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Abstract: The thesis describes the implementation of the fully-relativistic KOR-
RINGA-KOHN-ROSTOKER GREEN function method within the full-potential approx-
imation. In contrast to previous implementations the single-site scattering problem
is obtained by a direct solution of a system of ordinary differential equations. The
choice of this approach is motivated from an extensive numerical investigation of the
problem. Furthermore, the relativistic KKR method is used to investigate the tuning
of band inversion in Pb,Sn;_,Te alloys. Additionally, a scalar relativistic approxi-
mation was applied to study the low temperature magnetostructure of PrMnQO3 and
CaMnOgs. With the help of the Mathematica group theory package GTPack single
Ho atoms on a Pt(111) surface are investigated within the framework of crystal field
theory.

Zusammenfassung: Diese Arbeit beschreibt die Implementierung einer vollrela-
tivistischen KORRINGA-KOHN-ROSTOKER-GREEN-Funktionsmethode in der N&her-
ung des vollen Zellpotentials. Im Unterschied zu vorhergehenden Implementierun-
gen wird die Losung des Einzelstreuproblems auf direktem Wege, durch Lésen eines
Systems gewohnlicher Differentialgleichungen gewonnen. Die Wahl dieses Ansatzes
wird durch intensive numerische Untersuchungen motiviert. Des weiteren wird die
relativistische KKR methode verwendet, um das Anpassen der Bandinversion in
Pb,Sn;_,Te-Legierungen zu untersuchen. Zuséatzlich wird eine skalarrelativistische
Variante verwendet um die magnetische Struktur von PrMnOs und CaMnOj; bei
niedrigen Temperaturen zu erforschen. Mit Hilfe des Mathematica Gruppentheorie-
Pakets GTPack werden einzelne Ho Atome auf einer Pt (111) Oberfliche im Rahmen
der Kristallfeldtheorie untersucht.
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Symbols

The following mathematical symbols are used throughout the text.

matrices

operators
vectors
sets

%7 o

imaginary unit, i2 = —1

represents the azimuthal angle ¥ and the polar angle ¢ of the vector
r= (Tv v, 410)

RA real part of A

SA imaginary part of A

TrA= > Aii denotes the trace of the matrix A

D U s s






1. Introduction

The KORRINGA-KOHN-ROSTOKER GREEN function method which is applied to cal-
culate material properties in the solid state has had a long tradition going back to the
early work of KORRINGA [1] as well as KOHN and ROSTOKER [2] in 1947 and 1954,
respectively. The technological demand for functional materials as well as the de-
scription of new physical effects during the past decades offered challenging problems
and lead to still ongoing extensions of the original band structure method [3]. Two
very prominent extensions are: first, the inclusion of spin-orbit coupling, achieved by
solving the DIRAC equation instead of the SCHRODINGER equation [4, 5, 6] and, sec-
ond, the consideration of the non-spherical part of the crystal field and the shape of
the WIGNER-SEITZ cell at each atomic position, which is denoted as the full-potential
approach within the literature [7, 8].

The discussion of spin-orbit coupling in semiconductor physics has a long tradi-
tion [9, 10]. However, especially on surfaces spin-orbit coupling driven effects gave
new perspectives to solid-state physics during the past 20 years. Examples are the
investigation of the RASHBA-splitting on metallic surfaces [11, 12] and the descrip-
tion of topological insulators [13, 14, 15, 16]. Spin-orbit coupling is proportional to
the gradient of the electrostatic potential. Therefore, it becomes prominent if heavy
elements are taken into account.

The full-potential approach is necessary for the study of elastic properties [17], for
the relaxation of crystal structures [18], and especially for the study of systems with
large crystallographic anisotropy, as it occurs again on surfaces and interfaces. The
investigation of surfaces and interfaces of oxides has become very important in Halle,
due to the collaborative research centre SFB 762: Functionality of Oxide Interfaces.
Oxides represent a large class of materials, which can be tuned to offer certain
electric and magnetic properties with high technological relevance. One example is
provided by zinc oxide which can be forced to become a semiconducting ferromagnet
by introducing impurities or vacancies [19, 20].

The computer code Hutsepot [21, 22], which is based on the KKR method, has
been used successfully for the investigation of oxides and their magnetic properties
[23, 24], the treatment of strongly correlated electrons [25, 26] and magnetic excita-
tions [27, 28, 29] during the past years. Up to now, a fully-relativistic full-potential
implementation of the KKR method like used in other codes [30, 31] was still missing,
but has been developed during the work of this thesis.

