0.75 at −3 eV. The states plotted are clearly situated
on the Mo atom nearest to the carbon vacancy site and are directed towards
the next-nearest neighbor Mo atom through the carbon vacancy. In a similar
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Figure 7.7: A comparison between the DOS for stoichiometric MoC and substoi-
chiometric MoC0.75, a) γ-MoC (top) and γ-MoC0.75 (bottom) and b) δ-MoC (top)
and δ-MoC0.75 (bottom). The Fermi level is indicated by a solid line.

study of the peak at −1.4 eV, highly directional bonds through the carbon
vacancy site were also found. States associated with the vacancy peaks are
thus shown to be situated on the Mo nearest to the carbon vacancy and are
directed through the vacancy towards next-nearest neighbor Mo atoms. For
the γ-phase the peak situated right at the Fermi level should have a large
effect on the stability of this structure and thus, from the reasoning on the
effect on stability of a high DOS at the Fermi level, lowering its structural
stability. This drastic lowering of the stability when introducing vacancies also
explains the narrow homogeneity range for the γ-MoC phase. This property is
in contrast to the effect of vacancies on for example the δ-phase, where the DOS
of substoichiometric δ shifts weight to lower energies due to the vacancy peaks,
which reduces the DOS at the Fermi level and provides a stability mechanism.

The results of our study of the phase stabilities and bonding mechanisms
in stoichiometric and substoichiometric MoC can be summarized as follows:

a) Our calculations accurately display the trends in relative stabilities for
the structures studied when introducing vacancies in the carbon sublattice.
The order of relative stability between the phases is changed when going from
stoichiometric to substoichiometric MoC. The calculations also show good cor-
respondence between theoretical and experimental equilibrium volumes.

b) When comparing the energy differences between three stoichiometric
phases in MoC and the energy differences for the corresponding phases in WC,
we find an explanation to why MoC has so many competing metastable phases
in that the energy differences are smaller between the different phases in MoC
than in the isoelectronic WC.

c) The vacancy peaks in the DOS for the γ, δ and η phases have been
studied in detail and found to emanate from Mo-Mo bonds through the carbon
vacancy site. Herein is found an explanation for the vacancy destabilisation of
the γ-phase. When carbon vacancies are introduced in the γ-phase a vacancy
peak appears which is situated at the Fermi level, while for δ and η the vacancy
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Figure 7.8: A comparison between the DOS for stoichiometric MoC and substoi-
chiometric MoC0.75, a) γ′-MoC (top) and γ′-MoC0.75 (bottom) and b) η-MoC(top)
and η-MoC0.83(bottom). The Fermi level is indicated by a solid line.

peaks are situated in a region with a minimum of the DOS below the Fermi
level.

7.4.2 Chemical vapor deposition of molybdenum carbides:
aspects of phase stability

The mainly experimental article Publication II reports on chemical vapor
deposition (CVD) of MoC phases, and contains several experimental results
that are only outlined here. Thin films of different molybdenum carbides
(δ-MoC1−x, γ′-MoC1−x and Mo2C) were deposited from a gas mixture of
MoCl5/H2/C2H4 at 800 oC by CVD. The H2 content in the vapor was found
to have a strong influence on the phase composition, and typically high H2

contents lead to the formation of nanocrystalline δ-MoC1−x films, while coarse-
grained γ′-MoC1−x was formed with an H2-free gas mixture. Previous reports
in the literature had suggested that the γ′-MoC1−x is not a true metastable
phase and should be considered as an oxycarbide phase stabilized by the pres-
ence of oxygen in the lattice [65]. The results of this study, however, show
that oxygen-free γ′-MoC1−x films can be deposited by CVD. Annealing ex-
periments of metastable δ-MoC1−x and γ′-MoC1−x films showed two different
reaction products suggesting that kinetic effects play an important role in the
decomposition of these phases.

The theoretical contribution to this paper consists of stability calculations
that confirm that the γ′-MoC1−x phase is stabilized by oxygen but that the
difference in energy between e.g. δ-MoC75 and oxygen-free γ′-MoC75 is small
enough to allow synthesis of the latter phase in the absence of kinetic con-
straints.

Calculations for γ′-MoC0.75O0.25 were performed and compared with the
results for γ′-MoC. When comparing the energy of the MoC system with that
of the MoC0.75O0.25 system the total energy of the oxygen atom, −149.071 Ry
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Figure 7.9: Cohesive energy for 25% substitutional impurity systems, MoC0.75B0.25,
MoC, MoC0.75N0.25 and MoC0.75O0.25

(from an LDA calculation) is used. LDA calculations give the dissociation en-
ergy to be 0.559 Ry [3]. The total energy of a hypothetical LDA O2-molecule
is therefore -298.702 Ry (using the dissociation energy from LDA calculations).
Using the same arguments as when comparing energies of stoichiometric and
substoichiometric MoC, the energy comparison is made between stoichiometric
γ′-MoC plus oxygen in gas phase, i.e., MoC + 0.25·0.5 O2, and oxygen substi-
tuted γ′-MoC plus the remaining carbon in graphite phase, i.e., MoC0.75O0.25

+ 0.25 C. The result of our comparison is that the latter case is more stable
than stoichiometric γ′-MoC by 65 mRy/f.u. Mo. This shows that though it is
possible to manufacture metastable γ′-MoC without oxygen, such an inclusion
would actually help to stabilize this phase.

7.4.3 Substitutional impurities in cubic MoC

Many studies have shown that the cubic δ-MoC phase (NaCl-structure) is usu-
ally formed during thin film deposition [66, 67]. It is therefore important to
study the δ-MoC phase, a high temperature phase, in more detail. Stoichio-
metric binary carbides have been studied in detail and have found wide appli-
cation, but it has also been found that substituting the non-metal sublattice
of these binary compounds with atoms of another kind often makes it pos-
sible to increase the hardness and elastic moduli. Since this alloying leads to
noticeable changes in the electro- and thermo-physical, magnetic and supercon-
ducting parameters [59], it is important to also study the ternary compounds
with respect to stability and electronic structure. In this article (Publication
IV) we have studied the effect on the cohesive energy and electronic structure
of cubic δ-MoC when 25% of the carbon is substituted for boron, nitrogen or
oxygen and when 25% of the molybdenum is substituted for niobium, tungsten
or ruthenium.

To illustrate the influence of the substitutional impurities on the stability
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Figure 7.10: Cohesive energy for 25% substitutional impurities, Mo0.75Nb0.25C,
Mo0.75Ru0.25C, MoC and Mo0.75W0.25C

of the compounds we display the generalized cohesive energy 10 as a function
of volume for 25% substitutional non-metal impurities in Fig. 7.9 and for 25%
substitutional metal impurities in Fig. 7.10. It is seen in Fig 7.10 that the
stabilization for metal impurities is greater for elements with lower valence
and greater for 5d compared to 4d metals. This trend is in agreement with
previous research [60] that found that the most effective stabilisation of δ-MoC
with metal substitution may be reached for: (i) lower valence metals and (ii) 4d-
metals as compared to 3d-metals. The theoretical results are also in agreement
with experiment for these ternary systems where one finds that both Nb and
W have high solubility with the δ-MoC phase while Ru does not. For non-
metal substitutions Fig. 7.9 shows that the cohesive energy is lowered for all
substitutions, least for nitrogen and most for oxygen. This can be related, if
the DOS is studied, to the decrease of overlap between the non-metal p-states
and the Mo d-states.

Hardness is one of the most technologically significant attributes of the tran-
sition metal carbides. The hardness of a material can be related to the bulk
modulus (see Chapter 10: Novel designer hard materials), which is decreased
in δ-MoC by inclusion of boron and oxygen, but is slightly increased by the
inclusion of nitrogen. This is probably strongly connected to the volume re-
ducing effect of nitrogen inclusion in the carbon sublattice. That the inclusion
of nitrogen in a transition metal carbide increases the bulk modulus has also
been found in TiC by Jhi and Ihm, but was there attributed to other mecha-
nisms [61, 62]. For metal substitutions the bulk modulus is decreased for both
Nb and Ru substitutions, but increased for substitution with W.

To illustrate the trends in bonding when going from substitution of boron
to substitution of oxygen, we have studied the changes in electronic density
in the crystal. This was discussed in Chapter 5: Perspectives on the chemical
bond, and was done by taking the difference between the charge densities of

10One could also have studied the effects on the energy of formation.
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the substitutional compound and the charge density of MoC, e.g. the charge
density of MoC is subtracted from that of MoC0.75B0.25, to see the character-
istics of the changes in charge density (e.g. ionic versus covalent) and where
in space the changes are most pronounced. In Fig. 5.4 and Fig. 7.11 these
differences are displayed in a plane of the crystal. In both figures the electron
density of MoC is shown for reference. Fig. 5.4 shows that in a substitution of
carbon for boron the largest change in electron density is from a highly covalent
p − d bond which in the substituted system is between B and Mo atoms. For
nitrogen substitution most of the extra charge is found at the nitrogen atom
and in particular it may be seen that the extra valence electron accompanying
the N substitution enters orbitals which are centered on the N atom. Hence
substituting C for N increases the ionic component of the chemical bond. This
is also the case for oxygen substitution, where the tendency for an ionic com-
ponent to the bonding is even larger. This is a clear indication of the increased
electro-negativity when going from boron to oxygen in combination with that
the p-bands becomes less extended as we traverse the series. This results in a
smaller overlap with the Mo atom and a reduced covalent bonding.

For metal substitutions the differences in charge density are shown in Fig.-
7.11. For 25% Nb substitution the electron density is removed both from the
Mo atom as well as from the carbon-molybdenum covalent p − d bond. When
substituting for W charge is shifted from the carbon and Mo atoms and the
bond between them to the W atom and the tungsten-carbon bond. For Ru
substitution charge is accumulated on the Ru atoms and on the Mo-C covalent
p − d bond. The figure also clearly shows that the electronic states on the Ru
atom are isolated with clear minima in the electronic density between the Ru
atom and its neighboring C and Mo atoms, illustrating why the filling of these
states does not increase the bonding in the compound. Comparing the effect
of niobium and ruthenium substitution, electrons are removed or added to a
covalent p − d bond, with only a smaller component of charge transfer.

Following up our results that both a substitution with nitrogen and tungsten
leads to a slightly increased bulk modulus, it is natural to study the quaternary
alloy Mo0.75W0.25C0.75N0.25. This alloy was found to have a smaller equilibrium
volume than MoC, a smaller cohesive energy and a slightly larger bulk modulus,
only of the order 1 − 2%. Though the increase in bulk modulus is not large
this is a compound that retains the high bulk modulus of MoC and might have
other qualities that could be of interest and worthy of experimental study.

7.5 Titanium carbide

Titanium carbide is probably the most studied of the transition metal car-
bides (TMCs), and often used as a show-case example for studies of the other
carbides. This is because TiC displays many of the properties common to the
other TMCs; i.e being a hard ceramic material, industrially important, crystal-
lizing in the NaCl-structure (B1), showing a large range of homogeneity, and so
on. Titanium carbide is an important thin film material used in coating layers
and in binderless cemented carbides together with WC, and as a component
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Figure 7.11: Difference in electron density a) Mo0.75Nb0.25C minus MoC, c) MoC
minus Mo0.75W0.25C and d) Mo0.75Ru0.25C minus MoC. The electron density of
MoC is shown in b) for reference. The positions of the atoms are indicated in the
figure. The cuts have been made in the (002) plane. The contours are shaded from
dark to light, dark being the areas with largest difference in electron density from the
reference MoC.

material in high speed steels. As was mentioned, TiC crystallizes in the cubic
NaCl-structure and displays deviations in stoichiometry over a wide range of
homogeneity, from TiC0.50 to TiC0.97, this being caused by vacancies in the
carbon sublattice. A surprising effect of these vacancies is that the lattice pa-
rameter appears to be almost constant, or increasing, with respect to vacancy
concentration for small vacancy concentrations. One would expect that the re-
moval of constituent atoms in a compound leads to the volume decreasing, this
is what happens in the pure transition metals [25], but for substoichiometric
TiC1−x this is not the case. Experimentally the lattice parameter for TiCx

expands for 1.0 > x > 0.9 and shrinks for 0.9 > x > 0.5, the total change in
lattice parameter being less than 1% [68].

Since, as discussed earlier, up to one half of the carbon lattice sites may be
vacant in TiC1−x, a larger number of vacancies and the effects of their relative
positions needs to be taken into account in studies of such compounds. It was
the aim of a study performed by us, reported in Publication V, to investigate
the effect of vacancies over a large range of stoichiometry in substoichiomet-
ric titanium carbide. Here we also take into account the effect of relaxation
around the vacancy sites by making a detailed analysis of the changes in ge-
ometric structure, phase stabilities and electronic structure. Such a detailed
all-electron study on the effect of vacancies and relaxation over a large range
of stoichiometry had never before, to our knowledge, been done for compounds
and, in this particular case, not for the transition metal carbides.
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vacancy
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TiC
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Figure 7.12: Structures of the stoichiometric and substoichiometric TiC phases
studied using a 16 atom supercell. Four planes of the crystal are shown from top
to bottom, z designating the different planes of the crystal. In the left most figure
the carbon atoms (unfilled circles) and the titanium atoms (filled circles) are shown
while in the following figures only the position of the vacancies, on the same lattice,
are shown.

7.5.1 Phase stabilities and structural relaxations in TiC1−x

Titanium carbide was studied from stoichiometric TiC down to TiC0.25, using
four supercell setups; with 4, 8, 16 and 32 atoms respectively. Relaxation of the
structures was made in three steps, first the NaCl-structure was relaxed in the
lattice parameter a for the different stoichiometries. Local relaxations around
the vacancy sites were then studied by first applying forces to the un-relaxed
structure (at a lattice parameter close to the equilibrium). The relaxations
have been performed using the ab-initio total energy and molecular dynamics
program VASP [13]. The locally relaxed equilibrium structure found using the
pseudo-potential method was then transfered into the FP-LMTO method to
find the equilibrium lattice constant for the relaxed structure, as was described
in Chapter 6: Forces and relaxations. The combination of these two methods,
the all-electron full-potential method and pseudo-potential plane-wave method,
was made in order to combine the efficient implementation of forces in the
pseudo-potential plane-wave method with the high accuracy in total energy of
the full-potential method. A total of 21 phases and structures were studied and
for each phase and structure, relaxed and unrelaxed, the energy was calculated
at 6-8 different volumes in order to find the equilibrium volume and total energy.

In order to study the cubic phase for several stoichiometries, from TiC1.00 to
TiC0.50 (Ti2C), a supercell with a fcc lattice and a basis with 8 titanium atoms
and 8 carbon atoms was created. The carbon atoms were subsequently re-
moved, creating TiC0.875, TiC0.75, TiC0.625 and finally Ti2C. These structures
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are shown in Fig. 7.12 and Fig. 7.13 (a second choice of vacancy positions). Here
one can clearly see the structures of the vacancies formed for every stoichiom-
etry. By the gradual removal of C atoms the stoichiometric Ti2C phase with
“striped” vacancy structures determined in the experimental study in Ref. [30]
is reached.

z = 0.75

TiC 0.75 TiC 0.625

C

vacancy

Ti

TiC

z = 0.25

z = 0

z = 0.50

Figure 7.13: Structures of the second choice using a 16 atom supercell studied for
substoichiometric TiC0.75 and TiC0.625. The key to the figures is as in Fig. 7.12

The energy of formation was calculated for the structures and stoichiome-
tries studied. The energies of formation and equilibrium volumes as a function
of carbon content for all the unrelaxed (and relaxed) phases studied are shown
in Fig. 7.14 and Fig. 7.15. From these figures we can see that the substoichio-
metric TiC1−x phases, from 50% to 33% carbon content, are all less stable than
the stoichiometric TiC but more stable than TiC plus hcp Ti, at their respective
carbon contents. This indicates 11 that the substoichiometric TiC1−x phases
are all stable down to 33% carbon content which is consistent with the wide
homogeneity range of TiC1−x, as known from the experimental phase diagram.
It is seen in Fig. 7.14 that the choice of vacancy positions greatly affects the
energy of formation and that the so-called “second choices” are less favorable
in energy than the first. This can be understood since in the case of TiC0.75

the first choice (if one studies Fig. 7.12 carefully), there are two types of Ti
atoms; one with 1 vacancy nearest neighbor (VNN) and the other with 2 VNNs.
The second choice, shown in Fig. 7.13, removes all the vacancies in one of the
repeating layers and none in the second, creating a larger number of Ti atoms
with 2 VNNs and other Ti atoms with 0 VNNs. The same reasoning in the
case of TiC0.625 shows that also here a larger number of Ti atoms with many
vacancy nearest-neighbors are created compared to the first choice. Thus the
more even distribution of VNNs is seen to be the energetically most favorable
in both cases.

11Indicates, but does not prove stability since alternative and unstudied structures, with
lower energy, may exist.
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Figure 7.14: The energies of formation for for TiCx as a function of carbon content.
The results using different vacancy positions and supercells are shown and the energy
of stoichiometric TiC plus hcp Ti is indicated by a solid line. The equilibrium carbon
content of substoichiometric titanium carbide being TiC0.97 is indicated by a dashed-
dotted line.

A larger supercell containing 32 atoms was also studied with zero and one
carbon vacancy (forming TiC0.9375) since this structure can allow for relax-
ations also of the nearest-neighbor carbon atoms, which will be discussed more
in a section below. The energies of formation found for this set-up, see Fig. 7.14
and checked for several stoichiometries, are in good agreement with those from
the 16 atom supercell showing that convergence has been reached in terms of
supercell size and choice of vacancy positions.

