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Abstract
This thesis focuses on the use of band-structure calculations for studying thermodynamic properties of solids In a series of papers, we discuss 3d-, Adand 5rf-transition metal carbides and nitrides. Through a detailed comparison between theoretical and experimental results, we draw conclusions on the
character of the atomic bonds in these materials. We show how electronic
structure calculations can be used to give accurate predictions for bonding energies, despite large absolute errors in theoretical results. Part of the thesis is
devoted to the application of the generalized gradient approximation in electronic structure calculations on transition metals. Furthermore, we suggest
two approximate approaches for studying thermal excitations. For structures
with vibrational disorder, we present a method for calculating averaged phonon
frequencies without using empirical information. For magnetic excitations, we
show how a combined use of theoretical results and experimental data can yield
information on magnetic fluctuations at high temperatures. The main results
in the thesis are:
• Apart for an almost constant shift, theoretically calculated bonding energies for transition metal carbides and nitrides agree with experimental
data or with values from analyses of thermochemical information.
• The electronic spectrum of transition metal carbides and nitrides can be
separated into bonding, antibonding and nonbonding electronic, states.
• The lowest enthalpy of formation for substoichiometric vanadium carbide
VC'i_x at zeio temperature and pressure occurs for a structure containing
vacancies (x ^ 0).
• The generalized gradient approximation improves theoretically calculated
cohesive energies for 3r/-transition metals. The same effect will probably
be seen for Ad- and 5rf-series elements if angular variations in the crystal
potential are taken into account.
• Magnetic phase transitions are sensitive to the description of exchangecorrelation effects in electronic structure calculations.
• Trends in Debye temperatures can be successfully analysed in electronic
structure calculations on disordered lattices. For the elements, there is a
clear dependence on the crystal structure (e.g., bcc, fee or hep).
• Chromium has fluctuating local magnetic moments at temperatures well
above the Néel temperature.
Key words: Electronic structures, bonding theory, transition rnetal carbides
and nitrides, density functional theory, magnetic phase transitions.
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Phys Rev. B 45, 11557(1992).
3. A. Fernandez Guillerniet, ,J. Haglund, and G. Grimvall
Cohesive properties and electronic structure of hd-transitiim-metal
bides and nitrides m the NaCl-lype structure
Submitted for publication.

car-

4. J. Haglund, A. Fernandez Guillermet, G. Grimvall, and M. Körling
Theory of boneling in tremsilion metal carbides and nitrides
Submitted for publication.
5. J. Haglund, G. Grimvall, and T. Jarlborg
Electronic structure, x-ray pholoe•mission spectra, and transport prope rties
of Fix C (cernentite)
Phys. Rev. B 44, 2914 (1991).
6. V Ozoliys and .1 Haglund
First-principles study of effective cluster interactions and enthalpies of
formation of substoic.htometric VC\-T
Submitted for publication.
7. M. II am mar, C Törnevik, .T. Rundgren, Y. Gauthier, S. A. Flodström,
K. L. Håkansson, L. I. Johansson, and J. Haglund
Surface atomic structure of reconstructed VCo.nf] 11) studied with sceinninej tunneling microscopy
Phys. Rev. B 45, 6118 (1992).
iv

8. M. Köriing and J. Haglund
C'ohesiK and (Urtromc properties of transition mi tals: The generalized
gradunt approximation
rhys. Rev. B 45, 13293 (iy<)2).
i). J Haglund
Fired-spin-momt ul calculations on bcc and fee iron using the generaliztd
gradient approximation
Phys. Rev B 47, r>(>6 (1993).
10. J Haglund. G. Grimvall, and T. .Jarlborg
An ab initio jinthod for band-structure calculations on structurally disordtrtd mutt rials: ribratwnal propt rtus of \d transition indals
Phys. Kov I) 47, XXX (19!)3).
11 G Grimvall. .1. Haglund, and A. Fernandez Guilleniiet
Spin fluctuations in paramagnetic chromium from tntropy considerations
Submitted for publication

Acknowledgments
I am very grateful to my supervisor, Goran Griinvall, for his support, help and
collaboration. In his busy schedule, ho always finds unlinm.vl time for discussions with his students. The collaboration with T. Jarlborg and A. Fernandez
Guillerinet has been an essential part of all my projects. Without their visits
in Stockholm and my stays in Geneva and Bariloc.hr, my PhD studies would
have been much less interesting. I am grateful to B. Castaing and R. Maynard
for their help during my Masters year in Grenoble. That time has proved very
important to me, both professionally and personally. I also wish to thank my
colleagues Andreas Helte, Martin Korling and Vidvuds Ozoliijs for interesting
collaborations and fruitful discussions. Good luck! Finally, thanks must go to
Vera and to my family for their encouragement and moral support throughout
these years.

Contents
Abstract
Preface
Abbreviations

iii
iv
viii

1 Electronic interactions

1

1.1

Introduction

1

1.2
1.3
1.4
1.5

The Hartree and Hartree-Fock approximations
Density functional theory
The local density approximation
The generalized gradient approximation

2
3
7
8

2 Electronic structures
2.1 Introduction
2.2 The LMTO method

13
13
14

3 Band-structure results
3.1 Introduction
3.2 Band structures and bonding theory
3.3 Cohesive energies and enthalpy differences
3.4 Elasticity and vibrations

19
19
19
20
22

3.5 Magnetic phase transitions

24

Bibliography

27

Comments on the papers

35

Papers 1-11

Vll

Abbreviations
DOS
FSM
GEA
GGA
HF
HS
LAPW
LDA
LMTO
LS
LSDA
MT
MTO
SIC

density-of-states
fixed-spin-moment
gradient expansion approximation
generalized gradient approximation
Hartree-Fock
high-spin
linear augmented plane waves
loral density approximation
linear muffin-tin orbital
low-spin
local spin-density approximation
muffin-tin
muffin-tin orbital
self-interaction correction