However, before one can start the discussion of relativistic extensions, results ob-
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tained by the non-relativistic KKR method are presented in Part I. Following a
short introduction of the non-relativistic KKR method in Chapter 2, a theoretical
investigation of the electronic and magnetic structure of PrMnOs and CaMnOs is
presented in Chapter 3. Due to their complex structure and their sensitive response
to structural or magnetic perturbations, the study of manganites is very challeng-
ing and has attracted the attention of the research community during the past two
decades [32, pp. 2-4]. In addition to the relativistic KKR method, a Mathematica
[33] group theory package GTPack has been developed, which will be published in a
book in the near future [Gel]. According to an experimental observation, where it
was found that magnetic moments of single holmium atoms on a highly conductive
metallic substrate can reach lifetimes of the order of minutes [Ge6], the application
of group theoretical methods in terms of crystal field theory to such problems is
presented in Chapter 4.

In Part II of the thesis an implementation of the fully-relativistic full-potential
KKR method for the code Hutsepot will be discussed. The central point of the im-
plementation is the solution of the single-site scattering problem. After the successful
implementation of a non-relativistic full-potential method of DRITTLER [7], where
this part was solved using the LIPPMANN-SCHWINGER equation, it was shown by
HUHNE et al. [30] that the same approach can also be used to solve the DIRAC equa-
tion for a non-spherical scattering potential. For the non-relativistic full-potential
problem, ZABLOUDIL et al. [34, p. 76] compared the solution by means of the
LIPPMANN-SCHWINGER equation with the direct solution of the differential equations
and illustrated that large deviations between both solutions were found. However,
a multitude of efficient and highly accurate numerical methods for the solution of
coupled ordinary differential equations with various underlying properties has been
developed during the past century [35]. Therefore, in contrast to previous imple-
mentations [7, 30], a solver based on the direct solution of the underlying differential
equations was developed.

After the theory has been explained in Part II, tests of the implementation [Ge2]
are discussed in Part III. For spherically symmetric screened atomic potentials, it
was found that the asymptotic behaviour of the irregular scattering solutions in the
non-relativistic limit ¢ — o0 does not fit to the expected asymptotic behavior of the
non-relativistic irregular scattering solutions close to the origin r « 1. To under-
stand this phenomenon a complete discussion of the COULOMB problem for irregular
scattering solutions in Chapter 7 and a proof of the correctness of this behavior by
using an elegant transformation of the DIRAC equation for spherically symmetric
potentials, as suggested by SWAINSON and DRAKE [36], will be given. Afterwards
the numerical solution of the fully-relativistic single-site scattering problem for the
non-spherical MATHIEU-potential will be discussed in Chapter 8 by means of inte-
gral and differential equations. Since the spherically symmetric component of the
MATHIEU-potential is in the same order of magnitude as the non-spherical compo-



nents it can be seen, first, as a test of the implementation for highly anisotropic
potentials and, second, as a good approximation for empty spheres as they are re-
quired in the application of the KKR method to oxides. It will be shown that the
underlying differential equations are non-stiff and can be solved by applying the
ADAMS-BASHFORTH-MOULTON predictor-corrector method [34, pp. 60-61].

Finally, in Chapter 9 fully-relativistic band structure calculations for the investi-
gation of tin and lead telluride alloys Sn,Pb;_,Te will be presented. Such materials
played a significant role during the 1960s and 1970s [37] as infrared sensors. However,
tellurides attracted attention a second time, since they are prominent candidates for
the realization of topological insulators [38, 39]. For instance for SnTe, the reason for
that is an inversion of the band characteristic at the L-point in the BRILLOUIN zone.
It is shown that besides the size of the band gap, also the band inversion can be
tuned by alloying, by applying hydrostatic pressure or by applying uniaxial strain.
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2. The non-relativistic
Korringa-Kohn-Rostoker Green
function method

2.1. The main formalism in a nutshell

Within this section a basic overview about the non-relativistic KORRINGA-KOHN-
ROSTOKER GREEN function method is given. The description is shortened as much
as possible since a lot of principles are similar to the relativistic version which will
be explained in detail in Part II. More detailed descriptions of the non-relativistic
KKR method can be found within the literature [7, 40, 41, 42].

The reformulation of the original KKR band structure method [1] in terms of
a GREEN function method [2] has a lot of advantages. For example, the GREEN
function allows the analytical treatment of perturbations (see Section 5.4). Further-
more, physical quantities like the charge density and the magnetization density can
be calculated if the GREEN function of a system is known. The formalism can be
embedded into the framework of density functional theory (see Appendix A), where
the ground state properties of the many particle system can be calculated from the
electron density. The electron density is not calculated by solving a many particle
SCHRODINGER equation (or DIRAC equation) but self-consistently by the solution of
an effective one particle KOHN-SHAM equation.