The 16 atom supercells allow for relaxation of the nearest-neighbor Ti atoms
around the vacancy but not for the second coordination shell of carbon atoms.
For the structure with one vacancy (TiC0.875), where the movement of the
atoms is the simplest, it is found that theoretically the Ti atoms relax away
from the carbon vacancy by 0.049 Å. This is illustrated in Fig. 6.2, and is in
accordance with experiment where an outward relaxation is also found. Exper-
iments by diffuse neutron-scattering on TiC0.76 have found the relaxation of
the titanium atoms to be 0.03 Å [69] while a study using x-ray diffraction mea-
surements on TiC0.94 found it to be 0.097 Å [70]. A supercell with 15 carbon
atoms and 16 titanium atoms has also been studied and relaxed. This setup
allows for relaxation of both nearest neighbor titanium atoms and next-nearest
neighbor carbon atoms and showed that the outward relaxation of the titanium
atoms increased to 0.069 Å and that the carbon atoms relaxed inward, towards
the vacancies, by 0.026 Å. This shows that the inward relaxation of the carbon
atoms allows for a greater outward relaxation of the titanium atoms.

The relaxation of the titanium atoms is always outward, away from the
neighboring vacancies, irrespective of carbon content. The magnitude of the
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Figure 7.15: The equilibrium lattice parameters for TiCx as a function of carbon
content. The results using different vacancy positions and supercells are also shown.

outward relaxation is strongly dependent on the stoichiometry, i.e the more
vacancy neighbors a titanium atom has, the larger the relaxation is towards the
remaining carbon atoms. The relaxation distance in the Ti2C is the largest of
the phases studied because every titanium atom has only three nearest neighbor
carbon atoms. Previous theoretical works have given other results for the
relaxation. Cluster calculations [71] have found the outward relaxation to be
0.107 Å and tight binding methods [68] determined it to be around 0.1 Å.
Like in our study using a 32 atom supercell, the tight binding work by Tan
and coworkers using a 64 atom supercell, also showed an inward relaxation of
the nearest neighbor carbon atoms. As discussed in Chapter 6: Forces and
relaxations, the outward relaxation of the titanium atoms can be understood
since the bonding in these transition metal carbides is dominated by the strong
directional p-d bonds between the carbon and titanium atoms. The titanium
atoms that lose one of their nearest neighbor carbon atoms are drawn away
from the vacancy by the remaining p-d bonds which are strengthened. This
is in contrast to the relaxation in pure transition metals were the atoms relax
inward, towards the vacancy [24,25], showing the difference in relaxation to the
metallic bonding with its more homogeneous distribution of charge.

From Fig. 7.14 and Fig. 7.15, one can primarily conclude that the effect
of the local relaxations of the atoms around the vacancy is a lowering of the
formation energies by something of the order of 1-3 mRy per atom and an
increase in the equilibrium volume. Our theoretical lattice parameters agree
with experiment (within the usual LDA overestimation of the bonding), with
the theoretical values being 1-2% less than those found experimentally. The
effect of the local relaxations on the equilibrium volume is seen, in Fig 7.15,
to be an increase of the lattice parameter, though not one large enough to
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result in a lattice parameter larger than that of stoichiometric TiC. The pre-
vious theoretical study by Tan and coworkers [68] found a small expansion or
contraction of the lattice parameter (depending on choice of vacancy positions)
for small vacancy concentrations. In our study we only find a contraction,
this can be attributed to the fact that the outward relaxation of the titanium
atoms is smaller in our study, as discussed above. This in turn may be due to
the smaller supercell used in this study; 32 atoms compared to 64. In Publi-
cation V we also show that there is a threshold relaxation distance, beyond
which the equilibrium volume of substoichiometric TiC0.875 is larger than that
of stoichiometric TiC.

The effect of local relaxations is also necessary in order to explain that TiC
is experimentally never found to be fully stoichiometric (as seen from its phase
diagram). The unrelaxed energy of formation curves do not have a minimum
at any x �= 1.00. After relaxation the minimum in the energy of formation as a
function of carbon content is seen to be situated, since the energies of formation
for TiC and TiC0.9375 are almost equal, not at the stoichiometric TiC but at a
small concentration of vacancies between x = 0.94 and x =1.00. This is impor-
tant since it means that the formation of vacancies is energetically favorable
even at zero temperature. 12 When carbon atoms are removed the number of
carbon-titanium bonds is reduced, causing an increase in energy, as seen in the
unrelaxed energies of formation. Since the energy of formation for the unre-
laxed structures does not display a minimum at low vacancy concentrations,
we see that the formation of vacancies is made favorable by a strengthening of
the remaining bonds after relaxation of the titanium atom positions.

7.6 Phase stabilities and homogeneity ranges in

4d transition metal carbides

First-principles full-potential linear muffin-tin orbital calculations have been
used in Publication VII to study the 4d transition metal carbides ZrC, NbC
and MoC. The energy of formation for these compounds has been calculated
for several phases and stoichiometries in order to understand the differences
in phase stabilities, and the changes in homogeneity ranges found between
these systems is explained. The results can be regarded as theoretical zero-
temperature phase stability diagrams for the three compounds containing not
only the experimentally verified but also hypothetical phases, and many of
the experimental properties and trends are reproduced and explained. Since
this publication is a more complete report of the Letter in Publication VI,
the aspects of phase stabilities and comparisons with the experimental phase
diagrams is left to the coming Chapter 8: Theoretical studies of phase diagrams.
Here is commented on the findings specific to Publication VII, among them
a study of the changes and differences in electronic structure and bonding of
the studied compounds, phases and stoichiometries. As another part of this

12Entropy terms in the free energy will, at non-zero temperatures, always favor some small
amount of vacancies.
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study, the hexagonal Me2C (Me being Zr, Nb or Mo) phases were studied
and the theoretical structures, with relaxed interlayer distances and lattice
parameters, were obtained. The phase stabilities and electronic structure of
the experimentally reported orthorhombic Nb2C and Mo2C phases were also
studied. The findings in this publication on the changes in relative phase
stabilities for the stoichiometric mono-carbides as a function of valence electron
concentration (VEC) led further to the studies in Publication XII and the
Patent Application A: A surface coating.

All the structures were relaxed in the lattice parameter a and, for the hexag-
onal structures also in c. Local relaxations around the impurity atoms have not
been taken into account here, such a relaxation is likely to lower the equilibrium
energies only slightly, see the relaxations in TiC1−x in the previous section of
this thesis. For ease of discussion in the coming sections, changes that decrease
the energy of formation (thus increasing the stability) for a compound or struc-
ture will be described as stabilizing, as was discussed in the earlier Chapter 5:
Perspectives on the chemical bond. Several phases and stoichiometries were in-
vestigated, and a total of 13-14 structures were studied for all three transition
metal compounds, ZrC, NbC and MoC. In the case of 50% carbon content the
cubic NaCl-structure and the hexagonal WC, TiAs and η-MoC phases were
studied. For 0% carbon the metal bcc and fcc structures were studied for Nb
and Mo, and for Zr also the hcp structure. A presentation of the geomet-
ric structures of the MeC phases is given in Fig. 7.1. The WC phase has a
hexagonal structure with an experimental axis ratio c

a=0.969. The TiAs and
η-structures are also hexagonal with c

a=3.741 and c
a=4.86, respectively. The

fourth structure is the well-known cubic NaCl-structure with an fcc Bravais
lattice. For the Me2C phases the hexagonal ε-Fe2N structure has been chosen
as a model for all three Me2C compounds, while the orthorhombic Nb2C and
Mo2C structures have also been studied for sake of completeness.

7.6.1 Stoichiometric and substoichiometric MeC phases

In the case of MoC no less than four competing MeC phases are experimentally
found, while this is not the case for ZrC and NbC were the only experimentally
verified phase is the cubic NaCl phase. Furthermore, the stable stoichiometric
MoC phase is the hexagonal γ (WC) phase. To understand more about the
competition between the phases the energy of formation has been calculated for
the four MoC phases in all three compounds. From an inspection of the energies
of formation in Fig. 7.16 of the stoichiometric structures, a drastic change in
the relative order of stability is found to occur between NbC and MoC, where
the cubic phase ceases to be the most stable. In order to further ascertain
this trend, TcC (highly hypothetical) in the cubic NaCl and hexagonal TiAs
and WC-structures have also been studied. From the changes in the formation
energy it is found that the effect of band-filling is that that the WC-structure
is slightly stabilized (Eform is fairly constant) up to MoC and then destabilized
(Eform increases) up to TcC. The electronic states that are filled in the WC-
structure are thus slightly stabilizing up to MoC and then destabilizing. In the
other three structures the effect of band-filling when traversing the series from
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Figure 7.16: Energies of formation for four structures of ZrC, NbC, MoC and two
structures of TcC.

ZrC to TcC is destabilizing. The WC-structure therefore becomes the most
stable structure for MoC, not by becoming more stable in itself, but because
the other phases are destabilized by electron filling. The difference in energies of
formation between the structures is the smallest for MoC. This span in energy
of formation indicates how easily the less stable phases may be formed and a
small span shows why MoC has so many stable and meta-stable phases while
the other transition metal carbides do not. 13

The partial DOS for the four structures studied are shown in Fig. 7.17. As
has been done before, we can divide the DOS of all four structures into three
main regions: I - a region of predominately carbon s states with a small degree
of hybridized d states from the transition metal (containing 2 states), II - a
region of hybridized carbon p states and transition metal d states (containing
6 states) and III - predominately transition metal d states with a small degree
of hybridized p states from carbon (containing 10 states). Region II is usually
viewed as the bonding part of the Mo-d C-p hybridization couples, while re-
gion III is the corresponding non-bonding/anti-bonding part overlapping with
metallic d-states.

The difference between the three compounds is, qualitatively (in all four
structures), a difference in band-filling where simple rigid band arguments ex-
plain the raising of the Fermi level when going from ZrC to MoC. This is also
expected and has been shown to be the case for transition metal substitutions
in earlier works [72]. The figures indicate the Fermi level for the ZrC phase by
a solid line and the qualitative position of the Fermi level for NbC is indicated

13This has also been addressed in an earlier section of this thesis and in one of our earlier
works (Publication I), where the stability of the phases was compared between MoC and
WC. There it was also seen that the energy differences between the two most stable phases
in WC, the WC-structure and TiAs-structure, was almost twice that in MoC [73].

66 H̊akan Wilhelm Hugosson



A Theoretical Treatise on the Electronic Structure of Designer Hard Materials

−15 −10 −5 0 5 10
Energy [eV]

0

1

0

1D
O

S
 [s

ta
te

s/
eV

]

0

1

0

1

Zr−d
C−s
C−p

NaCl

WC

TiAs

η

I
II III

Figure 7.17: Density of states for the cubic NaCl (top) and the hexagonal WC,
TiAs and η-structures (bottom) for ZrC. The Fermi level is indicated by a solid line.
The approximate position of the Fermi level for NbC1−x, indicated by a dashed line,
and of MoC1−x, indicated by dot-dashed line, is also shown.

by a dashed line and the Fermi level for MoC by a dot-dashed line.
In order to understand the different behavior as regards the relative phase

stabilities for the four structures, one must find the difference in the states
being filled when going from ZrC to MoC. In ZrC, for all four structures, the
Fermi level is in a local minimum of the DOS, a pseudo-gap, just having filled
the 6 states in region II. The largest difference between the four structures is
that in the WC-structure a fairly broad peak with a larger amount of hybridized
metal-d carbon-p, containing exactly 2 states, is filled when going to MoC while
in the other structures the region filled is with more metal-d character with a
smaller amount of carbon-p. The stability of the WC-structure is not much
changed when going from ZrC to MoC. This shows that the states of the broad
peak in the DOS above the Fermi level (which is filled in the MoC case) for
the WC-structure of ZrC is comprised of slightly stabilizing states that are
slightly bonding/non-bonding while the destabilizing states above the Fermi
level being filled in the other structures are mostly anti-bonding. For TcC
the WC-structure is no longer stable having now filled anti-bonding electronic
states above the slightly bonding/non-bonding peak.

The cubic phases of ZrC, NbC and MoC were studied over a wide range of
vacancy concentration, from MeC to Me (fcc), first using a supercell setup with
a simple cubic lattice with a basis of 4 transition metal atoms and 4 carbon
atoms. The carbon atoms were subsequently removed one by one creating
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MeC0.75, MeC0.50, MeC0.25 and finally fcc Me. The substoichiometric cubic
phase was also studied using a larger supercell with an fcc lattice and a basis
of 8 transition metal atoms and 8 carbon atoms to allow for a larger and
different choice of stoichiometries and vacancy positions, in a way similar to
that discussed in the TiC studies.
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Figure 7.18: Energies of formation for substoichiometric cubic ZrC1−x, NbC1−x

and MoC1−x shown as a function of carbon content. The results from the 8 atom
supercell are indicated by circles and the results from the 16 atom supercell by the filled
circles. The dash-dotted lines indicates the energy of formation of the stoichiometric
cubic phases plus the pure metal phase.

The equilibrium volumes and energies of formation (Eform) of the different
(ZrC, NbC and MoC) cubic compounds and stoichiometries are presented in
Fig. 7.18. The difference between the two supercells used, 8 atoms and 16
atoms, is significant. In the larger supercell one can spread out the vacancies
more evenly in the structure, thereby minimizing the number of metal atoms
with more than one carbon vacancy neighbor, while this is not possible in the
smaller supercell. As was the case for TiC (see Section 7.5), this is seen to have
a large effect on the total energy of the system and the stability trends.

Fig. 7.18 clearly shows the very different behavior of the three compounds
when vacancies are introduced into the supercell. In ZrC1−x the energy of
formation increases, while still being negative over almost the whole region.
For NbC1−x the energy of formation, Eform, decreases or is unchanged for
the first two stoichiometries, and then increases and is negative above 20%
carbon content. For MoC the change is negative until MoC0.50 and the Eform

of MoC1−x is negative between 33% and 43% carbon content. This is a clear
indication that the states which are being unoccupied by the removal of carbon
atoms are of a very different nature in ZrC, NbC and MoC. All the states
removed in ZrC are stabilizing states, while for MoC one is first removing non-
stabilizing or destabilizing states, until below 33% carbon content. In NbC one
first removes destabilizing states and then stabilizing states.

In the topmost part of Fig. 7.17 the DOS is shown for the cubic NaCl
structure. Returning to the discussion regarding the energy of formation of the
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substoichiometric cubic carbides, one can find an explanation of the trends in
the electronic structure. In NbC and MoC states in region III are becoming
filled. These states are of a very different nature compared to the states in
region II which are hybridized carbon p states and transition metal d states.
Using a simple rigid band picture the first electron removed in NbC, going
from NbC to NbC0.75, is destabilizing where after the states, like in ZrC, are
stabilizing. For cubic MoC the first two electrons removed are destabilizing,
one can thus conclude that, even though the picture of rigid bands is over-
simplified, it indicates the correct trends.

In Fig. 7.19 the calculated partial density of states for 5 different vacancy
concentrations of cubic ZrC1−x are displayed, and the trends and changes in the
DOS are clearly seen when introducing vacancies in the carbon sublattice. This
DOS is representative of all three substoichiometric carbides, the DOS of the
other two, NbC1−x and MoC1−x being qualitatively the same. The only major
difference in the DOS between the three carbides at each stoichiometry can be
understood in terms of a simple rigid band filling. The approximate position
of the Fermi level in NbC1−x and MoC1−x is indicated in the DOS for ZrC1−x.
Note that when removing atoms in the carbon sublattice the symmetry of the
system is changed and therefore there is more than one type of Me atom in
these systems. For the sake of clarity only the partial density of states of one of
these is displayed, the others being qualitatively similar to the one displayed,
or not significantly changed from the MeC case (for those atoms not having
carbon vacancies as neighbors).
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Figure 7.19: Density of states for substoichiometric cubic ZrC1−x. The Fermi level
is indicated by a solid line. The approximate position of the Fermi level for NbC1−x,
indicated by a dashed line, and of MoC1−x, indicated by dot-dashed line, is also
shown.

The topmost plot of Fig. 7.19 displays stoichiometric cubic MeC, as seen
previously in Fig. 7.17. Below this plot the DOS for MeC0.75 is shown where
regions I and II remain largely unchanged, with the peak in region II becoming
lower and more narrow. The largest changes are found in region III where
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the minimum which separated regions II and III is now pierced by two peaks
with mostly Me-d character. These peaks are the so-called vacancy peaks and
are associated with unscreened Me-Me bonds through the vacancy site and
was discussed in section 7.4. Starting from the top-most DOS for MeC and
proceeding downwards the DOS is gradually changed from a clear hybridization
between Me-d and C-p, with emergence of vacancy peaks in the 25% vacancy
case. These vacancy peaks become more and more pronounced at 50% and at
75%, until in the pure transition metal the d-band is seen in the lowest picture.
The Fermi level is also lowered from high up in the d-band towards the center of
the d-band for the pure fcc metal. It is also clear that the inclusion of vacancies
in the carbon sublattice can not be viewed in a rigid band filling picture, and
for all the MeC1−x compounds the Fermi level is fairly inert (since the position
of the s-states remains fairly constant), giving more a picture of plastic bands
were the vacancies drastically changes the nature of the bonding.