VIII

Chapter 1

Electronic interactions
1.1

Introduction

The physical behaviour of atoms, molecules and solids is often directly related
to the effects of electronic interactions. Quantum mechanics shows how these
interactions occur and how they should he treated. Thus, it is theoretically
possible to determine energy levels of atoms, bond lengths and energies of
molecules, lattice parameters and elastic, constants of solids, and many other
physical properties, without any other initial information than atomic numbers.
Such an approach is often referred to as ab imtw, which is Latin for "from the
beginning". Evidently, an ab initio treatment of atoms, molecules and solids is
appealing, both for theoretical and practical reasons.
A complete description of an AT-electron system requires the knowledge
of the total wave function, 4 r (ri ? .. ,ryv). Unfortunately, the problem of determining ^ ( r i , . . .,ryv) grows very quickly with the number of electrons, N.
In practice, iV-electron wave functions can only be determined for very light
atoms.
The possibility of a purely theoretical treatment of electronic systems has
encouraged many physicists ard chemists to suggest approximate ab initio
methods. These efforts have been very successful and, with the advent of
powerful computers, ab initio methods have become an important support,
and sometimes even an alternative, to experimental studies. In the following
paragraphs, we outline some of the major achievements in this field, and we
summarize some of the theories that currently represent the state-of-the-art for
describing electron-electron interactions.
1
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1.2

The Hartree and Hartree-Fock approximations

A natural starting point for a discussion of electronic interactions is the Hartree
approximation.1 Historically, this also represents the first attempt to give a
quantum mechanical description of an iV-electron system. Hartree suggested
that the total wave function can be approximated by a product of one-electron
wave functions, • H ( r i , . . . ,ryv) = iM'OV^fo)- • -^('iv)- Further, he assumed
that each electron moves in an electrostatic potential due to all other electrons,
thus obeying a one-electron Schrödinger equation

-^V2

+ V«t(r) + V

(1.1)

where Vext(r) is an external potential and

N

Mr) = LlV';(r)|2.

(1.3)

These equations yield a self-consistent scheme for determining ip\ .
Although the Hartree approximation is important as a first step towards
the description of a system of interacting electrons, it has some obvious shortcomings. The most important is that • H ( r i , . . . ,Ty) does not obey the Pauli
exclusion principle, i.e., it is not antisymmetric under interchange of electron indices. This Jack is corrected in the Hartree-Fock (HF) approximation,2 where
the total wave function is written as a so-called Slater determinant, of oneelectron states

¥ HH FF ( n . ••-.«•*)=

(1.4)

By minimizing the expectation value of the total Hamiltonian with respect to
all antisymmetric wave functions, • H F ( r i , . . . , rjv), a Schrödinger equation for
each ipi(r) can be written,

Vext(r)+VH{T)
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where

VH(r) = fj^Ltf,

(1.6)

N

(1.7)

In Eq. (IT,), the exchange potential, V'x'(r), arises from the antisymmetry condition. We note that the Hartree potential in Eq. (1.6) includes an incorrect
self-interaction, i.e., an apparent electrostatic repulsion between an electron
and its own charge distribution. However, th's term is cancelled by the exact
exchange potential, Vx'(r) [Eq. (1.8)]. Although Eqs. (1.1) and (1.5) are formally similar, the solution of the one-electron HF equations is a much more
difficult problem since i\{v) is implicit in Vx'(r). A detailed account of the
Hartree-Fock approximation and its extensions has been given by Slater.3
In practice, the Hartree-Fock approximation represents a tedious but feasible way of obtaining the electronic states of light atoms and molecules. It, gives
an exact treatment of exchange effects but, in its simplest form [Eqs. (1.5)(1.8)], it does not allow for other correlations in electronic movements. The
fact that electrons will tend to avoid each other more than what is given by
the Hartree potential [Eq. (1.6)] and by the exchange potential [Eq. (18)] will,
in the following discussion, be attributed to correlation effects.
For solids, the HF approach is of much greater complexity than for atoms
since the exchange integral in Eq. (1.8) has contributions from orbitals centered
at an almost infinite number of lattice sites. Nevertheless, there are recent
examples of successful HF calculations on solids.4

1.3

Density functional theory

Density functional theory provides a different approach to electronic structure
determinations. The basic idea, originally suggested by Thomas5 and Fermi,6
is to use the electron density, n(r), as a fundamental quantity instead of the
JV-electron wave function • ( n , . . .,rjv)- Slater7 showed that the exchange
potential [Eq. (1.8)] can be approximated by Vx(r) ~ [n(r)] 1 / 3 . A theorem
stating that the ground-state energy can be written as a unique functional
of the electron density was proved by Hohenberg and Kohn.8 Further, Kohn
and Sham 910 presented a scheme for electronic structure determinations that
is the basis of most modern methods for quantum-mechanical calculations on

4
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atoms, molecules and solids. Recent reviews of results from density functional
calculations are found in Refs. 11, 12 for atoms and molecules, and in Ref. 11
for solids.
Levy13 has suggested an alternative view of density-functional theory, and
a simplified proof of the Hohenberg-Kohn theorem. Following that approach,
we define a total Hamiitonian of an interacting Af-electron system,

H = f+Vee+[Kxt(r)n(r)dr,

(1.9)

where

IV IV

N

n(r) = £ * ( r - r , ) ,

(112)

are operators for kinetic energy, Coulomb energy and electron density, respectively. The ground-state energy is obtained by minimizing the expectation
value of / / over all antisymmetric AT-electron wave functions,
E = <H>=

min < *|Ä r |* > .

