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� Övrig rapport

�

�

URL för elektronisk version

http://www.ep.liu.se/exjobb/

ISBN

—

ISRN

LITH–IFM–EX–04/1329–SE

Serietitel och serienummer

Title of series, numbering
ISSN

—

Titel

Title Ab-initio study of disorder broadening of core photoemission spectra in random
metallic alloys

Författare

Author
Tobias Marten

Sammanfattning

Abstract

Ab-initio results of the core-level shift and the distribution about the average
for the 3d5/2 electrons of Ag, Pd and 2p3/2 of Cu are presented for the face-
centered-cubic AgPd and CuPd random alloys. The complete screening model,
which includes both initial and final states effects in the same scheme, has been
used in the investigations.

The alloys have been modeled with a supercell containing 256 atoms. Density-
functional theory calculations are carried out using the locally self consistent
Green’s function approach.

Results from the calculations clearly shows that the core-level shift distri-
butions characteristic is Gaussian, but the components reveals a substantial
difference in the FWHM (Full-Width at Half-Maximum). Comparison between
the experimental and the calculated broadening shows a remarkable agreement.

Nyckelord

Keywords
Density-Functional Theory, Core-Level Shift, Random Alloy, Coherent Potential
Approximation, Supercell, Local Interaction Zone



report: 2004-9-27 13:14 — iv(6)



report: 2004-9-27 13:14 — v(7)

Abstract

Ab-initio results of the core-level shift and the distribution about the average
for the 3d5/2 electrons of Ag, Pd and 2p3/2 of Cu are presented for the face-
centered-cubic AgPd and CuPd random alloys. The complete screening model,
which includes both initial and final states effects in the same scheme, has been
used in the investigations.

The alloys have been modeled with a supercell containing 256 atoms. Density-
functional theory calculations are carried out using the locally self consistent
Green’s function approach.

Results from the calculations clearly shows that the core-level shift distribu-
tions characteristic is Gaussian, but the components reveals a substantial difference
in the FWHM (Full-Width at Half-Maximum). Comparison between the experi-
mental and the calculated broadening shows a remarkable agreement.
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Chapter 1

Introduction

1.1 Background

The physical properties of condensed matter are governed by the interactions of the
electrons surrounding the nuclei. To obtain information about these properties, for
example the electronic structure, for a general system, the most straightforward
way is to solve the famous quantum mechanical Schrödinger equation. Dealing
with alloys, typically containing the order of 1023 atoms, it is impossible to solve
the Schrödinger equation exactly. In 1964 P. Hohenberg and W. Kohn formulated
a route to solve many-electron systems, today called the Density-Functional The-
ory (DFT). W. Kohn was in 1998 awarded the Nobel Prize in Chemistry for his
development and contributions to the theory. DFT is formulated in terms of the
unknown electron charge density n(r) instead of the electron wave function. The
electron density carries the information needed to determine any physical ground
state property of the system under consideration. With the advent of supercom-
puters, DFT has become an essential tool for electronic materials science. DFT is
today commonly used in many scientific branches, for instance in quantum physics
and chemistry.

Alloying of metals constitutes a very common tool to improve or create desir-
able properties in the material. The progress in the theoretical models will make
it easier to obtain and optimize these properties.

The first experimental evidence of core-level shift was discovered in the middle
of the 20th century. Since then the field has expanded. Today there exist exper-
imental data for many different compositions and the shift constitutes a tool to
understand the underlying physical properties in solids, such as electronic struc-
ture and bondings. It is also of big interest to try to relate and extract other
information of the physical properties in the alloy from the core-level shift. Sev-
eral theoretical models, using DFT, has been developed to calculate the shift from
first principles. It has been well known that core-level shifts are sensitive to the
local chemical environment. Recently, using high resolution X-ray photoelectron
spectrometers, measurements of the disorder broadening of core photoemission
spectra has been performed.

1
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2 Introduction

1.2 Purpose

The aim with this thesis is to make the first study of the core-level shift distribution
from a total energy approach. The systems chosen to study are the random face-
centered-cubic silver-palladium (AgPd) and copper-palladium (CuPd) alloys, since
there exists experimental data for these systems.

1.3 Previous Work

J.S. Faulkner, Florida Atlantic University, has examined the disorder broadening
for the same alloys, i.e. AgPd and CuPd, but he utilized the initial-state scheme
in the investigations.

1.4 Thesis Outline

This diploma project was carried out at the Theoretical Physics group within
the Department of Physics and Measurement Technology at the University of
Linköping. In addition to this introduction the thesis consists of six chapters. A
survey of their contents are presented below. Chapter two and three has been
written in collaboration with Christian Göransson. C. Göransson is a fellow stu-
dent and he is also dedicated to research in theoretical physics. We have both
used the same underlying theory in our thesises and have had several interesting
discussions concerning many aspects of the theory.

Chapter 2: Theory

The main concepts of DFT are described and the Kohn–Sham equations are in-
troduced. The two most widely used approximations for the exchange-correlation
energy functional are explained, i.e. the local density approximation (LDA) and
the generalized gradient approximation (GGA), together with a discussion of their
and DFT’s limitations.

Chapter 3: Computational Methods

Computational techniques to efficiently solve the Kohn–Sham equations are given
in this chapter, together with the basic principles for treating random alloys.

Chapter 4: Core-Level Shifts

This chapter gives an introduction to the core-level shift. Different theoretical
models of calculating the shift are presented and discussed together with a short
description of how the experimentalists perform their analyzes.
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1.4 Thesis Outline 3

Chapter 5: Computational Performance

Description how the calculations practically were performed are given in this chap-
ter. It includes the creation of the supercell, how the ground state energies were
found and how the core-level shifts were calculated. The assumptions made are
also discussed.

Chapter 6: Results and Discussion

Results from the calculations of the core-level shifts are presented and discussed.
Comparisons with experimental data are made where there has been possible.
Discussions and comparisons concerning different theoretical methods are also
made as well.

Chapter 7: Summary

The conclusions are summarized and possible ways to improve and continue the
work are suggested.
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Chapter 2

Theory

2.1 Density-Functional Theory (DFT)

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

ĤΨ = EΨ (2.1)

where the complete Hamiltonian will include the following terms:

Ĥ = −~
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|

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 wave function, 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 solvable 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 means that the first term in the Hamiltonian
above can be left out. 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,

1Spin-coordinates have been left out.

5
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6 Theory

it has to be reinserted in order to calculate the total energy.

Having done these approximations, there are still a huge number of electrons to
face with and the Schrödinger 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 wave function 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 second
the 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 many-body effects, i.e. everything that is too difficult
to solve are put into this term.

The non-interacting electrons satisfy the one-particle Schrödinger equation,
usually called the one-particle Kohn–Sham 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 [2]:

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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2.2 Approximations of the Exchange-Correlation energy functional 7

where N (=
∫
n(r)dr) is the total number of electrons for the system and Vxc is

defined as [3]:

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 interact
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 show, see appendix A, 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.
After 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, DFT and the Kohn–Sham equations reduces the number
of variables but we are still faced with finding an explicit form of the exchange-
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, interaction between elec-
trons and nuclei and interaction between electrons2. 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 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-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 homogeneous
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

2See for instance page 698 in reference [5].
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to calculate the exchange-correlation energy, one sum up the contributions from
these small boxes, 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 homogeneous at every point in the system. This
can cause errors because the real charge density is not homogeneous. 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 the εxc[n(r)] [5]. In the 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 parameterization 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 the different
GGAs and LDAs have in common that they allow calculations of systems with
local3 effective potentials [8].

2.3 Limitations of the Model

One limitation of DFT is that the one-electron energies do not have any physical
interpretation, 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 which are in principle 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.
Description of bandgaps in semiconductors is another anomaly in the LDA. [8]

3The potential depends only on the electron density and a finite number of its derivatives [7].
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2.3 Limitations of the Model 9

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-homogeneous parts in
the electron densities. [9]
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Chapter 3

Computational Methods

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, the wave function is chosen to be expanded in an arbitrary basis
set1:

|ψi〉 =
∑

j

cj |ϕj〉 (3.1)

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

Ĥ
∑

j

cj |ϕj〉 = εi

∑

j

cj |ϕj〉

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

j

cj 〈ϕk |Ĥ |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)

Solving equation 3.2 and using the requirement of normalization of the wave func-
tion |ψ〉 gives the coefficients cj . Hence, the differential equation is transformed

1Here the bracket notation is used for the sake of simplicity.

11
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to an equivalent linear algebraic equation, which is advantageous from a compu-
tational point of view. In order to solve the one-particle Kohn–Sham equation
efficiently a small basis set {|ϕj〉} is required.

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 continuous and differentiable at the bound-
ary of the spheres. [8]

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

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

���
r

MT

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

In the Atomic-Sphere-Approximation (ASA) the Wigner–Seitz cell is replaced
by atomic spheres. The size of the sphere is determined by the condition that the
volume should equal the volume of the Wigner–Seitz cell. This requirement may
cause overlap between neighboring spheres. [8] Since the atoms in the ASA have
been replaced 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, set rMT = rWS in
equation 3.3 above. In this thesis a modified version of ASA has been used, called
ASA+M. The modification includes the multipole moments of the electron charges
inside the spheres, this procedure can reduce some of the errors that is associated
with the standard ASA-method [10].



report: 2004-9-27 13:14 — 13(25)

3.2 The Coherent Potential Approximation 13

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 extensive treatment of the KKR-ASA-MTP Green function method is a rather
complicated matter mathematically, and is beyond the scope of this thesis. For a
more detailed treatment, see for instance references [4, 11].

3.2 The Coherent Potential Approximation (CPA)

We are still faced with the problem of mathematically 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 [12]. This idea is to replace the atoms in the alloy by an effective
medium, which shall describe the average properties of the system. It means that
each atom is used to calculate the effective medium.

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.

The creation of the effective medium is done by replacing the randomly dis-
tributed real muffin-tin potentials with ordered effective potentials. This is schemat-
ically illustrated in figure2 3.2. The scattering properties of the effective potentials
are then determined by the requirement that an electron moving in an infinite crys-
tal of the effective potentials will, on the average, not be scattered further if one of
the effective potentials is replaced with a real potential. [13] This means that the

2Only binary alloys are considered. The method can be generalized to treat ternary or more
complicated alloys.
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Figure 3.3. Insertion of real atoms into the effective medium for each alloy component.

real atoms can be treated as impurities in the effective medium, see figure 3.3, as
is suitable in the KKR method. The CPA method is an 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 Kohn–Sham 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. [14]

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 the
references [4, 12, 13].

Naturally, since the creation of the CPA effective medium is an approximation,
some details of the electronic structure of the alloy under consideration are lost.
Such details are for instance charge transfer between alloy components. However,
with some modifications, this can be described approximately within CPA [15].
Another phenomenon not included within the CPA is short range order effects.
To study such effects in detail, it is necessary to go beyond the CPA [16]. To treat
local environment effects, one needs to go beyond the single-site approximation.
This is done in the supercell approach.

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. [17] 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. [18], named locally self consistent Green’s function (LSGF). The main differ-
ence between these two is that the latter utilizes an effective medium to describe
the atoms outside the LIZ.
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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.

