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report: 2004-9-29 12:23 — 2(2)



report: 2004-9-29 12:23 — i(3)

Master’s Thesis
LITH-IFM-EX-04/1328-SE

First-Principles calculations of Core-Level shifts in

random metallic alloys: The Transition State
Approach

Christian Göransson

Supervisor: Igor Abrikosov

IFM, Linköping
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Linköping, 10 September, 2004



report: 2004-9-29 12:23 — ii(4)



report: 2004-9-29 12:23 — iii(5)

Avdelning, Institution

Division, Department

Theoretical physics
Department of Physics and Measurement Technology
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Abstract

The overall aim of this thesis is to compare different methods for calculation of
Core-Level shifts in metallic alloys. The methods compared are the Initial State
model, the Complete screening and the Transition state model. Core-level shifts
can give information of chemical bonding and about the electronic structure in
solids.

The basic theory used is the so-called Density-Functional-Theory, in conjunc-
tion with the Local-Density Approximation and the Coherent-Potential-
Approximation. The metallic alloys used are Silver-Palladium, Copper-Palladium,
Copper-Gold and Copper-Platinum, all in face-centered-cubic configuration.

The complete screening- and the transition-state model are found to be in
better agreement with experimental results than those calculated with the ini-
tial state model. This is mainly due to the fact that the two former models
includes final-state effects, whereas the last one do not. The screening parameters
within the Coherent-Potential approximation are also investigated. It is found that
the Screened-Impurity Model can extend the validity of the Coherent-Potential-
Approximation and increase it’s accuracy.
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All of my friends here at Linköping’s university, for making the time here
enjoyable. And, finally, I would like to thank my brother-in-arms of Density-
Functional-Theory, Tobias Marten, for all the discussions, coffe breaks and bad
jokes.

vii



report: 2004-9-29 12:23 — viii(10)



report: 2004-9-29 12:23 — ix(11)

Contents

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Theory 5

2.1 Density-functional theory . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 The Kohn-Sham equations . . . . . . . . . . . . . . . . . . 6

2.2 Approximations of the Exchange-Correlation-energy functional . . 7
2.2.1 Local density approximation . . . . . . . . . . . . . . . . . 7
2.2.2 Generalized gradient approximation . . . . . . . . . . . . . 8

2.3 Limitations of the model . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Computational methods 11

3.1 The Korringa-Kohn-Rostocker method within the Atomic Sphere
Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 The Coherent-potential approximation . . . . . . . . . . . . . . . . 13
3.3 The Supercell approach . . . . . . . . . . . . . . . . . . . . . . . . 15

4 Screening 17

5 Core-level shifts 19

5.1 The initial state model . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.2 The complete screening picture . . . . . . . . . . . . . . . . . . . . 20
5.3 The transition state model . . . . . . . . . . . . . . . . . . . . . . . 20

6 Calculational details 23

6.1 General information . . . . . . . . . . . . . . . . . . . . . . . . . . 23
6.2 Screening parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 24
6.3 Minimizing the total energy . . . . . . . . . . . . . . . . . . . . . . 25
6.4 Core-level shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

7 Results and discussion 27

7.1 Screening parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 27
7.2 Equilibrium radii . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
7.3 Core-level shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

ix



report: 2004-9-29 12:23 — x(12)

8 Conclusions and future work 35

8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
8.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

A Derivations of the total energy in density-functional theory 37

B Tables 39

B.1 Equilibrium radii . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
B.2 Core-level shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Bibliography 45



report: 2004-9-29 12:23 — 1(13)

Chapter 1

Introduction

1.1 Background

With the advent of quantum-mechanics it became possible to explore the proper-
ties of microscopic systems, such as fundamental particles and atoms. The theories,
however, still had the achilles-heel of physics: it was more or less impossible find
exact solutions to the equations of quantum-mechanics for systems consisting of
more than two particles.

A macroscopic sample of some material generally consists of 1023 atoms so in
order to solve the Schrödinger equation for such systems one has to either improve
the theories or use approximations.

The Density-Functional Theory provides a way to get around some of the prob-
lems with many-body systems. With approriate approximations, the electronic
structure of metallic alloys may be calculated to a reasonable degree of accuracy.

The properties of solid materials are largely determined by the electronic struc-
ture of the electrons in the material. The alloying of metals is a very old method to
improve the properties of materials. With the advances in physics and technology
in the last century, the possibilities of creating materials with exactly the desired
properties for different usages and purposes grew drastically. Still, there are many
problems to solve and many properties of the materials are difficult to achieve.
The main long term goal is to be able to calculate the material, its surface and
bulk composition, to achieve the exact desired properties that may be needed for
some application. Also, the better the calculational methods become, the greater
becomes the possibility to study physical phenomenons that are hard to perform
experimentally.

1.2 Thesis outline

The diploma project was carried out at the Theoretical Physics branch within
the Department of Physics and Measurement Technology, at the University of
Linköping.

1
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2 Introduction

The thesis consists of eight (8) chapters which are described below, except for
chapter 1. Chapters two (2) and three (3) have been written together with Tobias
Marten, who have been undertaking similar studies during the same time period.
The reason for this collaboration is that we have had many discussions concerning
many aspects of the theory and therefore it was natural to write the common parts
of the theory together. The text is typesetted in LATEX2εand the graphs have been
created with Grace.

Chapter 2: Theory

The main ideas and concepts of Density-functional theory are described. The
Kohn-Sham equations are briefly explained. The two most widely used approxi-
mations for the Exchange-Correlation energy functional are explained and some
limitations of the model are also discussed.

Chapter 3: Computational methods

The Korringa-Kohn-Rostocker method is introduced. The choice of basis sets
is discussed together with the Muffin-Tin-Potential method together with the
Atomic-Sphere Approximation. Also, the basic principles of the Coherent-Potential
Approximation and the Supercell approach are introduced and compared.

Chapter 4: Screening

In this chapter, the description of net charges in the Coherent-potential approxi-
mation and some methods for solving these problems are explained.

Chapter 5: Core-level shifts

The concept of Core-Level shifts is explained and different methods of calculating
these shifts are described. The Transition-State model, being one of the main
emphasises of the thesis, is introduced here.

Chapter 6: Calculational details

Here, some practical procedures are explained and the details of the performed
calculations are given.

Chapter 7: Results and discussion

Results of the calculations are given and discussed. Some of the assumptions made
in the earlier chapters are motivated by the results. The calculated Core-Level



report: 2004-9-29 12:23 — 3(15)

1.2 Thesis outline 3

shifts using different methods are compared with each other and with experimen-
tal values.

Chapter 8: Conclusions and future work

The conclusions are summarized and appriopriate ways of continuing the work are
suggested.
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Chapter 2

Theory

This chapter has been written together with Tobias Marten.

2.1 Density-functional theory (DFT)

The physical properties of condensed matter are governed by the interactions
between electrons and between electrons and nuclei. If we consider a particle-
system and wish to describe it in a quantum-mechanical way, we have to solve the
Schrödinger equation. The time independent Schrödinger equation has the form:

HΨ = EΨ (2.1)

where the complete Hamiltonian will include the following terms:

H = −
~

2

2

∑

i

∇2
i

Mi
+

1

2

∑

i6=j

ZiZj

|Ri − Rj |
−

~
2

2me

∑

k

∇2
k +

∑

k 6=l

e2

|rk − rl|
−

∑

i,k

Zie

|ri − Rk|

where the first term is the kinetic energy of the nuclei, the second is the Coulomb-
interaction between the nuclei, the third and the forth are the corresponding terms
for the electrons and the last term represents the interaction between nuclei and
electrons. It should be noted that the wavefunction, Ψ, has the form1:

Ψ = Ψ(r1, r2, r3, . . . , rN ,R1,R2,R3, . . . ,RM )

That is, Ψ is a function of all the positions for the electrons (r:s) and the nuclei
(R:s). Finding a solution to equation 2.1 is an impossible task due to the fact
that it is only exactly solveable for systems containing at most two particles and a
macroscopic sample of some element or alloy contains the order of 1023 particles.
Therefore some other description or approximation is needed.

In general, the nuclei of the atoms are much heavier than the electrons. There-
fore the nuclei can be considered to be stationary. This is the so-called Born-
Oppenheimer approximation which in our case means leaving out the first term in

1Spin-coordinates have been left out

5
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the Hamiltonian above. It also means that the second term only contributes as a
constant to the total energy and can be left out during the calculations. Naturally,
it has to be reinserted in order to calculate the total energy.

Having done these approximations, we are still faced with a huge number of
electrons and the Scrödinger equation is still practically impossible to solve. One
way to get around this problem was proposed by W. Kohn and P. Hohenberg in
1964 [1] when they formulated the Density-Functional-Theory (DFT). The theory
is based on their two theorems which defines the electron (charge) density n(r) as
a fundamental variable for describing many-electron systems and calculating the
ground-state energy.
The two theorems states that:

1. The local external potential Vext(r) is within a trivial additive constant
determined by the ground-state electron density n(r).