(1.13)

Defining the electron density as n(r) = < n(r) >, this minimization can formally
be separated into two steps,
E = min <F[n) + [ Vext(v)n{r)dr\

"(«•) I

./

(1.14)

J

and
Fin] = min < $\f + K.e|* > .

(1.15)

An equation for the optimal electron density, i.e., the density n(r) which minimizes the total electronic energy, is now obtained by applying the EulerLagrange equation to Eq. (1.14), yielding
r)
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where ÖF/Sn(r) is a functional derivative and /i is a Lagrange multiplier, corresponding to the constraint
/ n ( r ) </r = AT.

(1.17)

The Hohenberg-Kohn theorem8 states that Eq. (1.16) yields the exact groundstate electron density, «cs(r). However, the true density functional F[n] is
unknown for most physically interesting systems.
Consider now a fictitious system of noninteracting electrons moving in an
external potential V'e^t(r). The Hamiltonian of this system can be written

j^(r)n(v)dv.

(1.18)

The ground-state energy is

£s = min (7sH + / V£t(r)n(r)f/rl ,

(1.19)

7s[n]= min < tf|t|tf >,

(1.20)

where
leading to the Euler-Lagrange equation
. + V/ S xf (r) = //.

(1.21)

This relation is e(|iiivalent to a set of one-electron Schrodinger equations,

which is seen by noting that,
ore

~~ M r ) | 2 ,
7k

(1.23)

= > : < V',1- ^-V 2 1V^ > ,

(1.24)

where the sums are taken only over occupied states.
Returning to the interacting jV-electron systern, we write

F[n] = T»[n] + E,c[n] +jJJ

!i

^P^/r'.

(1.25)

CHAPTER 1. ELECTRONIC INTERACTIONS
With this separation of F[n], we note that Eqs. (1.16) and (1.21) can be made
equivalent by setting
SEXC
ön(r)

(1.26)
(1.27)

Thus, it is possible to define one-electron wave functions V'i (Kohn-Sham orbitals) that satisfy a Schrodinger equation with a potential V^ t (r) that consists of an external part, Vex^r), a Hartree potential, VH(I:), and an exchangecorrelation potential, Vxc(r). From these Kohn-Sham orbitals, V'i(r), the groundstate energy of an electronic system is exactly obtained by inserting the electron
density n(r) = XI!V'«(r)|2 into t n e density functional in Eq. (114).
The formalism described above is essentially a way of concentrating all nontrivial electronic interactions into one single term, i.e., the exchange-correlation
energy functional, JEJxcfn]. This might not seem to be such a great achievement
since fJxcM is unknown for most physical systems. However, Fig. 1.1 indicates

1500 -

Mn

C 1000 —

TOy
at
500 r--

— Evv
Ex

n
Figure 1.1: Contributions to the total energy of an Mn atom. From Jones and
Gunnarsson.11
thaf A'xrfn] typically is much smaller in magnitude than the kinetic energy of
valence electrons (To|V), the electrostatic energy due to interactions between
core and valence electrons (ECv), and the electrostatic energy from interactions
between valence electrons (Evv). Since the latter quantities are treated exactly
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in the density-functional approach, it is reasonable to believe that an approximate exchange-correlation functional might yield ground-state energies in good
agreement, with exact results.
Before entering the description of various approximate exchange-correlation
functionals, we note a few exact properties of £ xc [n]. It. is useful to define a
quantity n x c (r.r' — r), through

In this formulation, i^xct»] is conceived as an electrostatic energy between an
electron at rand its txchange-corrtlation holt, n x c (r,r' — r). If n xc (r, r ' - r ) is
divided i.ito separate parts due to exchange and correlation effects, n x r (r,r' —
r) = n x (r, r' - r) -f »c(r, r' - r), it. can be shown that 3
iix(r,r'-r)

<

0,

(1.29)

nx(r,r'-r)r/r'

=

-1,

(1.30)

;ic(r,r'-r)r/r'

=

0.

(1.31)

For the following discussion of approximate exchange-correhvtion density
functionals, it is useful to note that £Txc[7i] in Eq. (1.28) only depends on a
spherical average of the exchange-correlation hole.14 This is seen by substituting
R = r' - r in Eq. (1.28), yielding
r .ID

r

'Qn

1.4

(r R)

(I V2)

The local density approximation

The exact exchange-correlation density functional, Exc[n), which is defined implicitly by Eq. (1.25), is at, the present stage not available for most electron
densities, n(r), of physical interest. An important exception is the homogeneous electron gas, where an exact quantum-mechanical treatment is possible.
Thus, an accurate function exr(n), describing the exchange-correlation energy
of a homogeneous electron gas with density n, can be obtained by fitting analytical functions to results from, e.g., quantum Monte-Carlo calculations.15
hi the local <l<nsity approximation (LDA), the exchange-correlation energy
of an electronic system with varying density, »(r), is approximated by an integral over the energy function of a homogeneous electron gas,

= f «(r)f xc («(r)) dr.