The procedure of the supercell approach, by Abrikosov et al., is schematically
described in figures 3.4 and 3.5. In figure 3.4 atoms are randomly distributed on
an underlying crystal lattice. Periodic boundary conditions are applied to achieve
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.
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Figure 3.5. A supercell with the LIZ placed on two different sites, surrounded by the
effective medium.
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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 the 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 effort greatly increases with the size of the LIZ, the choice of this
method is an important one. In reference [19] Abrikosov et al. found that the
CPA effective medium is an ideal choice with respect to the size of the LIZ for
random substitutional alloys.

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 [18]. This can be approximately compensated in
the conventional CPA by introducing parameters that control charge transfer and
Madelung energy [16, 20]. 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 conventional CPA is
the computational effort needed. For single-site LSGF the computational time is
about 10 times larger than the corresponding CPA calculation.
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Chapter 4

Core-Level Shifts

The all-embracing task with this thesis is to study the core-level shift (CLS) in
random alloys, and especially the impact from the local environment. The core-
level shift is the change in binding energy for a particular core-level between two
different chemical environments of the same atom.

Information regarding the electronic structure and the bonding properties in a
solid may be obtained by studying the core-level shift. The shift is shown to be
related to many properties of the material in question, for instance the cohesive
energy1 [21] and the segregation energy [22]. Experimentally the core-level shift is
measured with X-ray photoelectron spectroscopy (XPS), where photons of known
energies are used to eject the electron of interest and by measure its kinetic energy
the binding energy can be deduced.

Contributions to the shift may be separated in initial- and final state effects.
An example of an initial state effect which contribute to the shift is the electro-
static potential that an atom, in different environments, is subjected to. This
variation in potential will affect the eigenenergies of the core-states. The core-hole
relaxation energy is a final state contribution to the shift. This effect arises from
the redistribution of the valence electrons in order to screen the created core-hole.
For a complete description of initial- and final state effects see reference [23].

There exists several different methods of calculating the shift theoretically. The
primary method used in this thesis is called the complete screening picture. As
a complement, when analyzing the result, the shift was also calculated according
to the initial state model. Transition state model is another example of a scheme
that can be used, see reference [24] for a description how this model works.

In the next sections I will give a brief description of the complete screening
picture and the initial state model followed by a short description how the
experimentalists analyzes their data.

1The energy that must be added to a crystal to separate its components into free atoms at
rest.

17
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4.1 The Complete Screening Picture

The complete screening method is a total energy approach that includes both
initial and final state effects in the calculation of the CLS. The basic assumption
in this scheme is that the valence electrons will attain a fully relaxed configuration
in the presence of a core hole [25]. The main quantity to be calculated is the
generalized thermodynamic chemical potential of the core-ionized atom, defined
as:

µ =
∂Etot

∂c

∣
∣
∣
∣
c→0

(4.1)

Etot is the total energy of a system with a concentration c of core-ionized atoms,
i.e. atoms where a specific core electron has been promoted to the valence-band.
The remaining electrons in the surrounding of the core-hole relax as they screen
the hole. [25]

According to Drittler et al. [26] the generalized chemical potential, µ, can be
regarded as the energy difference between an A crystal with a substitutional B
impurity and the pure A crystal, that is

µ =
∂Etot

∂c

∣
∣
∣
∣
c→0

= EAB −EA = ∆EAB (4.2)

The CLS is then given by the difference in chemical potentials between the alloy
and the pure state, see equation 4.3 below.

Ecs
CLS = µalloy − µpure (4.3)

In the supercell approach, section 3.3, and of course in real alloys the total
energy depends on the chemical environment around the ionized atom. This leads
to different µalloy, and hence different CLS, depending on the position of the
ionized atom. This is not the case in the pure state where the ionized atom,
independent of position, will have the same local environment. See figure 4.1 for
a schematic view of this fact.

In order to calculate an average value of the CLS one has to sum over all
possible ionized sites. If we assume an N -atom binary supercell with NA A-atoms
and NB B-atoms, the average shift for each component is calculated as,

EA
CLS =

1

NA

NA∑

i=1

µalloy
A,i − µpure

A

EB
CLS =

1

NB

NB∑

i=1

µalloy
B,i − µpure

B (4.4)

where i denotes different positions in the supercell.
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Figure 4.1. A schematic picture which illustrates the interpretation of the chemical
potential µ. In (a) a random binary alloy is shown (filled circles represents one component
and the unfilled the other). The energy difference between (a) and (b), i.e. µalloy, depends
on the position of the ionized atom (the gray filled circle), since it will have different local
environment in different positions in the supercell. This is not the case in the pure crystal,
as can be seen in (c). The ionized atom will have the same neighbors independent of the
position in the supercell. This means that the energy difference between the (c) and (d)
systems, i.e. µpure, will be the same for all positions of the ionized atom.

4.2 The Initial State Model

As mentioned in the introduction to this chapter an initial state contribution to
the shift is attributed to the change in the electrostatic potential at a given atom.
This varying potential will then shift the core-level eigenvalues.

In the initial state model the CLS is given by the difference between the core-
electron energy eigenvalues (Eone), relative to the Fermi energy (EF ), in the pure
metal and the alloy [25], that is:

Eis
CLS,i = (Epure

one −Epure
F ) − (Ealloy

one,i −Ealloy
F ) (4.5)

As usual the index i denotes the position in the supercell. The attentive reader
notes, as in the complete screening scheme, that the core-level eigenvalues in the
pure element are independent of the position in the supercell.

Still, as mentioned in section 2.1 the interpretation of the energy eigenvalues,
within the density-functional theory, has no physical meaning. Hence, using the
initial state method when calculating the shift is somewhat uncertain, though
one may argue that the shift in the eigenenergies do have physical interpretation.
Another shortcoming in this scheme is the complete ignoring of the final state con-
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tribution to the shift. To get an appropriate description of the CLS the final state
contributions must be included. However, the initial state method can be used
as a tool when analyzing the result. By subtracting the initial state contribution
from the calculated CLS within the complete screening scheme, gives an estimate
of the core-hole relaxation energy ∆ER (the final state contribution) [25], that is:

∆ER = Ecs
CLS −Eis

CLS

4.3 Experimental deduction of

Disorder Broadening

The analyzes of the experimental data starts with determination of the instrumen-
tal resolution. When this is done the XPS line of the pure metal is investigated.
This is simulated using the Doniach–Šunjić (DS) lineshape2 which is character-
ized by two parameters, the lifetime parameter and an assymetry index. The DS
lineshape is broadened by a Gaussian to simulate the instrumental broadening.
Numerical fitting then allows determination of the lifetime parameter and the as-
symetry index. When investigating the alloy spectra one assumes that the lifetime
parameter does not change upon alloying. Thus only the assymetry index is a
free parameter when simulating the XPS alloy spectra. Artificially increasing the
Gaussian broadening gives very good agreement between simulation and experi-
ment, suggesting that the additional broadening, present in alloys, not included
in the simulation gives a Gaussian effect. Thus, the core-level shift broadening is
determined by the instrumental- and the total broadening mechanism. Knowing
that Gaussian broadening adds in quadrature3 the CLS broadening (CLSB) can
be deduced via the relationship to the instrumental- (IB) and the total
broadening (TB). The relationship is given below. See references [29, 30] for a
further and more detailed description of the analyze process.

I2
B + CLS2

B = T 2
B ⇒ CLSB =

√

T 2
B − I2

B

2See for instance reference [27] for a detailed derivation of the function.
3For proof see page 149-152 in reference [28].



report: 2004-9-27 13:14 — 21(33)

Chapter 5

Computational Performance

All calculations were performed using a basis set of s,p,d and f 1 linear muffin-tin
orbitals within the modified atomic-sphere approximation (ASA+M). The local
density approximation with last iteration generalized gradient approximation with
muffin-tin corrections was consistently used throughout all calculations2. The
effective medium outside the local interaction zone was created using the coherent
potential approximation. In the implementation of the computer code the core-
and valence electrons are treated fully- and scalar relativistic respectively.

Two random alloys were examined, AgPd and CuPd. The core-levels that
were examined for each atom were Ag3d5/2

, Pd3d5/2
and Cu2p3/2

.

In the following sections I will describe in detail how the supercell was created,
the calculations of the shifts and how the equilibrium radii were found.

5.1 The Supercell

A supercell consisting of 256 atoms was used throughout all the calculations in
the study of local environment effects. The supercell contained 3-components
(A, B and C) with 127 A atoms, 128 B atoms and 1 C atom. These atoms were
randomly distributed on an underlying crystal lattice. The reason for dividing the
atoms in this way was purely technical. For particular requirements on the atoms
one can create the desirable configuration. For instance if A = B = C a pure
crystal is created and if A = C an 50/50 alloy is modeled and so forth. Finally
when studying the shift the C atom was used as an ionized A atom. By placing
it in different positions I studied how the local environments affects the shift.

The choice of size of the local interaction zone was determined by a convergence
test. The test was performed by calculating the shift for Ag3d5/2

in a random AgPd
alloy. The ionized silver atom was held at the same position in the supercell with

1Hydrogenic wave functions.
2The reason for not using GGA in all iterations is a convergence matter. LDA has a better
convergence, but to achieve more accurate results GGA was applied in the last iteration.

21
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a varying size of the local interaction zone. Appendix B shows that there is a
sufficient convergence between the inclusion of the second and third coordination
shells. The computational time for the latter is in the order of 7 times the former,
also shown in appendix B. These reasons contributed to the choice of letting the
local interaction zone include the first two coordination shells, that is inclusion of
the first and the second nearest neighbors around the central atom in each zone.
When analyzing the results calculations with only inclusion of the central atom in
each interaction zone, i.e. single-site LSGF, were performed.

The same supercell was used throughout all calculations in order to get a proper
treatment of the statistics.

5.2 Core-Level Shifts

In order to calculate the core-level shift, within the complete screening scheme,
the total energies of the alloy- and pure systems are needed. The total energies
were obtained using the LSGF3 method discussed in section 3.3. If we consider
equation 4.2 the generalized chemical potential for the alloy and the pure state
can approximately be calculated as:

µpure =
∂Etot

∂c

∣
∣
∣
∣
c→0

≈ EA with one A∗ − EA

∆c

µalloy
i =

∂Etot

∂c

∣
∣
∣
∣
c→0

≈ Ei
AB with one A∗ − EAB

∆c

where ∆c =
1

256
(5.1)

In this thesis alloys consisting of equal numbers of A and B atoms have been
treated, i.e. 50/50 alloys. A∗, in the equation above, denotes an ionized A atom at
position i in the supercell. The impurity concentration ∆c was kept to the constant
value 1/256, since only one ionized atom in the supercell was considered. To study
local environment effects all A atoms were replaced, one by one, with the ionized
atom A∗. Note that this is not necessary in the pure state, as discussed in section
4.1. The total number of calculations that were involved for each component in
the calculation of µalloy was 128, since a supercell consisting of 256 atoms was
used.

When considering the shift for the other component in the alloy the A and B
sites were interchanged.

As a complement, when analyzing the result, the shift was also calculated
according to the initial state model and by conventional CPA calculations4. In
the latter case the same parameters as in the supercell calculations were used in
order to get as comparable results as possible.