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

This is a very elegant way to reduce the number of variables due to the fact that the
density n(r) is a single-valued function that only depends on the position in space,
whereas the wavefunction above depends on the positions of all the electrons.

2.1.1 The Kohn-Sham equations

In 1965, Kohn and Sham [2] showed that the total ground-state energy functional
can be written as:

E[n(r)] =

∫

Vext(r)n(r)dr+
1

2

∫∫
n(r)n(r′)

|r − r
′|

dr dr
′+Tni[n(r)]+Exc[n(r)] (2.2)

The first term represents, e.g., interaction between electrons and nuclei, the sec-
ond interaction between electrons, the third the kinetic-energy of a non-interacting
electron gas and the last represents the exchange-correlation term. The exchange-
correlation term describes manybody-effects; ie we put everything that is too dif-
ficult to solve into this term and approximate it in section 2.2.
The non-interacting electrons satisfy the one-particle Kohn-Sham (Scrödinger)
equation:

{

−
~

2

2m
∇2 + Veff (r,R1, . . . ,RM )

}

ψoe
i (r) = εoe

i ψ
oe
i (r) (2.3)

Veff is the effective potential and can be expressed as [3]:

Veff (r) = Vext(r) +

∫
n(r′)

|r − r
′|
dr′ + Vxc(r) (2.4)

The solutions to the one-particle equation (2.3) gives the electron density by the
equation

n(r) =

N∑

i=1

|ψoe
i (r)|2 (2.5)
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where N (=
∫
n(r)dr) is the total number of electrons for the system and Vxc is

defined as:

Vxc =
∂Exc[n(r)]

∂n(r)

It should be emphasized that in the DFT the total energy has a physical interpre-
tation, whereas the one-electron energy-eigenvalues (εoe

i ) do not [4]. One reason
for this is that the effective potential describes quasi-particles which do not inter-
act with each other. That is, they are not real particles, though they will describe
a correct ground-state electron density n(r).
With some mathematics one can show2 that the total energy functional can be
rewritten as:

E[n(r)] =
N∑

i

εi −
1

2

∫∫
n(r)n(r′)

|r − r
′|

dr dr
′ −

∫

Vxc(r)n(r)dr +Exc[n(r)] (2.6)

The Kohn-Sham equations 2.3 to 2.5, see above, has to be solved self-consistently.
Once self-consistency has been reached the total ground-state energy can be cal-
culated from equation 2.6.

2.2 Approximations of the Exchange-Correlation-
energy functional Exc[n(r)]

As mentioned above, the use of DFT and the Kohn-Sham equations reduces the
number of variables, but we are still faced with finding an explicit form of the
exchange- and correlation energy-functional Exc[n(r)] which is a rather difficult
task. However, calculations have shown that the contribution to E[n(r)] from
Exc[n(r)] is much smaller than the contributions from the kinetic energy, interac-
tion between electrons and nuclei and interaction between electrons3. Therefore,
it is possible to approximate Exc[n(r)] without losing too much in accuracy. There
are several ways of doing this, but in this report the focus will be on the two most
widely used, namely the Local Density Approximation (LDA) and the Generalized
Gradient Approximation (GGA).

2.2.1 Local density approximation (LDA)

In the LDA the exchange- and correlation energy-functional is usually written [2]:

ELDA
xc [n] =

∫

εxc[n(r)]n(r)dr (2.7)

where εxc[n(r)] is the exchange-correlation energy per particle in a homogenous
electron gas of density n. This means that in the LDA, space is divided into small
boxes, in which the electron-density can be considered to be constant. In order to

2See section A.
3See for instance page 698 in reference [5].
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calculate the exchange-correlation energy, the contributions from these small boxes
are summed-up, each with electron-density n(r) and exchange-correlation energy
per particle εxc[n(r)]. This yields equation 2.7 above. The exchange-correlation
potential, which is used in equation 2.6, is in the LDA defined as:

Vxc(r) =
d[n · εxc(n)]

dn

∣
∣
∣
∣
∣
n=n(r)

(2.8)

The LDA uses a εxc[n(r)] which is homogenous at every point in the system.
This can cause errors since the real charge density is not homogenous. The most
straightforward manner in which this can be improved is done in the generalized
gradient approximation.

2.2.2 Generalized gradient approximation (GGA)

The principle of the GGA is to use the LDA and also include gradients of n(r) in
the expansion of εxc[n(r)] [5]. In GGA the exchange-correlation energy can be
written as [6]:

EGGA
xc [n] =

∫

f [n(r),∇n(r)]n(r)dr (2.9)

where f [n(r),∇n(r)] is some functional to be determined by parametrization and
fitting to calculations, as is done with εxc[n(r)] in the LDA. Since many scientists
have contributed to the development of the GGA, there are many different choices
of the form of f [n(r),∇n(r)] available. There also exists so-called meta-GGAs that
include the second derivate of n(r). It should be noted that all of the different
GGAs and LDAs have in common that they allow calculations of systems with
local4 effective potentials [8].

2.3 Limitations of the model

One limitation of DFT is that the one-electron energies do not have any direct
physical meaning, as mentioned in section 2.1.1. The main problem of the short-
comings of the model is that it is rather difficult to tell whether errors originate
from the choice of the exchange-correlation energy-functional or from the use of
an incomplete basis set [8].

There are some properties that in principle are impossible to describe within
DFT. These are explicit many-body effects, for instance plasma-oscillations or
super-conductivity [4].

The local density approximation works well for many systems. There are,
however, some exceptions. Pure crystalline iron (Fe) turns out to be face-centered-
cubic in the LDA, while it is well known that it is in fact body-centered-cubic.
Bandgaps in semiconductors is another anomaly in the LDA. [8]

4This means that the potential only depends on the electron-density and a finite number of
its derivatives [7].
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Many of the failures of the LDA can be reduced by using the GGA, especially
when one wish to describe properties that depend on non-homogenous parts of the
electron-densities. [9]
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Chapter 3

Computational methods

This chapter has been written together with Tobias Marten.

3.1 The Korringa-Kohn-Rostocker method within

the Atomic Sphere Approximation

In order to efficiently solve the Kohn-Sham equations (2.3 to 2.5) for a general
system, it is necessary to expand the one-particle wave-function in a basis. Without
loss of generality, we choose to expand our wave-function in an arbitrary basis-set1:

|ψi〉 =
∑

j

cj |ϕj〉 (3.1)

Inserting this expansion into the one-particle Kohn-Sham equation,H |ψi〉 = εi|ψi〉,
yields:

H
∑

j

cj |ϕj〉 = εi

∑

j

cj |ϕj〉

Multiplying this expression by 〈ϕk | from the left gives,

∑

j

cj 〈ϕk |H |ϕj〉
︸ ︷︷ ︸

Hkj

=
∑

j

εicj 〈ϕk|ϕj〉
︸ ︷︷ ︸

Okj

where Hkj are the matrix elements of the Hamiltonian and Okj describes the over-
lap between different basis-functions. Rearranging the terms gives the equivalent
expression:

∑

j

cj
{
Hkj − εiOkj

}
= 0 ∀k

This linear-algebraic equation has non-trivial solutions if and only if:

det
[
Hkj − εiOkj

]
= 0 (3.2)

1Here we use bracket notation for the sake of simplicity.

11
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Solving equation 3.2 and using the requirement of normalization of the wavefunc-
tion |ψ〉 gives the coefficients cj . Hence, we have transformed the differential-
equation to an equivalent linear algebraic equation, which is advantageous from a
computational point of view. In order to solve the one-particle Kohn-Sham equa-
tion efficiently a small basis-set {|ϕj〉} is required.

q"!
# q"!
# q"!
# 

q
"!
# q
"!
# q
"!
# 

���
r

MT

Figure 3.1. Schematic picture of the muffin-tin spheres and potentials.

The next step is to approximate the effective potential, Veff , in the Kohn-
Sham equations. One common way to do this is the Muffin-Tin Potential (MTP)
method. In this method the potential is divided into two regions:

VMT (r) =

{
V (r) if r < rMT

Vconst. if r ≥ rMT
(3.3)

where rMT is the radius of the muffin-tin sphere, see figure 3.1, measured from
each lattice site. Inside these spheres the potential is taken to be the spherical
average of the effective-potential in equation 2.4 and constant outside the spheres.
The wave-functions are required to be continous and differentiable at the bound-
ary of the spheres. [8]

In the Atomic-Sphere-Approximation (ASA) the Wigner-Seitz cell2 is replaced
by atomic spheres. The size of the sphere is determined by the condition that the
volume of the sphere should equal the volume of the corresponding Wigner-Seitz
cell. This requirement may cause overlap between neighbouring spheres. [8] Since
we in the ASA have replaced the atoms by spheres, and in the MTP the effective
potential describing these atoms have been replaced by a spherical average, it is
natural to let the muffin-tin spheres have the same radii as the atomic spheres.
Hence, we set rMT = rWS in equation 3.3 above.