(1.33)

8
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Various different expressions for ii£cDA[n] exist,14~20 corresponding to different
parametrizations of £-xc(n).
Strictly, the LDA is valid only for systems with slowly varying electron
densities. Thus, it was originally expected to be appropriate for studying, e.g.,
valence properties of free-electron-like simple metals, while it was thought that
atoms, transition metals and surfaces were far beyond the scope of Eq. (1.33).
Fortunately, these expectations proved to be wrong. During the last two
decades, the LDA and its extension to spin-polarized systems - the local spindensity approximation (LSDA) - have been successfully used for calculations
of a variety of electronic properties of atoms, molecules and solids. 1112
The success of the local description of exchange-correlation effects is not
only theoretically interesting, but is also of fundamental importance for the
construction of new improved functionals. The accuracy of the LDA may seem
surprising when exchange-correlation holes, n xc (r, r'—r), predicted by the LDA
are compared with exact, results. The upper curves in Fig. 1.2 show the exact
and the LDA exchange holes, n x (r, r' — r), plotted in a radial direction from
the nucleus, for two different positions (r=0.13 and 0.63 a.u.) in the electronic
structure surrounding a nitrogen atom. Obviously, the LDA exchange hole
is very different from the exact result. However, as shown in Eq. (1.32), the
exchange-correlation (exchange) energy depends only on a spherical average of
the exchange-correlation (exchange) hole.14 The spherically averaged exchange
holes for the nitrogen atom are shown in the lower curves of Fig. 1.2. The
exact and the LDA curves are now strikingly similar, which explains why the
LDA gives exchange-correlation energies for light atoms in good agreement
with exact results. This example indicates that the success of the LDA in
electronic structure calculations is heavily dependent on error cancellations. It
has been suggested that the sum rules (1.30) and (1.31) are crucial for such
cancellations to take place. Since the LDA is exact for a real physical system
(the homogeneous electron gas), it does in fact satisfy the relations (1.29)(1.31).

1.5

The generalized gradient approximation

The local density exchange-correlation energy expression [Eq. (1.33)] can be regarded as the zero order term in an expansion of £xcH to successively higher
orders in n(r) and its derivatives. It is then natural to investigate the properties of the exchange-correlation functional that includes the next term in this
expansion,

1.5. THE GENERALIZED GRADIENT
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Figure 1 !: Exact (solid line) and LDA (dashed line) exchange hole for a spinup elec.tr >n in a nitrogen atom for r = t).13 and 0.63 a.u. The top figure shows
the hole ilorig a line through the nucleus and the electron. From Jones and
Gunnars on.11
This deti ,es the gradient expansion approximation (GEA). The GEA was suggested e; rly by Hohenberg, Kohn and Sham81' as a possible extension of the
LDA, an I the correct expansion function, C(n), was calculated by Rasolt and
Geldart.' '
The (;EA can be shown to improve the short-range behaviour of the LDA
exchangt correlation hole. However, in most applications, the GEA gives
results w liirh are in worse agreement with experiment.22"24 The reason for
this failt ie is probably that the GEA worsens the long-range behaviour of
n x c (r,r' - r). In particular, it can be shown that n£. EA (r,r' - r) violates the
properties (1.29)-(1.31) of the exact exchange-correlation hole. This observation is the basis for more recent attempts to improve the LDA.25"31 Since
these nev functional include gradient terms, without being true gradient expansions, they are referred to as generalized gradient approximations (GGA).

10

CHAPTER 1. ELECTRONIC INTERACTIONS

We here give a brief account of some of the ideas behind the GGA suggested
by Perdew and Wang.28""31 This functional is presently the most recent GGA,
and some of the basic ideas behind its construction are intuitively easy to understand.
The GGA of Perdew and Wang28"31 is constructed so as to include gradient corrections to the exchange-correlation hole while preserving all known
exact features of the LDA. Thus, the negative sign of the exchange hole density [Eq. (129)] and the sum rules (1.30) and (131) are enforced through a
real-space cutoff of the GEA exchange-correlation hole. This is illustrated in

- 4 - 2

0

2

kFx

DISTANCE FROM ELECTRON AT ORIGIN

Figure 1.3: Exchange holes in the GEA and the GGA. From Perdew.22
Fig. 1.3, which shows the GEA and GGA exchange holes around an electron
at r in directions perpendicular (a) and parallel (b) to an electron density gradient, Vn. Figure 1.3 clearly shows that, the spurious, oscillatory, long-range
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behaviour of « x ;EA (r, r' — r) is removed in the GGA.
Apart from obeying Eos. (1.29)-(1.31), the GGA of Perdew and Wang has
been parametrized in order to satisfy other properties of the exact exchangecorrelation functional, such as bounds32 and scaling relations.33'34 We refer to
Refs. 30, 31, 34 for a discussion of these additional features.
P>-r»l> w rt a/.35 have suggested a model which allows for a simple understanding of what type of corrections to LDA results can be expected from the
GGA. The GGA exchange-correlation energy can be written

= J n(r)ex(rs)Fxc{rs,8)dr.

(1.35)

Hers, the electron density is parametrized by a local Seitz radius, rs, defined
by
= -,
(1.36)
n
whore nt) is the Bohr radius. The quantity F xc (r.s,s) is expressed as a function
of rs and of a reduced density gradient, * = |Vn|/2ÅrFn, where kp is a local
Fermi wave vector defined through n = tp/3jr 2 . It. is instructive to compare
F xc (rs,s) with the local-density part of the exchange-correlation functional,
corresponding to F xc (rs,0). Figure 1.4 shows F xc (rs,s) for a few electron densities, parametrized by rs We note that F xc (rs, s) is a monotonously increasing
function for most electron densities that occur in atoms and solids (rs < 20
for most, metals). Thus, the GGA will energetically favour inhomogeneities in
n(r). This effect is consistent with the fact. that, the GGA yields larger equilibrium distances between atoms in molecules and solids than the LDA. The
^-dependence of F xc (r s ,s) can also be used to qualitatively understand why
cohesive energies for solids are lower using the GGA than the LDA, by arguing
that atoms are <>ncrgetically more favoured than solids, since the former have
larger variations in valence electron densities.

12
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Chapter 2

Electronic structures
2.1

Introduction

Electronic states in a periodic crystal can be written as Bloch sums of orbitals
centered at, atomic sites R,
ikR

^r-R)'

(2-1)

The energy band-structure consists of the eigenvalues, Ef, of the one-electron
Schrödinger equation,

^

EW(r),

(2.2)

H=_|lv2+V(r).