7.6.2 Hexagonal and orthorhombic Me2C phases

The hexagonal Me2C (Me = Zr, Nb and Mo) phases present a challenge since
for the group IV transition metals this phase is not found experimentally, and
for MoC and NbC several competing Me2C phases exist. In our study the
hexagonal Nb2C structure, also found as a high temperature phase in Mo2C
and W2C, was used as a model structure for the Me2C phases, even if this is
not the equilibrium structure for all three compounds. In the Me2C phases
the distance between the layers of the carbon atoms and metal atoms, here
called z (see Fig. 6.1), is not known experimentally for Zr2C (since it has never
been synthesized). Therefore the equilibrium structures, interlayer distances
and lattice parameters have been calculated theoretically using relaxations of
the structures with quantum mechanical forces. The same ratio of c/a = 1.566,
from Mo2C, was used for all phases. 14

First a model structure of the hexagonal Me2C phases was studied by using
the layer distance z = 0.25c and the equilibrium lattice constant was found
from this setup. The layer distance was then allowed to relax for this prelim-
inary equilibrium lattice constant, this new layer distance was then used in a
new search for the equilibrium lattice constant. The result was, however, that
for some lattice constants the original guess of z = 0.25c had a lower total
energy than the structure with “relaxed” layer distance. The total energies
of the systems were thus found to be very sensitive to the actual layer dis-
tances. Layer distance relaxations, using forces implemented in the FP-LMTO
method [11] (see Chapter 6: Forces and relaxations), were therefore performed
for all lattice parameters when searching for the equilibrium energy and vol-
ume in each compound. The layer distance was found to be dependent on the
lattice parameter indicating that the actual bond distance between the atoms
in these compounds is important.

The equilibrium volumes, layer distances z and formation energies for the
fully relaxed hexagonal Me2C structures are collected in Table 7.2. The theo-

14The experimental c
a

of Nb2C is actually 1.572.
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Table 7.2: Experimental and theoretical lattice parameters, theoretical layer dis-
tances and energies of formation for the studied hexagonal Me2C phases.

Phase aexp [Å] atheor[Å] zexp [Å] ztheor [Å] Eform [mRy]
Zr2C - 3.32 - 1.23 -44
Nb2C 3.13 3.12 1.23 1.22 -37
Mo2C 3.02 3.00 1.18 1.19 -6

retical lattice parameters agree well with the experimental lattice parameters
in those compounds where they are known. 15 Since the interlayer distances
are not known experimentally for Zr2C the values given here are predictions.
The stability of the Me2C carbides decreases when going from Zr2C to Mo2C,
most drastically between Nb2C and Mo2C, showing that the electronic states
that are being filled are less bonding than the states of the individual solids.

The DOS for the hexagonal Me2C phases for Zr2C, Nb2C and Mo2C are
shown in Fig. 7.20. For clarity of discussion the DOS can be divided into four
main regions (indicated in the topmost part of Fig. 7.20). The main features in
the electronic structure is a low sharp peak with C-s character hybridized with
Me-d at around -10 eV in region I followed by region II containing 6 electrons
comprised of strongly hybridized C-p and Me-d electronic states above -5 eV.
The electronic states around the Fermi level, region III, are mainly Me-d and
a small part C-p and Me-p containing 6 states, while the higher energy region
IV is only Me-d and C-p.

As for the previously studied phases, the difference between the DOS of
hexagonal Zr2C and hexagonal Nb2C/Mo2C is seen to be mostly a rigid band
shift of the Fermi level. The main differences in the bonding between the
compounds is an increased hybridization between the C-p and metal-d states
in region II when going from Zr2C to Mo2C. The stabilisation by the increase
of hybridization is, however, negated by an increased filling of the states in
region III. Combining results from the discussion on energies of formation and
cohesive energies, the last part of region III (from -2 eV to 1 eV), which is filled
in hexagonal Nb2C, is of a destabilizing but bonding nature. The states above
1 eV in region IV (filled in hexagonal Mo2C) are non-bonding but less bonding
than the states in the individual elements, and thus destabilizing.

As discussed in Chapter 5: Perspectives on the chemical bond, a closer study
of the DOS for the hybridized Me-d C-p states in region II indicates that the
degree of hybridization is increased when going from Zr2C to Mo2C. Fig. 5.5
shows the charge density originating from region II in a (2 4 3) plane of the
crystal. The left-most figure, Fig. 5.5a, shows the charge density from region
II in Zr2C while the next two figures, Fig. 5.5b and c, show the difference in
charge density when going to Nb2C and Mo2C, respectively. Fig. 5.5a clearly
shows the very layered nature of the bonds in region II, where all the charge is
in bonds between metal and non-metal atoms and even some bonding between
carbon neighbors is seen (the charge seen between the top two metal atoms).

15The calculated lattice parameters are slightly smaller. This is a well-known effect of the
local density approximation (LDA) of density functional theory (DFT), LDA is known to
give smaller lattice parameters than experiment, i.e. it overbinds.
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Mo2C. The Fermi level is indicated by a solid line.

Figures b and c then clearly show that the difference in bonding when going
to Nb2C and Mo2C is that more charge is placed in the metal to non-metal
bonds. This is due to an increase in the p-d hybridization as indicated from
the changes in the DOS. The distribution of total charge densities have also
been studied for a plane in the crystal indicating the very layered nature of the
bonding in the hexagonal Me2C phases.

The orthorhombic structures of Nb2C and Mo2C have also been investi-
gated. The lattice parameter a was varied in order to find the equilibrium
structure and energy while the experimental b/a and c/a ratios were used.
In the case of Nb2C some controversy exists as to the determination of the
structure of the orthorhombic phase. 16 Two of the reported orthorhombic
structures have been studied and compared with the hexagonal phase. The
result is, however, that both reported orthorhombic structures are found to
have higher energies of formation, thus being less stable, than the hexagonal
Nb2C phase. The result for Mo2C is that the orthorhombic structure is more

16The space group of orthorhombic Nb2C was reported by Yvon, Nowotny and Keiffer
(1967) to be C9

2v-Pnma [74]. This must however be a misstake since Pnma is D16
2h. The

position of the atoms in the Pnma-structure is not compatible with those given in the article,
so C9

2v (being Pna21) was used in our study. A second orthorhombic structure, with the
same lattice parameters as for the orthorhombic structure reported by Yvon et al., is reported
by B.V Khaenko and O.A Gnitetskii [75]. The space group was here found to be Pm. A
third space group for the orthorhombic Nb2C structure is proposed in Pearsons Handbook,
also being attributed to Yvon et al (1967), now being Pmc21 [76]. This is once again clearly
erroneus since the distance between the atoms in this case would be less than 1 Å. In our
study we have calculated the properties of two orthorhombic Nb2C structures; first using
the C9

2v (Pna21) space group and secondly using the atomic positions reported by B.V.
Khaenko and O.A. Gnitetskii [75].

72 H̊akan Wilhelm Hugosson



A Theoretical Treatise on the Electronic Structure of Designer Hard Materials

stable than the hexagonal phase and stable versus cubic MoC plus bcc Mo,
in agreement with experimental reports. The theoretical values for the a =
4.711 Å, b = 5.988 Å and c = 5.185 Å axes are also in good agreement with
experimental results. 17

17The experimental lattice parameters are a = 4.724, b = 6.004 and c = 5.199 [77].
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CHAPTER 8

Theoretical studies of phase diagrams

Nihil enim potest esse aequabile,
quod non a certa ratione proficiscatur.

Marcus Tullius Cicero,
Disputationes Tusculanae (145 B.C).

SEVERAL semi-empirical methods exist to construct phase diagrams based
on approximate free energy functions fitted to existing thermodynamic
data [78]. Though these methods are all very useful, it would be even

more useful, and scientifically more gratifying, to obtain phase diagrams and
thermodynamic functions strictly from knowledge only of the constituent atoms.
Such a first principles approach to calculating the phase diagrams of compounds
has long been a sought after goal for theoretical materials scientists and pro-
vides enormous challenges. In order to calculate phase equilibria the Gibbs
free energy must be known for all the competing structures over a wide range
of concentrations. A fundamental step towards this goal of first principles de-
termination of full phase diagrams is therefore to determine the energies of
formation for the pertinent competing phases over the complete range of stoi-
chiometries, after which finite temperature models should be able to calculate
the full phase diagrams [79,80]. This can be done since the internal energy and
its dependence on the configuration can be expressed in terms of an Ising-type
Hamiltonian of the form

H = E0 +
∑
RQ

DQ
RηQ

R +
1
2

∑
RQ,R′Q′

V RR′
QQ′ ηQ

RηQ′
R′ + ..., (8.1)

where E0 is the configuration independent internal energy, DQ
R are the on-

site energies, ηQ
R are the occupation indices (in two-component compounds

equal to 0 or 1) and V RR′
QQ′ are the pair interactions. The parameters of this
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Hamiltonian, which are called effective interatomic interactions or Effective
Cluster Interactions - ECIs, can be determined from the results of the first
principles electronic structure calculations. In the third step, the structural
properties of the system and their dependence on temperature are studied
by methods of statistical mechanics, for example by using the Monte Carlo
method. Though it is a large field, to the best of the author’s knowledge,
previous attempts at first principles determination of the phase stabilities and
phase diagrams of compounds with variable stoichiometry have been limited
to the effective cluster interactions for cubic VC1−x [63], or to systems with
metallic bonding such as FeCr [81].

8.1 Phase stability diagrams of transition metal

carbides, a theoretical study

In Publication VI the experimental phase diagrams extrapolated to T=0
of the refractory compounds ZrC, NbC and MoC have been reproduced with
great accuracy from first principles theory. The energy of formation for these
compounds has been calculated for several phases and stoichiometries in order
to understand, for example, the differences and changes in homogeneity ranges
found in these systems. The transition metal carbides, as was discussed in
Chapter 7: The transition metal carbides, are a technologically important and
theoretically challenging group of compounds with consistent trends, yet with
significant differences in the phase diagrams. This class of materials is also an
important testing ground for theoretical first principles calculations of phase
diagrams since they are complex to describe theoretically. This complexity is
due to the presence of vacancies, difficult to treat accurately in many available
methods, and in addition the bonding characteristics is diverse.

The 4d transition metal carbides form a wide range of phases at various
carbon concentration (see the experimental phase diagrams in Fig. 8.1 [82]).
The most pronounced variations in the phase diagrams are the wide homogene-
ity range of the cubic NaCl structure in ZrC1−x, the much narrower stability
range of this phase for NbC and the presence of competing Nb2C phases at
lower C concentrations. Finally, MoC exhibits a complex phase diagram where
the hexagonal WC, η and TiAs-structures 1 compete with the NaCl-phase and
Mo2C phases are formed at lower C concentrations. Several competing Me2C
phases exist, where a high temperature hexagonal structure is followed by a
more stable hexagonal phase and finally a low temperature orthorhombic struc-
ture. A general feature seems to be that these Me2C phases compete in stability
with the substoichiometric cubic phase and that the Me2C phases define the
lower limit of the homogeneity range for the substoichiometric cubic phase.
The high temperature hexagonal Me2C phase crystallizes in the hexagonal ε-
Fe2N type structure, common to both the 4d (among them Nb and Mo) and
the 5d (among them W) transition metal hemicarbides.

1The metastable γ′-MoC (TiAs) phase was previously thought to be stable only after the
inclusion of oxygen [66].
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Figure 8.1: Experimental phase diagrams for the Zr-C, Nb-C and Mo-C sys-
tems [82].

8.1.1 Phase stability diagrams

In order to study the relative phase stabilities the energy of formation (Eform)
needs to be calculated. For each system the relevant structures and phases
are allowed to compete in energy, contrasting for each case the total energy
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of the competing phases. A total of 13-14 structures ranging in stoichiometry
were studied for all three transition metal compounds. The metal bcc and fcc
structures (for Zr also the hcp structure) and in the case of 50 % carbon con-
tent the cubic NaCl-structure and the hexagonal WC, TiAs and η-MoC (called
the eta-structure in the figures) phases were studied. For the Me2C phases
the hexagonal ε-Fe2N structure has been chosen as a model for all three Me2C
compounds. Though no common orthorhombic structure is found experimen-
tally, the orthorhombic Nb2C and Mo2C structure have also been studied for
sake of completeness. All the structures were relaxed in the lattice parameter
a and, for the hexagonal structures also in c. For the hexagonal Me2C phases
the internal degree of freedom was relaxed.

Combining all the calculated energies of formation one can derive theoretical
zero temperature phase stability diagrams for ZrC, NbC and MoC and they
are displayed in Fig. 8.2. All the phases are collected here, the whole range
of carbon content is shown and the energies of the most stable stoichiometric
phases plus the pure metal phase (or carbon/graphite phase) is indicated by
dot-dashed lines. The range in where the substoichiometric carbide is more
stable than both the Me2C phase plus graphitic carbon and stoichiometric cubic
MeC plus pure metal Me determines the homogeneity range, as indicated by
the dotted lines in Fig. 8.2. From the theoretical phase stability diagrams one
can identify much of the phase stabilities and trends seen in the experimental
phase diagrams (compare with Fig. 8.1).

Starting with the phase stability diagram of ZrC the NaCl-structure is pre-
dicted to be the stable stoichiometric compound and substoichiometric ZrC1−x

is stable compared to the competing phases down to at least 33% carbon. If
the energy of formation is extrapolated towards the calculated point at 20%
the stability range is predicted to be from 50% carbon down to 32% which is in
excellent agreement with experiment (see Fig. 8.1). The hexagonal Zr2C phase
is calculated to be less stable than substoichiometric ZrC1−x which is also in
agreement with experiment since the Zr2C phase is not observed. The phase
stability diagram of NbC also predicts the correct stable structure (the NaCl-
structure), but here the behavior of the substoichiometric phase is somewhat
different from that of ZrC1−x. Substoichiometric NbC1−x is seen to be stable
versus stoichiometric NbC plus Nb (bcc) only down to 35% carbon and stable
versus hexagonal Nb2C + C only down to 38% carbon. MoC shows yet another
picture of phase stabilities with a stable WC-structure and a substoichiometric
cubic structure that is unstable over the whole range of carbon content. 2 It
has been shown in an earlier study that the inclusion of vacancies into the WC-
structure drastically reduces the stability of this phase, having the effect that
at substoichiometric compositions the NaCl-phase is the most stable [73]. The
hexagonal Mo2C phase is also seen to be unstable while orthorhombic Mo2C is
very stable. Thus only orthorhombic Mo2C and MoC in the WC-structure are
calculated to be stable while the substoichiometric cubic phase is unstable, all
this in agreement with the experimental situation.

2The experimentally reported orthorhombic Nb2C phases were found to be less stable
than the hexagonal ε-Fe2N phase, see Section 7.6.
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Figure 8.2: Theoretical phase stability diagram for the Zr-C, Nb-C and Mo-C sys-
tems. The dash-dotted lines indicate the energy of formation of the stoichiometric
cubic phases plus the pure metal phase (or the pure carbon graphite phase). Dotted
lines indicate the approximate phase regions at 0 K.

8.1.2 Cohesive energies and stability ranges

The stability range of the various compounds is determined from a competition
between the chemical binding of the pure elements, i.e. graphite (a covalent
sp2 bonded material) and a transition metal (where the bonding is determined
by the Friedel model), and the binding in the MeC phase and the Me2C phase.
In order to analyze the nature of the chemical bonds in the latter types of
systems we display in Fig. 8.3 the theoretical generalized cohesive energies
(E∗

coh), as defined in Chapter 5: Perspectives on the chemical bond, of the
MeC compounds in the NaCl and WC-structures, the pure elements in the bcc
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structure and of the Me2C phases. First, we note the well established fact that
for the pure elements a parabolic behavior of the generalized cohesive energy
as a function of band-filling (according to Friedel’s model) is observed [83,84].
For the pure elements (Zr, Nb and Mo) the electron states are bonding, and
the transition from bonding to antibonding states is known to lie close to the
electron filling of Tc. For the NaCl-structured compounds the trend is different
mainly due to the bonding part of a strong covalent C-p Me-d hybrid that is
just filled in ZrC [73]. The strong binding resulting from this covalent bond
shows up in a considerably larger value of E∗

coh for ZrC in the NaCl phase
compared to the value of the pure element, which explains the large value of
the heat of formation for this compound (Fig. 8.3). However, E∗

coh is actually
little larger for NbC, where the extra cohesion comes mostly from metallic
bonding of the Nb d-states. This is in accordance with previous analysis,
since the bonding in NaCl-structured transition metal carbides is composed of
metallic d-binding in addition to a stronger covalent contribution from the p-d
hybridization [33]. Additional electron filling corresponds to antibonding states
and E∗

coh drops in value for MoC and TcC. This picture is somewhat modified
for the compounds when they are in the WC crystal structure, since E∗

coh is
here actually maximized for MoC and the general trend of the cohesive energy
is quite similar to the trend of the pure elements. This similarity suggests a
more metallic nature of the chemical bonds in this structure, and the electronic
structure is indeed consistent with this [73]. One may note that the transition
from bonding to anti-bonding states lies earlier in the series for the transition
metal carbides, compared to the pure elements, a finding that is in accordance
with the analysis of Brooks on the chemical binding of the actinide carbides [85].
This is a direct effect of the hybridization between metallic d and carbon p
states. We also note here that the discussion above would be equally valid if
one replaced theoretical cohesive energies with experimental values.