In this thesis a modified version, called ASA+M, of ASA has been used. The
modification includes multipole moments of the electron charges inside the atomic

2See for instance reference [10].
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spheres. By this procedure, some of the errors associated with the standard ASA
can be reduced3. [11]

The Korringa-Kohn-Rostocker (KKR) method uses multiple-scattering theory
for solving the one-electron Kohn-Sham equation. The KKR Green’s function
method is one of few that can be used to calculate the properties of disordered
alloys [4], which can be said to be the all-embracing purpose of this thesis.

The main advantage of the KKR-method is the possibility to use perturbation
theory. Assume that a simple reference system is known and has the Green’s
function G0 which correspond to the Hamiltonian H0. Then the system of interest
may be described by the reference system and a localized perturbation, described
by ∆H . Here localized means that ∆H has a finite extension in space. Let the
Hamiltonian and the Green’s function for the real system be H = H0 +∆H and G
respectively. Then the Green’s function for the perturbed system and the reference
system are connected by the Dyson equation:

G = G0 +G0∆HG . (3.4)

An exhaustive treatment of the KKR-ASA-MTP Green’s function method is a
rather complicated matter matematically, and is beyond the scope of this thesis.
For a more detailed treatment, see for instance references [4, 12].

3.2 The Coherent-potential approximation (CPA)

y
i
y
y
i
i
i
i
y

y
y
y
y
y
y
y
y
y

CPA
=⇒

Figure 3.2. The main idea behind CPA. The random structure is replaced by an ordered
effective medium.

We are still faced with the problem of matematically describing a random sub-
stitutional alloy. One common approach to deal with this problem is the Coherent-
Potential Approximation (CPA). The main idea behind CPA was proposed by Paul
Soven in 1966 [13]. This idea is to replace the atoms in the alloy by an effective
medium, which shall describe the average properties of the system. That is, each
atom is used to calculate the effective medium.

3See also chapter 4.
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Figure 3.3. Insertion of real atoms into the effective medium for each alloy component.

The creation of the effective medium is done by replacing the randomly dis-
tributed real muffin-tin potentials with ordered effective potentials, see figure4 3.2.
The scattering properties of the effective potentials are then determined by the re-
quirement that an electron moving in an infinite crystal of the effective potentials
will, on the average, not be scattered further if one of the effective potentials is
replaced with a real potential. [14] This means that the real atoms can be treated
as impurities in the effective medium, see figure 3.3, as is suitable when using the
KKR method. The CPA method is a single site approximation. This means that
in the calculations of the alloy properties only one real atom is included and the
surrounding atoms are described by the effective medium.

Only some of the atomic properties can be averaged. For instance, the solutions
to the one-particle Scrödinger equation 2.3 cannot be averaged. However, the
electron density (and hence the total energy) and the density of states can be
averaged. This is one of the reasons that the CPA method works well for random
alloys. [15]

The creation of the effective medium is not a trivial task. In this thesis only a
brief explanation is given. For a more complete description see for instance refer-
ences [4, 13, 14].

Naturally, since the creation of the CPA effective medium is an approximation,
we will lose some details of the electronic structure of the alloy under consideration.
Such details are for instance charge-transfer between alloy components. However,
with some modifications, this can be described approximately within CPA [16].
Another phenomenon not included within the CPA is the short-range-order effects.
To study such effects in detail, it is necessary to go beyond the CPA [17]. To treat
local environment effects, it is necessary to go beyond the single-site approximation
(CPA). This is done in the supercell approach.

4Here we have only considered binary alloys. The method can be generalized to treat ternary
or more complicated alloys.
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Figure 3.4. Left: A random distribution of atoms. Note that periodic boundary condi-
tions are applied at the boundaries. Right: An effective medium created from the crystal
on the left.

3.3 The Supercell approach

Since the CPA cannot include local environment effects, and a full calculation of
the atoms in a crystal is virtually impossible to perform, the logical step would be
to do something intermediate. It has been proposed by Wang et al. [18] to only
consider the interactions in a finite region to achieve sufficient accuracy when cal-
culating the electron density. This region is called Local Interaction Zone (LIZ).
The region outside LIZ was in the scheme by Wang et al. proposed to be left out.
Another scheme that utilizes the same principal ideas was proposed by Abrikosov
et al. [19], named Locally Self Consistent Green’s Function (LSGF). The main
difference between these two is that the latter utilizes an effective medium to de-
scribe the atoms outside the LIZ.

The procedure of the supercell approach of Abrikosov et al. is schematically
described in figures 3.4 and 3.5. In figure 3.4 we have a random distribution of
atoms on an underlying lattice. Periodic boundary conditions are applied to get
a true bulk calculation. The atoms inside the lines constitutes the supercell. In
the right part of this figure an effective medium has replaced the corresponding
real atoms. The next step in the calculation process is to embed the LIZ into the
effective medium. This process is repeated for all atoms in the supercell, see figure
3.5.

There exists several different methods in creating the effective medium, for
instance the Average T-matrix Approximation (ATA), the Virtual Crystal Ap-
proximation (VCA) and CPA (see section 3.2). For a detailed description of ATA
and VCA, see reference [4]. In this thesis the CPA effective medium has been used.
The choice of the method to create the effective medium affects the size of the LIZ
that is required in order to obtain a certain accuracy. Since the computational
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Figure 3.5. A supercell with the LIZ placed on two different sites, surrounded by the
effective medium.

effort greatly increases with the size of the LIZ, the choice of this method is an
important one. In reference [20] Abrikosov et al. found that the CPA effective
medium is an ideal choice with respect to the size of the LIZ.

The single site LSGF and the conventional CPA are almost equivalent except
for the the fact that the LSGF method gives a proper treatment of the Madelung
contribution to the total energy [19]. This can be approximately compensated in
the conventional CPA by introducing parameters that control charge transfer and
Madelung energy5 [17, 21]. The main advantages for LSGF compared to a pure
CPA calculation is that one can study local environment effects, such as short
range order. The main disadvantage of LSGF compared to the conventional CPA
is the computional effort needed. For single site LSGF the computional time is
about 10 times larger than for the corresponding CPA calculations.

5See also chapter 4.
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Chapter 4

Screening

As mentioned earlier, one of the main shortcomings of the single site CPA method
is the neglect of local environment effects. One such effect is charge transfer and
associated with it the Madelung1 contribution to the one-electron potential. It
has been found in calculations that in a random (binary) metallic alloy, the net
charge on an atom depends linearly on the number of nearest neighbours of the
opposite kind. Since we have a random alloy, the nearest neighbours for different
sites varies. This implies that there should be some fluctuation in the net charges
for the components. However, these fluctuations were not be included in the orig-
inal implementation of the CPA. [16]

The CPA-method considers a single impurity atom embedded into an effective
medium. If this impurity has nonzero net charge one should find a scheme that
takes the net charge into account and makes the whole system charge neutral.

LSGF-calculations performed on single impurities in metallic systems show that
the change in charge density caused by the impurity atom is small beyond the first
coordination shell 2. It has also been found that almost all of the compensating
charge is found on the nearest neighbour atoms.

In the supercell approach, the missing charge is taken care of in the whole
supercell. Hence, to test the corrections done to CPA, supercell calculations should
be used as reference. [17] In order to compare the CPA- and supercell calculations,
single-site supercell calculations should be used, since one should try to keep as
many parameters equal as possible in order to make sure that any differences
between the methods are due to the methods and not the choice of parameters.
However, the accuracy of the supercell calculations become higher with increasing
LIZ and one may argue that it therefore is better to do calculations with LIZ larger
than single-site. The latter view has been used in this thesis.

There are several methods to solve the problems associated with charge transfer
in CPA. In this thesis we will focus on the so called Screened Impurity Model
(SIM). In the SIM-CPA we let the net charge Qi of a binary alloy (i = A,B) in

1See for instance reference [10].
2That is, the nearest neighbour shell

17
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the effective medium be completely screened by the first shell of effective atoms.
Then we assume that the screening charge is distributed uniformly on all of the
Z1 atoms in the first shell of effective atoms. Then this screening charge can be
written:

Q1 = Q2 = · · · = QZ1
= −

Qi

Z1
(4.1)

This gives the following expression for the Madelung potential for the impurity
atom:

V i
M = −e2

Z1∑

k=1

Qk

R1

(4.1)
= e2

Qi

R1
(i = A,B) (4.2)

where the summation is over the atoms in the first coordination shell and R1 is
the shell radius. [16]

Since the assumptions in the SIM-CPA are only approximately true, one may
rewrite equation 4.2 above:

V i
M = α · e2

Qi

rWS
(i = A,B) (4.3)

where α is a parameter that may be varied to fit the results from LSGF-calculations
and rWS is the Wigner-Seitz radius. We now have described the Madelung poten-
tial in terms of an effective radius and a correction factor. [21]

Even though we now have a way to make the CPA-calculations produce a better
description of charge transfer, we still need a way to calculate the Madelung energy.
The Madelung energy for a random binary AB alloy can be written:

EM = −βe2c(1 − c)
(QA −QB)2

R1
(4.4)

where c is the concentration of the A-component in the alloy. For the values of β
several models have been proposed, each based on different assumptions. However,
the value of β may depend on the actual system under consideration which implies
that supercell calculations should be used to find its value. The SIM-CPA may be
extended to treat multicomponent alloys. [16]

ASA+M

The spherical approximation that is imposed on the one-electron potential within
the ASA may cause errors. This can be corrected, at least partly, in the ASA+M
approach, where the M stands for multipole correction. By inclusion of the mul-
tipole moments of the Madelung part of the one-electron potential, the accuray is
increased, compared to the standard ASA. [11]
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Chapter 5

Core-level shifts

The overall aim of this thesis is to calculate the so called Core-Level Shifts (CLS)
upon alloying. In a single atom, the electrons will have a energy spectrum. If
several atoms are put together the electrons will change their energies to the ground
state for the new system, which yields a different energy spectrum. Further, if an
alloy is created by mixing atoms of different species, the energies for the electrons
will once again change to a new ground state and another energy spectrum. The
CLS is nothing but the shift in energy for a certain electron in the core of the
atoms in question when alloying.