(2.3)

where

V(r) is here the exact one-electron potential, containing contributions from
electron-electron, electron-ion and ion-ion interactions.
One way of solving the Schrödinger equation is to expand the wave functions, ip*(r), in some basis set, {x£}£™",
^

.

(2.4)

L=l

By applying the Rayleigh-Ritz variational principle, Eq. (2.2) can be transformed into a system of linear equations for the expansion coefficients, j4]y,

£ {H\.L - E)O\,L) A% = 0,
L

13

(2.5)
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where H*,L and 0\,L are the Hamiltonian and overlap matrices, respectively,
defined through
,
O\,L

k

k

= <X L'\x L>.

(2.6)
(27)

It is important to note that, in the formalism leading to a linear system of
equations (2.5), all ip* are expanded in the same, energy-independent basis
functions, \\. The difficulty of the diagonalization problem [Eq. (2.5)] heavily depends on the choice of x£, ••£., on the number of terms needed for a
satisfactory convergence of the wave function expansion in Eq. (2.4).

2.2

The LMTO method

Several methods for band-structure calculations on solids lead to a linear diagonalization problem [Eq. (2.5)]. At the present stage, the linear-augmentedplane-waves (LAPW) 36 " 39 and the linear-muffin-tin-orbitals (LMTO)36-40-41
approaches are the most commonly used. We here restrict ourselves to a brief
account, of some basic concepts of the LMTO method, while more complete
presentations are found in the original article by Andersen36 and in the book
by Skriver.41 For simplicity, we describe the LMTO approach in the muffintin (MT) potential approximation, i.e., when the crystal potential, V(r), is
approximated by a spherically symmetric part in each so-called MT sphere
surrounding an atom (r < S), and by a constant in the interstitial region.
This potential shape is schematically drawn in Fig. 2.1. The MT potential approximation, which often is used together with so-called combined correction
terms,41 is adequate for calculations on close packed structures and for describing the energetics of non-symmetry breaking atomic displacements. However,
it has proven insufficient for total-energy calculations on sheared crystals or
on lattices containing vacancies. We will also restrict our account to the nonrelativistic case, while it is common practice in band-structure calculations to
treat core electrons fully relativistically and valence electrons in the so-called
semirelativistic approximation, i.e., when spin-orbit coupling is neglected.42
It should be noted that several authors 43 " 48 have recently suggested LMTO
approaches that include angular dependencies in the crystal potential. Results
from these calculations are very promising and the computer-time requirement
is only moderately increased compared with calculations using MT potentials.
Assuming an angular-independent potential, V(r), inside the MT sphere
surrounding each atom, we write the wave function for an electronic state at a
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Figure 2.1: The muffin-tin potential. From Skriver.41
certain energy, E, as
<f>(E,r) =

(2.8)
Im

where Y(m(0,<p) are spherical harmonics. (j>i(E, r) is the solution to the radial
Schrodinger equation,

h*_d?_
'2mdr?+

e2e((+l)
r2

V(r)-E \r4>t(E,r) = 0.

(2.9)

Outside the MT-sphere (r > S), we choose <f>i(r) ~ (S/r)t+1, which is the
bounded solution of Laplaces equation. This tail wave function is exact in the
limit of zero kinetic energy, K. Thus, it is valid for small E — VMTZ» where
VMTZ is the zero level of the muffin-tin potential (cf. Fig. 2.1).
Obviously, the solution, <j>{E,r), of Eq. (2.9) is energy dependent. In the
previous section we showed that the band structure problem [Eq. (2.2)] can be
written as a linear eigenvalue problem if the total wave function is expanded in
an energy-independent basis set. We therefore consider the radial wave function
at some arbitrary but fixed energy, Ev,
r).

(2.10)
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Further, we define the energy derivative of <f>i(Etr) at Ev,
™v''

~

(2.11)

dE

The exact radial wave function can now be expanded in 4>vt and 4>vt to first
order in (E — Ev),
ME, r) = 4>vt(r) + (E - Ev)4>vl{r) + O[(E - Ev)2]

(2.12)

The matching of the solutions inside and outside the MT spheres implies continuity in the logarithmic derivative of <t>»t(r) at r = 5. It is useful to define
(2.13)
where the prime (') refers to derivation with respect to r. A linear combination
of 4>vt and 4>»t, with arbitrary logarithmic derivative at r = S, can be written,
< M A r) = 4>¥t[r) + uvt(D)^t(r).

(2.14)

The total muffin-tin-orbital (MTO) can now be defined as

f • , * ( - * - l,r) r < 5,
where A is a constant. Here, D = -£— 1 is due to the matching of logarithmic
derivatives at r = S.
We now return to the Bloch states in Eqs. (2.1) and (2.4). Using the niuffintin-orbitals defined in Eq. (2.15), the total wave function, x£(r)> around an
atom at r = R has contributions from the MTO centered at R and from the
tails of all MTO's at other lattice sites in the crystal. It can be shown41 that
this tail sum may be written as a one-center expansion of MTO's, centered at
R. This expansion is convergent inside the MT sphere surrounding R. For an
atom at the origin, we write

where the notations <t>i(£) — <(>i(£,S) and L = frn have been used. Further, we

have defined structure constants
fit

SIL = 9L'L Y,

eikK

(I)

t*

bfai'"Yi»m»{R))\

(2.17)
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where I" — f -f £, m" = m! — m, and gi>i are so-called Gaunt coefficients.41
It should be noted that, since S*,L are independent of $£, they need to be
calculated only once for each crystal structure.
In summary, the LMTO method is an elaborate scheme for choosing an
energy-independent basis set for electronic wave functions in solids. Since these
basis functions are equal to the true solutions of the Schrödinger equation to
low order in the energy differences (E — Ev) and (E — VMTZ)> they often give a
rapidly convergent series expansion of the exact wave function [Eq. (2.4)]. This
reduces the size of the diagonalization problem [Eq. (2.5)], and it increases the
speed of computer calculations.