The approach via multiple-scattering theory is based on the decomposition of a
perfect crystal into distinct scattering centres [3]. Considering a perfect crystal,
concentrating on one single atom and substituting all other atoms with vacuum at
each lattice site, it is possible to think about a single-site scattering problem, where
an initial plane wave excites a spherical wave at the atomic site (see Figure 2.1).
Imagine that it is possible to construct the WIGNER-SEITZ cell 2 around the atom
and to define the effective potential V(r) such that it is non-zero in the inside and
zero in the outside of the cell. Due to the influence of the neighbouring atoms and
the non-spherical shape, the effective potential at each atomic site is non-spherical
in general. By using atomic RYDBERG units, the KOHN-SHAM equation at each site
can be formulated as follows

(=V?+V(r) = E) dum(r) = 0. (2.1)
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Figure 2.1.: Illustration of a single-site scattering event.

According to DRITTLER [7, p. 17], by transforming to spherical polar coordinates
and by expanding the effective potential V (r) and the wave function )y, (r) into
spherical harmonics,

Yin() = 3 T G (MY (E), 22)
U'm!

equation (2.1) can be reformulated in the following way,

l//
d (l+1
Z 2 [(_er + ( 5 ) _ E) (5ll”6mm” + Vvlm,l”m” (7“):| ¢l”m”,l’m’ = 0. (23)

U m=—" r

Here, the orthogonality relation of the spherical harmonics was used and Vi, pry ()
denotes the matrix element

Vg () = [ @)Y () (0. (24)

Whereas equation (2.1) is a partial differential equation in three coordinates, equa-
tion (2.3) is an infinitely large system of coupled ordinary differential equations. From
equation (2.1) it is possible to obtain two linear independent solutions ¢} (r) and
zpfm(r), which are called regular and irregular scattering solution, respectively. In
the following ¢} (r) and ¥?2, (r) will be denoted by Ry, (r) and Hyy,(r).

Since the potential is zero outside of the WIGNER-SEITZ cell, the solution of
(2.3) in this region is given by a linear combination of the spherical BESSEL func-
tion Jin(r) = ji(VET)Y;™(7) and the spherical HANKEL function of the first kind
Him(r) = hi(vVEr)Y;™(#). In general, inside of the WIGNER-SEITZ cell the regular
and irregular solutions have to be found numerically, where the boundary conditions
are given by matching conditions with the free regular and irregular solutions at the



2.1. The main formalism in a nutshell 9

boundary of the WIGNER-SEITZ cell  [7, pp. 18-23],
le(rB) = u7lm(rB) - i\/E Z Hl’m’(rB)tl’m’,lm- (2'5)

U'm/
and -
Hlm(rB) = Hlm(I'B), I'B € Q. (26)

In the above equation, t;, ;, denote a matrix element of the single-site t-matrix.
For a spherically symmetric potential, the single-site scattering t-matrix is a diagonal
matrix t, m/ = 01Oy tim and can be related to the phase shift 7, [43, p. 36] via

tim = _\/15 sin (M) exp (i) - (2.7)

The phase shift 7, quantifies the shift between a free solution and a scattering
solution for a spatially bounded scattering potential (see Figure 2.2).

In contrast to the single-site scattering event, which was discussed so far, Figure 2.3
illustrates a multiple scattering event, where an initial wave excites several spherical
waves at distinct scattering centres along all possible paths. With the help of the
single-site solutions R} (r) and H} (r) at certain scattering sites i it is possible to
construct the retarded multiple-scattering GREEN function [44] according to

G(r+ Rt + R 2) = 31 3 Ripy(8,2)Gpl e (2) B (1, 2) 4
Im I'm/’

+0i5 > Riy, (v, 2)H] (rs,2),  reQr' eQ; (28)

Im

T T T T
== Free solution s
= Scattering solution

=== Potential

T (r))[*,V(r)

phase shift 7 |

| | | | | |

Rps Radius r

Figure 2.2.: Tllustration of the phase shift n, describing the shift between a scattering
solution outside of a spatially bounded scattering potential and a free
solution.
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Figure 2.3.: Illustration of a multiple scattering event along a certain path.

Here, z denotes the complex energy z = F'+1d and r~ and r~. are an abbreviation for
the one vector of r and r’ with the smaller and the larger absolute value, respectively.
Whereas the second term on the right hand side of equation (2.8) represents the
single-site scattering contribution of a certain site i, the first one combines regular
scattering solutions of the sites ¢ and j and hence represents the multiple-scattering

contribution. G = {G%@l' m,} is called structural GREEN function matrix. Combining

all single-site t-matrices of N scattering sites to a matrix T,
.. 0
N

the structural GREEN function matrix can be obtained self-consistently by means of
T and the structure constants G via the algebraic DYSON equation

~ ~ o~ o~ o~ o~~~ ~ ~ -~ 71
G =G0+ GOTG + GOTGOTGO + - = G° [J—TGO] . (2.10)

The analytic form of the structure constants can be found i.e. in the book of
ZABLOUDIL et al. [34, pp. 24-25]. The convergence of the KKR method can be
improved by using so-called screened structure constants, which are discussed in the
work of ZELLER et al. [44] and SZUNYOGH et al. [45].