3LSGF code is written by I.A. Abrikosov, A.V. Ruban, P.A. Korzhvyi and H.L. Skriver.
4This was performed using a program called self-consistent Green’s function bulk calculation
(BGFM) written by I.A. Abrikosov, A.V. Ruban and H.L. Skriver.
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5.3 Minimization Process

The main input parameter to the LSGF (see section 3.3) is the Wigner–Seitz radius
rWS , defined via the relationship to the unit cell volume as:

a3

n
=

4πr3WS

3
(5.2)

In the expression above a is the lattice parameter, i.e. the distance between two
atoms in a cubic crystal structure along the cube side, and n is the number of
atoms in one unit cell for the underlying crystal structure. (See section 3.1 for
a description how the Wigner–Seitz radius is used in the calculation of the total
energy.) In this thesis only the face-centered-cubic (fcc) Bravais lattice has been
examined. The fcc crystal structure has four atoms in each unit cell [31] and in
this case equation 5.2 is simplified to:

rWS =
3

√

3

16π
· a (5.3)

The equilibrium Wigner–Seitz radii (volumes) were found by fitting a curve to the
calculated energies. The obtained volume was then used to calculate the total
ground state energy. The interpolation technique used in this thesis is called
the modified Morse. This technique has physical interpretations and is not pure
mathematical. For the interested reader see reference [32].

When minimizing the total energy in the AgPd alloy Ag- and Pd-atoms occu-
pied sites A+C and B respectively. Interchanging the atoms slightly changed the
total energy, but not the equilibrium radius. In the calculations of the core-level
shift for the Pd component the interchanged total energy was used as a reference
when calculating the generalized chemical potential. In the CuPd case the mini-
mization was done for Pd occupying the A+C sites and Cu the B sites. As for Pd
in AgPd the interchanged total energy was used as a reference when calculating
the shift for the Cu component.

5.3.1 Assumptions

Due to the amount of calculations, 128 for each component, which has to be done
in order to study how the core-level shift is affected by the local environment, a
simplification regarding the equilibrium volume was made. As described in the
previous section the equilibrium volumes were found by an interpolation to the
calculated energies. This process was only performed for the non-ionized systems.
When calculating the total energies of the ionized systems the same radii as for
the corresponding non-ionized systems were used. However, this is a fairly good
approximation since the equilibrium volume is not expected to shift all too much
when ionizing one atom of totally 256.
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Chapter 6

Results and Discussion

In this chapter the results from the calculations of the core-level shifts are pre-
sented. The chapter is divided into two sections, one for the AgPd- and one for
the CuPd alloy. Each component in the alloy will be discussed separately.

In table 6.1 the calculated equilibrium Wigner–Seitz radii, in atomic units1, are
presented. The third column shows the conversion, according to equation 5.3, to
the lattice parameter a. Graphs that presents the minimization of the total energy
for each system are given in appendix C. Comparison with the experimental lattice
parameters is done to show that the calculated are reliable.

Theory Experiment
Composition rWS a a, Ref. [33] a, Ref. [34]

Ag 3.0634 4.1481 4.0862 4.0853
Pd 2.9067 3.9360 3.8907 3.8874
Cu 2.6656 3.6095 3.6147 3.6148

Ag50Pd50 2.9785 4.0332 3.9772 —
Cu50Pd50 2.8092 3.8040 — 3.77

Table 6.1. Calculated equilibrium Wigner–Seitz radii (in au) and lattice parameters
(in Å) for the compositions examined. The experimental lattice constants are measured
at room temperature.

6.1 Ag50Pd50 Random Alloy

6.1.1 The core-level shift for Ag3d5/2

The calculated core-level shift for Ag3d5/2
is presented in table 6.2. These numbers

represents the average shift. The main result appears with the complete screening
method with inclusion of two coordination shells in each local interaction zone. As

11 au = 0.529177 Å

25
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Average CLS Disorder Broadening
Complete screening Initial state Exp. (FWHM)

LIZ=2 LIZ=0 CPA LIZ=2 LIZ=0 Ref.[35] Calc.a Exp.[36] Ref.[37]b

-0.487 -0.512 -0.533 -0.405 -0.438 -0.62 0.35 0.38 0.31

Table 6.2. Averaged core-level shifts, in eV , for Ag3d5/2
using different methods are

presented. The result from the conventional CPA calculation was obtained by using the
same Wigner–Seitz radius as in the supercell calculations.
a The FWHM is calculated with LIZ=2 and based on the complete screening result.
b Calculated within initial state scheme.

we can see, the results within the complete screening scheme are almost the same
irrespective of method. The difference in shift between the methods is approxi-
mately 0.05 eV . This can be compared with the experimental accuracy, which is
0.10 eV . Calculated shifts according to the initial state scheme, with different sizes
of the local interaction zone, are also qualitatively the same. Contributions to the
shift are mainly due to initial state effects, which means that final state effects,
the core-hole relaxation energy, are less pronounced. This can be seen by compar-
ing the complete screening and initial state results for LIZ=2. The negative sign
of the core-level shift means that the binding energy of the 3d5/2 core electrons
is smaller, i.e. less strongly bound, in the alloy compared to the same core-level
in the pure Ag-metal. When decreasing the interaction zone to a single-site the
shift, within the complete screening scheme, is lowered and tends to agree with the
conventional CPA result. Comparison with the experimental shift the calculated
are in a fairly good agreement.

Proceeding to the broadening of the shift, as the main purpose with this thesis,
we clearly see a Gaussian characteristic of the distribution. Figure 6.1 shows a
barplot of the distribution. Each value corresponds to different positions of the
ionized Ag atom in the supercell. All these shifts are presented in appendix D.1.
As can be seen the maximum- and the minimum values of the shift are around
−0.10 eV and −0.80 eV respectively, i.e. the distribution is very wide and ranges
over approximately 0.7 eV . If the calculated average m and standard deviation s,
see appendix D.1, are applied to the mathematical Gaussian distribution according
to equation 6.1,

N(m, s) =
128

s
√

2π
· e−(x−m)2/2s2

(6.1)

the Full-Width at Half-Maximum (FWHM) can be calculated from:

EFWHM = 2s
√

2 ln 2 (6.2)

From figure 6.2 we see that the FWHM for Ag3d5/2
in Ag50Pd50 is quite large.

The broadening is 0.35 eV which is in excellent agreement with the experimental
result, 0.38 eV . This huge width implies that Ag atoms are very sensitive to
different chemical environments.
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Figure 6.1. Barplot of the core-level shift distribution for Ag3d5/2
in Ag50Pd50 random

alloy. Each value is calculated within the complete screening picture with LIZ=2.
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6.1.2 The core-level shift for Pd3d5/2

Average CLS Disorder Broadening
Complete screening Initial state Exp. (FWHM)

LIZ=2 CPA LIZ=2 LIZ=0 Ref.[35] Calc.a Ref.[37]b

-0.031 -0.141 -0.488 -0.496 -0.20 0.13 0.08

Table 6.3. Pd3d5/2
core-level shift in Ag50Pd50 random alloy. Average values, in eV ,

are given with different methods. The main result appears within the complete screening
scheme with LIZ=2.
a Based on the results within the complete screening scheme with LIZ=2.
b Calculated within the initial state scheme.

The averaged core-level shift for the 3d5/2 Pd electrons in AgPd 50/50 random
alloy are presented in table 6.3. We can see that final state effects has a remarkable
influence to the shift compared to the Ag case. Comparison between the complete
screening shift and the initial state shift for LIZ=2, I find that final state effects
approximately contributes with 0.5 eV to the shift. The initial state shift are also
qualitatively the same irrespective the size of the interaction zone, this is seen
by comparing the shift for LIZ=0 and LIZ=2. Comparison between the complete
screening results I find that there is a discrepancy between the LSGF result with
LIZ=2 compared to the conventional CPA result. Decreasing the interaction zone
to a single-site may clarify the difference. Unfortunately convergence problems
prevented that this investigations could be performed.

In figure 6.3 the broadening of the shift is shown. These numbers are based
on the calculated shifts within the complete screening scheme with LIZ=2, see
appendix D.2. The distribution ranges over approximately 0.27 eV . Note that
the core-level shift spans over both positive and negative signs. This means that
depending of the position of the ionized atom in the crystal, i.e. in different
chemical environments, gives different signs of the shift. Hence, at some sites the
binding energy for the 3d5/2 electrons are smaller in the alloy than in the pure
Pd specimen (negative sign), whereas at other sites the opposite is valid (positive
sign). In figure 6.4 the calculated average and standard deviation, also given in
appendix D.2, are applied to the Gaussian function according to equation 6.1.
The calculated FWHM, 0.13 eV , are quite narrow compared to the Ag broadening
presented in the previous section. This implies that the Pd atoms are not so
sensitive, to the same extent as Ag atoms, to different chemical environments.
Unfortunately no experimental data of the broadening exist. Comparison with
the broadening from the initial state scheme, reference [37], we see that this model
predict a somewhat more narrow distribution.
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Figure 6.3. Barplot of the core-level shift distribution for Pd3d5/2
in Ag50Pd50 random

alloy.
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Figure 6.4. Full-Width at Half-Maximum for Pd3d5/2
in AgPd 50/50 random alloy.
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6.2 Cu50Pd50 Random Alloy

6.2.1 The core-level shift for Cu2p3/2

Average CLS Disorder Broadening
Complete screening Initial state Exp. (FWHM)

LIZ=2 LIZ=0 CPA LIZ=2 LIZ=0 Ref.[35] Calc.a Exp.[29] Ref.[37]b

-0.775 -0.845 -0.685 -0.739 -0.780 -0.64 0.16 0.23 0.05

Table 6.4. The calculated and measured core-level shift, in eV , for Cu2p3/2
in CuPd

50/50 random alloy. The main result is within the complete screening method with
inclusion of two coordination shells in each LIZ. Initial state and conventional CPA
results are obtained using the same Wigner–Seitz radius as in the LSGF calculation with
LIZ=2.
a Calculated for LIZ=2 and based on the result within the complete screening scheme.
b Calculated within initial state scheme.

The core-level shift for Cu2p3/2
is given in table 6.4. As in the previous cases

these numbers represents the average shift and the main result appears within the
complete screening scheme with inclusion of the first and second nearest neighbor
shells (LIZ=2) in each interaction zone. The calculated shift is negative, which
means that the binding energy for the 2p3/2 electrons are smaller in the alloy than
in the pure Cu specimen. The single-site result (LIZ=0), has been calculated using
the same Wigner–Seitz radius obtained with LIZ=2. As we can see the average
value of the shift for these atoms tends to lower the shift and not to agree with the
conventional CPA calculation. It should also be noted that the initial state contri-
bution to the shift is lowered by almost the same amount when decreasing the zone
to only include the central atom. The main contribution to the shift comes from
initial state effects. Contributions from final state effects are not so noticeable.
Subtracting the initial state core-level shift (LIZ=2) from those calculated within
the complete screening scheme (LIZ=2), we see that final state effects tends to
lower the shift by approximately 0.04 eV . Comparison with the measured shift
the complete screening result with LIZ=2 disagree by approximately 0.14 eV .