18
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Chapter 3

B and-structure results
3.1

Introduction

Electronic structure calculations on solids represent a large and rapidly growing
research field. In the following sections, we give a few examples of questions
which have attracted interest during recent years and which also are related to
the topics treated in this thesis. Further, we comment on some problems which
still remain to be solved.

3.2

Band structures and bonding theory

One of the most important roles of electronic band-structure calculations49
is to simplify the interpretations of experimental studies of electronic energy
spectra. The possibility of a direct identification of the atomic origin and the
partial ^-character of electron bands has been of great importance for a better
theoretical understanding of how physical properties vary in different classes of
materials. For example, qualitative arguments based on the electronic energy
spectrum have explained how the ground-state crystal structure of the elements changes in the Periodic Table.50"53 Further, the ground-state properties
of simple compounds, e.g., the NaCI-type structure borides,54 carbides,55"59
nitrides55"59 (Papers 1-3) and oxides55 of the transition metals, have been discussed in terms of the character of the occupied part of the electronic density
of states. These works have shown that the importance of different types of
bonds (e.g., metal-nonmetal or metal-metal bonds) may differ along a series
of compounds, and theories which generalize the chemists' traditional view of
bonding and antibonding orbitals have been suggested00""62 (Paper 4).
19
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The character of electronic states is particularly important for many materials of current interest, such as high-Tc superconductors and organic crystalline
molecules. The complexity of the crystal structure of these materials is a challenge to theoretical electronic structure determinations and it reveals the need
for a development of improved schemes that can handle large unit cells (> 20
atoms).
There is ample evidence that a density-functional approach in the localdensity approximation is appropriate in most cases for calculations of electronic energy spectra. However, there are a few cases where hand-structure
calculations, relying on the local-density approximation, give an entirely incorrect electronic ground-state energy spectrum. For example, certain insulating
oxides of the 3<f-transition metals (e.g., FeO, CoO and CuO) are predicted to
be metallic in band-structure calculations using the LDA,fi3 while other oxides
(e.g., MnO and NiO) get band-gaps that are much smaller than experimental
values. It has been shown64 that functionals including gradient, corrections*831
do not give the correct energy spectrum, while calculations including explicit
self-interaction corrections (SIC) have been reported05 to yield ground-state
electronic configurations in very good agreement with experiment.

3.3

Cohesive energies and enthalpy differences

Band-structure calculations can be used to predict various ground-state properties of solids such as equilibrium lattice parameters, bulk moduli and cohesive
energies. Since these quantities are derived from differences in calculated total
electronic energies, they rely heavily on the accuracy of the theoretical model.
Transition metals and transition metal compounds are important for many
applications. Unfortunately, the discrepancy between calculated ground-state
properties and experimental results is large for these materials. Typically,66
ab initio calculations yield lattice parameters that are too small by up to 5%,
bulk moduli that are overestimated by up to 20%, and cohesive energies per
atom that are approximately 1 eV larger than experimental results.
After the early ab tmtio calculations on 3f/- and 4r/-transition metals by
Moruzzi, Janak and Williams,66 there has been no major breakthrough in improving the accuracy of theoretical results. However, there have been several
works which have analysed the origin of the errors in ab iniiio calculations. For
example, Watson and co-workers67'68 showed that a general potential treatment
gives a significant further increase in cohesive energies, i.e., a worse agreement
with experiment. Apparently, the major part of the errors in theoretical results for elements and simple compounds may be attributed to the approximate
treatment of electronic exchange-correlation interactions in the LDA. This is
why there has recently been much interest in the new GGA functionals28"31
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and their application in band structure calculations on transition metals. The
results from these studies indicate an improvement in calculated lattice parameters, bulk moduli and cohesive energies for simple metals and 3<f-transition
nietals 3r ' fi4f ' !W8 (Papers 8.9). For elements in the 4<i- and 5t/-series, an overcompensation of errors has been observed,' 072 ' 78 (Paper 8) but the reason for
this effect is still unclear. It has recently been reported that the GGA overestimates the magnetic moments of certain transition-metals (e.g., bcc Cr 79 ' 80 and
Invar alloys7'5'80). However, the comparison with experimental results is difficult for these materials. For example, the ground-state magnetic structure of
Cr can be described by a spin-wave with a periodicity that is incommensurate
with the crystal lattice, while ab inttio results' 9 ' 80 refer to an antiferromagnetic
structure with two atoms per unit cell.
An attractive feature of theoretical total energy determinations is that they
allow for an investigation of metastable states. By "metastable", we refer to
compositions or structures of compounds and elements that do not represent
the lowest free energy at thermal equilibrium. These phases may still influence
the properties of real materials, since many processing techniques (casting,
annealing, etc) do not yield solids at thermal equilibrium. Furthermore, the
relative stability of stable and metastable phases is important for understanding and predicting phase diagrams. The use of ab initia results for determining
enthalpies of formation has been limited by the large absolute errors in theoretical results. However, it has been suggested57 r'8 (Papers 2,3) that quantitative
predictions can still be .successfully obtained from total energy results by comparing trends in theoretical and experimental values.
An interesting application of theoretical calculations is to determine the enthalpy differences between various crystal structures of the elements (e.g., bcc,
fee and hep). These quantities are of interest in metallurgy since they determine
the low-temperature part of the equilibrium phase diagram. Several independent calculations of fee-bcc and fee-hep enthalpy differences [A°//(fcc-bcc)
and A"//(fcc-hcp)] have been performed over the years. 52153 ' 67 ' 81 ' 82 Barring
a few eases (e.g., Fe si M7), hand-structure calculations relying on the localdensity approximation yield the correct ground-state crystal structure. However, the magnitude of A"//(fee-bee) and A('//(fcc-hcp) has been very difficult
to reconcile with experimental results.88 (J3 Recent results from MT-potential
calculations on the ^/-transition metals94 show that gradient corrections to the
exchange-correlation functional reduce the discrepancy between theory and experiment (ef. Fig. 3.1). These results are interesting, especially since gradient
corrections from angular variations in the crystal potential may give further
improvements.
The fact, that the LDA predicts a nonmagnetic fee phase of iron to be more
stable t hau the experimentally observed ferromagnetic bee phase has attracted
a considerable amount of interest during recent years. 81 ' 87 It is now well estab-
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Figure 3.1: A°ff(fcc-bcc) from LMTO calculations94 using the LDA and the
GGA. A°//(fcc-bcc) values from experimental information are from Refs. 88,
91.
lished87 that the incorrect enthalpy difference is an artifact of the incomplete
treatment of exchange-correlation effects in the LDA. An important success
of the new GGA exchange-correlation functional by Perdew and Wang28"31 is
that it, gives the correct, ground-state for iron." 4 '' 1 " 78