If the GREEN function is known, it is possible to calculate the density of states as
well as the charge density from the imaginary part of the retarded GREEN function,

n(E) = —1%fdr G(r,r,E+10) and p(r) = —1%J dzG(r,r,z). (2.11)
m N

™
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Instead of calculating the band structure directly, which might be very cumbersome,
it is possible to obtain the so called BLOCH spectral function via FOURIER transfor-
mation of the GREEN function for periodic systems. The imaginary part of the k
resolved GREEN function gives a band structure like result [46, p. 128],

1 .
Ap(k, W) = —— Im Tr > elk'Rde?’rj G(rj,rj +R;, W) |. (2.12)
RjE[:

The summation in the last expression extends over all vectors R; of the lattice
denoted by L. In the framework of density functional theory the charge density can
be used to construct a new effective potential and, furthermore, to calculate the total
energy of the electron gas [47, p. 61] via

Elp(r)] = To(x)] + j drV (0)p(x) + Vilp)] + Beclo®].  (2.13)

Here, Ty denotes the functional for the kinetic energy, Vi3 denotes the HARTREE
functional, which takes into account the electron-electron interaction, and last but
not least Fy. denotes the exchange-correlation functional.

KOHN-SHAM equation (2.3) <

\

Scattering solutions and
t-matrix for each site

\

Structural GREEN function (2.10)

\

GREEN function (2.8)

¥

charge density (2.11)

\

total energy and
new effective potential (2.13)

Figure 2.4.: Tllustration of the self-consistency cycle of the KKR method.
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Whereas in the many particle SCHRODINGER equation the potential is known
explicitly, the effective potential of the one-particle KOHN-SHAM equation is not.
In practice, this effective potential is obtained self-consistently by starting with a
trial potential. For the trial potential, it is possible to solve the differential equation
(2.3) and to construct the GREEN function according to (2.8). Afterwards the charge
density can be calculated from equation (2.11). In turn, the charge density can be
used to calculate the total energy and a new trial potential. This scheme is repeated,
until the change of the total energy between two cycles becomes reasonably small.
An illustration of the self-consitency cycle of the KKR method can be found in Figure
2.4.

2.2. The treatment of disorder using the coherent potential
approximation

The possibility of alloying materials allows to design technologically relevant prop-
erties. For example, the alloy GaAs,Pi_, is widely used in optoelectronics for the
fabrication of light emitting diodes (LEDs). The colour of the emitted light varies
with increasing amount x of arsenic from red to yellow [48, 49]. The colour of the
LED, which is determined by the size of the band gap can be tuned even more by
adding a fourth component, as it is possible in Ga,In;_,As;P1_, [50]. Here, a second
concentration y occurs.

For the computation of such materials it is necessary to apply techniques which
allow a proper treatment of chemical disorder. A straightforward way is given by
constructing large super cells, substituting certain atoms and averaging the possible
configurations. Even though this procedure was already applied successfully [51] it
has the disadvantage that it is restricted to concentrations that can be represented by
stoichiometric compounds. The development of mean field theories opened a second
approach to the problem. Regarding a binary alloy A,Bj_,, the simplest approxi-
mation for an electronic structure calculation is the introduction of an hypothetical
element with the average potential V' (r) = 2Va(r) + (1 — z)Vp(r), which is denoted
as the virtual crystal approximation [52, 53].

A more reliable GREEN function method was suggested by SOVEN in 1967 [54],
which is called the single-site coherent potential approximation (CPA). A somehow
similar approach was communicated by VELICKY, KIRKPATRICK and EHRENREICH
in 1968 [55]. In both approaches an effective mean field medium is introduced. Later,
the method was simplified by Gyorffy [56]. Considering an alloy with N components,
where each component has the concentration x; and the sum over all concentrations
is restricted by >}, x; = 1. It is hypothesised that the total scattering of electrons
at different atomic sites in the effective medium should be equal to the electron
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scattering at averaged atoms within the effective medium,

N
D (E) = 7pa (E). (2.14)
=1

Here, the scattering path operator 7 is introduced, which is given by

F(E) = Spl™(E) + Y| T(E)GOM(E)F™ (E). (2.15)

m#n

The single site scattering t-matrix f’éPA of the CPA medium at a certain site n is
defined implicitly from the scattering path operator %&QLA via equation (2.15) and
has to be found self-consistently by starting with a reasonable trial matrix f’é’g A [3]-

Solving the single-site scattering problem for each component and using the com-
ponent projected scattering matrix 7hnn' £ construct the multiple scattering GREEN
function G¥(r,r’, E), the averaged GREEN function of the effective medium can be
approximated by summation [57, 3],

N
G(r,x,E) = > 2;G'(r,v, E). (2.16)
=1

The coherent potential approximation is implemented within Hutsepot and will be
used later on during this thesis, e.g. in Chapter 9.