In appendix D.3 the calculated shift for all possible ionized Cu sites are pre-
sented. Figure 6.5 shows a barplot of these numbers. The shifts are based on the
complete screening result with inclusion of two coordination shells in each inter-
action zone. Even here the distribution characteristic is Gaussian. The range of
the distribution is in the order of 0.3 eV , from ∼ −0.9 to ∼ −0.6 eV . Applying
the calculated mean value and the standard deviation, see appendix D.3, to equa-
tion 6.2 gives the FWHM. This can bee seen in figure 6.6. Comparison with the
experimental FWHM, see table 6.4, the calculated are in good agreement. The
initial state prediction, reference [37], underestimates the FWHM by far.
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Figure 6.5. Barplot of the core-level shift distribution for Cu2p3/2
in Cu50Pd50 random

alloy.
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6.2.2 The core-level shift for Pd3d5/2

Average CLS Disorder Broadening
Complete screening Initial state Exp. (FWHM)

LIZ=2 LIZ=0 CPA LIZ=2 LIZ=0 Ref.[35] Calc.a Ref.[37]b

0.452 0.323 0.286 -0.020 -0.043 0.19 0.06 0.10

Table 6.5. The averaged core-level shift, together with the broadening, for Pd3d5/2
in

Cu50Pd50. The main results are within the complete screening scheme with inclusion of
two coordination shells in each LIZ. All shifts are given in units of eV .
a The FWHM is based on the calculations within the complete screening picture with

LIZ=2.
b Calculated within the initial state scheme.

The average core-level shift for Pd3d5/2
electrons is given in table 6.5. There is a

big difference within the complete screening scheme with LIZ= 2 relative LIZ= 0.
The difference is around 0.14 eV . If we compare the results between single-site
LSGF with the conventional CPA we see that they are almost the same. It should
be emphasized that these calculations were performed for the same Wigner–Seitz
radius obtained with LIZ=2. The discrepancy in the result with inclusion of two
coordination shell compared to the single-site seems to be a final state effect.
This can be seen by comparing the shift within the initial state- and complete
screening scheme with LIZ=2 and LIZ=0. The initial state contributions are
almost the same despite the size of the zone whereas the total shift is lowered
when decreasing the zone to single-site. I also find that final state effects has a
huge influence to the total core-level shift. Initial state shift even has the wrong
sign compared to experiment. The binding energy for an 3d5/2 Pd electron is
larger in the alloy relative the same core-level in the pure Pd specimen, since the
core-level shift has a positive sign. The measured shift are much lower than the
calculated. Comparison with the complete screening results the best agreement is
for the conventional CPA and for the supercell calculations with LIZ=0.

In figure 6.7 the distribution of the shift is presented in a histogram. These
numbers represents the shift for all possible ionized positions in the supercell,
that is for different chemical environments. Each calculated shift is given in ap-
pendix D.4. As in the previous cases the distribution characteristic is Gaussian.
The shift spans over approximately 0.14 eV , in other words the distribution is
very narrow compared to the the previous cases. This results in a small standard
deviation and hence a small FWHM as can be seen in figure 6.8. The FWHM is
calculated accordingly to equation 6.2. The enormously narrow FWHM, 0.06 eV ,
suggests that different environments do not affect the Pd shift, at least not to the
same extent as for Cu atoms in different environments.
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Figure 6.7. Barplot of the core-level shift distribution for Pd3d5/2
in Cu50Pd50.
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Chapter 7

Summary

7.1 Conclusions

The core-level shift for the components in the AgPd and CuPd alloys shows a
substantial difference in the broadening. From 0.06 eV for Pd in CuPd to 0.38 eV
for Ag in AgPd. In general for these alloys Pd has the most narrow distribu-
tion. This implies that Pd atoms are not so sensitive to different local chemical
environments, at least not for these two studied alloys. Comparisons with the ex-
perimental broadening, where there were possible, shows an excellent agreement
in the FWHM. The broadening of the 3d5/2 core-level for Ag in AgPd and the
2p3/2 core-level for Cu in CuPd differs from the experimental value by 0.03 eV
and 0.07 eV respectively. We may then draw the conclusion that the complete
screening scheme together with the LSGF approach is a good method to predict
the disorder broadening present in random alloys. The common denominator of
all core-level shift distributions is their Gaussian characteristic. Still there are
questions that has to be answered, for instance further investigations are needed
to understand why the shift varies in the way it does at different sites.

Considering the average core-level shift I found that final state contributions
to the shift, the core-hole relaxation energy, are less pronounced for Ag and Cu in
AgPd and CuPd respectively whereas the opposite is true for the Pd component.
In general the conventional CPA results agree better with the experimental shifts.
By decreasing the local interaction zone to a single-site, the supercell calculations
agrees, except for the Cu case, with the conventional CPA results. Remember that
convergence problems prevented the investigation of Pd in AgPd. Thus it seems
like some errors, introduced in the approximations, tends to cancel each other
when decreasing the zone. However, it is hard to tell which errors these could
be. The agreement between experimental- and the calculated average (LSGF with
LIZ=2) is fairly good. Average shift for Ag, Pd (in AgPd) and Cu differ from the
experimental with approximately 0.15 eV . The worst agreement is for Pd in CuPd
where the calculated diverges with 0.26 eV . However, one should also be aware
of the fact that the experimental accuracy is in the order of 0.10 eV and that
different experimental results differs from each other, deviations up to 0.20 eV
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are not uncommon. I have chosen to compare my results with the most recently
published experimental data.

7.2 Future Work

The most straightforward way to improve the calculations is to use a larger su-
percell. A larger supercell hopefully gives a better randomness of the atomic
distribution in the supercell, and hence a better statistics. Naturally this will
increase the computational effort considerably, though it would be interesting to
see if the change in total energies, when interchanging the atoms (discussed in
section 5.3), will disappear.

An appropriate way to analyze the broadening to a further extent and to get a
better knowledge why the shift for a specific atom varies in different environments,
could be to perform density of states (DOS) calculations.

Since we are dealing with very small numbers in the investigation of the disor-
der broadening an improvement of the sensitivity in the total energies should be
necessary in order to achieve more accurate results.

Of course it should be interesting to examine the disorder broadening for com-
ponents in other alloys. Unfortunately the lack of experimental data is a problem
in order to compare and verify the method to a further extent.

It should also be interesting to find out why the single-site LSGF result do not
agree with the conventional CPA result for Cu in CuPd.
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Appendix A

Derivation of the total
energy in Density-Functional
Theory

Start with the one-particle Kohn–Sham equation 2.3:
{

− 1

2
∇2 + Veff (r)

}

ψoe
i (r) = εiψ

oe
i (r)

For simplicity, assume that the eigenstates are normalized, i.e.
∫

|ψoe
i (r)|2dr = 1 (A.1)

Rewrite equation 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 yields:

−1

2

∑

i

ψoe
i (r)∗∇2ψoe

i (r) +
∑

i

Veff (r)|ψoe
i (r)|2 =

∑

i

εi|ψoe
i (r)|2

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

i |ψoe
i (r)|2 gives:

−1

2

∑

i

ψoe
i (r)∗∇2ψoe

i (r) + Veff (r)n(r) =
∑

i

εi|ψoe
i (r)|2 (A.3)

Integrating this expression over space and using the requirement of normalization,
equation A.1, the expression above will be quite simplified.

−1

2

∑

i

∫ {

ψoe
i (r)∗∇2ψoe

i (r)

}

dr

︸ ︷︷ ︸

=Tni

+

∫

Veff (r)n(r)dr =
∑

i

εi

∫

|ψoe
i (r)|2dr

︸ ︷︷ ︸

=1
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This expression 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 first three terms in the last row with the expression for E[n(r)],
see equation 2.2 on page 6, the expression above can be rewritten as:

∑

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

Convergence Test

In this section trial simulations with different sizes of the local interaction zone
are shown. The test was performed by calculating the core-level shift for an Ag
atom in an 50/50 AgPd random alloy. This was performed by placing one ionized
Ag atom at the same position, in the alloy and in the pure specimen separately,
and varying the size of the local interaction zone.

Table B.1 shows how many atoms that is included in a fcc crystal structure,
with varying size of the local interaction zone. The relative CPU time is presented
to show the computational effort needed1.

LIZ No. of atoms CPU time
0 1 1
1 13 2
2 19 4
3 43 27

Table B.1. This table shows how many atoms that is included, for a fcc crystal struc-
ture, with a varying size of the local interaction zone. The third column represents the
computational time needed. These numbers are relative the computational time with
LIZ=0.

In table B.2 the calculated total energies are presented. Ag∗ represents the
ionized Ag atom. As one can see it is good convergence in total energy between
the inclusion of the second and third coordination shells. This is valid for both
the alloy and the pure cases. Note that the total energy in the pure Ag-metal
is the same irrespective of the size of the LIZ. This is not strange, since the
effective medium outside the LIZ will be the same as the real atom in the pure
cases. In the fourth column the energy difference between the ionized and the
corresponding non-ionized systems are calculated. These numbers are the most

1An approximately time is given. The time is, for instance, dependent on the composition of
the alloy.
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LIZ AgPdAg∗ AgPd µ̃a = AgPdAg∗-AgPd
0 -10364.2921802 -10364.3970896 0.1049094
1 -10364.2917585 -10364.3966136 0.1048651
2 -10364.2917431 -10364.3966047 0.1048616
3 -10364.2917407 -10364.3966018 0.1048603

LIZ AgAg∗ Ag µ̃p = AgAg∗-Ag
0 -10634.5502747 -10634.6553617 0.1050870
1 -10634.5502764 -10634.6553617 0.1050853
2 -10634.5502762 -10634.6553617 0.1050855
3 -10634.5502769 -10634.6553617 0.1050848

Table B.2. Calculated total energies, in Ry, for the ionized and the non-ionized systems
are presented. The upper part shows the total energies for the ionized- and the non-
ionized alloy with different sizes of the local interaction zone. The same is done, in the
lower part, for the corresponding pure system. Ag∗ denotes the ionized Ag-atom.

essential ones when calculating the shift from the total energy approach (complete
screening). They represent the generalized thermodynamic chemical potential µ
(in this case without the prefactor 1

c = 1
1/256 , for this reason the notation µ̃ is

used). The core-level shift has then been calculated by taken the difference in
chemical potentials (see equation 5.1) for each coordination shell. This is shown
in table B.3 where I have taken care of both the prefactor 1/c and the conversion
factor between Ry and eV . The convergence in the shift between inclusion of the
second and the third coordination shells in the interaction zone are well satisfied.
This fact together with the increasing CPU time, shown in table B.1, led to the
choice of using LIZ=2 in the calculations.