3.4

Elasticity and vibrations

The determination of elastic constants is straightforward in ab initio calculations. By applying a strain to a periodic lattice, a force constant is obtained
from the shift in total electronic energy. Bulk moduli are particularly simple
to calculate, since they are derived from the energy shift due to a hydrostatic
compression (or expansion) of a crystal. For cubic crystals, this deformation
does not influence the lattice symmetry, and the total energy is determined
for an unchanged number of atoms per unit cell. For other elastic constants,
the corresponding strain tensors05"98 will lower the lattice symmetry and thus
increase the computational effort. Moreover, such calculations are sensitive
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Figure 3.2: Schematic description of the frozen phonon approach. From Ho
and Harmon.102
to non-spherical terms in the crystal potential. This explains why, e.g., shear
moduli are poorly predicted using the muffin-tin potential approximation.99'100
The frequencies of long-wavelength lattice vibrations are directly related to
the clastic constants. Hence, the k —- 0 limit of the phonon spectnti can
be analysed using ab imtio calculations on compressed or sheared lattices. A
similar approach can be used 101102 to determine frequencies of other phonon
modes. This is achieved by "freezing" the crystal in a structure that corresponds to the amplitude of a certain phonon mode and by calculating the
change in total electronic energy due to this lattice deformation. This approach relies on the separation of electronic and ionic degrees of freedom, i.e.,
the Born-Oppenheimer approximation (cf. Fig. 3.2). The "frozen phonon" approach is limited by the relatively small number of atoms per unit cell that can
presently be handled with sufficient accuracy in ab tnitio calculations. It can,

24

CHAPTER 3. BAND-STRUCTURE RESULTS

therefore, not be used to study vibrational modes with long wavelengths. An
attractive feature of frozen-phonon calculations is that they give simultaneous
information on total energies and electronic charge densities. This has been
successfully used to analyse experimentally observed anomalies in the phonon
spectra of'e.g., Zr, 103 " 105 Nb 10310 « and Mo. 106 " 108
Many physical properties of solids are not sensitive to details in the phonon
spectrum, but only to certain characteristic phonon frequencies. It is particularly useful to define frequency moments109 through
U>in)

-

f F(u)du

'

(31)

when n > — 3 and with u " replaced by lnu> to define u(0). For example, the
temperature variations of the vibrational energy and entropy are, to leading
order, determined by u>(2) and u>(0), respectively, at high temperatures. It
is interesting to search for simplified theoretical schemes that can be used to
predict characteristic phonon frequencies. A widely used approach 110111 is to
fit a Debye model phonon spectrum to bulk moduli from ab imtto calculations. Various thermal properties, such as vibrational entropies and energies,
are then described within this approximation. However, the Debye model is
not accurate enough for most purposes. Moreover, an analysis based entirely
on calculated bulk moduli is often unsatisfactory, since the elastic limit of the
phonon spectrum is dominated by shear modes.112
A different approach, which can be used to determine the frequencies of
more general vibrational modes, has recently been presented113 (Paper 10). It
is similar to the frozen-phonon method, since it relies on a total energy calculation on a disordered supercell. The atomic displacements within the supercell
are stochastically generated according to independent Gaussian probability distributions. In the limit of harmonic lattice vibrations, it can be shown that the
energy associated with this lattice distorsion is directly related to the second
moment, u»(2), of the phonon density-of-states. A relatively large number of
atoms per unit cell (> 50) is needed to reduce the effects of periodicity between
the supercells. However, by applying an averaging procedure to the LMTO
method, this large cell does not reduce the efficiency of the self-consistent-field
calculations, compared with a band-structure calculation on an undistorted
lattice.