The increase in the number of metal atoms in the Me2C compounds pro-
duces an increased contribution to the metallic bonding, and as a consequence
the transition between bonding and anti-bonding states shifts towards the situa-
tion of the pure metals. Comparing the E∗

coh of the Me2C and NaCl compounds
is consistent with this analysis, in that for the former compounds the maxi-
mum in E∗

coh is found at higher electron fillings. In general, due to the change
in bonding characteristics, the boundary between bonding and anti-bonding
states is pushed to valence electron concentrations close to the middle of the
transition metal series for MenC phases with values of n higher than 2. Such
hypothetical MenC compounds have a dominant metallic d-bonding and are
therefore expected to be more prevalent for transition metal elements towards
the middle of the series.

Let us now analyze the trends in phase stability, using the conclusions
drawn above about the cohesive energy and chemical binding. Starting with
the NaCl-phases, the covalent p-d bonds are saturated at ZrC, producing a large
formation energy and a large homogeneity range. This picture is also consistent
with the absence of a Me2C phase. For the Nb-carbides in the NaCl-structure
the cohesive energy is only marginally larger than in ZrC, whereas for the pure
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Figure 8.3: Cohesive energies for the bcc-metals, MeC in WC and NaCl-structures
and for the hexagonal Me2C phases (in the ε-Fe2N structure).

elements Nb has a considerably larger value of E∗
coh compared to Zr. Hence

the heat of formation is reduced and the homogeneity range is lowered. For
the Me2C phases E∗

coh is close to being maximized for the Nb and Mo carbides
(see Fig. 8.3) explaining the occurrence of these phases for Nb2C and Mo2C
and the absence of a Zr2C phase. Also, due to the more metallic nature of
the WC phase, E∗

coh becomes maximized for a filling close to MoC, whereas for
the NaCl-structure also anti-bonding states are filled in MoC, and hence the
former structure is the stable phase.

8.2 Theoretical studies of MoC1−x

In a first attempt to study the energies of formation and electronic structure
of one of the transition metal carbides, a study of substoichiometric cubic
MoC1−x was made and reported in Publication III. Though preliminary in
its nature, this study leads the way to the more systematic studies of phase
stability diagrams of the 4d transition metal carbides that has been discussed
above.

In this publication we performed theoretical calculations studying the en-
ergy of formation and electronic structure in the cubic δ-MoC1−x phase. The
system was studied at 5 vacancy concentrations; MoC, MoC0.75, MoC0.50,
MoC0.25 and pure Mo (100 % vacancies). When modeling the system for sev-
eral vacancy concentrations a setup consisting of 4 molybdenum sites and 4
carbon sites is used. In stoichiometric MoC we thus have Mo4C4, for MoC0.75

we use Mo4C3, for MoC0.50 we use Mo4C2, for MoC0.25 we use Mo4C1 and for
pure Mo we have Mo in fcc structure, since the Mo atoms are situated on a fcc
lattice in MoC. In these studies of phase stability we were especially interested
in the energies of formation, as discussed earlier in this chapter. 3 The equilib-

3The energies of formation calculated in this publication are in some conflict with later
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Figure 8.4: Energy of formation and equilibrium volume for MoC1−x as a function
of vacancy concentration.

rium volumes and calculated energies of formation are plotted in Fig. 8.4. The
energy of formation curve is seen to be asymmetric with a minimum around
(1 − x)=0.60.

8.3 Ab initio study of the vacancy ordering in
TiC1−x

In this multi-disciplinary work (Publication XIII), the ordering of structural
vacancies in substoichiometric TiCx (x=0.5 – 1.0) was studied theoretically
on the basis of ab initio calculations. The cluster expansion technique and
the generalized perturbation method were applied to calculate the effective
interaction energies between the carbon vacancies. These energies (up to four-
body terms) were then used as input data for Monte Carlo simulations of the
vacancy ordering as a function of temperature and composition, and three or-
dered superstructures of vacancies (Ti2C, Ti3C2, and Ti6C5) were obtained.
The thermodynamic stability of these vacancy superstructures was verified us-
ing ab initio calculations within the full-potential linearized muffin-tin orbital
method.

Vacancy-ordering in TiCx remains a difficult scientific problem which at the
same time is of technological importance. This is because the TiCx phases, if
they are stable, will determine the structure and the properties of the inter-
faces in TiC-strengthened alloys and composite materials for high-temperature
applications. A stable Ti2C phase has been observed at the interface between
TiC fibers and a titanium alloy matrix at temperatures between 1273 and
1773 K [30]. The experimental data on the ordering temperature of the Ti2C

findings on the Mo-C system, see Publication VI, due to an error in calculating the total
energy of bcc-Mo.
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phase are highly controversial. According to Refs. [30, 31], the ordering tem-
perature must be of about 2000 K, whereas a much lower ordering temperature
of about 1000 K has been reported in other studies [86–88]. This large exper-
imental uncertainty is the main reason why vacancy-ordered TiCx phases are
not included in the Ti-C phase diagrams [89]. In this situation of experimental
controversy, theoretical investigations may provide important complementary
information regarding the vacancy ordering. However, theoretical consider-
ations [90] of vacancy ordering in TiCx have been restricted to pairwise in-
teractions on the carbon sublattice, and have neglected the effect of lattice
relaxations around vacancies. Experimentally, the vacancies in TiC are found
to prefer the third nearest neighbor separation distance, 〈1 1

2
1
2 〉, and tend to

avoid each other at the nearest neighbor (NN) and, especially, at the next-
nearest neighbor (NNN) distances on the fcc sublattice of carbon [92], in order
not to interfere with the bond strengthening around each of the vacancies. The
lattice relaxation around a vacancy in TiC has been investigated both exper-
imentally [92, 93] and theoretically [68, 94], as detailed in an earlier chapter
of this thesis. The titanium atoms surrounding the vacancy relax outwards,
whereas the NN carbon atoms relax inwards, so the strengthened Ti-C bonds
shorten. The lattice relaxation stabilizes the carbon vacancies even further, es-
pecially at small concentrations [68,94], and also enhances the vacancy ordering
tendency.

The present investigation was carried out in three steps. First, we deter-
mined the carbon-vacancy interaction energies on a rigid lattice using total
energies calculated by means of the LMTO Green’s function method [95,96] in
conjunction with the multipole-corrected atomic sphere approximation [97,98].
Next, we performed Monte Carlo simulations in order to obtain the vacancy-
ordered structures, to determine their ordering temperatures. In the final step,
we fully took into account the lattice relaxations and verified the thermody-
namic stability of the obtained structures. This was done by first calculating
the total energies and equilibrium volumes of the structures within a most accu-
rate full-potential LMTO method [11], followed by a geometrical relaxation of
the atomic positions using the Vienna ab initio simulation package (VASP) [13].
Finally, we calculated again the total energies and equilibrium volumes of the
relaxed structures within the full-potential LMTO method.

The effective interaction energies are defined through the following cumulant
expansion [99–101] (in principle equivalent to that found in Eq. 8.1) of the total
energy (per formula unit TiCx) in terms of the spin-like variables, Si=+1/-1)
if carbon lattice site i is occupied/vacant:

E(σ) =
∑

f

DfJf Π̄f (σ) , (8.2)

where the subscript f denotes a cluster (a ”figure”) comprised of several
lattice sites (pairs, triplets, quartets, and so on), Df is the number of f -type
clusters per formula unit of TiCx, Jf is the effective interaction energy for
cluster f , and Π̄f is the product of variables Si over cluster f averaged over all
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Table 8.1: Effective carbon-vacancy interactions in TiCx (in degrees Kelvin). See
text for the definitions.

J21 J22 J23 J24 J31 J32 J41

CE 113 246 −13 −5 −33 64 −6
GPM 143 400 −32 −12 −15 74 −6

SRO [92] 93 313 −58 81 - - -
SRO [92] 203 487 −35 81 - - -

J25 J26 J27 J28

GPM −22 10 2 −5

symmetry-equivalent clusters in the configuration σ of vacancies on the carbon
sublattice. We adopt the following notations for the interaction energies: J2n is
the pair interaction energy for the n-th nearest neighbors on the fcc carbon sub-
lattice (n = 1,2,3, . . . ); J31 and J32 are the three-body interactions in the NN
triangle and in the triangle with two NN sides and one NNN side, respectively;
J41 is a four-body interaction in the NN tetrahedron. The expansion (Eq. 8.2)
also contains the zero-body (J0) and the one-body (J1) terms which do not
contribute to ordering. The effective interaction energies were calculated us-
ing two complementary techniques [100]: the cluster expansion (CE) technique
and the generalized perturbation method (GPM). The calculated interaction
energies are listed in Table 8.3 together with the pair interaction energies es-
timated from the experimental measurements of the short-range order (SRO)
in TiCx. The calculated and experimental interaction parameters are in qual-
itative agreement with each other: The tendency of vacancies to be separated
by the third nearest-neighbor distance is consistent with a positive sign of J21

and J22 and a negative sign of J23. Our Monte Carlo simulations have also
revealed that the CE and GPM interaction energies yield similar results for the
structures and temperatures of the vacancy ordering.

The Monte Carlo simulations were performed in the concentration interval
TiC0.5 – TiC and in the temperature interval 300 – 3000 K. An fcc 32 × 32 ×
32 cell (32768 carbon sublattice sites) with periodic boundary conditions was
used. The simulation (canonical ensemble, Metropolis algorithm) started with
a random carbon-vacancy configuration at high temperature, then the system
was cooled down using 50 K steps. At each temperature we used 5000 time
steps (per one lattice site), the time- and ensemble-averages were calculated
during the last 1000 time steps per site. The phase transitions were located
using the calculated heat capacity and also by structural analysis, in real as
well as in reciprocal space. The main results from the Monte Carlo simulations
are as follows (the transition temperatures correspond to the GPM interaction
energies):

i) The cubic Fd3̄m Ti2C phase orders at 1900 K, the maximum ordering
temperature is at a slightly off-stoichiometric composition, TiC0.57, in agree-
ment with experimental observations [31, 102].

ii) At lower temperatures, the TiCx alloys with x ≥ 0.6 undergo a phase
transition from cubic Fd3̄m to trigonal R3̄m structure by a reorientation of the
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〈110〉B1 vacancy ”chains” into a ordered configuration with alternating filled
and partially filled {111}B1 carbon layers. The temperature of this transition
increases with increasing carbon concentration, but the exact phase boundaries
are difficult to locate since the transition is very sluggish (the energy balance
between the two structures is determined by the weak three- and four-body
interactions). Experimentally, the partially ordered Ti2C phase has been ob-
served in both cubic and trigonal forms [90].

iii) The alloys with intermediate compositions between Ti2C and TiC un-
dergo an additional ordering into phases Ti3C2 and Ti6C5 at a nearly constant
temperature of about 600–700 K.

The thermodynamic stability of the Ti2C, Ti3C2, and Ti6C5 phases, has
been verified using full-potential calculations. For the stoichiometric TiC we
obtain a lattice parameter aTiC = 4.273 Å and a heat of formation (relative
to αTi and graphite) ∆HTiC = −21 kcal/g-atom which compares well with
the experimental data 4.330 Å (Ref. [93]) and −22 kcal/g-atom (Ref. [103]),
respectively. The full-potential calculated lattice spacing in the Ti2C Fd3̄m
structure, a0 = 0.994aTiC, coincides with the experimental result [31] (the
lattice parameter of Ti2C is 2a0). The calculated crystallographic parameter
for the Ti(32e) position, x = 0.2445, agrees well with the experimental value of
x = 0.245. The calculated lattice parameters and the atomic positions in the
Ti3C2 and Ti6C5 structures are given in Table 8.3.
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Figure 8.5: The calculated heat of formation for vacancy ordered structures in TiCx.

In Fig. 8.5 we show the full-potential calculated heat of formation for the
ordered TiCx alloys as a function of composition. At the Ti2C composition,
the cubic Fd3̄m structure is slightly lower in energy than the trigonal R3̄m
structure of the same composition. However, at higher carbon concentrations,
the structures obtained by stacking of partially filled (111)B1 carbon layers,
Ti3C2 and Ti6C5, become more stable than the structures derived from the
cubic Fd3̄m structure by a gradual filling of vacancies [94]. This finding is fully
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consistent with the cubic-to-trigonal reorientation transition observed in our
Monte Carlo simulations.

Table 8.2: Atomic positions in the Ti3C2 and Ti6C5 crystal structures (space group

C2/m) calculated at lattice parameters a = c = a0
√

3√
2

, b = 3a0
√

2, β = 109.47◦,
where a0 = 0.9969aTiC for Ti3C2 and a0 = 1.0001aTiC for Ti6C5.

Atom Wyckoff notation x y z
T i3C2

C1 2a 0 0. 0
C2 4g 0 0.3327 0
C3 2d 0 0.5 0.5
Ti1 4i 0.7379 0 0.2439
Ti2 8j 0.2513 0.1614 0.2373

T i6C5

C1 2a 0 0 0
C2 4g 0 0.3332 0
C3 4h 0 0.1665 0.5
Ti1 4i 0.7603 0 0.2390
Ti2 8j 0.2410 0.1736 0.2462
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CHAPTER 9

Electronic properties of surfaces

This is the Discworld,
which travels through space on the back
of four elephants,
which themselves stand on the shell of
Great A’Tuin, the sky turtle.

Terry Pratchett,
Witches Abroad (1991).

THE research projects discussed so far have all concerned the electronic
structure of bulk, i.e. 3-dimensional materials, whereas in reality the
properties of the 2-dimensional surface are also important. If one thinks

about it, one will find that many, if not most, physical processes in materials
take place on the surface. In order to gain a more complete understanding
of the materials studied one therefore needs to also investigate the electronic
properties of the surfaces. Advances in experimental techniques for determin-
ing surface atomic structure have been matched by advances in the theory and
computational methods for calculating surface electronic structure. It is now
possible to predict, for example, the complicated reconstructions of semiconduc-
tor surfaces, with equal (or better) accuracy than experimental measurements.
In fact, these measurements themselves often involve calculations of surface
electronic structure in order to interpret the spectra in terms of atomic posi-
tions [104].

The surface energy and work function are two of the most fundamental
electronic properties of a surface and their determination is of great impor-
tance for the understanding of many surface phenomena. The surface energy
and work function influence the growth rate, catalytic behavior, adsorption,
surface segregation and the formation of grain boundaries. However, there are
experimental difficulties in determining the surface energies for the transition
metal carbides, for example because accurate measurements often require the
melting of the materials. This is a problem since the transition metal carbides
have the highest melting points known, and therefore no vessel will hold the
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needed molten material. 1 In this situation, it is possible to instead turn to
theoretical ab initio calculations to determine these surface properties. Surface
segregation of impurities on the other hand, is one of the most fundamental
processes that take place on surfaces. Segregation of impurities from the bulk
to the surface layers of a material involve a complicated interplay of the elec-
tronic properties of the surface and bulk via several dynamic steps, including
diffusion. Understanding this segregation is also important in experimental
physics and materials science where the growth of thin films is largely effected
by the presence or absence of impurities on the growth surfaces.

In our studies of the electronic properties of the transition metal carbide
(TMC) surfaces we have chosen a different computational technique than was
applied for the hitherto presented bulk calculations. The LMTO-GF method,
described in details in Refs. [105–108], was used for both the bulk and sur-
face calculations needed here. This method treats surfaces in their true semi-
infinite geometry, and employs the so-called principal layer technique [109]. In
the present calculations the surface region, where the electron density and the
one-electron potential are assumed to be perturbed by the surface and where
the perturbation was treated self-consistently, consisted of 6 layers of atomic
spheres and 4 layers of vacuum spheres. The principal layer thickness was 8
layers and the basis set included s, p, and d orbitals. The multipole moment
correction to the atomic sphere approximation (ASA) Madelung one-electron
potential and total energy (ASA+M) [98, 106] have been used in all our cal-
culations. The calculations of exchange-correlation potential and energy were
performed within the local density approximation, using the Vosko-Wilk-Nusair
parameterization of the exchange-correlation energy functional [110]. We em-
ploy the frozen core approximation in our LMTO-GF calculations, but the high
lying s and p states of the carbon and the s and d states of the transition metals
were treated as valence states.

No surface relaxation effects were taken into account in the presented stud-
ies. As has been shown by Price and coworkers [111,112], the energy associated
with rippled relaxation in the cases of TiC and TaC is quite small, and can not
influence substantially the trends discussed in this thesis. The cubic TMCs are
known to often be substoichiometric due to vacancies on the carbon sublattice.
In this study we have, however, considered both the bulk and surfaces of the
TMC to be stoichiometric. The possible effects of non-stoichiometry on the
work functions are discussed in a coming section.

9.1 Surface electronic properties of the transi-
tion metal carbides

In the theoretical investigations detailed in Publication X, we have performed
an ab initio study of the surface energies, surface electronic structures and work
functions for the (100) surface of the cubic 3d (Sc - Cu), 4d (Zr - Ag) 2 and 5d

1One could perhaps envisage an experiment using magnetic fields containing the melt.
2The surface energy and work function of yttrium was not calculated due to difficulties

with numerical convergence in the self-consistent calculations.
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(La - Au) transition metal carbides. Though some of the compounds studied
have never been synthesized experimentally, a complete study of all the TMCs,
whether they exist in nature or not, gives new insight into the physics of the
transition metal carbide surfaces. Such a consistent theoretical study of the
surface electronic properties of the entire TMC series has not, to the author’s
knowledge, been made before.