The historical reason to calculate the CLS is that it is relatively easy to mea-
sure experimentally. Also, the CLS shows properties of chemical bonding and it
is possible to extract other information from the CLS. The experimental mesure-
ments of CLS are performed by X-ray photoelectron spectronscopy (XPS), where
one uses X-ray photons to eject the electron of interest and measure its energy. [22]

The CLS can be divided into initial- and final-state contributions. Somewhat
simplified, the initial-state contributions can be said to be only the shift in the core-
electron eigenenergies1 and the final-state contributions to be core-hole relaxation
effects after the core-electron in question has been removed. [23]

5.1 The initial state model

The simplest way to calculate the CLS within DFT is the initial-state model. This
model do not take any core-hole relaxation effects into account and the only con-
tributing factors are the core-level eigenvalues for the pure crystal and the alloy.
This means that the initial-state CLS is caused by differences in one-electron po-
tentials between the pure element and the alloy. The initial-state CLS is therefore
simply the difference in the core-level eigenenergies between the alloy and the pure
element. [24] From section 2.1 it is known that the energy eigenvalues in the one-
particle equation do not have a physical interpretation. One may argue though,

1Within the one-electron approximation used in DFT in this thesis.

19
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that the shift in the eigenvalues do have a physical interpretation. The eigenval-
ues should be related to the Fermi-level. Hence, for a binary AB alloy, we get the
following formula for the initial-state CLS for the i:th state:

Eis
cls(Ai) =

{
EF (alloy) −Ei(alloy)

}
−

{
EF (pure) −Ei(pure)

}
, (5.1)

where Ei is the core-level eigenvalue.

Since the initial-state model do not take core-hole relaxation effects into ac-
count, the model is mainly useful for studying CLS for systems with equal screening
of the core-hole in the alloy and the pure metal [25]. It can also be useful when
one wish to separate initial- and final-state contributions. If a good estimation of
the CLS is wanted, the Complete Screening picture or the Transition state model
may be preferred.

5.2 The complete screening picture

In the Complete Screening picture the basic assumption is that the valence elec-
trons are in a relaxed configuration in presence of the core-hole that is created when
one electron is removed from its core-state. To calculate the complete screening
CLS the electron of interest is moved to the valence band and the remaining elec-
trons are allowed to relax, that is to screen the created hole. The main quantity
that needs to be calculated is the generalized thermodynamical chemical potential
of the core-ionized atoms:

µ =
∂Etot

∂c

∣
∣
∣
∣
c→0

(5.2)

where c is the concentration of ionized atoms in the alloy and Etot the total energy
for the alloy with the ionized atoms. The complete screening CLS will now be the
difference in the generalized thermodynamical chemical potential between the pure
metal and the alloy:

Ecs
cls = µ(alloy) − µ(pure) (5.3)

It should be noted that the complete screening CLS gives us a way to estimate
the relaxation contribution (∆ER) to the CLS, by subtracting the initial state
contribution:

∆ER = Ecs
cls −Eis

cls

For alloy systems where there are substantial relaxation effects, the complete
screening picture is by far better than the initial state model. [23]

5.3 The transition state model

We know from 2.1 that the total energy is a unique functional of the electronic
charge-density n(r) and that the ground-state density minimizes the total energy.
In 1978, J. F. Janak developed extensions of DFT by generalizing the total energy
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which allows for investigation of the derivative of the total energy with respect to
occupation numbers [26]. By defining

ti ≡

∫

ψoe
i (r)∗(−∇2)ψoe

i (r)dr = −

∫

ψoe
i (r)∗(VH(r) + Vxc(r))ψoe

i (r)dr (5.4)

we have an expression for the kinetic-energy functional:

Tni =
∑

i

ti (5.5)

DFT, as described by Hohenberg, Kohn and Sham ([1] and [2]), applied mainly
to the ground-state of the system, although it was possible to extend the theory
to a small number of excitations. Janak took the next step by instead of equation
2.5 using an electronic charge-density defined by:

n(r) ≡
∑

i

ηi|ψ
oe
i (r)|2 (5.6)

where the ηi:s are occupation numbers. We can now define a slightly different
kinetic-energy functional:

T̃ =
∑

i

ηiti (5.7)

By using occupation numbers we are still able to solve the Kohn-Sham-equations
(2.3 to 2.4 and 5.6 instead of 2.5) self-consistently, even for sets containing non-
integral values of the occupation numbers. Using this form for the kinetic-energy
functional we will get a new total energy, Ẽ. In general Ẽ 6= E, since T̃ 6= Tni

for an arbitrary set of ηi:s. If the ηi:s have the form of Fermi-Dirac distribution,
however, Ẽ will be equal to E. In reference [26], it is shown that

∂Ẽ

∂ηi
= εi (5.8)

independently of the form of Exc[n(r)]. It follows from 5.8 that when the ηi:s have
the form of Fermi-Dirac distribution, the Ẽ is minimized at the end-points (when
each ηi is equal to 1 or 0) and then, as mentioned above, it is equal to the true
ground-state of the system.

Integrating equation 5.8 makes it possible to connect the ground states of the
N- and (N+1)-particle systems, by inserting η electrons into the lowest unoccupied
level [26]:

EN+1 −EN =

1∫

0

εi(η)dη (5.9)

If we assume that εi(η) depends linearly2 on η, one can by using simple integration
rules show that:

EN+1 −EN ≈ εi

(
1

2

)

(5.10)

2According to [25], this is the case.
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Equation 5.10 is nothing but the core-level binding energy for an electron in the
i:th state. This formulation includes final-state relaxation effects and is known
as the Transition State Model. [25] It may be noticed that in equation 5.10 the
eigenvalue at ’midpoint’ which is not at the end-point, as is required for equality
between Ẽ and E. However, the evaluation at midpoint is only a way to evaluate
the integral, which goes from end-point to end-point.

Equation 5.9 can be rewritten in the following way:

EN+1 −EN ≈ εi

(
0) +

1

2

[
εi

(
1) − εi

(
0)

]
(5.11)

The first term in equation 5.11 can be identified with the initial-state contribu-
tion which implies that the second term is the final-state contribution. The above
expression is used in Ref. [25]. This means that they used integer occupation
numbers, which may be a simpler approach than to use non-integer occupation
numbers. However, as can be seen from equation 5.11, this imply that one needs
to do two calculations for each binding energy, whereas the use of equation 5.10
only requires one calculation.

Equation 5.10 gives us a way to calculate the CLS. Assume that we have a
binary alloy with components A and B and wish to calculate the CLS for a certain
electron-state i for the A-component. We then move 1

2 electron from its state up to
the lowest unoccupied state. The reason to move 1

2 electron instead of introducing
another 1

2 electron is to retain charge-neutrality. This procedure can be done for
a small percentage3 of the A-component. To get the CLS upon alloying we must
of course do the same for the pure A-component. Since the core-level eigenvalues
should be related to the Fermi-level, we have

εi(ηi) ≡ EF −Ei(ηi) ,

where EF is the Fermi-energy and Ei the core-level eigenvalue. This gives us the
following formula for calculating the transition state CLS:

Ets
cls(Ai) =

{

EF (alloy) −E
1/2
i (alloy)

}

−

{

EF (pure) −E
1/2
i (pure)

}

(5.12)

It may be argued that the transition state model is a non-physical way of
calculating the CLS. It should be noted, however, that the assumptions made
are in line with those of DFT in general and that the model is en extension of
DFT where the avalability of an additional way of calculating the CLS comes as
a consequence.