3.5

Magnetic phase transitions

Phase transitions in itinerant magnetic, systems is a field where many fundamental questions still remain. Two problems of particular importance concern
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the character of pressure-induced transitions at fixed temperature, and the microscopic nature of magnetic excitations above the Curie (Néel) temperature
of ferromagnetic (antiferromagnetic) materials. While ab initio band structure
calculations have been widely used to treat the first of these problems, there is
as yet no method available that allows for a complete analysis of temperature
effects in magnetic svslrius. llo*«.-\<n, a combined use of empirical information
and theoretical calculations may help to understand the nature of magnetic
excitations.
Most elements in the Periodic Table have local magnetic moments at sufficiently large lattice spadngs. This is easily understood by noting that expanded
crystals will tend to the atomic state where Hund's rule applies. The lattice
spacings where this hypothetical magnetic state exists cannot be experimentally accessed for most elements. However, magneto-volume properties can be
successfully analysed in ab initio calculations, and Moruzzi and Marcus114 have
shown how the approach towards atomic magnetic moments occurs in the 3dtransition metals. Electronic structure calculations can also be used to study
metastable states, i.e., magnetic states that do not yield the lowest energy at
a certain lattice parameter. This type of analysis is often carried out using the
so-called fixed-spin-moment (FSM) procedure,115 which is a technique where
the lattice parameter («o) and the local magnetic moment (A/) are fixed separately. Thus, the entire E(M,ao) dependence can be determined. The FSM
approach has been used to study ferromagnetic and antiferromagnetic states
and phase transitions for several 3d- and 4r/-transition metals in different structnres76>llf'~121 (Paper 9). An interesting result from these calculations is that
V(bcc), Fe(fcc), Co(fcc) and Ni(fcc) are predicted to have four different types
of magnetic phase transitions at increasing volume116 (Fig. 3.3). It is noteworthy that, LDA calculations on Fe(fcc) yield two different ferromagnetic phases,
corresponding to a low-spin (LS) and a high-spin (HS) state, respectively.
Pressure-induced magnetic phase transitions is a field where the predictive
power of theoretical calculations is great and where experimental data is still
scarce or completely larking Unfortunately, this also means that the validity
of theoretical results is difficult to assess. One way of estimating the accuracy
of a local-density description of exchange-correlation effects is to compare with
results obtained using other functionals. Such tests have been carried out in
only a few cases7r''7fi'7;' (Paper 9). The results to date indicate that the relative
stability of different magnetic states can be significantly changed by using different exchange-correlation functionals. Thus, there is reason to treat theoretical
predictions for metastable magnetic states and magnetic phase transitions with
great care.
Temperature-induced magnetic excitations in solids can still not be accounted for with pure ab initio methods. Since experimental information on
these excitations often is indirect and difficult to interpret, rhere is no com-
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Figure 3.3: Magnetization versus lattice parameter for V(bcc), Fe(fcc), Co(fcc)
and Ni(fcc). From Monizzi.116
plete understanding of the microscopic character of magnetic excitations above
the Curie (Néel) temperature in itinerant magnetic systems. Although electronic structure calculations alone cannot predict the size of thermally excited
magnetic fluctuations in the paramagnetic regime, they can be used as a complement to experimental information, e.g., from calorirnetric or neutron scattering experiments. This approach has recently122 (Paper 11) been applied to
paramagnetic chromium. The existence of entropy contributions which do not,
originate in lattice vibrations or electronic excitations, suggests that Cr has
local magnetic moments at temperatures well above the Néel temperature.
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Comments on the papers
Transition-metal carbides and nitrides (papers
1-7)
The first three papers in this series contain results from extensive band-structure
calculations and from detailed analyses of experimental information on all 3<f-,
4ri- and 5r/-transition metal carbides and nitrides in the NaCI-type structure.
The information on these 48 compounds gives a unique possibility for assessing
the accuracy of theoretical results and of the models that are used to extract
experimental information on metastable phases. Moreover, it provides a firm
ground for studies of trends in chemical bonding in metal-nonmetal compounds
(Paper 4). These trends are observed (Paper 4), not only for carbides and nitrides with the NaCI-type structure, but also for compounds with more complex
crystal structures (Paper 5). The character of the electronic energy spectrum is
important for a qualitative insight into physical phenomena related to bonding
strengths. In this thesis, we use such arguments to discuss vacancy formation
energies (Paper 6) and surface reconstructions (Paper 7).

Applications of the GGA (papers 8-9)
There is a great need for improved exchange-correlation functionals in electronic structure calculations. Many important applications of theoretical calculations are still impossible because of large errors. There is reason to believe
that the generalized gradient approximation (GGA) could provide such an improvement. However, our results on transition metal elements give a scattered
picture of the agreement between theoretical and experimental results. In some
cases, the GGA gives a significantly better correspondence between theory and
experiment (nonmagnetic 3<i-transition metals), while the results for other elements (5r/-transition metals) are less favourable. We believe that it is too
early to draw any certain conclusions from these tests, since the effects of other
35
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approximations that are inherent in the theoretical approach have not yet been
properly investigated.

Electronic structures of disordered crystals (paper 10)
The influence of structural disorder on the electronic properties of materials is
of fundamental importance to many fields of solid state physics. The most obvious reason for broken periodicity in a crystal is lattice vibrations. Molecular
dynamics simulations, based on a quantum mechanical description of electronic
interactions (e.g. Car-Parinello methods), will probably be applied to real materials in the future. However, this will require better computational methods,
as well as greatly improved computer performances. We believe that there is a
need for simple, approximate methods for electronic structure calculations on
disordered crystals. We suggest an approach which contains several important
approximations but which is extremely efficient for numerical calculations. This
approach is used to calculate the structural dependence of the Debye temperatures of the 4</-transition metals. Good agreement with experiment is obtained
for those structures that can be experimentally observed.

Magnetic fluctuations in chromium (paper 11)
The microscopic nature of the paramagnetic state in itinerant ferromagnetic
and antiferromagnetic materials is still unclear. We suggest that information
on magnetic excitations at high temperatures can be obtained by studying
different contributions to the total entropy. This quantity is often accurately
known up to melting temperatures from calorimetric measurements. We note
that the total entropy for nonmagnetic materials approximately equals a sum
of a vibrational part and a Sommerfeld-type electronic contribution. Thus,
we ascribe an observed excess entropy for bcc Cx at high temperatures to
fluctuating local magnetic moments.