All the TMCs were treated in the NaCl (or B1) crystal structure, and
calculations were done for the (100) surface that is believed to be a low energy
surface in many stable carbides [44]. The equilibrium volume for the bulk
TMCs was calculated theoretically, and this volume was used in the surface
calculations. In order to increase the reliability of our theoretical study we
have employed two different computational methods. Firstly, we have used the
linear muffin-tin orbitals (LMTO) interface Green’s function (GF) method. In
order to verify the accuracy of our LMTO-GF calculations, we carried out
calculations for selected TMC surfaces by means of the full-potential LMTO
method [11]. In order to obtain better space filling of the B1 crystal lattice by
the atomic spheres (necessary to increase the reliability of the ASA-method),
we have introduced two empty spheres (ES) at positions (0.25, 0.25, 0.25) and
(0.75, 0.75, 0.75). Moreover, the relative sphere ratio was adjusted in such
a way as to obtain the best potential match at the AS boundaries in TiC.
The same relative sphere ratio was then used for all calculations, in order to
minimize the influence of ASA on the calculated trends across the series. Due
to the presence of the ES, the non-polar (100) surface of the B1 structure
became polar in our LMTO-GF calculations. The polarity was treated using
the technique developed by Ruban [113].

9.1.1 Surface energies

Since we have an artificially polar surface, two calculations have to be carried
out for each surface, reflecting the two possible truncations of the surface region
from the side of the bulk; one for the case of cutting the plane that contains
empty spheres, and one for the case of truncation in the TM and C atoms
plane. The actual surface energy is then determined as the average of the two
calculations. The surface energy is here defined as:

Esurf =
En

slab − n ∗ Ebulk

2
, (9.1)

where En
slab is the total energy of the n layer surface slab and Ebulk is the energy

of the bulk material. The surface energies, displayed in Fig. 9.1, show consistent
trends, common to the 3d, 4d and 5d carbides, with an early maximum for
TiC, ZrC/NbC and HfC, a drop and a leveling out at the FeC/RuC/OsC -
CoC/RhC/IrC groups and a final drop to the CuC/AgC/AuC group. It is
also found that the surface energy is greater for the 5d TMCs compared to
the 4d TMCs, and greater for the 4d compared to the 3d TMCs for the early
transition metal carbides (groups III to VI), while this order is reversed for the
later transition metal carbides (group VII and above).
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Sc/Y/La Ti/Zr/Hf V/Nb/Ta Cr/Mo/W Mn/Tc/Re Fe/Ru/Os Co/Rh/Ir Ni/Pd/Pt Cu/Ag/Au
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Figure 9.1: Surface energies (in eV/atom) of the 3d (circles), 4d (squares) and 5d
(diamonds) transition metal carbides. A comparison with results on the 4d transition
metal carbides using a FP-LMTO method is included, shown with unfilled squares.

A basic model for understanding and predicting the surface energy, shown
to work well for elemental metal surfaces [114], is the so-called bond-cutting
model, derived from tight-binding theory [115]. Traditionally, this model is
used for metallic bonded materials with delocalized electron states. Within
this model the surface energy can be written as:

Esurf =
√

CB −√
CS√

CB

E∗
coh, (9.2)

where CB and CS is the coordination numbers for the bulk and surface atoms
respectively and E∗

coh is the generalized cohesive energy of the bulk compound.
Since the main source of the bonding in these systems is the interactions be-
tween the metal and non-metal atoms [32], the coordination number in the
bulk is 6 (CB=6), while it is reduced to 5 (Cs=5) in the (100) surface. The
predicted surface energies from the bond-cutting model are compared with the
calculated surface energies in Fig. 9.2. From predictions within such a bond-
cutting model the surface energy of a compound is proportional to the cohesive
energy of the compound. In this model the surface energies of the transition
metal carbides should therefore follow the same trends as the cohesive energy.

In Fig. 9.2 we show calculated generalized cohesive energies (E∗
coh) scaled

with the factor given by the bond-cutting model above. The trends obtained in
our calculations compare well with earlier results [45], except in the case of the
3d carbides where the difference may be attributed to differences in volumes
at which the generalized cohesive energies were calculated and that we are
here considering non-spin-polarized atoms. One can also see that the absolute
values and the general trends of the surface energies are fairly well predicted
by the bond-cutting model, giving its extreme simplicity. Thus, the trends of
the surface energy can be understood in a way similar to that for the cohesive
energy. The behavior of the calculated generalized cohesive energies (and to
a first approximation the surface energies) across the series shows a typical
trapezoidal shape that can be understood in terms of the consequetive filling of
bonding, non-bonding/slightly bonding and anti-bonding states, as proposed by
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Figure 9.2: Predicted surface energies for the 3d (top), 4d (middle) and 5d (bottom)
transition metal carbides using the generalized cohesive energies and the bond-cutting
model. The theoretical surface energies are shown with stars. Predictions of the
surface energies within a model based on the bonding energy is also included in these
figures.

Gelatt and coworkers [33]. Also, calculated DOS for the carbides, as discussed
in a coming section, exhibit a pattern of bonding, nonbonding/slightly bonding,
and anti-bonding states.

At this point it is worth to point out that the trends in the surface energies
are not perfectly reproduced by the calculated generalized cohesive energies
within the bond-cutting model (differing with a maximum of 15% from the
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calculated values). For example, the maximum of the surface energy would be
predicted at the V/Nb/Ta group, and the variation is predicted to be smoother
than is the case found from the first-principles calculations. As an alternative
to the analysis connected to the generalized cohesive energies, we present a
model that tries to identify the relevant chemical bonds involved. In doing
this we first assume a tight-binding model with nearest neighbors interactions,
the only bonds that are cut at the (100) surface in the B1 structure are those
between the transition metal atoms and the carbon atoms. Thus, one may
expect that a better estimate for the surface energy trends may be obtained
from a bulk energy parameter that better characterizes the strength of these
bonds. One such parameter is the bonding energy introduced by Häglund et
al. [45], and discussed in Chapter 5: Perspectives on the chemical bond.

We now calculate the surface energy as the energy cost to break one of the
six C-p Me-d bonds, i.e. ETMC

bond /6. The predicted surface energies within this
model based on the bonding energy are shown in Fig. 9.2 by open triangles.
It may be seen that the overall behavior of the calculated surface energies
and surface energies predicted from the model based on the bonding energies
are remarkably close to each other across the series. This is in agreement
with our expectation that the surface energy trends reflect the strength of the
nearest neighbors TM-C bonds. The main difference between the trends of the
bonding energy and the generalized cohesive energy across the series is that
the former includes the energy contribution required to increase the distance
between the transition metal atoms from that of the pure transition metal,
and also to change the structure of the TM atoms from their stable crystal
structure to that of the face centered cubic sublattice of the B1 crystal. This
contribution reduces the energy gain due to the formation of the TM-C bonds,
and it behaves roughly parabolically across the series [33]. A combination of the
negative contribution to the bonding energy, due to the band filling effects that
has a trapezoidal shape and is the same as in the generalized cohesive energy,
and the smaller, but positive contribution due to this expansion energy, gives
the observed behavior of the bonding and the surface energy across the series.

Table 9.1: A comparison of surface energies ES [eV/atom] calculated by two differ-
ent computational techniques
Carbide LMTO-ASA FP-LMTO Carbide LMTO-ASA FP-LMTO

TiC 0.86 0.65 TcC 0.69 0.53
IrC 0.59 0.37 RuC 0.68 0.43
ZrC 0.86 0.74 RhC 0.69 0.40
NbC 0.87 0.77 PdC 0.47 0.32
MoC 0.77 0.65 AgC 0.39 0.29

In comparison to the surface energies of the elemental transition metals [97],
it can be noted that the trends for the carbide surfaces are markedly different.
The elemental surface energies show a parabolic behavior, following the simple
picture of d-electron contribution suggested by Friedel [116], with a maximum
for the Fe/Ru/Os group.

To double-check the results of this study we have also studied the surface

92 H̊akan Wilhelm Hugosson



A Theoretical Treatise on the Electronic Structure of Designer Hard Materials

Sc/Y/La Ti/Zr/Hf V/Nb/Ta Cr/Mo/W Mn/Tc/Re Fe/Ru/Os Co/Rh/Ir Ni/Pd/Pt Cu/Ag/Au
Transition metal carbide

3

3.5

4

4.5

5

5.5

6

6.5

W
or

k 
fu

nc
tio

n 
[e

V
]

3d
4d
5d

Figure 9.3: Work functions for the 3d (filled circles), 4d (filled squares) and 5d
(filled diamonds) transition metal carbides. Experimental results are shown with
unfilled symbols.

energies for a choice of the transition metal carbides using a full-potential
LMTO method [11]. The results from this comparison of results from two
different computational techniques are collected in Table. 9.1. The surface
energies from the full-potential method are consistently lower by around 0.1-
0.3 eV and show the same trends.

9.1.2 Work functions

The work function is defined as the minimum energy required to remove an
electron from the interior of a solid to a position just outside the solid. In
electronic structure calculations this translates to taking the energy difference
between the Fermi level and the vacuum level. The work functions for all the
TMCs studied are displayed in Fig. 9.3. The calculated work function for TiC
(4.94 eV) agrees well with previous theoretical studies [117] who obtained a
value of 4.70 eV. Care should be taken when comparing theoretical and exper-
imental work functions since the work functions have been shown to be very
sensitive to the presence of both bulk and surface vacancies, common to the
transition metal carbides [118]. The discrepancy between the theoretical and
experimental values [119, 120] for TiC has previously been attributed to the
presence of carbon vacancies in the bulk and surface layers. That the effect of
such vacancies should be a lowering of the theoretical work function has also
been shown by Price and coworkers [118]. For the 5d transition metal carbides
HfC and TaC our values (4.45 eV and 4.36 eV) agree very well with experimen-
tally reported values for stoichiometric carbides [121] (4.63 eV and 4.38 eV),
and differ somewhat from previous theoretical results by Price and coworkers
(who obtained 3.84 eV and 4.31 eV respectively) [118]. As a comparison the
work functions for the elemental metals for the fcc (111) surface [97] reach
their maximum towards the end of the series for 3d, 4d and 5d TMCs. It is
found that the work functions calculated here for the TMCs generally follow
the trends of the elemetental work functions for the later transition metals.
While the elemental work functions are strictly increasing in the beginning of

University of Uppsala 93



Chapter 9. Electronic properties of surfaces

the series the carbide work functions are constant or decreasing for groups IIIb
to Vb.
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Figure 9.4: Partial density of states (DOS) for the 4d transition metal carbides;
ZrC - TcC (left) and RuC - AgC (right). Metal d-states are shown in solid lines,
carbon-s in dotted lines and carbon-p in dashed-dotted lines. The DOS of the surface
layers is mirrored under that of the bulk layers.

9.1.3 Electronic structure of transition metal carbide sur-
faces

The electronic structure, the density of states, has also been studied for the
4d TMC surfaces. In Fig. 9.4 (left) is shown the density of states for the early
transition metal carbides ZrC (bottom) - TcC (top), and in Fig. 9.4 (right) is
shown the DOS for the later transition metal carbides RuC (bottom) - AgC
(top). The DOS of the surface layers is mirrored under that of the bulk layers.
In order to characterize the DOS in the transition metal carbides one can divide
it into four principal regions. Using NbC as an example, these regions can be
specified as follows: I - a region of predominately carbon s states at energies
-12 to -10 eV below the Fermi level; II - a region of hybridized carbon-p states
and Nb d-states, associated with the first sharp peak of the DOS between -7
and -2 eV; III - predominately Nb-d states between -2 and 4 eV; IV - a wide
band above 4 eV that again consists of hybridized C-p states and Nb-d states.
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First one can conclude that the surface DOS for regions I and II are always
shifted by around 0.5 - 1 eV compared to the DOS in the bulk and a narrowing
of these two regions is also evident. Of interest is also the emergence of singular
surface states (also noted in Ref. [117]) mostly in regions of low DOS (between
regions I and II). Such features are exemplified by the two peaks at -1.9 eV
and -2.5 eV on the MoC surface but are also present in all the early TMCs
(ZrC - TcC). Such states are of metal-d character and very similar to so-called
vacancy peaks found in substoichiometric carbides, see for example Ref. [73].

An analysis of the surface DOS (Figs. 9.4) shows that, except for the de-
tails mentioned above, the surface DOS is quite similar to the bulk DOS, and
therefore the main contribution to the surface energy behavior across the series
(Fig. 9.1) is expected to be due to band filling effects. Examining the overall
trends when traversing the series from ZrC to AgC, one can see that the tran-
sition metal d-band becomes increasingly filled in a way that makes rigid band
arguments quite plausible. However, as has been pointed out by, for example
Gelatt et al. [33], this reasoning must be used with care. For example, when
examining the overall trends when traversing the series from ZrC to AgC, it is
seen that that (most prominently) region I, being mainly C-s states, and region
II are shifted downwards in energy (ZrC - MoC) and then remains constant
(TcC - RuC), followed by an upward shift in energy for the later TMCs (RhC
- AgC). The figures also clearly display the narrowing of regions II and III, the
band width being around 11 eV for ZrC and not more than 5 eV for AgC. It
is also seen that the surface DOS is more drastically changed, in comparison
to the bulk, for the later TMCs (exemplified by AgC) than is the case for the
earlier TMCs (exemplified by ZrC).

9.2 Surface segregation of transition metal im-
purities on the TiC (100) surface

The segregation energies of 3d (Sc - Cu), 4d (Zr - Ag) 3 and 5d (La - Au)
transition metal impurities on the (100) surface of TiC have been calculated
in Publication XI using first-principles electronic structure calculations. The
LMTO-GF method, described in detail in Refs. [105–108], was used for the
bulk and surface calculations. The object of the study presented here has been
the thermodynamic limit of this dynamic process by calculating the theoretical
segregation energies for all the 3d, 4d and 5d transition metals on the TiC (100)
surface. TiC is taken as a model for the TMCs because it is a commonly used
and industrially important material applied in several thin film applications
such as hard coatings (see Chapter 7: The transition metal carbides). To the
author’s knowledge, few experimental studies exist for segregation profiles of
metal impurities on TMC surfaces. A study by Souda and coworkers of dilute
(0.6 wt%) transition metal impurities (W, Ta, Zr, Nb and Mo) on TiC (100)
and (111) surfaces show a marked enrichment of segregants in the topmost

3The segregation of yttrium was, once again, not calculated due to difficulties in the
numerical convergence.
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layer of the (100) and also in the deeper layers of the (111) surface [122]. A
second study by the same team investigating W impurities at the TiC (100)
surface showed an enrichment of both W impurities and carbon vacancies at
the surface [123]. Titanium carbide was treated in the NaCl (or B1) crystal
structure, and calculations were done for the (100) surface. The equilibrium
volume for bulk titanium carbide was calculated theoretically, and this volume
was used in the surface calculations.

9.2.1 Segregation energies

The impurity solution energies Eis, being defined as

Eis =
∂εsurf

∂ctot
surf

|c→0, (9.3)

for the bulk and surface were calculated for three different concentrations of
impurities and the limit when the concentration goes to zero was calculated
(for both bulk and surface). The total energy of the system was calculated
with a concentration of impurity atoms of 1%, 2% and 3%, in the outmost
surface layer and in the bulk, respectively.
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Figure 9.5: Segregation energies for impurities of the 3d, 4d and 5d transition met-
als on the TiC (100) surface.

The segregation energy is then defined as the difference between the impu-
rity solution energy in the bulk Ebulk

is and the surface Esurf
is ,

Esegr = Esurf
is − Ebulk

is =
∂εsurf

∂ctot
surf

− ∂εbulk

∂ctot
bulk

. (9.4)

The segregation energies, calculated for impurities of the 3d (Sc - Cu), 4d (Zr
- Ag) and 5d (La - Au), are displayed in Fig. 9.5. A negative segregation
energy indicates that the impurity will segregate to the surface. Firstly, all
the 4d and 5d impurities (with the exception of Rh/Ir) tend to segregate to
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Figure 9.6: Differences in atomic size, Wigner-Seitz radius (RWS), between TiC
and the impurity atoms for 3d, 4d and 5d transition metal carbides.

surface while for the 3d impurities only Sc, Ni and Cu have negative segregation
energies. The trend is secondly that the segregation become less negative/more
positive for the later elements, with a turning point at the Co/Rh/Ir group,
after which the segregation energies become more negative/less positive again.
The trends for the 4d and 5d impurities follow each other closely, and the
4d impurities generally have a larger negative segregation energy than the 5d
impurities (except for Rh/Ir). These theoretical results are in agreement with
experimental findings that W, Ta, Zr, Nb and Mo all segregate to the surface
(100) of TiC [122].

9.2.2 Differences in surface energies and atomic sizes

The tendency for an atomic species to segregate to the surface when immersed
in a binary alloy is thought to be coupled to the difference in surface energies
and atomic size. To begin with, an impurity with a larger atomic size will
tend to segregate to the surface. The reason for this can, for example, be
understood if one investigates the total energy as a function of distance for
two-atomic molecules (in the simplest picture the energy follows a so-called
Morse potential), where the total energy rises more steeply for r < re than
for r > re (where re is the equilibrium distance between the atoms in the
molecule). A large impurity atom in TiC thus find itself at a smaller nearest
neighbour distance rNN than re, which increases the energy. There is a simple
way the system can lower its energy in responce to this situation; by increasing
rNN so that it equals r > re. A less straight forward way is to keep the
nearest neighbour distances fixed and to change the electron density so that
it resembles the situation at re as close as possible. If the nearest neighbour
distance is imposed by other parameters (for instance the host lattice) the
second way is the only operative mechanism. The larger impurity atom lowers
its electron density and hence the total energy at the surface. The system is
thus allowed to minimize the energy by forcing the larger impurity towards the
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Figure 9.7: Differences in surface energy between TiC and carbides for the impurity
transition metals for the (100) surface.

surface where the coordination is smaller. In a similar way a small impurity
atom will find electron densities as far away as possible from its equilibrium
conditions when it is situated at the surface of the TiC host matertial, since
the electron density is already lowered there compared to the TiC bulk. Hence
smaller TM impurity atoms should show a tendency to avoid the surface of
TiC. The difference in atomic size, the Wigner-Sietz radius, between the Ti
atom and the impurity atom is plotted in Fig 9.6, and the correlation between
atomic size and segregation energies is clear by comparing Fig. 9.5 and Fig. 9.6.