3See section 7.3
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Chapter 6

Calculational details

6.1 General information

The programs used in the calculations were created by I.A Abrikosov, A.V. Ruban,
P.A. Korzhavyi and H.L. Skriver. All of the calculations have been performed with
s,p,d and f linear-muffin-tin orbitals included in the basis set1, where the letters
denote different hydrogenic wavefunctions. The Local-density approximation with
the last iteration Generalized gradient approximation with Muffin-Tin correction
(MT) was also used throughout the calculations. The reason for this was that the
LDA has better convergency and GGA is somewhat more accurate.

The systems calculated were Silver-Palladium (AgPd), Copper-Palladium (CuPd),
Copper-Gold (CuAu) and Copper-Platinum (CuPt), all of face-centered cubic
structure. For the components in these systems, different core-levels have been
used to study the CLS:

• Cu: 2p 3

2

• Ag: 3d 5

2

• Pd :3d 5

2

• Au: 4f 7

2

• Pt: 4f 7

2

For the core electrons, scalar-relativistic correction have been used.

The calculational procedure is as follows:

• A primary minimization of the total energy, only performed for the 50/50
concentration of each alloy. This is done in order to obtain a Wigner-Seitz
radius near the equilibrium. This obtained radius is used in the following
step.

1Except where noted.
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• One supercell calculation for each alloy. This is followed by CPA calculations
with different values of α, which are compared with the supercell calculation.
After the α-value has been found, CPA calculations with different values of
β are performed and compared with the supercell calculation.

• The found values of α and β are used in a new, more careful, minimization
of the energy. This is done for all concentrations (see below).

• Finally, the resulting minimum radii are used to calculate the ground state
systems, which provides information used when calculating the CLS.

6.2 Screening parameters

Calculation of α

In order to calculate the screening parameters according to equations 4.3 and 4.4
it is necessary to do at least one supercell calculation (LSGF). It is very important
to use exactly the same alloy concentration in the CPA- and LSGF calculations.
Since a supercell consisting of 256-atoms was to be used the most convenient
choice was the 50/50 concentration. The supercell has to have an integer number
of atoms, naturally, and since 256 is an even number, we can always divide it by 2
and get an integer number of atoms of each component. The rWS used was near
the equilibrium radius and the LSGF calculations were performed with LIZ=3,
which means that the central site, its nearest- and second nearest neighbours were
included. The results of interest from the supercell calculations were the average
net charge, 〈qsc〉, for one of the alloy components and the total energy, Etot.

CPA-calculations with the same rWS and concentration as in the LSGF calcu-
lations were performed for different values of α. The resulting net charge, 〈qcpa〉,
was plotted as a function of α and interpolated. By requiring 〈qcpa〉 = 〈qsc〉 the
value of α was obtained. It was verified2 that the value of α would be equal for
both of the components in each alloy.

Calculation of β

After the value of α had been found, CPA-calculations with this α and different
values for β were performed. The total energy will be varying linearly with β,
according to equation 4.4. The total energy may then be fitted to the supercell
calculation. Finally, one CPA-calculation with the found values of α and β was
performed to make sure that the correct values had been found.

Since the net charge depends linearly on the number of nearest neighbours of
opposite kind, the net charge will depend on the concentration of the alloy compo-
nents. In section 7.1 results from calculations for a CuPd system with 20.3125%
Cu are examined in order to determine whether the choice of concentration is

2Not shown here.
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critical for finding α and β. The CuPd transition state CLS for the screening
parameters found for the system with 20.3125% Cu is also compared with that
with screening parameters determined from the 50% Cu system.

6.3 Minimizing the total energy

In order to find the ground state of the system under consideration, it is necessary
to accurately find the minimum of the total energy. This was done by running the
program for different Wigner-Seitz radii, rWS . The total energy was then plotted
as a function of the rWS and interpolated using a modified Morse interpolation
scheme (See reference [27]). The interpolated equilibrium radius was then used
to perform the ground-state calculation. Naturally, the results from the last cal-
culation were compared with the earlier to make sure that the equilibrium radius
had been found.

The minimization process was repeated for every concentration in all of the
alloy systems. This means that about 1600 radii were calculated with the CPA-
method and a few with the LSGF-method.

The Wigner-Seitz radius is such that the volume of the spheres in one unit cell
equals the unit cell volume. Hence, for a general cubic crystal with j atoms in
each unit cell and lattice constant a we have:

a3 = j ·
4π

3
r3WS ⇐⇒ rWS = 3

√
3

4π · j
· a . (6.1)

For simple cubic (sc) structure we have j = 1, for body-centered cubic (bcc) j = 2
and for face-centered cubic (fcc) j = 4.

6.4 Core-level shifts

Initial state

The initial-state calculations were performed for all four alloys, ie AgPd, CuPd,
CuAu and CuPt. The concentration range used was 0, 1, 10, 20, . . . , 90, 99, 100% for
the AgPd system and 0, 10, 20, . . . , 90, 100% for the other three systems. The inital
state calculations were originally performed for the AgPd system only, in order
to test the programs and the theory. In order to compare the complete screening
and transition state results, however, the calculations were also performed for the
other three systems.

Complete screening

A problem with the complete screening picture is that in equation 5.2 we cannot
let c → 0 practically. However, an approximate calculation is possible to perform
by rewriting equation 5.2:

µ ≈
1

c

{
Etot(c) −Etot

}
(6.2)
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where c should be small. Etot(c) is the total energy for the system with the small
concentration of ionized atoms and Etot is for the corresponding system where no
atoms have been ionized3. In order to calculate the complete screening CLS for
the A component in a binary alloy with the composition concentration A1−xBx

we have:

Ecs
cls(A) =

1

c

{
Etot(A1−x−cA

∗
cBx) −Etot(A1−xBx)

}
−

−
1

c

{
Etot(A1−cA

∗
c) −Etot(A)

}
(6.3)

where A∗ stands for the ionized part of the A-component. The electron state for
which the CLS is calculated is decided by the choice of which electron to ionize.

In order to calculate the complete screening CLS, by using equation 6.3, it is
necessary to calculate the pure system (Etot(A)), the pure system with some atoms
ionized (Etot(A1−cA

∗
c)), the alloy with and without ionized atoms (Etot(A1−x−cA

∗
cBx)

and Etot(A1−xBx), respectively). The first and last of these are the same systems
as those used in the initial state calculations. The equilibrium radius was used for
each of these systems, including the ionized alloys. The concentration of ionized
atoms was 1%, that is c = 0.01.

The complete screening CLS was mainly calculated for the AgPd system. These
calculations were made for the concentration range 0, 10, 20, . . . , 90, 100%. For
comparison, however, complete screening calculations made by Weine Olovsson4

have been used.

Transition-state model

In order to calculate the transition state CLS, we need to move 1
2 electron from the

state for which we wish to calculate the CLS, and put it in the valence band. If this
is done for the A-component of an AB alloy, this modified atom will be denoted
’Aj ’. For the transition state calculations in general, 1% of the alloy component
have been used for this purpose, since it can be done for a small concentration of
atoms, as shown in section 7.3.

The equilibrium Wigner-Seitz radius was calculated for each system. The calcu-
lated values of α and β were used. The transition state CLS were then compared
with inital state calculations, complete screening calculations and with experi-
mental values. The screening parameters were found by standard calculations, ie
without moving 1

2 electron in any atom. The concentration range was the same
as in the complete screening calculations.

3The electron is not exactly ionized. Rather it is promoted to the valence band.
This is done in order to maintain charge neutrality.

4Condensed matter theory group, Department of physics, Uppsala university.
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Chapter 7

Results and discussion

7.1 Screening parameters

0.35 0.45 0.55 0.65 0.75 0.85 0.95
α

0.00

0.10

0.20

0.30

q
 C

P
A
 [e

− ]

AgPd
CuAu
CuPd
CuPt

0.40 0.60 0.80 1.00 1.20 1.40
β

−5.0

0.0

5.0

10.0

15.0

E
C

P
A

 to
t−

 E
sc

to
t [

m
R

y]

AgPd
CuPd
CuAu
CuPt

Figure 7.1. Left: 〈qcpa〉 as a function of α. Right: ECPA
tot − ESC

tot as a function of β.
The dashed line corresponds to equality between LSGF and CPA calculations.

The found screening parameters are listed in table 7.1. Figure 7.1 shows the
net charge as a function of α (left) and the difference in total energy between the
CPA- and the LSGFcalculations as a function of β (right).

From these figures we can see that fcc AgPd have a substantially smaller net
charge than the other alloys. This fact caused problems in finding the correct
screening parameters for the AgPd system. Calculations showed that α should
have been about 0.12 for this system. But, this value of α, when used in the
calculations of β, gave β ≈ −5.15, which is unrealistic. Therefore, the somewhat
arbitrary value of 0.72 was used to find β. Since this procedure gave β ≈ −0.05,
which is also unrealistic, β = 1.1 have been used throughout the rest of the calcu-
lations. The values α = 0.72 and β = 1.1 had been tested in previous calculations
and were known to work reasonably well. The reason for this anomaly is probably
the low net charge in AgPd. The screening model is an approximate correction of

27
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CPA and may not work for small net charges. Since the net charge is so small,
however, the choice of α and β is not as crucial for the AgPd system, as for the
other systems. In table 7.1 we can see that the choice of screening parameters for
AgPd caused a bigger difference between the CPA and LSGF total energies, than
for the other systems. This is expected due to the somewhat arbitrary choice of
screening parameters for AgPd.