LIZ µ̃a − µ̃p [10−3 Ry] CLS [eV ]
0 -0.1776 -0.6185912
1 -0.2202 -0.7669695
2 -0.2239 -0.7798568
3 -0.2245 -0.7819467

Table B.3. Core-level shift for a specific Ag-atom in the supercell with varying size of
the LIZ.
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Appendix C

Minimization of the Total
Energy

In this section graphs over the total energy as a function of the Wigner–Seitz radius
are presented. The calculated equilibrium volumes were obtained using the LSGF
approach with inclusion of two coordination shells in each local interaction zone.
In all interpolations the modified Morse scheme were used. The figures below
shows the equilibrium radii for Ag50Pd50, Cu50Pd50 and their pure components.
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Figure C.1. The total energy for AgPd and CuPd 50/50 random alloys as a function
of the Wigner–Seitz radius. The minimum occur at rWS = 2.978507 au and
rWS = 2.809233 au for AgPd and CuPd respectively. To all calculated energies a con-
stant has been added in order to increase the resolution. In AgPd the values should
be subtracted with 10634 Ry/site and the corresponding constant for the CuPd alloy is
6702 Ry/site.
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Figure C.2. Graphs over the total energies for the pure specimens Ag, Pd and Cu as a
function of the Wigner–Seitz radius. In Ag the energy minimum occur at
rWS = 3.063378 au and for Pd and Cu the minimum is located at 2.906747 au and
2.665636 au respectively. A constant energy has been added to increase the resolution.
To read the correct values all energies should be subtracted with a constant factor. That
is, the energies in Ag should be subtracted with 10634 Ry/site and with 10094 Ry/site,
3310 Ry/site for Pd and Cu respectively.
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Appendix D

Distribution of Core-Level
Shifts

In this chapter the calculated core-level shift are listed. The first two sections
presents the shifts for Ag3d5/2

and Pd3d5/2
in Ag50Pd50. These sections are followed

by the calculated shifts for Cu2p3/2
and Pd3d5/2

in Cu50Pd50. The equilibrium
volumes that have been used will be specified in each section. The Locally self
consistent Green’s function (LSGF) method, with inclusion of two coordination
shells in each local interaction zone, has been used throughout all calculations and
the shifts are calculated according to the complete screening scheme.

The first column represents different calculations, i.e. when the ionized atom
is placed in different environments. This column is followed by the total energy of
the ionized alloy. The energy difference between the ionized and the corresponding
non-ionized alloys are presented in column three, denoted µ̃a. In the fourth column
the difference in chemical potentials between the alloy (µ̃a) and the pure (µ̃p) states
has been calculated. The chemical potential µ are related to µ̃ via the constant
ionization concentration c, that is

µ =
µ̃

∆c
= 256 · µ̃

or equivalent:

µ̃ = Eionized
tot −Enon−ionized

tot

The core-level shift for different positions in the supercell are listed in the last
column. Note that the conversion between Ry and eV has been done when calcu-
lating the CLS. After each table the average shift and its standard deviation are
presented.
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D.1 Ag3d5/2
in Ag50Pd50

The equilibrium radii, in atomic units, that have been used throughout the calcu-
lations are presented below.

rWS = 2.978507 au for

{
AgPd (127+1 Ag and 128 Pd)
AgPdAg∗ (127 Ag, 128 Pd and 1 Ag

∗
)

rWS = 3.063378 au for

{
Ag (256 Ag)
AgAg∗ (255 Ag and 1 Ag∗)

The total energies for the AgPd alloy, the pure Ag specimen and the pure system
with one ionized Ag atom were calculated to:

EAgPd = −10364.3966047Ry/site

EAg = −10634.6553617Ry/site

EAgAg∗ = −10634.5502762Ry/site

The distribution of the shift is listed in the table below.

Total energy [Ry] CLS [eV ]
No. AgPdAg∗ AgPdAg∗-AgPd µ̃a − µ̃p Ag3d5/2

1 -10364.2916733 0.1049314 -0.0001541 -0.5367393
2 -10364.2916307 0.1049740 -0.0001115 -0.3883610
3 -10364.2916431 0.1049616 -0.0001239 -0.4315510
4 -10364.2917015 0.1049032 -0.0001823 -0.6349616
5 -10364.2916700 0.1049347 -0.0001508 -0.5252453
6 -10364.2917045 0.1049002 -0.0001853 -0.6454108
7 -10364.2916334 0.1049713 -0.0001142 -0.3977653
8 -10364.2916781 0.1049266 -0.0001589 -0.5534580
9 -10364.2916073 0.1049974 -0.0000881 -0.3068575
10 -10364.2915589 0.1050458 -0.0000397 -0.1382774
11 -10364.2916112 0.1049935 -0.0000920 -0.3204414
12 -10364.2916147 0.1049900 -0.0000955 -0.3326321
13 -10364.2915563 0.1050484 -0.0000371 -0.1292215
14 -10364.2915568 0.1050479 -0.0000376 -0.1309630
15 -10364.2916302 0.1049745 -0.0001110 -0.3866195
16 -10364.2915785 0.1050262 -0.0000593 -0.2065454
17 -10364.2915581 0.1050466 -0.0000389 -0.1354910
18 -10364.2916721 0.1049326 -0.0001529 -0.5325597
19 -10364.2915775 0.1050272 -0.0000583 -0.2030623
20 -10364.2916583 0.1049464 -0.0001391 -0.4844935
21 -10364.2915833 0.1050214 -0.0000641 -0.2232641
22 -10364.2916632 0.1049415 -0.0001440 -0.5015605
23 -10364.2916432 0.1049615 -0.0001240 -0.4318993
24 -10364.2916298 0.1049749 -0.0001106 -0.3852263
25 -10364.2917029 0.1049018 -0.0001837 -0.6398379
26 -10364.2916384 0.1049663 -0.0001192 -0.4151806
27 -10364.2916602 0.1049445 -0.0001410 -0.4911113
28 -10364.2916123 0.1049924 -0.0000931 -0.3242728
29 -10364.2916533 0.1049514 -0.0001341 -0.4670782
30 -10364.2916131 0.1049916 -0.0000939 -0.3270592
31 -10364.2916314 0.1049733 -0.0001122 -0.3907992

. . .=⇒
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Total energy [Ry] CLS [eV ]
No. AgPdAg∗ AgPdAg∗-AgPd µ̃a − µ̃p Ag3d5/2

32 -10364.2916600 0.1049447 -0.0001408 -0.4904147
33 -10364.2916083 0.1049964 -0.0000891 -0.3103405
34 -10364.2916886 0.1049161 -0.0001694 -0.5900301
35 -10364.2915824 0.1050223 -0.0000632 -0.2201293
36 -10364.2916401 0.1049646 -0.0001209 -0.4211018
37 -10364.2916703 0.1049344 -0.0001511 -0.5262902
38 -10364.2916061 0.1049986 -0.0000869 -0.3026778
39 -10364.2916348 0.1049699 -0.0001156 -0.4026416
40 -10364.2916391 0.1049656 -0.0001199 -0.4176187
41 -10364.2916315 0.1049732 -0.0001123 -0.3911475
42 -10364.2916130 0.1049917 -0.0000938 -0.3267109
43 -10364.2916327 0.1049720 -0.0001135 -0.3953272
44 -10364.2916554 0.1049493 -0.0001362 -0.4743926
45 -10364.2916292 0.1049755 -0.0001100 -0.3831365
46 -10364.2916868 0.1049179 -0.0001676 -0.5837606
47 -10364.2917424 0.1048623 -0.0002232 -0.7774187
48 -10364.2916860 0.1049187 -0.0001668 -0.5809742
49 -10364.2917100 0.1048947 -0.0001908 -0.6645676
50 -10364.2917006 0.1049041 -0.0001814 -0.6318268
51 -10364.2917020 0.1049027 -0.0001828 -0.6367031
52 -10364.2916382 0.1049665 -0.0001190 -0.4144840
53 -10364.2916568 0.1049479 -0.0001376 -0.4792689
54 -10364.2916378 0.1049669 -0.0001186 -0.4130908
55 -10364.2917107 0.1048940 -0.0001915 -0.6670057
56 -10364.2916779 0.1049268 -0.0001587 -0.5527614
57 -10364.2916711 0.1049336 -0.0001519 -0.5290766
58 -10364.2917272 0.1048775 -0.0002080 -0.7244762
59 -10364.2917431 0.1048616 -0.0002239 -0.7798568
60 -10364.2917081 0.1048966 -0.0001889 -0.6579498
61 -10364.2916663 0.1049384 -0.0001471 -0.5123579
62 -10364.2916916 0.1049131 -0.0001724 -0.6004793
63 -10364.2916429 0.1049618 -0.0001237 -0.4308544
64 -10364.2916402 0.1049645 -0.0001210 -0.4214501
65 -10364.2916807 0.1049240 -0.0001615 -0.5625140
66 -10364.2916583 0.1049464 -0.0001391 -0.4844935
67 -10364.2916402 0.1049645 -0.0001210 -0.4214501
68 -10364.2916977 0.1049070 -0.0001785 -0.6217260
69 -10364.2916581 0.1049466 -0.0001389 -0.4837969
70 -10364.2916626 0.1049421 -0.0001434 -0.4994706
71 -10364.2917117 0.1048930 -0.0001925 -0.6704888
72 -10364.2917451 0.1048596 -0.0002259 -0.7868230
73 -10364.2917048 0.1048999 -0.0001856 -0.6464557
74 -10364.2917534 0.1048513 -0.0002342 -0.8157323
75 -10364.2916650 0.1049397 -0.0001458 -0.5078300
76 -10364.2916180 0.1049867 -0.0000988 -0.3441262
77 -10364.2916670 0.1049377 -0.0001478 -0.5147961
78 -10364.2916347 0.1049700 -0.0001155 -0.4022933
79 -10364.2916403 0.1049644 -0.0001211 -0.4217984
80 -10364.2916867 0.1049180 -0.0001675 -0.5834123
81 -10364.2917426 0.1048621 -0.0002234 -0.7781153
82 -10364.2917079 0.1048968 -0.0001887 -0.6572532
83 -10364.2916535 0.1049512 -0.0001343 -0.4677748
84 -10364.2917365 0.1048682 -0.0002173 -0.7568687

. . . =⇒
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46 Distribution of Core-Level Shifts

Total energy [Ry] CLS [eV ]
No. AgPdAg∗ AgPdAg∗-AgPd µ̃a − µ̃p Ag3d5/2

85 -10364.2917260 0.1048780 -0.0002068 -0.7202965
86 -10364.2917312 0.1048735 -0.0002120 -0.7384084
87 -10364.2916876 0.1049171 -0.0001684 -0.5865471
88 -10364.2916584 0.1049463 -0.0001392 -0.4848418
89 -10364.2916777 0.1049270 -0.0001585 -0.5520648
90 -10364.2916614 0.1049433 -0.0001422 -0.4952909
91 -10364.2916483 0.1049564 -0.0001291 -0.4496629
92 -10364.2916632 0.1049415 -0.0001440 -0.5015605
93 -10364.2916661 0.1049386 -0.0001469 -0.5116613
94 -10364.2916856 0.1049191 -0.0001664 -0.5795810
95 -10364.2916695 0.1049352 -0.0001503 -0.5235037
96 -10364.2917068 0.1048979 -0.0001876 -0.6534218
97 -10364.2916777 0.1049270 -0.0001585 -0.5520648
98 -10364.2916981 0.1049066 -0.0001789 -0.6231192
99 -10364.2916783 0.1049264 -0.0001591 -0.5541546
100 -10364.2916877 0.1049170 -0.0001685 -0.5868954
101 -10364.2917112 0.1048935 -0.0001920 -0.6687473
102 -10364.2916369 0.1049678 -0.0001177 -0.4099560
103 -10364.2916664 0.1049383 -0.0001472 -0.5127062
104 -10364.2916544 0.1049503 -0.0001352 -0.4709095
105 -10364.2916028 0.1050019 -0.0000836 -0.2911837
106 -10364.2917184 0.1048863 -0.0001992 -0.6938253
107 -10364.2916827 0.1049220 -0.0001635 -0.5694801
108 -10364.2916826 0.1049221 -0.0001634 -0.5691318
109 -10364.2916789 0.1049258 -0.0001597 -0.5562445
110 -10364.2916567 0.1049480 -0.0001375 -0.4789206
111 -10364.2916781 0.1049266 -0.0001589 -0.5534580
112 -10364.2916603 0.1049444 -0.0001411 -0.4914596
113 -10364.2916325 0.1049722 -0.0001133 -0.3946305
114 -10364.2916147 0.1049900 -0.0000955 -0.3326321
115 -10364.2916385 0.1049662 -0.0001193 -0.4155289
116 -10364.2916972 0.1049075 -0.0001780 -0.6199844
117 -10364.2916564 0.1049483 -0.0001372 -0.4778757
118 -10364.2916647 0.1049400 -0.0001455 -0.5067850
119 -10364.2916282 0.1049765 -0.0001090 -0.3796534
120 -10364.2916975 0.1049072 -0.0001783 -0.6210294
121 -10364.2916386 0.1049661 -0.0001194 -0.4158772
122 -10364.2916288 0.1049759 -0.0001096 -0.3817432
123 -10364.2916499 0.1049548 -0.0001307 -0.4552358
124 -10364.2915877 0.1050170 -0.0000685 -0.2385895
125 -10364.2916097 0.1049950 -0.0000905 -0.3152168
126 -10364.2916075 0.1049972 -0.0000883 -0.3075541
127 -10364.2916734 0.1049313 -0.0001542 -0.5370876
128 -10364.2916321 0.1049726 -0.0001129 -0.3932373