It is also known that a species with a smaller surface energy will segregate to
the surface. In order to examine whether this can be applied to the segregation
of impurities on the transition metal carbide surfaces the difference in surface
energies between TiC and the respective impurity transition metal carbides is
plotted in Fig. 9.7. The surface energy of the carbides have all been calculated
at the equilibrium volume of TiC. 4

From these two factors, one concludes that the segregation curve is de-
termined by a combination of both the size and surface energy factor. The
segregation curve follows that of the size, modified with the surface energy.
This modification is most obvious in the later part of the series, where the
difference in surface energy (from TiC) is the largest, and for example the ten-
dency of the Ni/Pd/Pt and Cu/Ag/Au groups to segregate to the surface is
greatly enhanced, in the cases Ni and of Cu driven, by the much smaller surface
energies. The 4d and 5d TMCs Tc/Re - Rh/Ir (with atomic sizes almost equal
to that of Ti) are, however, seen to only slightly tend to segregate to the surface
(or in the case of Rh/Ir slightly to the bulk), even though the surface energies
are lower than those of TiC. The dominant effect in determining segregation is
therefore found to be that of the difference in atomic size.

4The values of the surface energies and equilibrium volumes are taken from our earlier
article (Publication X) on the surface energies and work functions of the 3d, 4d and 5d
transition metal carbides.
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CHAPTER 10

Novel designer hard materials

Det är kolan man vill åt.
Ancient Swedish proverb.

HARDNESS is one of the most sought after properties in a material and
one of the most significant attributes of many of the compounds studied
in this thesis, among them the transition metal carbides, nitrides and

oxides. Hardness is important for many obvious reasons, reducing the wear
of everyday objects being just one, creating machining tools another, other
more offensive military applications unfortunately also come to mind. 1 The
question is then if it is possible to make artificial materials that match or exceed
the hardness of the two hardest known materials - diamond and cubic boron
nitride? The search for such superhard materials has been one of the driving
issues in my research, first on the level of understanding properties of existing
materials, but lately also in attempting to predict novel designer hard materials
(Publications XII and XIV).

When designing new materials one can either predict new combinations of
atomic species, or ways of stabilizing previously non-existent compounds and
structures, or one can determine ways of altering existing materials. Tradi-
tionally one discerns four common techniques for strengthening single-phase
materials [124]:

(i) Grain size reduction, since the slip planes in different grains will, most
probably, be misaligned, a grain boundary region will result in a disconti-

1I am at the current date not aware of any military applications for the compounds that
I have studied. Being on the theoretical side of science I can only hope and pray that my
findings are not directly instrumental in the creation of weapons of destruction. Becoming
the technical side-kick to warmongerers was not the goal of my research.
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nuity of slip planes from one grain to the other. This hinders the motion
of dislocations. Smaller grains, i.e a large number of grains per volume,
will thus result in increased hardness.

(ii) Solid solution hardening, is a method whereby a metal is strengthened
by alloying. High purity metals are almost always softer than their al-
loys. This is because impurity atoms, being of a different size than the
surrounding atoms, create a strain in the host lattice. Dislocations are
hindered in their movement by the strain field surrounding the impurities.

(iii) Strain hardening, is a when a ductile metal becomes harder as it is plas-
tically deformed, this is also know as work hardening and has been know
to metal workers since the dawn of time. The density of dislocations in-
creases as a material is deformed. On the average, dislocation-dislocation
strain interactions are repulsive, an increase in the dislocation density will
therefore result in that the motion of dislocations is hindered, thus in-
creasing strength.

(iv) The strength and hardness of some metal alloys may also be enhanced
by the formation of small uniformly dispersed particles (precipitates) of a
second phase within the original phase matrix, this is called Precipitation
hardening. The mechanism here is that dislocation motion is impeded
because of lattice strains in the precipitate/matrix interfaces.

In order to understand more about hardness one needs to identify the so-
called slip/glide planes in a material [124]. These are the planes along which a
material deforms when it is subjected to an external force and differ between
materials according to their structure, but also according to differences in the
chemical bonding. The bcc metals (like Fe) slip along the {110} planes, while
the glide planes in fcc metals (such as Ag), are the close packed {111} planes.
Ionic crystals such as LiF, on the other hand, would never slip along the {111}
planes since this produces strong repulsive Coulombic interactions across the
shear planes. In the transition metal carbides, with their complex bonding (as
was discussed in Chapter 7: The transition metal carbides), the slip planes are
a little more complicated. Carbides with the NaCl-structure (B1) have {110}
and {111} as their predominant slip planes, shown in Fig. 10, while carbides in
the WC-structure slip along the prismatic {100} planes (or the {101̄0} planes
in hkil notation) [125, 126].

10.1 What is hardness?

When discussing hardness one often falls back on the definition of hardness
as the property which is measured in hardness measurements. Hardness is
usually measured by pressing a diamond tip into the surface of a sample with
a known force and subsequently measuring the size of the indentation made
in the surface. Hardness is then simply the force divided by the indent area
and is expressed in GPa or kg/mm2. The smaller the indentation - the harder
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Figure 10.1: The predominant slip planes in the cubic NaCl-structured carbides
are the {111} (left) and the {110} (right) planes. The active slip systems are also
dependent on temperature.

the material. To complicate things there are various hardness measuring tech-
niques, which vary according to the geometry of the diamond tip; a Vickers
test uses a symmetric diamond tip and a Knoop test uses an asymmetric tip.
As one easily understands, however, defining hardness as that which is mea-
sured in a hardness test is a rather un-constructive circle-argument. Even if
one agrees that the hardness test show actual hardness, one still needs to know
what physical mechanisms are gauged in the measurements. By studying the
actual processes which occur during a measurement of hardness and realizing
that hard materials can be hard for different reasons one can reach farther;
diamond for example is hard because the bonds are extremely strong, while a
superlattice is hard because the movement of dislocations is hindered in the
phase interfaces. The conclusion of such a discussion is that hardness is a mea-
surement of how readily dislocations are generated and able to move through
the material under an applied force [127].

The hardness of a material is thus determined by a combination of two
factors firstly; how resistant the bonds in the material are against distortions
(needed to generate dislocations or move them locally) and secondly on how
dislocations are able to move in the system. In later years the search for novel
hard materials has benefited from advances in the theoretical treatment of
electronic structure in solids. The hardness of a material is not entirely given
by the electronic structure readily available from density functional theory
calculations (since the systems studied have often been small) but the first
factor, the straining of bonds in a material, can be modeled theoretically by
calculating the elastic constants of the material. We thus caution the reader
that the bulk modulus which is often regarded as a measure of hardness does
not contain the full information on material hardness. 2

The second factor, the movement of dislocations in a system, is less readily
accessible to calculation and simulation. The key issue here is that dislocations
should be hindered from moving in the system, the dislocations need to be
pinned in order to enhance the hardness of the system. One example of this is
traditional work hardening, where a ductile material is plastically deformed by

2However, a plot of hardness versus e.g. bulk modulus for some of the technologically
most interesting materials (BN, diamond, RuO2) shows a linear relationship [128].
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cold working, creating a large number of dislocations with reduced mobility. 3

Another example is the addition of secondary phases such as precipitations,
where the introduction of lattice strains can lead to a strong reduction in the
mobility of dislocations. Recently extremely hard superlattice or multilayer
structures have gained a lot of attention [127]. For example, a significant in-
crease in hardness has been observed for superlattices of TiN/VN [38]. Here the
interfaces between the nitride phases tend to reduce the mobility of dislocations.
Another possibility is to create a superlattice structure of non-isostructural
phases such as Mo/NbN [127]. Another example is found in Al2O3, where al-
ternating layers of κ and α-Al2O3 are deposited. This process has been shown
to significantly enhance the hardness of the Al2O3 coatings [129]. In the last
two examples, the different phases will exhibit different glide systems, that will
prevent the dislocations from moving easily through the interfaces between the
phases in the superlattice. From the examples above one understands that
creating layered materials differing in composition or structure, thereby influ-
encing the glide systems present, can lead to substantial increases in hardness.
One way to further increase hardness is therefore to maximize the number of
these active interfaces, active as in differing in slip systems.

10.2 Hardness enhancement in transition metal
carbides by phase stability tuning

In the study presented in Publication XII we propose a new way of creating
enhanced hardness in transition metal carbides, though the principle can also
be generalized to other systems, by identifying regions in the valence electron
concentration (VEC) where several structures are found to have the same, or
similar, total energies. We thus propose that one can create, for example,
coatings of said materials where the stacking sequence of the atomic planes
will be essentially random or tunable by small controlled variations of the pro-
duction parameters, such as gas flow, deposition rate, gas composition etc.
Such controlled deposition is possible using modern thin-film techniques, for
example physical vapor deposition (PVD) [130]. For example, one can envis-
age an embodiment where the system is allowed to alternate between two or
more cubic and hexagonal structures. As was mentioned in an earlier section
of this thesis, the cubic NaCl-structured (B1) transition metal carbides have
two primary glide planes, the {110} and the {111} planes, while the hexago-
nal WC-structure has the prismatic {100} planes as glide planes [126]. This
embodiment will thus create a material with a very large number of interfaces
between structures with different glide systems, these interfaces will hinder the
propagation of dislocations, thereby increasing the hardness of the material.
The proposed systems therefore optimize the two factors determining hardness
in a material by first combining the inherent strength of the transition metal
carbides, manifested in their remarkable bulk and shear moduli, and secondly
hindering the propagation of dislocations, by maximizing the number of inter-

3A truly ancient knowledge already applied to copper axes in times before the Bronze age.
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faces between different slip systems. This is also done without changing the
chemical constitution of the material as is done in conventional superlattices. 4

10.2.1 Relative phase stabilities

In order to determine the relative phase stabilities for several competing struc-
tures, the total energies of the four structures that have been experimentally
verified for the 4d and 5d-transition metal mono-carbides were calculated. The
four structures studied are (i) the WC-structure, the ground-state structure
for MoC and WC; (ii) NaCl-structure, the ground-state structure for TiC, VC,
ZrC, NbC, HfC and TaC and a high temperature phase in the Mo-C system;
(iii) the TiAs-structure (found in the Mo-C system) and (iv) the so-called η-
structure of MoC. These four structures can all be viewed as different stacking-
sequences of close-packed-like planes of metal and carbon atoms (see Chapter
7: The transition metal carbides). Because the structures of CrC and MnC are
not included, since these are of a more complicated nature, the predictions for
the 3d transition metal carbides are less certain.

The results from our calculations of phase stabilities for the group IV-VII
3d, 4d and 5d-transition metal carbides are shown in Fig. 10.2. The calculations
correctly predict the equilibrium structures for all studied carbides, for example
the NaCl-structure for the group IV and V carbides and the WC-structure for
the MoC and WC compounds . The difference in energies of formation between
the structures is the smallest for the group VI carbides (CrC, MoC and WC).
This span in energy of formation indicates how easily the less stable phases may
be formed, and a small span shows why, for example, MoC has so many stable
and meta-stable phases while the other transition metal carbides do not. 5 It is
also seen that this span in energy is decreased when going from the 5d to the 4d
to the 3d compounds. From these figures and tables one can identify a region in
VEC where all four phases are found to have equal, or almost equal, energies.
For the 3d-metals this occurs at VEC = 9.6 - 9.8, for 4d-metals at VEC = 9.6 -
9.7 and for 5d-metals at VEC = 9.5 - 9.6. Since all four studied structures are
variations of stacking sequences of metal and non-metal planes, another way of
looking at the result from our studies is that the stacking fault energy goes to
zero in certain regions of VEC. So the proposed multi-phase/polytypic region
may also manifest itself in the occurrence of a large number of stacking faults,
or as a lack of long-range periodicity.

The relative phase stabilities of the 4d-transition metal carbides have been
studied in an earlier work, Publication VII in this thesis. There it is shown
that the stabilisation of the WC-structure relative to the other competing struc-
tures, for example the NaCl-structure, comes about since the electronic states
filled in the NaCl-structure when going from NbC to MoC are destabilizing
(meaning that the energy of formation is decreased) while they are slightly

4The surface coating produced from the principles detailed below, and the method with
which to produce such a coating, are protected within Patent application 0004203-6 (2000),
submitted to the Swedish Patent Office.

5This issue was also discussed in Publication I, see Chapter 7: The transition metal
carbides.
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Figure 10.2: The relative phase stabilities for four structures of the group IV - VII
3d, 4d and 5d transition metal carbides. The energy of the WC-structure is taken to
be zero.

stabilizing for the WC-structure. It has also been shown in an earlier work
by Hugosson and coworkers [73] that the relative phase stabilities between the
phases in MoC are likewise changed as a function of vacancy concentration, the
order of stability between the cubic and hexagonal phase being reversed, and
a similar multi-phase/polytypic region may thus also be formed in the substoi-
chiometric group VI carbides. 6 Taking into account this effect of substoichiom-
etry, alloying substoichiometric group VI carbides with higher transition metals
opens up an alternative avenue for the realization of a multi-phase/polytypic

6An increase in stacking fault density(indicating a multi-phase/polytypic region) has also
been seen in TEM studies of γ′-MoC0.74 [66], see Fig. 10.3.
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region.
In order to control the predictions from linear extrapolations between the

total energies, the phase stabilities were also calculated for a Mo0.50Nb0.50C
alloy and isovalent Tc0.25Nb0.75C, the results are shown in Fig. 10.2 (only shown
for Mo0.50Nb0.50C). The results show both that the linear extrapolations are
accurate and that the predicted turnover in phase stabilities is a function of
the VEC. The relative phase stabilities can thus be tuned by suitable alloying
of transition metals. It should also be noted that the linear extrapolations
between the phase stabilities of different compounds, which is only shown for
neighboring elements of the same period, can easily be made for elements of
different periods. Likewise, the required VEC may be reached by higher orders
of alloying than ternary carbides, for example quaternary carbides etc.

10.2.2 Experimental indications of multi-phase/polytypic
regions

Little experimental work is, to our knowledge, reported on the hardness of
ternary transition metal carbides, but in experimental studies of the ternary
nitride system TixV1−xN, Knotek and coworkers found a considerable increase
of hardness for a virtually stoichiometric compound with 29 at.% V [131].
Though they do not report on finding any increase in stacking faults, or other
evidence of the so-called multi-phase/polytypic region, this is at a VEC exactly
one below that suggested in this work for the carbides for the occurrence of a
so-called multi-phase region. This shift of one VEC is expected for the nitrides,
for example from simple rigid band arguments and the fact that nitrogen has
one less electron than carbon. Boxman and coworkers also report a significant
increase of hardness (from 25 GPa upto 50 GPa) in TixNb1−xN for x slightly
below 0.5 [132].

Figure 10.3: TEM micrograph of lamellar-like structure in a γ′-MoC0.74 film. The
stacking-faults are indicated by the dark and light vertical regions.

Sparked by the theoretical calculations detailed above, experimental work
has begun trying to synthesize compounds after the predicted specifications.
The experimental workers have succeeded in growing two films of molybde-
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num/niobium carbides; Mo57Nb43C1−x and Mo66Nb34C1−x. 7 Preliminary re-
sults indicate that these films show expitaxial growth with a remarkably large
number of stacking faults. This increase in stacking fault density has also later
been found in earlier substoichiometric MoC1−x films, studied in Publication
II and displayed in Fig. 10.3. This increase in the stacking fault density is
predicted from the theoretical calculations (see the earlier sections), and is
a requisite for the proposed hardening mechanism. Though many difficulties
remain to be solved, for example the films grown so far are too thin to al-
low the determination of hardness, experimental progress is on the way. Since
the nitrides are also predicted to have similar multi-phase/polytypic regions,
and since they are somewhat easier to grow, work is also planned on these
systems [133].

In conclusion, we have identified regions in valence electron concentration
where several phases of the 3d, 4d and 5d-transition metal carbides have the
same or similar total energies. From this finding we suggest that compounds
may be formed where the stacking sequence of atomic layers is essentially ran-
dom or controllable through minor changes of the production parameters. Fur-
ther experimental studies of the proposed systems is highly desired. Examples
of possible embodiments include coatings deposited at the calculated optimum
VEC, where several structures have the same energies, with essentially random
stacking sequences or a large number of stacking faults. A second alternative is
one where layers of two alternating structures are deposited, by controlled vari-
ations in deposition conditions, creating superlattices differing only in structure
but not in chemical composition. The multi-phase/polytypic regions predicted
here are also expected to be found in the transition metal nitride systems, at
a VEC approximately one below that of the respective carbides. The hardness
of, for example coatings, from such multi-phase/polytypic, or stacking-fault
rich, compounds with a large number of different glide-systems suppressing the
propagation of dislocations, is predicted to be significantly enhanced over that
of traditional transition metal carbide/nitride coatings.