The found screening parameters for the other alloys shows good agreement be-
tween CPA and LSGF calculations, as can be seen in table 7.1. Except for AgPd,
the differences in total energy are almost within the errors of the calculations.

Alloy α β Rws 〈qsc〉 Esc
tot [Ry] Ecpa

tot [Ry]
AgPd 0.72 1.10 2.978959 -0.028147 -10364.3966171 -10364.397224
CuPd 0.81 1.20 2.816228 0.146252 -6702.1071406 -6702.1071414
CuAu 0.75 1.19 2.925885 0.211694 -20703.1955373 -20703.1955406
CuPt 0.78 1.20 2.843000 0.260643 -20101.9795717 -20101.9795786

Table 7.1. Screening parameters α and β in random fcc alloys. 〈qsc〉 is for the first
component in the alloy name.

In the left part of figure 7.2, the net charge is plotted as a function of α for
two different concentrations of the CuPd alloy. This figure in conjunction with
the part on the right gives α ≈ 0.78 and β ≈ 1.16 for Cu20.3125Pd79.6875, which is
a difference of about 3 to 4 % from the values obtained from Cu50Pd50.
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Figure 7.2. 〈qcpa〉 as a function of α (left) and ECPA
tot − ESC

tot as a function of β (right)
for two different concentrations of CuPd. Dashed lines correspond to LSGF-calculations.

Transition state CLS calculations on CuPd over the whole concentration in-
terval for α ≈ 0.78 and β ≈ 1.16 deviates about 2 − 3% and 1 − 2%, for the Cu
and Pd CLS respectively1, from the values obtained when using α and β in table
7.1. Hence we draw the conclusion that the choice of alloy concentration is not
too critical for determining the screening parameters. However, since there are

1See table B.5 for details.
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differences and determination of the screening parameters for each concentration
is futile2, one has to choose one concentration. If we assume that the error in
screening parameters will increase with the distance from the concentration used
to find the screening parameters, the best choice of concentration will be 50/50.
Therefore, we may conclude that the concentration used when determining the
screening parameters was the optimal concentration.

7.2 Equilibrium radii
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Figure 7.3. Lattice constant a as a function of the concentration for the last component
in the alloy name. The symbols �, �, 4 and ◦ corresponds to the alloys CuPd, CuAu,
CuPt and AgPd, respectively. Filled symbols correspond to experimental values obtained
from reference [28].

Figure 7.3 shows the lattice constants for the four alloys as a function of the
composition. The concentration axis refers to the concentration of the last com-
ponent in the alloy name. In general the calculated lattice constants are larger
than those found by experiments. The difference between the calculated and the
experimental values are relatively constant and the curves follow each other. The
reason for this deviation is probably the use of GGA3. Also, the error may come
from the use of the ASA. The maximum deviation is about 0.08 Å. From the calcu-
lations of the Core-level shifts it was found that the shifts in general are sensitive
to the equilibrium radius. If a slight deviation from the equilibrium radius occurs,
there will be noticable changes in the CLS. This may pose a problem since there
are difficulties in making exact interpolations.

2Since that requires an equal number of LSGF calculations and CPA calculations.
3Even though only in the last iteration of each calculation.
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Figure 7.4. Different calculations of the lattice constant in AgPd as a function of the
Pd concentration. The percentage of atoms with 1

2
electron moved to the valence band

is c = 1 % . Experimental values (filled circles) have been taken from reference [28].

For the Ag30Pd70 alloy there were considerable difficulties in reaching conver-
gency in the calculations. After many attempts the choice was made to slightly
change the composition to Ag29Pd71, for which no convergency difficulties were
experienced.

Figure 7.4 shows the lattice constants for AgPd calculated in three different
ways. One is the standard calculation for which the alloy only consists of Ag and
Pd. The other two are the lattice constants found when performing the transition
state calculations. For these the alloy consists of Ag, Pd and 1% Ag or Pd with 1

2
electron moved from the core to the valence band. This similarity for the lattice
constants imply that the moving of 1

2 electron to the valence band in a small
percentage of the alloy components only causes a small change in the total energy
of the system under consideration and that the somewhat modified atoms used in
the transition state model behaves as the real atoms. All of the lattice constants
in tabulated form may be found in section B.1.

7.3 Core-level shifts

In figure 7.5 the transition state CLS for Ag3d5/2
in Ag50Pd50 is plotted as a func-

tion of the concentration of Ag atoms with 1
2 electron moved to the valence band

(Agj). From this figure we see that the transition state CLS do not change too
much if the concentration of the Agj atoms is at most about 1%. Therefore, since
the calculations have been done with 1% concentration of ’J-atoms’, they should
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Figure 7.5. Ets
cls for Ag50Pd50 as a function of the concentration of Agj This calculation

used the LDA and the basis set was s,p and d.

be accurate.

Figure 7.6 (page 32) shows the CLS for the four alloys treated in this thesis. It
should be mentioned that a negative CLS means that the electron is more strongly
bound in the pure metal than in the alloy. The agreement between the complete
screening and the transition state model is in general satisfactory. However, where
there are differences it is difficult to tell which model is the correct one. Naturally,
one would argue that the model that shows the best agreement with experimental
results is the best one. However, there are sometimes considerable differences be-
tween different experimental results4. The typical accuracy of experimental CLS
is about 0.1eV . It should be noted that the differences between the two models is
probably a difference in the final state contributions.

An interesting feature can be seen in figure 7.6, mainly for the AgPd and CuAu
systems. The difference between the transition state and the complete screening
CLS is larger when we have a small percentage of the atom for which the CLS is
calculated. In the low concentration region for Au in CuAu, this is clearly seen.
Since the differences should be in the final state part, this means that the final
state contributions differ more in that region. When 1 or 1

2 electron is moved
from the core-level to the valence band, the remaining electrons screen the created
hole. This implies that a non-zero final state contribution to the CLS is caused by
different screening of the core-hole in the alloy and in the pure metal.

According to [23], the main contribution to the final-state effects is the core-
hole relaxation energy. In this case, this should mean that the screening of the
core-hole is different in the two models. Since the complete screening model is, in
practice, based upon the moving of 1 electron and the transition state model upon
moving only 1

2 , the screening of the core-hole should be different. In the valence
band in a metal there are normally many electrons, so the difference in screening

4Compare for instance references [22, 30, 29, 33].
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Figure 7.6. Ecls for different disordered fcc alloys. Filled symbols correspond to the
last component in the alloy name. The symbols �, ♦ and © denote the transition state
model, complete screening and experiment (Reference [29] for AgPd, CuPd and CuPt
and references [30, 31, 32] for CuAu) , respectively. The Complete screening CLS for
CuPd, CuAu and CuPt have been calculated by Weine Olovsson.

should be due to the different size of the core-hole, namely 1 hole in the complete
screening model and 1

2 hole in the transition state model.
It is known from chapter 4 that the net charge for an atom in a binary alloy

depends linearly on the number of nearest neighbours of the opposite kind. But
in the low concentration region, the number of nearest neighbours of the opposite
kind is large and therefore the net charge is also large. Therefore, it seems plausible
that the screening of the core-hole should be larger (or smaller, depending on the
sign of the net charge) in this concentration region. As an example of this one
may look at table 7.1 and figure 7.6. For Pd in AgPd and Au in CuAu we see
that:

• 〈q(Pd)〉 > 0 and Ets
cls(Pd) < Ecs

cls(Pd)

• 〈q(Au)〉 < 0 and Ets
cls(Au) > Ecs

cls(Au)
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This indicates that the above may be the reason for the difference in the low-
concentration region. More thorough studies are required before any conclusions
can be drawn, however.

The reason for the difference between the two models may also be of a compu-
tational origin and not necessarily due to some physical effect only.

One such effect could be that 1% ionization has been used in the complete
screening model and 1% of the atoms have 1

2 electron moved in the transition
state model. This means that, in total, twice as many electrons have been moved
in the complete screening model than in the transition state model. However,
complete screening calculations for the Pd3d 5

2

in Ag80Pd20 and Ag90Pd10 using

0.5% ionization gives a CLS differing about 1−2% from the calculations done with
1% ionization.

Lattice relaxation effects may be important for systems with a large size dif-
ference between the components , such as CuAu. These effects are not accounted
for in the CPA, nor in the LSGF. Hence other methods may be required to study
these effects.

For the Au CLS in the CuAu system, there are quite few references. Therefore,
reliable comparisons between calculations and experiments, and between different
experiments, are difficult.