Statistics: CLS Ag3d5/2
in Ag50Pd50 random alloy

Average: m = −0.4869293 eV

Standard deviation: s = 0.1470826 eV
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D.2 Pd3d5/2
in Ag50Pd50 47

D.2 Pd3d5/2
in Ag50Pd50

The equilibrium radii, in atomic units, that have been used throughout the calcu-
lations are presented below.

rWS = 2.978507 au for

{
AgPd (127+1 Pd and 128 Ag)
AgPdAg∗ (127 Pd, 128 Ag and 1 Pd

∗
)

rWS = 2.906747 au for

{
Pd (256 Pd)
PdPd∗ (255 Pd and 1 Pd∗)

The total energies for the AgPd alloy, the pure Pd specimen and the pure system
with one ionized Pd atom were calculated to:

EAgPd = −10364.3966567Ry/site

EPd = −10094.1324946Ry/site

EPdPd∗ = −10094.0368924Ry/site

The distribution of the shift is listed in the table below.

Total energy [Ry] CLS [eV ]
No. AgPdPd∗ AgPdPd∗-AgPd µ̃a − µ̃p Pd3d5/2

1 -10364.3010538 0.0956029 0.0000007 0.0024381
2 -10364.3010797 0.0955770 -0.0000252 -0.0877731
3 -10364.3010757 0.0955810 -0.0000212 -0.0738408
4 -10364.3010511 0.0956056 0.0000034 0.0118424
5 -10364.3010598 0.0955969 -0.0000053 -0.0184602
6 -10364.3010546 0.0956021 -0.0000001 -0.0003483
7 -10364.3010739 0.0955828 -0.0000194 -0.0675713
8 -10364.3010702 0.0955865 -0.0000157 -0.0546840
9 -10364.3010762 0.0955805 -0.0000217 -0.0755824
10 -10364.3010870 0.0955697 -0.0000325 -0.1131994
11 -10364.3010789 0.0955778 -0.0000244 -0.0849866
12 -10364.3010723 0.0955844 -0.0000178 -0.0619984
13 -10364.3010842 0.0955725 -0.0000297 -0.1034468
14 -10364.3010919 0.0955648 -0.0000374 -0.1302664
15 -10364.3010773 0.0955794 -0.0000228 -0.0794137
16 -10364.3010885 0.0955682 -0.0000340 -0.1184240
17 -10364.3010856 0.0955711 -0.0000311 -0.1083231
18 -10364.3010647 0.0955920 -0.0000102 -0.0355272
19 -10364.3010923 0.0955644 -0.0000378 -0.1316596
20 -10364.3010715 0.0955852 -0.0000170 -0.0592120
21 -10364.3010880 0.0955687 -0.0000335 -0.1166825
22 -10364.3010577 0.0955990 -0.0000032 -0.0111458
23 -10364.3010597 0.0955970 -0.0000052 -0.0181119
24 -10364.3010689 0.0955878 -0.0000144 -0.0501560
25 -10364.3010494 0.0956073 0.0000051 0.0177636
26 -10364.3010736 0.0955831 -0.0000191 -0.0665264
27 -10364.3010668 0.0955899 -0.0000123 -0.0428416
28 -10364.3010780 0.0955787 -0.0000235 -0.0818519
29 -10364.3010763 0.0955804 -0.0000218 -0.0759307
30 -10364.3010784 0.0955783 -0.0000239 -0.0832451
31 -10364.3010677 0.0955890 -0.0000132 -0.0459764

. . .=⇒
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48 Distribution of Core-Level Shifts

Total energy [Ry] CLS [eV ]
No. AgPdPd∗ AgPdPd∗-AgPd µ̃a − µ̃p Pd3d5/2

32 -10364.3010677 0.0955890 -0.0000132 -0.0459764
33 -10364.3010768 0.0955799 -0.0000223 -0.0776722
34 -10364.3010574 0.0955993 -0.0000029 -0.0101009
35 -10364.3010759 0.0955808 -0.0000214 -0.0745375
36 -10364.3010827 0.0955740 -0.0000282 -0.0982223
37 -10364.3010619 0.0955948 -0.0000074 -0.0257746
38 -10364.3010656 0.0955911 -0.0000111 -0.0386620
39 -10364.3010727 0.0955840 -0.0000182 -0.0633917
40 -10364.3010676 0.0955891 -0.0000131 -0.0456281
41 -10364.3010764 0.0955803 -0.0000219 -0.0762790
42 -10364.3010780 0.0955787 -0.0000235 -0.0818519
43 -10364.3010763 0.0955804 -0.0000218 -0.0759307
44 -10364.3010676 0.0955891 -0.0000131 -0.0456281
45 -10364.3010593 0.0955974 -0.0000048 -0.0167187
46 -10364.3010477 0.0956090 0.0000068 0.0236848
47 -10364.3010246 0.0956321 0.0000299 0.1041435
48 -10364.3010705 0.0955862 -0.0000160 -0.0557289
49 -10364.3010629 0.0955938 -0.0000084 -0.0292577
50 -10364.3010393 0.0956174 0.0000152 0.0529425
51 -10364.3010548 0.0956019 -0.0000003 -0.0010449
52 -10364.3010657 0.0955910 -0.0000112 -0.0390103
53 -10364.3010569 0.0955998 -0.0000024 -0.0083593
54 -10364.3010652 0.0955915 -0.0000107 -0.0372687
55 -10364.3010397 0.0956170 0.0000148 0.0515493
56 -10364.3010393 0.0956174 0.0000152 0.0529425
57 -10364.3010625 0.0955942 -0.0000080 -0.0278645
58 -10364.3010267 0.0956300 0.0000278 0.0968290
59 -10364.3010222 0.0956345 0.0000323 0.1125028
60 -10364.3010489 0.0956078 0.0000056 0.0195051
61 -10364.3010731 0.0955836 -0.0000186 -0.0647849
62 -10364.3010486 0.0956081 -0.0000059 0.0205500
63 -10364.3010666 0.0955901 -0.0000121 -0.0421450
64 -10364.3010732 0.0955835 -0.0000187 -0.0651332
65 -10364.3010519 0.0956048 0.0000026 0.0090556
66 -10364.3010628 0.0955939 -0.0000083 -0.0289094
67 -10364.3010583 0.0955984 -0.0000038 -0.0132356
68 -10364.3010472 0.0956095 -0.0000073 0.0254263
69 -10364.3010616 0.0955951 -0.0000071 -0.0247297
70 -10364.3010693 0.0955874 -0.0000148 -0.0515493
71 -10364.3010478 0.0956089 0.0000067 0.0233365
72 -10364.3010295 0.0956272 0.0000250 0.0870765
73 -10364.3010428 0.0956139 0.0000117 0.0407518
74 -10364.3010154 0.0956413 0.0000391 0.1361876
75 -10364.3010513 0.0956054 0.0000032 0.0111458
76 -10364.3010861 0.0955706 -0.0000316 -0.1100647
77 -10364.3010581 0.0955986 -0.0000036 -0.0125390
78 -10364.3010753 0.0955814 -0.0000208 -0.0724476
79 -10364.3010872 0.0955695 -0.0000327 -0.1138960
80 -10364.3010518 0.0956049 0.0000027 0.0094043
81 -10364.3010323 0.0956244 0.0000222 0.0773239
82 -10364.3010487 0.0956080 0.0000058 0.0202017
83 -10364.3010590 0.0955977 -0.0000045 -0.0156738
84 -10364.3010382 0.0956185 0.0000163 0.0567739

. . .=⇒



report: 2004-9-27 13:14 — 49(61)

D.2 Pd3d5/2
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Total energy [Ry] CLS [eV ]
No. AgPdPd∗ AgPdPd∗-AgPd µ̃a − µ̃p Pd3d5/2

85 -10364.3010442 0.0956125 0.0000103 0.0358755
86 -10364.3010394 0.0956173 0.0000153 0.0525942
87 -10364.3010598 0.0955969 -0.0000053 -0.0184602
88 -10364.3010692 0.0955875 -0.0000147 -0.0512010
89 -10364.3010579 0.0955988 -0.0000032 -0.0118424
90 -10364.3010617 0.0955950 -0.0000072 -0.0250780
91 -10364.3010722 0.0955845 -0.0000177 -0.0616501
92 -10364.3010658 0.0955909 -0.0000133 -0.0393586
93 -10364.3010607 0.0955960 -0.0000062 -0.0215950
94 -10364.3010465 0.0956102 0.0000080 0.0278645
95 -10364.3010637 0.0955930 -0.0000092 -0.0320441
96 -10364.3010635 0.0955932 -0.0000090 -0.0313475
97 -10364.3010610 0.0955957 -0.0000065 -0.0226399
98 -10364.3010513 0.0956054 0.0000032 0.0111458
99 -10364.3010670 0.0955897 -0.0000125 -0.0435382
100 -10364.3010631 0.0955936 -0.0000086 -0.0299543
101 -10364.3010402 0.0956165 0.0000143 0.0498077
102 -10364.3010703 0.0955864 -0.0000158 -0.0550323
103 -10364.3010608 0.0955959 -0.0000063 -0.0219433
104 -10364.3010674 0.0955893 -0.0000129 -0.0449315
105 -10364.3010663 0.0955904 -0.0000118 -0.0411001
106 -10364.3010449 0.0956118 0.0000096 0.0334374
107 -10364.3010659 0.0955908 -0.0000114 -0.0397069
108 -10364.3010645 0.0955922 -0.0000100 -0.0348306
109 -10364.3010713 0.0955854 -0.0000168 -0.0585154
110 -10364.3010653 0.0955914 -0.0000108 -0.0376170
111 -10364.3010573 0.0955994 -0.0000028 -0.0097526
112 -10364.3010585 0.0955982 -0.0000040 -0.0139322
113 -10364.3010493 0.0956074 0.0000052 0.0181119
114 -10364.3010794 0.0955773 -0.0000249 -0.0867282
115 -10364.3010577 0.0955990 -0.0000032 -0.0111458
116 -10364.3010525 0.0956042 0.0000020 0.0069661
117 -10364.3010679 0.0955888 -0.0000134 -0.0466730
118 -10364.3010778 0.0955789 -0.0000233 -0.0811553
119 -10364.3010873 0.0955694 -0.0000328 -0.1142443
120 -10364.3010620 0.0955947 -0.0000075 -0.0261229
121 -10364.3010602 0.0955965 -0.0000057 -0.0198534
122 -10364.3010860 0.0955707 -0.0000315 -0.1097163
123 -10364.3010700 0.0955867 -0.0000155 -0.0539874
124 -10364.3010878 0.0955689 -0.0000333 -0.1159859
125 -10364.3010644 0.0955923 -0.0000099 -0.0344823
126 -10364.3010759 0.0955808 -0.0000214 -0.0745375
127 -10364.3010584 0.0955983 -0.0000033 -0.0135839
128 -10364.3010857 0.0955710 -0.0000312 -0.1086714