2.3. The Heisenberg Hamiltonian and the magnetic force
theorem

In collinear magnetic systems (ferromagnetic, antiferromagnetic or ferrimagnetic) the
magnetic moments of the atoms within a crystal are either parallel or anti-parallel
to the global magnetization axis. Presuming the existence of permanent, localized
moments interacting with each other via a direct or an indirect exchange mechanism,
it is possible to formulate a semi-classical effective many particle Hamiltonian, called
the HEISENBERG Hamiltonian [58],

f{eﬂ = —Z Jijei 1 €y. (217)
1]

Here, the vectors e; denote the unit vectors pointing into the direction of the spins S;.
The name refers to the early work about the theory of ferromagnetism by HEISEN-
BERG in 1928 [59]. Since the equilibrium magnetic ordering can be found by minimiz-
ing the energy of the HEISENBERG Hamiltonian, the magnetic moments of the atoms
tend towards a parallel alignment (ferromagnetism) for exchange parameters J;; > 0
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and towards an anti-parallel alignment (antiferromagnetism) for exchange parame-
ters J;; < 0. Especially for the description of magnetic insulators the HEISENBERG
model can be applied successfully [60]. For the relativistic case, the HEISENBERG
model can be extended and additional terms like the DZYALOSHINSKII-MORIYA in-
teraction [61, 62, 63] occur.

The HEISENBERG exchange parameters .J;; can be calculated via the magnetic
force theorem and the approach of LIECHTENSTEIN et al. [64], where the exchange
parameters are determined from the rotation energy of two spin moments at sites ¢
and j on opposite angles +6/2,

§F;j = (1 —cosf) ~ %Jije)?. (2.18)

With the help of the LLOYDs formula (see Section 6.10) the energy difference is
expressed using the single-site scattering t-matrices ¢;, at site i for the spin direction
o as well as the scattering path operator 7/ (see equation (2.15)). Then the exchange
parameters J;; are calculated by means of the following equation [64, 3],

Ep o 5 .
Jij = —SJ dE Tr [(E;Tl — @11) 7 (tj_Tl — tj_ll) %fl] : (2.19)
—0

The above presented concepts of this chapter are applied to the investigation of
PrMnOj3 and CaMnOg3 within the next chapter.



3. Ab-initio investigation of PrMnQO; and
CaMnOg

3.1. Why study manganites?

During the past two decades the study of manganites has become more and more
prominent within the condensed matter community. For the increasing interest at
least three reasons can be emphasized [32, pp. 2-4]. First, manganites tend to
show “colossal magnetoresistance”, where the resistivity increases by many orders
of magnitude upon the application of small magnetic fields. Materials with notable
magnetotransport properties are technologically relevant for instance in the develop-
ment of hard disk drives with large storage capacity [65]. Second, some manganites
are intrinsically inhomogeneous with coexisting clusters of different phases, mostly
ferromagnetic and antiferromagnetic clusters. As an example, SVEDBERG et al. [66]
found coexisting spin-glass and ferromagnetic phases for Prg.9Cag1MnOs3 thin films
at low temperatures. Third, manganites show rich phase diagrams with unusual
spin, charge, lattice, and orbital order. Phase diagrams of manganites were dis-
cussed by TOKURA and TOMIOKA [67]. An illustration for Prij_,Ca,MnOgs alloys
with a calcium content between 0% and 50% can be found in Figure 3.1. Whereas
Pr;_;Ca;MnOgs remains insulating within the whole range, the magnetic ordering
changes a lot. Starting from an A-type antiferromagnetic structure for x = 0, where
a ferromagnetic inter-plane and an antiferromagnetic intra-plane coupling of man-
ganese atoms is present, manganese moments are slightly canted for low concen-
trations x < 0.15, which is denoted as the spin-canted insulating phase (CI). Then,
between z = 0.15 and x = 0.3 a ferromagnetic phase (FI) is observed for low tempera-
tures. In the range of x = 0.3, ...,0.5 the material becomes antiferromagnetic again,
with successive magnetic transitions between an antiferromagnetic phase (AFI) and
a canted antiferromagnetic phase (CAFTI).