In figure 7.7 (page 34) we see that there are noticable differences between
the initial state model and the transition state model. The latter show better
agreement with experients, at least for the AgPd system. Also, for the Pd CLS
in the AgPd system (and to a small extent, in the CuPd system) and the Pt CLS
in the CuPt system, there is a sign difference between initial state and transition
state. The sign shift is a qualitative difference, since it means that the initial state
model predicts that the Pd or Pt atom should be less strongly bound in the alloy
than in the pure metal, whereas the transition state model predicts the opposite.

For the CuAu system, the difference between the initial state and the transition
state is smaller. For the Au CLS, the two models gives almost exactly the same
values. This could mean that the final state effects are relatively small for this
system, but having the complete screening results in mind, this may indicate that
the transition state model do not give any final state contribution for the Au CLS.
Why this effect should occur for the Au CLS only is not known, however. With
respect to the experimental results for the Au CLS, the complete screening results
are not necessarily better than those of the other two models, but it seems that
the complete screening model do at least have some final state contribution. The
size difference between the components in CuAu is higher than for the other three
systems. If this causes the peculiar results for the Au CLS requires further study,
though.

Why does the transition state model and the complete screening model in
general agree to a greater extent than the initial state model does with any of
the other two? Naturally, the difference should be due to the treatment of the
final-state effects, except for the above mentioned Au CLS in CuAu.

It is clearly seen that for at least three of the four systems, the initial state
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Figure 7.7. Ecls for different disordered fcc alloys. Filled symbols correspond the
last component in the alloy name. The symbols �, B and © denote the transition state
model, the initial state model and experiment (Reference [29] for AgPd, CuPd and CuPt,
and references [30, 31, 32] for CuAu), respectively.

model do not describe the CLS accurately and hence treatment of final state effects
is important for an accurate description of the CLS.
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Chapter 8

Conclusions and future work

8.1 Conclusions

From the results in chapter 7 we may draw the conclusions that the transition-
state model is a way of calculating the core-level shifts. The method seems to
be accurate but there are still differences, as compared to the complete screening
model, that needs to be investigated. Also, as can be seen in section 5.3 and
6.4, the transition state model CLS requires fewer calculations than the complete
screening model.

In general, both the complete screening and the transition-state results are
in reasonable agreement with experimental results. There are differences though,
and it is difficult to tell where those stem from. The initial-state model, on the
other hand, do not in general agree well with experimental results, nor with those
of the other two models.

The Screened-Impurity-Model can increase the accuracy of the CPA to give
an approximative treatment of local environment effects. The choice of concentra-
tion when calculating the screening parameters is not too critical, but the 50/50
concentration is probably the best choice.

8.2 Future work

The calculations done in this thesis may be carried out for more alloy systems in
order to verify the strengths and weaknesses of the transition state model to a
further extent. Naturally, these calculations should be compared with calculations
performed within the complete screening model and with experimental results.

The CPA and the LSGF do not take lattice relaxation into account. Since this
may constitute a non-neglible contribution to the calculations for systems with
considerable differences in lattice constants, this should perhaps be examined fur-
ther. Inclusion of this effect would also make the calculations more realistic, which
is desirable.

35
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The reason for the differences in CLS between the complete screening model
and the transition state model in the low concentration region should be investi-
gated further. This may be done by studying the screening of the core-hole and
the net charges.

One of the assumptions in section 5.3 is that the one-electron eigenvalue εi(η)
is a linear function of the occupation number η. Since this have not been thor-
oughly examined, it should perhaps be in order to make sure that the theory is
correct and to gain insight of properties of the eigenvalues. This may be done by
calculating εi(η) for several different values of η.

Last, but not least, this thesis do not contain any calculation of the density of
states for the alloy systems. Such calculations may lead to a deeper understanding
of the presented results.
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Appendix A

Derivations of the total
energy in density-functional
theory

Here we begin with the one-particle Kohn-Sham equation 2.3:

{−
1

2
∇2 + Veff (r)}ψoe

i (r) = εiψ
oe
i (r)

For simplicity, we shall assume that the eigenstates are normalized, ie
∫

|ψoe
i (r)|2dr = 1 (A.1)

We can rewrite 2.3 in the following way:

−
1

2
∇2ψoe

i (r) + Veff (r)ψoe
i (r) = εiψ

oe
i (r) (A.2)

Multiplying this expression by ψoe
i (r)∗ and summing over all i:s, this yields

−
1

2

∑

i

ψoe
i (r)∗∇2ψoe

i (r) +
∑

i

Veff (r)|ψoe
i (r)|2 =

∑

i

εi|ψ
oe
i (r)|2

Rearranging and using the fact that n(r) =
∑

i |ψ
oe
i (r)|2 gives us

−
1

2

∑

i

{
ψoe

i (r)∗∇2ψoe
i (r)

}
+ Veff (r)n(r) =

∑

i

εi|ψ
oe
i (r)|2 (A.3)

If we now integrate this expression over space and using A.1 the above expression
will be quite simplified.

−
1

2

∑

i

∫

{ψoe
i (r)∗∇2ψoe

i (r)}dr
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=Tni

+

∫

Veff (r)n(r)dr =
∑

i

εi

∫

|ψoe
i (r)|2dr

︸ ︷︷ ︸

=1
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Which is equivalent with

∑

i

εi = Tni +

∫

Veff (r)n(r)dr (A.4)

Now, using equation 2.4 we have that

∑

i

εi =

= Tni +

∫ {

Vext(r) +

∫
n(r′)

|r − r
′|
dr′ + Vxc(r)

}

n(r)dr =

= Tni +

∫

Vext(r)n(r)dr +

∫∫
n(r)n(r′)

|r − r
′|

drdr
′ +

∫

Vxc(r)n(r)dr

(A.5)

By identifying the firsth three terms in the last row with the expression for E[n(r)],
2.2, we can now rewrite our expression.

∑

i

εi = E[n(r)] +
1

2

∫∫
n(r)n(r′)

|r − r
′|

drdr
′ +

∫

Vxc(r)n(r)dr −Exc[n(r)]

By rearranging these terms we finally arrive at equation 2.6

E[n(r)] =
∑

i

εi −
1

2

∫∫
n(r)n(r′)

|r − r
′|

drdr
′ −

∫

Vxc(r)n(r)dr +Exc[n(r)] (A.6)

and the derivation is complete.
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Appendix B

Tables

B.1 Equilibrium radii

%Pd IS CS: Ag CS: Pd TS: AG TS: Pd Exp
0 4.1485 4.1508 - 4.1498 - 4.0852
01 4.1457 - 4.1493 - 4.1474 -
10 4.1228 4.1252 4.1259 4.1244 4.1244 4.0611
20 4.0983 4.1008 4.1013 4.0998 4.1000 -
30 4.0751 4.0773 4.0779 4.0763 4.0764 4.0148
40 4.0536 4.0557 4.0549 4.0548 4.0545 -
50 4.0338 4.0358 4.0364 4.0349 4.0350 3.9978
60 4.0135 4.0160 4.0164 4.0151 4.0127 -
70 - 3.9960 3.9967 3.9953 3.9952 3.9426
71 3.9922 3.9942 3.9948 - - -
80 3.9745 3.9764 3.9769 3.9755 3.9756 -
90 3.9549 3.9568 3.9573 3.9560 3.9560 3.9074
99 3.9376 3.9395 - 3.9388 - -
100 3.9358 - 3.9381 - 3.9369 3.8963

Ref. [28]

Table B.1. Equilibrium lattice constants in Å for fcc AgPd. Total energies were
calculated using the LDA with the last iteration GGA-MT.

39
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% Pd TS: Cu TS: Pd IS Exp
0 3.6117 - 3.6103 3.6148
01 - 3.6158 - -
10 3.6537 3.6535 3.6522 3.6481
20 3.6935 3.6934 3.6921 -
30 3.7309 3.7308 3.7333 3.7111
40 3.7661 3.7661 3.7648 -
50 3.7988 3.7988 3.7965 3.7704
60 3.8292 3.8292 3.8280 -
70 3.8580 3.8581 3.8568 3.8148
80 3.8857 3.8857 3.8818 -
90 3.9118 3.9118 3.9107 3.8704
99 3.9344 - - -
100 - 3.9370 3.9356 3.8926

Ref. [28]

Table B.2. Equilibrium lattice constants in Å for fcc CuPd. Total energies were
calculated using the LDA with the last iteration GGA-MT.

% Au TS: Cu TS: Au IS Exp
0 3.6117 - 3.6103 3.6148
01 - 3.6196 - -
10 3.6874 3.6875 3.6857 -
20 3.7570 3.7572 3.7554 3.7296
30 3.8211 3.8214 3.8294 -
40 3.8803 3.8807 3.8791 3.8296
50 3.9356 3.9361 3.9343 -
60 3.9875 3.9879 3.9810 3.9148
70 4.0353 4.0360 4.0346 -
80 4.0798 4.0806 4.0789 4.0000
90 4.1217 4.1224 4.1219 -
99 4.1521 - - -
100 - 4.1610 4.1544 4.0741

Ref. [28]

Table B.3. Equilibrium lattice constants in Å for fcc CuAu. Total energies were
calculated using the LDA with the last iteration GGA-MT.