Statistics: CLS Pd3d5/2
in Ag50Pd50 random alloy

Average: m = −0.0307108 eV

Standard deviation: s = 0.0532331 eV
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50 Distribution of Core-Level Shifts

D.3 Cu2p3/2
in Cu50Pd50

The equilibrium radii, in atomic units, that have been used throughout the calcu-
lations are presented below.

rWS = 2.809233 au for

{
CuPd (127+1 Cu and 128 Pd)
CuPdCu∗ (127 Cu, 128 Pd and 1 Cu∗)

rWS = 2.906747 au for

{
Cu (256 Cu)
CuCu∗ (255 Cu and 1 Cu

∗
)

The total energies for the CuPd alloy, the pure Cu specimen and the pure system
with one ionized Cu atom were calculated to:

ECuPd = −6702.1071815Ry/site

ECu = −3310.0731584Ry/site

ECuCu∗ = −3309.8057071Ry/site

The distribution of the shift is listed in the table below.

Total energy [Ry] CLS [eV ]
No. CuPdCu∗ CuPdCu∗-CuPd µ̃a − µ̃p Cu2p3/2

1 -6701.8399558 0.2672257 -0.0002256 -0.7857780
2 -6701.8399424 0.2672391 -0.0002122 -0.7391051
3 -6701.8399471 0.2672344 -0.0002169 -0.7554754
4 -6701.8399688 0.2672127 -0.0002386 -0.8310578
5 -6701.8399640 0.2672175 -0.0002338 -0.8143391
6 -6701.8399701 0.2672114 -0.0002399 -0.8355858
7 -6701.8399405 0.2672410 -0.0002103 -0.7324872
8 -6701.8399568 0.2672247 -0.0002266 -0.7892611
9 -6701.8399306 0.2672509 -0.0002004 -0.6980050
10 -6701.8399046 0.2672769 -0.0001744 -0.6074454
11 -6701.8399288 0.2672527 -0.0001986 -0.6917355
12 -6701.8399291 0.2672524 -0.0001989 -0.6927804
13 -6701.8399023 0.2672792 -0.0001721 -0.5994344
14 -6701.8399000 0.2672815 -0.0001698 -0.5914234
15 -6701.8399329 0.2672486 -0.0002027 -0.7060160
16 -6701.8399148 0.2672667 -0.0001846 -0.6429726
17 -6701.8399010 0.2672805 -0.0001708 -0.5949064
18 -6701.8399527 0.2672288 -0.0002225 -0.7749806
19 -6701.8399110 0.2672705 -0.0001808 -0.6297370
20 -6701.8399525 0.2672290 -0.0002223 -0.7742839
21 -6701.8399161 0.2672654 -0.0001859 -0.6475006
22 -6701.8399503 0.2672312 -0.0002201 -0.7666212
23 -6701.8399459 0.2672356 -0.0002157 -0.7512958
24 -6701.8399388 0.2672427 -0.0002086 -0.7265660
25 -6701.8399734 0.2672081 -0.0002432 -0.8470799
26 -6701.8399466 0.2672349 -0.0002164 -0.7537339
27 -6701.8399546 0.2672269 -0.0002244 -0.7815984
28 -6701.8399334 0.2672481 -0.0002032 -0.7077575
29 -6701.8399478 0.2672337 -0.0002176 -0.7579136
30 -6701.8399292 0.2672523 -0.0001990 -0.6931287
31 -6701.8399361 0.2672454 -0.0002059 -0.7171618

. . . =⇒
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D.3 Cu2p3/2
in Cu50Pd50 51

Total energy [Ry] CLS [eV ]
No. CuPdCu∗ CuPdCu∗-CuPd µ̃a − µ̃p Cu2p3/2

32 -6701.8399529 0.2672286 -0.0002227 -0.7756772
33 -6701.8399244 0.2672571 -0.0001942 -0.6764100
34 -6701.8399591 0.2672224 -0.0002289 -0.7972721
35 -6701.8399182 0.2672633 -0.0001880 -0.6548150
36 -6701.8399470 0.2672345 -0.0002168 -0.7551271
37 -6701.8399552 0.2672263 -0.0002250 -0.7836882
38 -6701.8399219 0.2672596 -0.0001917 -0.6677024
39 -6701.8399409 0.2672406 -0.0002107 -0.7338805
40 -6701.8399438 0.2672377 -0.0002136 -0.7439813
41 -6701.8399377 0.2672438 -0.0002075 -0.7227347
42 -6701.8399335 0.2672480 -0.0002033 -0.7081058
43 -6701.8399443 0.2672372 -0.0002141 -0.7457229
44 -6701.8399508 0.2672307 -0.0002206 -0.7683627
45 -6701.8399371 0.2672444 -0.0002069 -0.7206448
46 -6701.8399662 0.2672153 -0.0002360 -0.8220019
47 -6701.8399847 0.2671968 -0.0002545 -0.8864384
48 -6701.8399677 0.2672138 -0.0002375 -0.8272264
49 -6701.8399781 0.2672034 -0.0002479 -0.8634502
50 -6701.8399702 0.2672113 -0.0002400 -0.8359341
51 -6701.8399712 0.2672103 -0.0002410 -0.8394171
52 -6701.8399443 0.2672372 -0.0002141 -0.7457229
53 -6701.8399519 0.2672296 -0.0002217 -0.7721941
54 -6701.8399435 0.2672380 -0.0002133 -0.7429364
55 -6701.8399763 0.2672052 -0.0002461 -0.8571807
56 -6701.8399597 0.2672218 -0.0002295 -0.7993620
57 -6701.8399656 0.2672159 -0.0002354 -0.8199120
58 -6701.8399862 0.2671953 -0.0002560 -0.8916630
59 -6701.8399825 0.2671990 -0.0002523 -0.8787757
60 -6701.8399773 0.2672042 -0.0002471 -0.8606638
61 -6701.8399621 0.2672194 -0.0002319 -0.8077213
62 -6701.8399709 0.2672106 -0.0002407 -0.8383722
63 -6701.8399501 0.2672314 -0.0002199 -0.7659246
64 -6701.8399452 0.2672363 -0.0002150 -0.7748858
65 -6701.8399620 0.2672195 -0.0002318 -0.8073730
66 -6701.8399572 0.2672243 -0.0002270 -0.7906543
67 -6701.8399458 0.2672357 -0.0002156 -0.7509475
68 -6701.8399672 0.2672143 -0.0002370 -0.8254849
69 -6701.8399568 0.2672247 -0.0002266 -0.7892611
70 -6701.8399600 0.2672215 -0.0002298 -0.8004069
71 -6701.8399807 0.2672008 -0.0002505 -0.8725062
72 -6701.8399875 0.2671940 -0.0002573 -0.8961910
73 -6701.8399733 0.2672082 -0.0002431 -0.8467316
74 -6701.8399919 0.2671896 -0.0002617 -0.9115165
75 -6701.8399586 0.2672229 -0.0002284 -0.7955306
76 -6701.8399401 0.2672414 -0.0002099 -0.7310940
77 -6701.8399608 0.2672207 -0.0002306 -0.8031933
78 -6701.8399423 0.2672392 -0.0002121 -0.7387567
79 -6701.8399489 0.2672326 -0.0002187 -0.7617449
80 -6701.8399705 0.2672110 -0.0002403 -0.8369790
81 -6701.8399834 0.2671981 -0.0002532 -0.8819105
82 -6701.8399748 0.2672067 -0.0002446 -0.8519562
83 -6701.8399578 0.2672237 -0.0002276 -0.7927442
84 -6701.8399910 0.2671905 -0.0002608 -0.9083817

. . .=⇒
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Total energy [Ry] CLS [eV ]
No. CuPdCu∗ CuPdCu∗-CuPd µ̃a − µ̃p Cu2p3/2

85 -6701.8399782 0.2672033 -0.0002480 -0.8637986
86 -6701.8399866 0.2671949 -0.0002564 -0.8930562
87 -6701.8399698 0.2672117 -0.0002396 -0.8345409
88 -6701.8399549 0.2672266 -0.0002247 -0.7826433
89 -6701.8399580 0.2672235 -0.0002278 -0.7934408
90 -6701.8399576 0.2672239 -0.0002274 -0.7920475
91 -6701.8399493 0.2672322 -0.0002191 -0.7631382
92 -6701.8399563 0.2672252 -0.0002261 -0.7875196
93 -6701.8399563 0.2672252 -0.0002261 -0.7875196
94 -6701.8399669 0.2672146 -0.0002367 -0.8244400
95 -6701.8399607 0.2672208 -0.0002305 -0.8028450
96 -6701.8399752 0.2672063 -0.0002450 -0.8533494
97 -6701.8399644 0.2672171 -0.0002342 -0.8157323
98 -6701.8399651 0.2672164 -0.0002349 -0.8181705
99 -6701.8399606 0.2672209 -0.0002304 -0.8024967
100 -6701.8399678 0.2672137 -0.0002376 -0.8275747
101 -6701.8399829 0.2671986 -0.0002527 -0.8801689
102 -6701.8399459 0.2672356 -0.0002157 -0.7512958
103 -6701.8399619 0.2672196 -0.0002317 -0.8070247
104 -6701.8399539 0.2672276 -0.0002237 -0.7791602
105 -6701.8399316 0.2672499 -0.0002014 -0.7014880
106 -6701.8399771 0.2672044 -0.0002469 -0.8599672
107 -6701.8399581 0.2672234 -0.0002279 -0.7937891
108 -6701.8399649 0.2672166 -0.0002347 -0.8174739
109 -6701.8399586 0.2672229 -0.0002284 -0.7955306
110 -6701.8399557 0.2672258 -0.0002255 -0.7854297
111 -6701.8399609 0.2672206 -0.0002307 -0.8035416
112 -6701.8399539 0.2672276 -0.0002237 -0.7791602
113 -6701.8399431 0.2672384 -0.0002129 -0.7415432
114 -6701.8399347 0.2672468 -0.0002045 -0.7122855
115 -6701.8399414 0.2672401 -0.0002112 -0.7356220
116 -6701.8399693 0.2672122 -0.0002391 -0.8327993
117 -6701.8399533 0.2672282 -0.0002231 -0.7770704
118 -6701.8399614 0.2672201 -0.0002312 -0.8052832
119 -6701.8399402 0.2672413 -0.0002100 -0.7314423
120 -6701.8399668 0.2672147 -0.0002366 -0.8240917
121 -6701.8399443 0.2672372 -0.0002141 -0.7457229
122 -6701.8399365 0.2672450 -0.0002063 -0.7185550
123 -6701.8399442 0.2672373 -0.0002140 -0.7453746
124 -6701.8399215 0.2672600 -0.0001913 -0.6663091
125 -6701.8399250 0.2672565 -0.0001948 -0.6784998
126 -6701.8399271 0.2672544 -0.0001969 -0.6858143
127 -6701.8399556 0.2672259 -0.0002254 -0.7850814
128 -6701.8399381 0.2672434 -0.0002079 -0.7241279