A theoretical study of manganites is challenging as can be verified within the
literature [68, 69]. Again three main reasons can be pointed out. First, driven by
the fact that manganites are intrinsically inhomogeneous one needs a microscopic
description to understand the mechanisms behind a certain phase combined with
a mesoscopic method to understand their interplay. Second, by focusing on the
microscopic description, density functional theory based methods are facing problems
caused by highly localized d and f electrons leading to strong correlations [70, 71]. To

15
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achieve reasonable results one can either improve the exchange correlation functional
by climbing up the “Jacob’s ladder of density functional approximations” [72] to
generalized gradient approximations or higher or by applying explicit correlation
corrections like the self-interaction correction [73, 25] or the so-called HUBBARD-U
method [74]. Third, if one is interested in the description of phase diagrams one needs
to take into account temperature. On the one hand ground state calculations can be
extended by smoothening the occupation of states by means of the FERMI-DIRAC
distribution function [75] or by mean-field methods like the disordered local moment
method [76, 77]. On the other hand dynamical excitations like lattice vibrations
have to be taken into account where the resulting electron-phonon coupling has to
be included [78].

300 ————————————————
250 | .

i Teo |

g 200/ PI cor
o | ki
= i T il
£ 150 | To ) :
ES | .
= ! 1
LT ' |

= 100| Qf | AFT |
50F CT ! FI ! Tea |

! : \CAFI |

O L I | : : 1

| L L | L
0.1 02 03 04 0.5
Ca content x
Figure 3.1.: Phase diagram of Pr;_,Ca,MnOs3 (illustration adopted from [67]). The
abbreviations denote paramagnetic insulator (PI), ferromagnetic insu-
lator (FI), antiferromagnetic insulator (Al), spin-canted insulator (CI),

charge-ordered insulator (COI), and canted-antiferromagnetic insulator
(CAFI).
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Figure 3.2.: Real space orthorhombic crystal structure and BRILLOUIN zone with
high symmetry points of PrMnO3 and CaMnOgs. In the picture of the
real space elementary cell oxygen atoms are illustrated in red and man-
ganese atoms in purple. Yellow atoms are representing praseodymium
and calcium, respectively [80].

3.2. Structure of PrMnO3; and CaMnO;

The manganites PrMnO3 and CaMnOj3 are crystalizing in an orthorhombic crystal
structure with the space groups pbnm and pnma. Both space groups share the same
space group index 62. The real-space structure of both materials is illustrated in
Figure 3.2a. The BRILLOUIN zone of the orthorhombic unit cell is shown in Figure
3.2b. A summary of the lattice constants and atomic positions that where used
during the calculations can be found in Table 3.1.

As can be verified in Figure 3.2a, the manganese atoms are surrounded by six
oxygen atoms forming a slightly distorted octahedron. Each praseodymium and
calcium atom is surrounded by eight of such octahedra, which are canted into the
crystallographic a and b direction. For a perfect octahedron the manganese d states
would split into a threefold degenerate state T, and a twofold degenerate state F,
as can be verified with the help of the Mathematica group theory package GTPack
[Ged]. However, for PrMnO3 and CaMnOs3 it is favoured to decrease the symmetry
furthermore leading to a splitting of the T, and E, states into states with lower
degeneracy [32, pp. 57-69]. As a result the occupied levels are lower in energy and
hence also the total energy of the system is decreased. This phenomenon, which is
known as JAHN-TELLER distortion, was initially described by JAHN and TELLER in
1937 [79].
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Cell (PrMnO3)

Space group PBNM (62)
Lattice constants [A] 5.5326(2)  5.6176(2) 7.8513(3)
Angles 90.00000 90.00000  90.00000
WYCKOFF positions
Pr  (dc) 0.992(1)  0.0350(8) 0.250
Mn  (4b) 0.5 0 0
O (4c) 0.0762(7)  0.4825(7) 0.250
0 (8d) 0.7126(5)  0.2070(4) 0.0416(3)

Cell (CaMnOs3)

Space group PNMA (62)
Lattice constants [A] 5.28930 7.45644  5.27074
Angles 90.00000 90.00000  90.00000
WYCKOFF positions
Ca (4c) 0.0108(17) 0.25000  -0.004(4)
Mn (4b) 0.00000 0.00000 0.50000
O (4c) 0.493(2) 0.25000 0.0658(20)
0 (8d) 0.2882(10) 0.0362(9) -0.2917(10)

Table 3.1.: Experimental structure data of PrMnO3 [81] and CaMnOg [82]. The data
was used for the construction of the unit cell for the calculations.

3.3. Computational methods

The following results were obtained from calculations using a screened scalar-rela-
tivistic KORRINGA-KOHN-ROSTOCKER GREEN function method [83, 84], as imple-
mented in Hutsepot [21]. The electron density was calculated by means of a multipole
expansion, taking into account the shape of the VORONOI polyhedra around each
atom within the unit cell [85, 86]. For the integration of the imaginary part of
the GREEN function over the energy to calculate the electron density (see equation
(2.11)), a semi-circular energy contour was chosen, consisting of 24 points. The ex-
pansion of the GREEN function into spherical harmonics was restricted to a maximal
angular momentum of 3.