10.3 The connection between the electronic struc-

ture and the properties of binderless tung-
sten carbides

After the first discovery of tungsten, tungsten meaning “heavy stone” in Swedish,
in 1781 by the Swedish scientist Scheele (though Swedes strangely use the Ger-
man name Wolfram - “wolf’s froth”), it took over one hundred years before
Moissan in 1896 could synthesize tungsten carbide (WC) [134]. Attempts to
produce WC-rich materials through cast methods failed. Also attempts to
produce WC-ceramics failed due to the high brittleness of the ceramic. By
mixing powders of WC and Co a composite material with very high hardness,
combined with a high toughness, could be manufactured, so-called cemented

7This experimental work has been, and is being, performed by Jens-Petter Palmqvist at
the Dept. of Materials Chemistry here in Uppsala.
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carbides (see Fig. 10.4). The new material was very wear resistant and could
machine steel very fast and therefore it was subjected to a very rapid devel-
opment [135]. Soon WC was used in a number of materials and more recently
also in coatings. Tungsten carbide materials are used in a wide variety of appli-
cations e.g. pen ballpoints, face seals, cutting tools, drills, rock drill bits, hot
rolls and other machine elements (for more information on the transition metal
carbides, see Chapter 7: The transition metal carbides). Cemented carbides
are often used in corrosive environments, for example face seals. The metallic
binder has a low corrosion resistance, and therefore a reduction of the binder
content is desirable. Due to modern manufacturing techniques, development
of WC-based materials without metallic binder has been possible. These ma-
terials are called binderless carbides and consist mainly of WC together with
additions of other carbides (often titanium carbide).

Figure 10.4: Typical microstrucutre of a WC-Co cemented carbide (Scanning elec-
tron microscopy, SEM).

Using first principles density functional calculations we have (in Publica-
tion XIV) connected the physical properties of binderless tungsten carbides
with the theoretical electronic structure as calculated from density functional
theory. We illustrate that electronic structure calculations predict and explain
various known phenomena in this system, an example of how such theoreti-
cal studies can be a valuable tool in materials science. In this investigation we
combine theory and experiment, reporting comparisons between theory and ex-
periment, explanations of known phenomena and predictions of possible future
findings.

For our calculations we have used a pseudo-potential plane-wave method
as implemented in the Vienna ab initio simulation package (VASP) [13]. This
approach can be considered to be state-of-the-art in theoretical studies, with a
well-documented ability to predict the ground-state properties, such as phase
stabilities and electronic structure, for the compounds studied [32, 43]. The
WC system was studied in two structures; the ground-state hexagonal WC-
structure and the cubic NaCl-structure. The theoretical equilibrium lattice
parameters and total energies have been calculated for these two structures
and we find that the WC-structure is, gratifyingly, the most stable by 0.89
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Figure 10.5: Image of a binderless carbide based on WC and TiC. In the material,
TiC can dissolve W, but WC does not dissolve Ti (SEM).

eV/f.u, and that the equilibrium lattice parameters are a = 4.32 Å for the
NaCl-structure and a = 2.88 Å anc c/a = 0.968 for the WC-structure. Thus
we find that both the lattice parameters and phase stabilities are in agreement
with experimental findings [40], within the usual LDA underestimation of the
lattice parameters, and previous theoretical studies 8.

10.3.1 Substitutional metal impurities in WC

In industrial applications WC can be mixed with TiC or Mo2C, creating so-
called binderless carbides [136]. Here it is found that when TiC is mixed with
WC the two compounds are fully separated, with regions of pure WC inter-
spersed with with TiC crystals (see Fig. 10.5). Whereas when fabricating a

8Theoretical lattice parameters for WC: a = 2.88 Å and c
a

= 0.980 [49]; and a = 2.88 Å
and c

a
= 0.977 [50].

Figure 10.6: a) Image of a binderless carbide based on WC and Mo2C (TEM). b)
Mo-mapping of the structure in a) show that there exists mixed carbides consisting
of both Mo and W (TEM-EDX).
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binderless carbide based on WC and Mo2C the two carbides can intermix, see
Fig. 10.6. Regarding mechanical and wear properties, the WC-Mo2C material
is clearly superior the WC-TiC material [136]. This is thought to be strongly
dependent on the ability of the so-called γ-phase (Mo2C or TiC) to intermix
with WC.

W/Mo/Ti

plane 1

plane 2

plane 3

W

C

plane 4

Figure 10.7: The (0001) plane of the WC crystal. The W atoms are shown with
filled circles, the C atoms with unfilled circles and the position of the substitutional
W/Mo/Ti atom is shown with a semi-filled circle.

It is therefore our purpose to theoretically study the effects of substitu-
tional Ti and Mo impurities in the WC system. To do this we have created
supercells (shown in Fig. 10.7) with 4 tungsten and 4 carbon atoms in which
one metal atom has been replaced by a metal atom of another species, creat-
ing W0.75Mo0.25C and W0.75Ti0.25C respectively. The effect of substitutions
on the stability of the compounds was studied by calculating the energies of
formation for pure WC and WC with substitutional impurities of Mo and Ti.
The energies of formation are collected in Table 10.1, and from these energies
of formation it is evident that Ti substitution is highly energetically disfavored
(since the energy of formation is increased), and that substitution with Mo
slightly decreases the energy of formation. This is also to be expected since W
and Mo are isovalent, both forming ground-state carbides with the hexagonal
WC-structure, while Ti forms a carbide in the cubic NaCl-structure.

Theoretical values of the relative phase stabilities have been calculated for
WC, MoC and TiC for the NaCl and WC-structures, and are tabulated in Table
10.1. From this table it is seen that the energy difference between the cubic and
the hexagonal phases is much larger in the TiC case than in the WC or MoC
case. This is in agreement with the experimental observation that in a mixture
of WC and TiC one finds W impurities in the cubic TiC but no Ti impurities in
hexagonal WC. This can be explained since the energy loss for placing the Ti
atoms with C atoms in the hexagonal phase is highly energetically unfavored,
while the difference for the W atoms is not as large.

The relative phase stabilities have also been calculated for the substitutional
systems with 25% Ti and 25% Mo, and show that the relative phase stabilities
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Table 10.1: Energy differences ∆ E = EWC- ENaCl, between the NaCl and
WC structures for MoC, TiC and WC. Theoretical energies of formation Eform

[eV/atom] for the WC-structure (WC is taken to be zero) for WC, W0.75Mo0.25C
and W0.75Ti0.25C.
Compound ∆ E [eV] EWC

form [eV] Compound ∆ E [eV ] EWC
form [eV]

MoC -0.559 - W0.75Mo0.25C -0.822 -0.043
TiC +1.466 - W0.75Ti0.25C +0.002 +0.145
WC -0.893 0 - - -

are not much changed when substituting with Mo (as expected), but drastically
changed when substituting with 25% Ti. Alloying with 25% Ti is seen to make
the cubic NaCl-structure almost equally stable to the hexagonal WC-structure,
and indicates that the cubic phase of WC is stabilized by inclusions of Ti.
Tungsten carbide is therefore also found to have multi-phase/polytypic alloy
regions (in this case 25% Ti substitution), where the energy of two, or more,
structures are the same, or almost the same, as was discussed in the previous
section of this thesis.

10.3.2 Slip planes in WC and the electron density

The slip planes are {11̄00} (prism planes) with [0001], [112̄0] and [112̄3] as
preferred slip directions [137]. From Fig. 10.7 one can understand that the
{11̄00} plane, labeled plane 3 in the figure, is the slip plane in WC since this
plane only contains one W-C bond which needs to be cut or deformed in a
slip process. It does, however, also contain weaker W-W and C-C bonds. One
possible way of increasing the hardness of WC might therefore be to increase
the Me-Me bond while, as far as possible, retaining the strength of the W-C
bond.

Since the fundamental entity in density functional theory (DFT) is the
charge density, and since all our previously mentioned results come from the
successful calculation of this electronic density, DFT also allows us to display
the real space distribution of electrons around the constituent atoms in the
solid. First in Fig. 10.7 is shown the (0001) plane of the WC crystal, and
in Fig. 10.8 is displayed the charge density in four planes of the WC crystal.
In Fig. 10.8 (plane 1) we can see the bonds in the plane containing nearest
neighbor (NN) W and C atoms, in Fig. 10.8 (plane 2) we divide the crystal
between a C atom and two NN W atoms, while in Fig. 10.8 (plane 3) we have
the bonds in the prismatic {11̄00} slip planes. Finally, in Fig. 10.8 (plane 4)
we see the plane containing only NN W atoms.

Though displays of the bonding as the ones above can be insightful, it is
often more interesting to display the changes in the charge density when some
parameter in the system is changed. In Fig. 10.9 is displayed the difference
between the electron density of WC and that of substitutional W0.75Mo0.25, in
the same planes as above. These figures will therefore tell us which bonds are
strengthened and which bonds are weakened in the redistribution of electrons
(the total charge is conserved, since W and Mo are isoelectronic), resulting from
the Mo substitution. In Fig. 10.9 (plane 1) one can, after careful consideration,
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plane 1 plane 2 plane 3 plane 4

Figure 10.8: WC electron density. Contours are graded from lowest (light) to high-
est (dark) charge density.

see that charge has been depleted in the Mo-C bond and extra charge is found
in the W-W bond. The plot of changes in the charge distribution in plane 2 also
indicates a decrease in the Mo-C bond and an increase in the W-C bond, this
is also supported in the plot of plane 3, where charge is gained in the W-C and
W-W bond and lost in the Mo-C bond. In the plot from plane 4 we see that the
Mo-Mo bond is weakened, while there is extra charge between the W-W atoms.
The conclusion of these plots of the redistribution of charge after substitution
with Mo is therefore that the bonds between remaining W atoms and C atoms
are strengthened, the W-W bond is strengthened, while the Mo-C and Mo-Mo
bond is weakened. A similar result has also been found in earlier studies on the
MoC-system with substitutional impurities of W, found in Publication IV.

plane 1 plane 2 plane 3 plane 4

Figure 10.9: Differences in electron density between WC and W0.75Mo0.25C. Dark
contours indicate a surplus of charge after substitution with Mo, while light contours
indicate a depletion of charge.

In conclusion, this combined theoretical and experimental study has, hope-
fully, shown the versatility of collaboration between theoretical and experimen-
tal materials science in explaining a range of the physical properties of binder-
less tungsten carbides and, again hopefully, opens up for similar collaborative
studies in the future.
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10.4 Ruthenium dioxide - a potentially super-
hard material

The hardest material fabricated today is diamond. Diamond has very direc-
tional sp3 bonds between the C atoms which give rise to a very rigid and hard
structure. There are several examples of other hard materials, cubic BN is
one and the transition metal carbides covered in previous sections of this the-
sis are others. Yet another class of candidate superhard materials 9 are the
transition metal dioxides crystallizing in the cubic CaF2 (fluorite) structure.
The metastable high-pressure cubic RuO2 has been reported to have an exper-
imental bulk modulus of 399 GPa (compared to 433 for diamond) which makes
it highly interesting for further study. On the theoretical side, several other
works have addressed the possibility to form hard transition metal oxides [138].
In this work the relationship between high hardness and a large bulk modu-
lus [128] was used, and the search for hard materials was simplified to a search
for materials with a large bulk modulus. Although this method clearly has
limitations, it has a great advantage in reducing the complexity of a theoretical
search for hard materials to a much simpler task, especially for first principles
calculations where the total energy is calculated, and from the total energy the
bulk modulus can in turn easily be calculated.

The ground state structure of RuO2 is the rutile phase. The rutile phase has
a bcc Bravais lattice with a basis containing a Ru atom at (0,0,0) and O atoms
at +/-(1

4 ,14 ,14 ), this phase makes a structural transition to an orthorhombic
distortion of the rutile phase, a second transition to a distorted fluorite phase
(with a Ru-O distance different from 1

4 ) at 12 GPa, and a third transition to
the sought-after cubic fluorite phase at 40 GPa [139]. The CaF2 phase has an
fcc Bravais lattice and a basis with a Ru atom at (0,0,0) and +/-(1

4 ,14 ,14 ). This
high pressure cubic phase has a very high bulk modulus of 399 GPa at zero
pressure, but is meta-stable at ambient conditions. If this cubic phase could be
stabilized by some means it could ultimately lead to new ultrahard materials for
industrial applications. The object of the presented study (from Publication
IX) has been to make a theoretical survey, supporting conducted and future
experimental studies, 10 of possible avenues of stabilizing the fluorite phase in
relation to the rutile phase.

In the investigation presented here we elaborate on the structural stabilities
of the late transition metal oxides, focusing on the 4d and 5d transition metal
oxides. In particular, we outline different avenues for stabilizing the cubic
polymorph of late transition metal oxides, by means of alloying and chemical
substitution, both of the non-metallic atoms and metallic atoms, as well as
the influence of vacancy concentration. In order to do this supercells were
created and the phase stability of the fluorite structure was calculated from
first principles theory, for different alloy and substitution concentrations. In

9Super hard here meaning materials with bulk moduli comparable to, or higher than, that
of diamond

10For example the experiments being conducted by Denis Music and Ulf Helmersson at
the Thin Film Physics Division at the Univeristy of Linköping.
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addition to chemical substitution other ways of stabilizing the cubic structure
can be explored. For instance, by growing RuO2 on a carefully chosen substrate,
e.g. a cubic substrate, the cubic phase can continue to grow and the fluorite
structure may be stabilized. From realistic theoretical calculations suitable
substrates may be identified. We have therefore also investigated in detail this
approach of stabilizing the fluorite structure, using first principles theory. We
will describe below suitable choices of in-plane lattice parameters for stabilizing
the cubic polymorph of late transition metal dioxides, as given by our first
principles theory.
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Figure 10.10: Energy vs. volume for RuO2 in the CaF2 and rutile structures. The
equilibrium energy of the rutile phase is taken to be zero. The unfilled/filled symbols
denote results from LDA/GGA calculations respectively.

10.4.1 Relative phase stabilities and electronic structure

The ground-state energy as a function of volume for RuO2 in the rutile and
CaF2 phases, within both LDA and GGA, is displayed in Fig. 10.10. From the
energy vs. volume curves one can see that the predicted equilibrium volumes are
larger when using the GGA than when using the LDA (as is usually the case).
The theoretical equilibrium volume for the LDA and GGA calculations for the
CaF2 was 9.00 a.u (9.17 for GGA) and for the rutile structure it was found
to be 8.44 a.u (8.59 for GGA). This is in good agreement with experimental
values of 9.14 a.u for the CaF2 structure and 8.50 a.u for the rutile structure.
The energy difference between the rutile and CaF2 phases is also seen to be
larger in the GGA calculations.

The electronic structure of MO2 compounds is governed by a strong hy-
bridization between the M-d and O-p states. The partial densities of electronic
states (DOS), evaluated for the stoichiometric (and substoichiometric, to be
discussed later) fluorite and rutile phases of RuO2, are presented in Fig. 10.11.
As is seen in Fig. 10.11, the DOS for the fluorite phase consists of four groups
of bands. The two lowest are dominated by O-p states hybridized with Ru-d
states, while the two higher lying bands are dominated by the Ru-d states with
a smaller fraction of the oxygen p states. The two lowest groups of bands,
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the first from -8.5 eV to -4.5 eV and the second from -4.5 eV to -2 eV, can
be considered as the bonding part of the hybridization complex formed by the
nearest neighbor bonding O-p and Ru-dt2g states, while the unoccupied high-
est lying bands belong to the corresponding anti-bonding part. As is discussed
in Ref. [138] the fluorite phase RuO2, analogously to diamond, has an opti-
mal number of valence electrons to occupy the bonding states, while leaving
the anti-bonding states unoccupied. There is also an optimal energy separa-
tion between the O-p and metal-d states in these compounds to provide strong
bonds without having to invoke any substantial charge transfer [138].

−10 −5 0 5
Energy [eV]

−3

−2

−1

0

1

2

3

−3

−2

−1

0

1

2

3

D
O

S
 [s

ta
te

s/
eV

]

Ru−d
O−p

Rutile structure

Flourite structure

Figure 10.11: The density of states for stoichiometric and substoichiometric (mir-
rored) RuO2−x in the rutile (top) and CaF2 (bottom) phases. The Fermi energy is
indicated by a solid line.

The rutile phase of RuO2 is metallic, in contrast to the fluorite phase, with
the Fermi level positioned in a local minimum of the DOS. In general features,
the electronic structure resembles the DOS calculated for the fluorite structure,
indicating strong p− d hybridization. The high peak just below EF originates
mainly from the Ru-d states, whereas the lower broad peaks lie in the range
of predominantly oxygen p-states. There is a qualitative agreement of the
calculated DOS in Fig. 10.11 with the experimental XPS spectra measured for
RuO2 [140] and good agreement with previous theoretical calculations [138,
141].