% Pt TS: Cu TS: Pt IS Exp
0 3.6117 - 3.6103 3.6148
01 - 3.6166 - -
10 3.6613 3.6611 3.6599 3.6481
20 3.7066 3.7065 3.7055 -
30 3.7476 3.7476 3.7461 3.7185
40 3.7845 3.7845 3.7835 -
50 3.8164 3.8183 3.8163 3.7852
60 3.8496 3.8495 3.8485 -
70 3.8831 3.8796 3.8779 3.8407
80 3.9075 3.9037 3.9064 -
90 3.9348 3.9349 3.9339 3.8963
99 3.9599 - - -
100 - 3.9580 3.9614 3.9259

Ref. [28]

Table B.4. Equilibrium lattice constants in Å for fcc CuPt. Total energies were
calculated using the LDA with the last iteration GGA-MT.
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B.2 Core-level shifts

α = 0.81 α = 0.78
β = 1.20 β = 1.16

% Pd Ets
cls(Cu) Ets

cls(Pd) Ets
cls(Cu) Ets

cls(Pd)
0 0 - 0 -
01 - 0.9601 - 0.9760
10 -0.1272 0.8516 -0.1304 0.8647
20 -0.2675 0.7220 -0.2737 0.7322
30 -0.4190 0.5847 -0.4279 0.5921
40 -0.5819 0.4400 -0.5937 0.4447
50 -0.7321 0.3198 -0.7472 0.3218
60 -0.8476 0.2418 -0.8651 0.2426
70 -1.9490 0.1779 -0.9685 0.1780
80 -1.0418 0.1195 -1.0629 0.1193
90 -1.1277 0.0618 -1.1503 0.0615
99 -1.2051 - -1.2291 -
100 - 0 - 0

Table B.5. Transition state core-level shifts in eV using different screening parameters
for the random fcc CuPd alloy. Wigner-Seitz radii at the equilibrium have been used.
Total energies were calculated using the LDA with the last iteration GGA-MT.

Inital state Complete screening Transition state Experiment

% Pd Eis
cls(Ag) Eis

cls(Pd) Ecs
cls(Ag) Ecs

cls(Pd) Ets
cls(Ag) Ets

cls(Pd) Eexp
cls (Ag) Eexp

cls (Pd)
0 0 - 0 - 0 - 0 -
01 -0.0065 -0.4508 - 0.1814 - 0.0877 - -
10 -0.0532 -0.4572 -0.0891 0.1518 -0.0755 0.0606 - -
12 - - - - - - -0.18 0.08
20 -0.1103 -0.4629 -0.1698 0.1022 -0.1491 0.0242 -0.31 0.02
30 -0.2007 -0.4918 -0.2727 0.0396 -0.2532 -0.0363 - -
40 -0.3076 -0.5164 -0.4121 -0.0503 -0.3799 -0.1093 - -
50 -0.4160 -0.5078 -0.5659 -0.1459 -0.5130 -0.1819 -0.62 -0.20
60 -0.4646 -0.4145 -0.6774 -0.1607 -0.5915 -0.1771 - -
70 -0.4895 -0.2988 -0.7204 -0.1252 -0.6447 -0.1511 - -
80 -0.4949 -0.2034 -0.7563 -0.0888 -0.6812 -0.1049 -0.91 -0.15
88 - - - - - - -0.98 0
90 -0.4901 -0.0997 -0.7900 -0.0465 -0.7106 -0.0530 - -
99 -0.4901 -0.0096 -0.8226 - -0.7327 - - -
100 - 0 - 0 - 0 - 0

Reference [29]

Table B.6. Core-level shifts in eV using different methods for the random fcc AgPd alloy.
Wigner-Seitz radii at the equilibrium have been used. Total energies were calculated using
the LDA with the last iteration GGA-MT.
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Initial state Transition state Complete screening Experiment

% Pd Eis
cls(Cu) Eis

cls(Pd) Ets
cls(Cu) Ets

cls(Pd) Ecs
cls(Cu) Ecs

cls(Pd) Eexp
cls (Cu) Eexp

cls (Pd)
0 0 0 0 - 0 - 0 -
10 -0.1210 0.2951 -0.1272 0.8516 -0.2324 0.8051 - -
12 - - - - - - -0.08 0.69
20 -0.2580 0.2024 -0.2675 0.7220 -0.3491 0.6873 - -
25 - - - - -0.4135 0.6213 - -
30 -0.4106 0.1025 -0.4190 0.5847 -0.4804 0.5572 - -
40 -0.5576 0.0212 -0.5819 0.4400 -0.6258 0.4197 - -
50 -0.6911 -0.0147 -0.7321 0.3198 -0.7609 0.3055 -0.64 0.19
60 -0.7921 -0.0131 -0.8476 0.2418 -0.8609 0.2305 - -
70 -0.8774 -0.0051 -0.9490 0.1779 -0.9475 0.1705 - -
75 - - - - -0.9862 0.1411 - -
80 -0.9511 0.0068 -1.0418 0.1195 -1.0082 0.1143 - -
88 - - - - - - -0.97 0.06
90 -1.0325 0.0036 -1.1277 0.0618 -1.0987 0.0552 - -
100 - 0 - 0 - 0 - 0

Reference [29]

Table B.7. Core-level shifts in eV using different methods for the random fcc CuPd alloy.
Wigner-Seitz radii at the equilibrium have been used. Total energies were calculated using
the LDA with the last iteration GGA-MT. Complete screening CLS have been calculated
by W. Olovsson.

Initial state Transition state Complete screening Experiment

% Pd Eis
cls(Cu) Eis

cls(Au) Ets
cls(Cu) Ets

cls(Au) Ecs
cls(Cu) Ecs

cls(Au) Eexp
cls (Cu) Eexp

cls (Au)
0 0 - 0 - 0 - 0 -
10 -0.1179 0.8336 -0.1059 0.8274 -0.1822 0.5428 - -
20 -0.2304 0.7205 -0.2025 0.7130 -0.2334 0.4681 - -
25 - - - - -0.2675 0.4270 -0.20 0.55
30 -0.3350 0.6119 -0.2900 0.6036 -0.2942 0.3906 - -
40 -0.4333 0.5069 -0.3693 0.4999 -0.3568 0.3148 - -
50 -0.5243 0.4076 -0.4417 0.4014 -0.4106 0.2382 -0.27 0.22
60 -0.5994 0.3253 -0.5081 0.3082 -0.4573 0.1655 - -
70 -0.6899 0.2216 -0.5669 0.2214 -0.4983 0.0997 - -
75 - - - - -0.5206 0.0662 -0.38 -
80 -0.7616 0.1395 -0.6195 0.1418 -0.5350 0.0379 - -
90 -0.8318 0.0581 -0.6670 0.0677 -0.5706 -0.0222 - -
100 - 0 - 0 - 0 - 0

Reference [30] (Cu)
and [32, 31] (Au)

Table B.8. Core-level shifts in eV using different methods for the random fcc CuAu alloy.
Wigner-Seitz radii at the equilibrium have been used. Total energies were calculated using
the LDA with the last iteration GGA-MT. Complete screening CLS have been calculated
by W. Olovsson.
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Initial state Transition state Complete screening Experiment

% Pd Eis
cls(Cu) Eis

cls(Pt) Ets
cls(Cu) Ets

cls(Pt) Ecs
cls(Cu) Ecs

cls(Pt) Eexp
cls

(Cu) Eexp
cls

(Pt)
0 0 - 0 - 0 - 0 -
10 -0.1061 -0.2675 -0.1289 0.1687 -0.2042 0.1728 - -
20 -0.2204 -0.2755 -0.2667 0.1131 -0.3089 0.1299 - -
25 - - - - -0.3619 0.1134 -0.24 -0.08
30 -0.3294 -0.2677 -0.4031 0.0652 -0.4011 0.1100 - -
40 -0.4226 -0.23333 -0.5233 0.0414 -0.5034 0.0821 - -
50 -0.4942 -0.1786 -0.6203 0.0390 -0.5783 0.0799 -0.48 0.08
60 -0.5605 -0.1270 -0.7122 0.0449 -0.6423 0.0839 - -
70 -0.6248 -0.0786 -0.8029 0.0465 -0.6990 0.0940 - -
75 - - - - -0.7066 0.1080 -0.72 0.02
80 -0.6954 -0.0381 -0.8734 0.0493 -0.7620 0.0706 - -
90 -0.7754 -0.0086 -0.9523 0.0234 -0.8290 0.0412 - -
100 - 0 - 0 - 0 - 0

Reference [29]

Table B.9. Core-level shifts in eV using different methods for the random fcc CuPt alloy.
Wigner-Seitz radii at the equilibrium have been used. Total energies were calculated using
the LDA with the last iteration GGA-MT. Complete screening CLS have been calculated
by W. Olovsson.
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