The unit cell was constructed according to the data of Table 3.1, where four
manganese atoms, four praseodymium or calcium atoms and 12 oxygen atoms are
present. To achieve better convergence for the self-consistent calculations, ten ad-
ditional empty spheres were added at non-occupied crystallographic sites using the



3.4. Electronic structure 19

Stuttgart TB-LMTO program [87]. Due to the large unit cell a mesh of 8 x 8 x 4 points
was sufficient for integration in k-space. As an approximation for the exchange-
correlation functional the revised generalized gradient approximation PBE-SOL was
used [88], as it is implemented within the LibXC database [89]. To treat the strongly
correlated electrons the HUBBARD-U method (or GGA+4U method) was applied to
manganese d states and praseodymium f states with values of Uy = 1 —1.25eV and
Uy = 5eV, respectively. The HEISENBERG exchange parameters J;; were calculated
by means of the magnetic force theorem, according to equation (2.19). The obtained
exchange parameters were used to calculate the critical temperature by means of a
Monte-Carlo method implemented by FISCHER [40].

Furthermore, results for PrMnOg with and without relaxation of the unit cell, were
compared to each other. The relaxation of the unit cell was obtained by using the Vi-
enna ab initio simulation package (VASP) [90]. Analogously to SATHYANARAYANA,
a I' centred 6 x 6 x 6 k-point mesh was applied [91]. Calculations were done using the
high performance mode and a plane wave energy cut-off of 400eV. The relaxation
was restricted to that of the lattice parameters whereas the positions of the atoms
and the cell shape were fixed. The minimum was found by using a conjugate-gradient
algorithm [92, pp 413-417]. In accordance with the KKR calculations the general-
ized gradient approximation was used and a HUBBARD-U was applied to manganese
d states (1eV) and praseodymium f states (5eV). It was found that the unit cell
volume decreases slightly, but the general results, such as the density of states or the
HEISENBERG exchange parameters, are not affected.

3.4. Electronic structure

Both materials, PrMnOg3 as well as CaMnQOg, are semiconductors with experimental
band gap energies of ~0.83eV [93] and ~1.55eV [94], respectively. Due to correla-
tion effects, this property is not reproduced within a calculation using the generalized
gradient approximation only. Therefore, the HUBBARD-U method was applied. The
choice of an appropriate value of U is crucial, since physical quantities like the size of
the band gap, the magnetic moment of manganese and praseodymium, the HEISEN-
BERG exchange parameters J;;, the magnetic ordering and the critical temperature
are sensitive to the magnitude of U. For PrMnO3 the HUBBARD-U was applied to
praseodymium f-states (Uy) and manganese d-states (Ug). Calculations were per-
formed for Uy = 3, 4, 5, 6eV and Uy = 0, 1, ..., 4eV. The best agreement with
experimental values for the band gap and the critical temperature [95] was achieved
for Uy = 5eV and Uy = 1eV.

According to the BLOCH spectral function (see Figure 3.3a) it can be verified that
PrMnOj is an indirect semiconductor, where the valence band maximum can be
found at U and the conduction band minimum at the I" point in the BRILLOUIN
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Figure 3.3.: Electronic structure of PrMnQOs.

zone. The band gap is slightly underestimated and shows a value of ~ 0.5eV which
is also reflected in the density of states in Figure 3.3b. From the density of states it
can be verified that the valence band maximum as well as the valence band minimum
is dominated by manganese d-states. Beyond the FERMI energy two sharp peaks can
be seen, which belong to non-occupied praseodymium f-states. The range between
-7eV and -2¢€V is dominated by oxygen p-states.

For CaMnOs the best agreement with experimental values (such as magnetic mo-
ment, band gap, etc.) was obtained for a slightly increased value of Uy = 1.25eV.
Analogously to PrMnQOgz, CaMnOs is an indirect semiconductor as well, as can be
verified from Figure 3.4a where the valence band maximum is located along the path
YT and the conduction band minimum at I" and Y. Again, the size of the band
gap is about 0.5eV. In contrast to PrMnQOs, the manganese d-states are hybridizing
with oxygen p-states for CaMnOs3; in the whole range of the valence band between
-6eV and 0eV, as can be seen in the density of states illustrated in Figure 3.4b. The
conduction band is dominated mainly by manganese d-states.

For PrMnO3 and CaMnO3s a change of the oxidation state of manganese can be
observed. The electron configuration of manganese is given by [Ar] 3d® 4s%. Due to
the two s- and five f-electrons, possible oxidation states for manganese in compounds
are between +2 and +7. Since calcium belongs to the group of alkaline earth metals
it carries two s-electrons in the outermost shell leading to an oxidation number of
+2 in CaMnOgs. Together with the oxidation state of —2 for oxygen, manganese is
forced to have an oxidation state of +4. According to HUND’s rule the remaining
d-electrons are occupying different d-orbitals with a parallel spin alignment leading
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Figure 3.4.: Electronic structure of CaMnO3.

to a magnetic moment of 3 up. Corresponding to JIRAK et al. [96], a slightly lower
magnetic moment of 2.66 up was measured in neutron diffraction experiments.