Statistics: CLS Cu2p3/2
in Cu50Pd50 random alloy

Average: m = −0.7751594 eV

Standard deviation: s = 0.0682857 eV
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The equilibrium radii, in atomic units, that have been used throughout the calcu-
lations are presented below.

rWS = 2.809233 au for

{
CuPd (127+1 Pd and 128 Cu)
CuPdPd∗ (127 Pd, 128 Cu and 1 Pd

∗
)

rWS = 2.906747 au for

{
Pd (256 Pd)
PdPd∗ (255 Pd and 1 Pd∗)

The total energies for the CuPd alloy, the pure Pd specimen and the pure system
with one ionized Pd atom were calculated to:

ECuPd = −6702.1072376Ry/site

EPd = −10094.1324946Ry/site

EPdPd∗ = −10094.0368924Ry/site

The distribution of the shift is listed in the table below.

Total energy [Ry] CLS [eV ]
No. CuPdPd∗ CuPdPd∗-CuPd µ̃a − µ̃p Pd3d5/2

1 -6702.0115041 0.0957335 0.0001313 0.4573256
2 -6702.0115086 0.0957290 0.0001268 0.4416518
3 -6702.0115131 0.0957245 0.0001223 0.4259781
4 -6702.0115040 0.0957336 0.0001314 0.4576739
5 -6702.0115024 0.0957352 0.0001330 0.4632468
6 -6702.0115104 0.0957272 0.0001250 0.4353823
7 -6702.0115132 0.0957244 0.0001222 0.4256298
8 -6702.0115196 0.0957180 0.0001158 0.4033382
9 -6702.0115049 0.0957327 0.0001305 0.4545392
10 -6702.0115078 0.0957298 0.0001276 0.4444383
11 -6702.0115083 0.0957293 0.0001271 0.4426968
12 -6702.0115054 0.0957322 0.0001300 0.4527976
13 -6702.0115029 0.0957347 0.0001325 0.4615053
14 -6702.0115136 0.0957240 0.0001218 0.4242365
15 -6702.0115146 0.0957230 0.0001208 0.4207535
16 -6702.0115135 0.0957241 0.0001219 0.4245849
17 -6702.0115077 0.0957299 0.0001277 0.4447866
18 -6702.0115115 0.0957261 0.0001239 0.4315510
19 -6702.0115170 0.0957206 0.0001184 0.4123941
20 -6702.0115130 0.0957246 0.0001224 0.4263264
21 -6702.0115135 0.0957241 0.0001219 0.4245849
22 -6702.0115072 0.0957304 0.0001282 0.4465281
23 -6702.0115000 0.0957376 0.0001354 0.4716061
24 -6702.0115042 0.0957334 0.0001312 0.4569773
25 -6702.0115040 0.0957336 0.0001314 0.4576739
26 -6702.0115063 0.0957313 0.0001291 0.4496629
27 -6702.0115106 0.0957270 0.0001248 0.4346857
28 -6702.0115059 0.0957317 0.0001295 0.4510561
29 -6702.0115150 0.0957226 0.0001204 0.4193603
30 -6702.0115109 0.0957267 0.0001245 0.4336408
31 -6702.0115085 0.0957291 0.0001269 0.4420001

. . .=⇒
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Total energy [Ry] CLS [eV ]
No. CuPdPd∗ CuPdPd∗-CuPd µ̃a − µ̃p Pd3d5/2

32 -6702.0115117 0.0957259 0.0001237 0.4308544
33 -6702.0115092 0.0957284 0.0001262 0.4395620
34 -6702.0115119 0.0957257 0.0001235 0.4301577
35 -6702.0114983 0.0957393 0.0001371 0.4775273
36 -6702.0115189 0.0957187 0.0001165 0.4057763
37 -6702.0115088 0.0957288 0.0001266 0.4409552
38 -6702.0114995 0.0957381 0.0001359 0.4733477
39 -6702.0115094 0.0957282 0.0001260 0.4388654
40 -6702.0115053 0.0957323 0.0001301 0.4531459
41 -6702.0115112 0.0957264 0.0001242 0.4325959
42 -6702.0115064 0.0957312 0.0001290 0.4493146
43 -6702.0115074 0.0957302 0.0001280 0.4458315
44 -6702.0115068 0.0957308 0.0001286 0.4479213
45 -6702.0114953 0.0957423 0.0001401 0.4879765
46 -6702.0114971 0.0957405 0.0001383 0.4817070
47 -6702.0114934 0.0957442 0.0001420 0.4945943
48 -6702.0115134 0.0957242 0.0001220 0.4249332
49 -6702.0115169 0.0957207 0.0001185 0.4127425
50 -6702.0114944 0.0957432 0.0001410 0.4911113
51 -6702.0115068 0.0957308 0.0001286 0.4479213
52 -6702.0115031 0.0957345 0.0001323 0.4608087
53 -6702.0114976 0.0957400 0.0001378 0.4799655
54 -6702.0115047 0.0957329 0.0001307 0.4552358
55 -6702.0115010 0.0957366 0.0001344 0.4681231
56 -6702.0114951 0.0957425 0.0001403 0.4886731
57 -6702.0115021 0.0957355 0.0001333 0.4642917
58 -6702.0114834 0.0957542 0.0001520 0.5294249
59 -6702.0114894 0.0957482 0.0001460 0.5085266
60 -6702.0114995 0.0957381 0.0001359 0.4733477
61 -6702.0115127 0.0957249 0.0001227 0.4273713
62 -6702.0114992 0.0957384 0.0001362 0.4743926
63 -6702.0115030 0.0957346 0.0001324 0.4611570
64 -6702.0115082 0.0957294 0.0001272 0.4430451
65 -6702.0115014 0.0957362 0.0001340 0.4667299
66 -6702.0115010 0.0957366 0.0001344 0.4681231
67 -6702.0114982 0.0957394 0.0001372 0.4778757
68 -6702.0114996 0.0957380 0.0001358 0.4729994
69 -6702.0115026 0.0957350 0.0001328 0.4625502
70 -6702.0115052 0.0957324 0.0001302 0.4534942
71 -6702.0115034 0.0957342 0.0001320 0.4597637
72 -6702.0114921 0.0957455 0.0001433 0.4991223
73 -6702.0114920 0.0957456 0.0001434 0.4994706
74 -6702.0114905 0.0957471 0.0001449 0.5046952
75 -6702.0114958 0.0957418 0.0001396 0.4862350
76 -6702.0115111 0.0957265 0.0001243 0.4329442
77 -6702.0115009 0.0957367 0.0001345 0.4684714
78 -6702.0115093 0.0957283 0.0001261 0.4392137
79 -6702.0115202 0.0957174 0.0001152 0.4012484
80 -6702.0114960 0.0957416 0.0001394 0.4855384
81 -6702.0115006 0.0957370 0.0001348 0.4695163
82 -6702.0115008 0.0957368 0.0001346 0.4688197
83 -6702.0114979 0.0957397 0.0001375 0.4789206
84 -6702.0114983 0.0957393 0.0001371 0.4775273
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Total energy [Ry] CLS [eV ]
No. CuPdPd∗ CuPdPd∗-CuPd µ̃a − µ̃p Pd3d5/2

85 -6702.0115049 0.0957327 0.0001305 0.4545392
86 -6702.0114961 0.0957415 0.0001393 0.4851901
87 -6702.0115094 0.0957282 0.0001260 0.4388654
88 -6702.0115096 0.0957280 0.0001258 0.4381688
89 -6702.0115031 0.0957345 0.0001323 0.4608087
90 -6702.0115026 0.0957350 0.0001328 0.4625502
91 -6702.0115100 0.0957276 0.0001254 0.4367756
92 -6702.0115073 0.0957303 0.0001281 0.4461798
93 -6702.0115059 0.0957317 0.0001295 0.4510561
94 -6702.0114972 0.0957404 0.0001382 0.4813587
95 -6702.0115100 0.0957276 0.0001254 0.4367756
96 -6702.0115120 0.0957256 0.0001234 0.4298094
97 -6702.0115039 0.0957337 0.0001315 0.4580222
98 -6702.0115055 0.0957321 0.0001299 0.4524493
99 -6702.0115077 0.0957299 0.0001277 0.4447866
100 -6702.0115095 0.0957281 0.0001259 0.4385171
101 -6702.0114963 0.0957413 0.0001391 0.4844935
102 -6702.0115014 0.0957362 0.0001340 0.4667299
103 -6702.0115030 0.0957346 0.0001324 0.4611570
104 -6702.0115051 0.0957325 0.0001303 0.4538425
105 -6702.0114928 0.0957448 0.0001426 0.4966842
106 -6702.0115019 0.0957357 0.0001335 0.4649883
107 -6702.0115187 0.0957189 0.0001167 0.4064729
108 -6702.0115072 0.0957304 0.0001282 0.4465281
109 -6702.0115181 0.0957195 0.0001173 0.4085628
110 -6702.0115055 0.0957321 0.0001299 0.4524493
111 -6702.0115000 0.0957376 0.0001354 0.4716061
112 -6702.0115026 0.0957350 0.0001328 0.4625502
113 -6702.0114862 0.0957514 0.0001492 0.5196724
114 -6702.0115076 0.0957300 0.0001278 0.4451349
115 -6702.0114988 0.0957388 0.0001366 0.4757858
116 -6702.0115011 0.0957365 0.0001343 0.4677748
117 -6702.0115072 0.0957304 0.0001282 0.4465281
118 -6702.0115148 0.0957228 0.0001206 0.4200569
119 -6702.0115200 0.0957176 0.0001154 0.4019450
120 -6702.0115151 0.0957225 0.0001203 0.4190120
121 -6702.0115021 0.0957355 0.0001333 0.4642917
122 -6702.0115223 0.0957153 0.0001131 0.3939339
123 -6702.0115140 0.0957236 0.0001214 0.4228433
124 -6702.0115146 0.0957230 0.0001208 0.4207535
125 -6702.0114976 0.0957400 0.0001378 0.4799655
126 -6702.0115079 0.0957297 0.0001275 0.4440800
127 -6702.0115093 0.0957283 0.0001261 0.4392137
128 -6702.0115228 0.0957148 0.0001126 0.3921924

Statistics: CLS Pd3d5/2
in Cu50Pd50 random alloy

Average: m = 0.4523295 eV

Standard deviation: s = 0.0262695 eV
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