10.4.2 Metal and non-metal substitutional impurities

Several possible metal substitutions are conceivable and in this investigation
the effect of metal substitutional impurities was studied by substituting one
of the Ru atoms in the 12 atom supercell by a range of 3d (Mn and Fe), 4d
(Tc and Rh) and 5d (W, Re, Os and Ir) metal atoms. The equilibrium volume
and ground-state energies were calculated for each system. The results, the
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changes in relative phase stabilities, from these substitutions as a function of
valence electron concentration for the different 25% substitutional transition
metal impurities are shown in Fig. 10.12. The results for both LDA and GGA
calculations are shown. Almost no change in the relative phase stabilities is
found when Ru (4d) atoms are substituted for isoelectronic Fe (3d) or Os (5d)
atoms. It is also found that substituting for metal atoms with smaller or larger
number of valence electrons are all found to make the rutile phase more stable
versus the CaF2 phase (GGA perhaps indicating a small stabilisation of the
fluorite phase from substitution of Mn/Tc). The trends in 3d, 4d and 5d metals
are found to be consistent.
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Figure 10.12: Energy difference between the rutile and CaF2 structures as a func-
tion of valence electron concentration for 25% for 3d, 4d and 5d transition metal
substitutional impurities. The energy of the fluorite phase is taken to be zero.
Filled/unfilled symbols represent results from GGA/LDA calculations, respectively.

Also for the non-metal atoms, several substitutions are possible and we
chose to study the effect of the elements nearest to oxygen in the periodic ta-
ble; carbon, nitrogen and fluorine. The changes in the relative phase stabilities
for the different substitutions are shown in Fig. 10.13. It is seen from these cal-
culations that substitution with F leads to increased stabilisation of the rutile
phase. Small substitutions with N or C all lead to small relative stabilizations
of the rutile phase, while increased substitution leads to a stabilisation of the
fluorite phase. It can be noted that the trends are consistent when comparing
the results from LDA with those from GGA.

10.4.3 Oxygen vacancies

The effect of non-metal vacancies on the electronic structure and properties
of transition metal compounds can often be significant [142]. Therefore we
have studied the effect of vacancies on the relative phase stability by removing
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Figure 10.13: Energy difference between the rutile and CaF2 structures as a func-
tion of valence electron concentration for 25% and 100% non-metal substitutional
impurities. The energy of the fluorite phase is taken to be zero. Filled/unfilled sym-
bols represent results from GGA/LDA calculations, respectively.

one of the oxygen atoms in the 12 atom supercell, thus creating RuO1.75 with
12.5% vacancies. The relative energy difference between the two phases is
changed to +3.9 mRy (+6.7 mRy for LDA results), showing a stabilization of
the fluorite phase when vacancies are introduced. In Fig. 10.11 the density
of states is displayed for substoichiometric (and stoichiometric) RuO1.75 in
the rutile and fluorite phases. By contrasting the DOS of the stoichiometric
and substoichiometric phases one can identify that the occupied part of the
electronic structure is not greatly changed, except for a slight upward shift
expected from simple band filling arguments, when vacancies are introduced.
So-called vacancy peaks common to other transition metal compounds [73],
often then situated in regions of low DOS, are seen in the unoccupied DOS at
around 1.7 and 2.3 eV for the rutile phase and at around 0.7 eV for the CaF2

phase. These vacancy peaks are of metallic Ru-d character and, from earlier
studies by ourselves of related systems [73], can be related to metal-metal d
bonds through the vacancy sites.

10.4.4 The effect of lattice strain on the relative phase
stabilities

Another way of stabilizing the different structures is to strain the lattice (for
example by judicious choice of substrate) of the RuO2 phases. In Fig. 10.14 the
total energies of the rutile and CaF2 phases are shown as a function of lattice
parameter. In order to stabilize the growth of the fluorite phase on a substrate,
a substrate with a lattice parameter a must be found where the energy of
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the fluorite phase is lower than that of the rutile phase. From inspection of
Fig. 10.14 one finds that this happens at a lattice parameter a equal to or
larger than 8.8 a.u (9.0 a.u for GGA results). Also taking into account the
extra degree of freedom in the rutile structure, which may relax in c/a, only
shifts the predicted turnover point to slightly larger lattice parameters (not
shown).
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Figure 10.14: The energy as function of lattice parameter a for the rutile and CaF2

structures of RuO2. Filled/unfilled symbols show GGA/LDA results, respectively.
The lattice parameter at which the CaF2 phase becomes the most stable is indicated
by dotted lines for GGA/LDA results.

The result of this part of our study is the rather counter-intuitive conclu-
sion that one should stabilize the high-pressure CaF2 phase by growing it on
a substrate with a larger lattice parameter than that for the equilibrium ru-
tile structure, even though CaF2 is a high pressure (low volume/high density)
phase. When searching for suitable substrates on which to grow cubic RuO2,
one should search for substrates with lattice parameters equal to whole inte-
ger multiples of the lattice parameter range suggested here. One should also
take into account that substrates with an fcc-lattice may also be suitable if
the parameter is an integer multiple of

√
2 times the lattice parameter range

suggested here.
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CHAPTER 11

Continuation and future work

Now this is not the end.
It is not even the beginning of the end.
But it is, perhaps, the end of the
beginning.

Sir Winston Churchill (1942).

THE research projects on the transition metal compounds have spawned
many ideas, some of which have evolved into separate research projects
themselves. Some, though hopefully not too many, of these are still in

progress as this is being written, others have simply been initiated, tried and
then put on some dusty shelf. In this the penultimate part of my thesis, I
will share some of my thoughts on how my studies, and theoretical electronic
structure calculations in general, may be continued and also try to convince
you why it should be done.

The transition metal carbides are an important class of materials in indus-
trial applications and it is therefore of greatest interest to develop the theoret-
ical understanding of these systems. Density functional theory, together with
the advances of modern computers, is in the position where one is addressing
some very real and fundamental questions about these systems. Excluding the
work in which I have participated, there are many examples of such studies, and
for example, in a fairly recent Nature article Jhi, Ihm, Louie and Cohen [62]
showed a mechanism coupling the valence electron concentration to the shearing
strength in TiC and suggested several candidate materials that might optimize
this strength. This and other related works, shows that the theoretical tools
used in this thesis have the potential not only to aid in understanding the
physics of the systems, but also to predict novel designer materials.

Many future avenues of research are open in the field of transition metal
carbides, nitrides and oxides which I have started to explore (and I was not
the first). In many cases one could simply make similar studies as the ones
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performed here for the carbides, and apply them to the nitride systems which in
themselves are more than worthy of dedicated research. Such studies would give
much by showing possible similarities or reasons for differences, and perhaps
exploiting these, between these systems and the carbides that have been the
chief objects in my studies. I would especially like to mention a study, in parts
already initiated, along the lines of Publication XII which is most likely
to be highly industrially motivated. Here one can also hope for a dedicated
experimental study, which has been started, trying to realize the ideas proposed
in our work.

A project, which is already on its way, is a combined study where two-body
potentials are calculated from first-principles studies and then used in Molec-
ular Dynamics (MD) simulations of the melting in transition metal carbides
(TMCs). This is a very interesting topic since the TMCs have the highest know
melting temperatures (HfC and TaC being top of the class), understanding the
physics behind this, of course, has great scientific appeal.

Turning to surface properties, the effects of vacancies on the segregation
profiles of the transition metal carbides (and nitrides), or the segregation of
vacancies themselves, would be of great interest. Looking at diffusion is an-
other related, and in part initiated, project. First there is the fundamental
understanding of diffusion, and the importance of understanding segregation,
where diffusion is of course important, in deposition techniques. One can also
continue by looking at diffusion of vacancies and impurities since the transi-
tion metal carbides are used as segregation barriers in many semiconductor
applications.

In the studies of hard materials there are many fundamental stones that
are still left unturned. For example, the hardness of a material is intrinsically
connected to the glide planes of the material. Now, if one could theoretically
predict which glide systems will be active in a material (synthesized or hypo-
thetical), one could start looking at the effects of alloying to strengthen the
bonds across the slip planes (following the principle that in order to strengthen
a chain, one must enhance the weakest link). However, to the author’s best
knowledge, there is at this moment no established theoretical procedure of
finding the glide planes in a given material. Speaking of fundamental stones
unturned, the entire concept of bonding, and thus also the concept of the
strengthening of bonds, is not well defined (see Chapter 5: Perspectives on the
chemical bond).

A distantly related topic to the transition metal carbides, in which I have
some small experience (see Publication XVI), is the study of novel carbon (or
other non-metal) structures such as fullerenes, fullerides and nanotubes [143].
This an exploding field of research with a great vista of possibilities. The
carbon nanotubes and buckyballs are nano-scaled materials whose possible ap-
plications are limited only by your imagination, for example, they have an
extreme strength to weight ratio, they may be used as nano-sized sieves or “sy-
ringes”, and the buckyballs become superconducting with applied charge [144].
Since the properties of these systems have been found to be greatly dependent
on substitutions and other effects accessible to theoretical studies, much re-
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mains to be done here. This is also a field where theory has sometimes been
able to lie ahead of experiment, predicting novel structures and properties, and
more theoretical work is just aching to been done.

Perhaps the greatest challenge, as I have indicated in the introduction to
this thesis, to electronic structure theory is to continue its advance into the
life sciences. Here one needs a methodical application of physical theories to
the systems of life itself. Perhaps one will find short cuts along the way, but
surely also the studies here will benefit from having their feet firmly planted in
the electronic fundaments of matter. Here the mind races ahead, and I leave
this outlook from the vantage point of these humble findings, feebly waving the
general direction of future exploration.
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Let those who go not put off the
journey,
but rent their lands and collect money
for their expenses;
and as soon as winter is over and
spring comes,
let them eagerly set out on the way
with God as their guide.

Pope Urban II, Clermont (1095),
from Gesta Francorum Iherusalem
Perigrinantium, by Fulcher of Chartres
(1101).

IN 1095 Pope Urban II in Clermont preached for the launch of an armed
effort to reclaim the Holy City of Jerusalem for Christendom. Christian
soldiers from all over Europe sallied forth towards the Holy Land under

streaming banners and shouts of “Deus le volt” - God wills it! The western
Christian soldiers marched through eastern Europe, through the Eastern Ro-
man Empire of Byzantium and across the plains of what is now Turkey. All
along the way they were set upon by many hardships and dangers, but they
struggled on. When the great city of Antioch fell to their siege on June 3:rd
1098, they were awarded with their first triumph, and some hope of success
was raised in their hearts. From there they set out on the final road which led
all the way to Jerusalem herself, and on July 15:th 1099 the Holy City fell to
armies of the first Crusade under Count Godfroi de Bouillon.

On December 1:st 1995, some 900 years later, I set out on a later-day
scientific quest. This quest has taken me more than 5 years to complete, and
has not been without its share of hardship. Like the Crusaders of old, little did
I realize what I had gotten into, and I have trudged along the way even when
there seemed little hope of reaching my goal, many times despairing. Like them
I celebrated a minor half-way victory at (my personal) Antioch, the Licentiate
thesis of October 1999, giving me strength to carry on. Now, some year and a
half later, I stand here with you before the gates of this my Jerusalem.
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A man can only attain knowledge with
the help of those who possess it.
This must be understood from the very
beginning.
One must learn from him who knows.

George Gordjieft,
In search of the Miraculous.

THE work presented here is the result of years of dedicated research.
Even accounting for this effort, it would not have been possible, or
taken the form it now has, if not for the help and support of many

people and organizations. This is the time and place where I give them their
due acknowledgment for this.

First and foremost among my colleagues, my heartfelt thanks go to my
principal supervisor Olle (Skitbra!) Eriksson. Sharing your great knowledge
of physics, carefree optimism, and working together, especially in the last year
and during the stay in Los Alamos, has been a true privilege. I hope that this
will continue.

My second thanks go to my co-supervisor Ulf Jansson and my professor
Börje Johansson. Ulf, I thank you for sharing your knowledge of experimental
materials science and for your critical reading and the resulting improvements
of my manuscripts. Thank you Börje for accepting me as your student, and for
creating the sprawling and ever-expanding research group Physics IV. You are
the provider of the funds which make our large computer facilities possible, and
the group is infused with your attitude of light-handed managing and freedom
of research.

I would like to thank the people with whom I have worked on my research
projects (successful and not so successful), in chronological order: John M.
Wills: Without your code much of this wouldn’t have been done at all; Anna
Delin, Lars Fast and Lars Nordström: Thank you for getting me started; Jun
Lu; Pavel Korzhavyi: Whose knowledge of structures and vacancies I know of
no greater; H̊akan Engqvist: My old school-buddy with whom I have had the
pleasure of working on the tungsten carbides; Bengt Holm: Take care in Japan,
and what happened to the diffusion project?; Rajeev Ahuja: So we finally did
something with the C60; Genna Grechnev; Leonid Pourovskii; Andrei Ruban;
Ulf Helmersson and Denis Music: Thank you for the visits in Linköping and for
the stimulating problems on RuO2; Jens-Petter Palmqvist; Who has actually
manufactured compounds after my specifications, and with whom I hope some
day to write a joint article (with a hopefully exciting address): Susanne Mirbt:
Thank you for helping me out with VASP, and I hope to someday persuade you
to co-author one of my articles; Anatoli Belonoshko and Cecilia Andersson: I
hope we finish our work on the melting of the transition metal carbides.
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I would like to especially also thank Igor Abrikosov for always being support-
ive and guiding me through the work on the, seemingly, never-ending surface
and segregation project, which has lead to a large increase of my understanding
of these systems.

For the support and help with my patent application I would like to thank
Forskarpatent i Uppsala AB and Pär Svanström (who was the first to actually
believe in my idea), together with Lennart Srby (the second, and paid to do
so) and Oskar Frderberg (well-paid to do so) at Brann Patentbyr̊a.

Professor Jan-Otto Carlsson and the Department of Materials Chemistry
at the Ångström laboratory are kindly acknowledged for their support.

I would like to thank the Center for Material Science, Los Alamos National
Laboratories, for their support during my stay in Los Alamos 1997, a scientif-
ically fruitful visit to the American continent, which also gave me many new
perspectives on life (and taught me how to snowboard and surf).

This work has been supported by the Swedish Research Council (NFR and
TFR) and the Swedish Foundation for Strategic Research (SSF).

This acknowledgment of my coworkers and colleagues will end with the en-
tire group Fysik IV; doktorands, post-docs, senior researchers, system adminis-
trators, diploma students, secretaries, guests, and especially to my room-mates
and traveling companions Lars, Anders, Anna, Urban, Erik and Peter. To all
of you, past and present; I could write things to everyone of you (I hope to do
so when signing the thesis), any way; Thank you.

NEXT, my greatest gratitude goes to the people to whom this thesis
should perhaps be dedicated, the people who are there when I need
them; my mother Katriina and my father Kjell-Åke, my little sister

Karin and my girlfriend Cecilia; I love you all, among other things because you
know that this has been difficult, so very, very difficult.
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Fernandez Guillermet, G. Grimvall, and M. Körling, Phys. Rev. B 48,
11685 (1993); A. Fernandez Guillermet, J. Häglund and G. Grimvall,
Phys. Rev. B 48, 11673 (1993).

[46] J.C. Grossman, A. Mizel, M. Cote, M.L. Cohen, and S.G. Louie, Phys.
Rev. B 60, 6343 (1999).

[47] V.V. Krainik, A.A. Lisenko, V.I. Ivashchenko, and V.L. Bekenev, Phys.
Stat. Sol. (b) 194, 575 (1996).

[48] D.L. Novikov, A.L. Ivanovskii, and V.A. Gubanov, Russian J. of
Inorganic Chemistry 33, 10 (1988).

132 H̊akan Wilhelm Hugosson



A Theoretical Treatise on the Electronic Structure of Designer Hard Materials

[49] D.L. Price and B.R. Cooper, Phys. Rev. B 39, 4945 (1989).

[50] A.Y. Liu, R.M. Wentzcovitch, and M.L. Cohen, Phys. Rev. B 38, 9483
(1988).

[51] G.L.W. Hart and B. Klein, Phys. Rev. B 61, 3151 (2000).

[52] A.L. Ivanovskii, V.I. Anisimov, and V.A. Gubanov, J. of Struct. Chem.
30, 184 (1989).

[53] V.V. Krainik, A.A. Lisenko, E.A. Zhurakovskii, and V.I. Ivanshchenko,
Sov. Phys. Dokl. 34, 8 (1989).

[54] I.V. Bazhin, A.B. Kolpachev, and I.Y. Nikiforov, Phys. Stat. Sol. (b)
156, 309 (1989).

[55] J. Redinger, R. Eibler, P. Herzig, A. Neckel, R. Podloucky, and E.
Wimmer, J. Phys. Chem. Solids 46, 3 383 (1985).

[56] J. Redinger, R. Eibler, P. Herzig, A. Neckel, R. Podloucky, and E.
Wimmer, J. Phys. Chem. Solids 47, 4 387 (1986).

[57] P. Marksteiner, P. Weinberger, A. Neckel, R. Zeller, and P.H. Dederichs,
Phys. Rev. B 33, 2 812 (1986).

[58] P. Capkova and L. Skala, J. Phys. Cond. Matter 2, 8293 (1990).

[59] A.L. Ivanovskii, D.L. Novikov, V.I. Anisimov, and V. A Gubanov, J.
Phys. Chem. Solids 49, 5 487 (1988).

[60] A.L. Ivanovskii and G.P. Shveikin, Phys. Stat. Sol. (b) 181, 251 (1994).

[61] S. Jhi and J. Ihm, Phys. Rev. B 56, 13826 (1997).

[62] S. Jhi, J. Ihm, S.G. Louie, and M.L. Cohen, Nature 399, 132 (1999).
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Nothing in the world can take the place of persistence.
Talent will not;
nothing is more common than unsuccessful men with talent.
Genius will not;
unrewarded genius is almost a proverb.
Education will not;
the world is full of educated derelicts.
Persistance and determination alone is omnipotent.
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