Nevertheless, this value is in very good agreement to the present calculations, where
a magnetic moment of 2.7 up was observed on each manganese atom. For PrMnQOs;
the calculated magnetic moment is given by 3.6 up leading to the conclusion that the
oxidation state of manganese has decreased. Again, the experimental value of 3.54 up
is in very good agreement [96] with the calculation. Anyway, since the experimental
as well as the calculated manganese magnetic moments are non-integer values it is
very likely that mixed configurations of manganese +4 and +3 as well as manganese
+3 and 42 are present in PrMnO3 and CaMnOs, respectively. Regarding the electron
configuration of praseodymium, which is given by [Xe] 4f3 652 an oxidation state of
+3 will give a magnetic moment of 2 up which results from the occupation of two
distinct f-orbitals of the remaining two 4 f electrons with parallel spin alignment. In
accordance, the computational value for the magnetic moment of praseodymium in
PrMnO3 was found to be exactly 2 up. However, this value stays in contrast to the
experimental value of JIRAK et al. who suggested a magnetic moment of 0.5 ug [96].
Nevertheless, in recent neutron diffraction experiments [97], the present theoretical
prediction of the praseodymium high-spin state 2 up was used to fit the experimental
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results and was found to be more likely than the previous result of JIRAK et al. [96].

3.5. Magpnetic structure

To obtain information about the magnetic structure the magnon spectrum of PrMnOg
and CaMnOj3 was calculated. Assuming collinear magnets and the adiabatic approxi-
mation, the magnon spectrum can be found from the eigenvalues of the torque matrix
[41, pp. 31-34]. According to Figure 3.5a, the minimum of the magnon spectra for
PrMnOs is located at the Z point in the BRILLOUIN zone. Furthermore the spectrum
is symmetric, regarding positive and negative energies. Hence, the magnon spectrum
does not show a ferromagnetic behaviour, which is in agreement with the literature
[96]. It was suggested by JIRAK et al. that PrMnOs is an A-type antiferromagnet
[96, 69], meaning that the intra-plane coupling is ferromagnetic while the inter-plane
coupling is antiferromagnetic. The antiferromagnetic ordering can be verified by re-
garding the HEISENBERG exchange parameters J;; (see Figure 3.6a). The results of
the calculations show large and positive HEISENBERG exchange parameters between
manganese atoms within the a-b-plane (J=9.4meV), which cause the in-plane ferro-
magnetic ordering. The coupling between praseodymium and manganese tends to
be ferromagnetic (Ja~1-2meV). For the magnetic coupling between two manganese
planes, positive exchange parameters can be found for the coupling between Mn1 and
Mn3 (J=3.8meV), whereas negative exchange parameters can be observed for the
interaction between Mnl and Mn4 (J=-1.2meV). Even though the absolute value

100

T

Energy (eV)
Energy (eV)

—100 ki

Figure 3.5.: Magnon spectra of PrMnOs and CaMnQOj3 calculated using the torque
matrix formalism in the framework of adiabatic spin-dynamics [98].
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(b) CaMnOg

Figure 3.6.: Calculated HEISENBERG exchange parameters J;; for PrMnOs and
CaMnQOgz. 8 x —1.2meV for instance denotes that 8 equivalent atoms
and hence 8 equivalent exchange parameters are present.

of -1.2meV is smaller than 3.8 meV, Mn4 occurs eight times in the neighbourhood
of Mn1 whereas Mn3 only occurs 2 times. Furthermore, the calculated HEISEN-
BERC exchange parameters were used to confirm the magnetic ordering by means



24 3. Ab-initio investigation of PrMnOs and CaMnQOs

of a Monte Carlo method (for details of the method see [40, pp. 34-35]), where
the antiferromagnetic structure was clearly revealed and a transition temperature of
~ 120K could be found. However, the system seems to be at the border between
antiferromagnetism and ferromagnetism and therefore it reacts very sensitive with
respect to small perturbations.

For CaMnO3, WoOLLAN and KOEHLER [99] found a G-type antiferromagnetic
ordering using neutron diffraction experiments, where both intra-plane and inter-
plane coupling are antiferromagnetic. This type of antiferromagnetic coupling agrees
well with the calculated values for the HEISENBERG exchange parameters in Figure
3.6b. Since calcium is non-magnetic, the HEISENBERG exchange parameters J;; for
CaMnOg only describe coupling between manganese atoms. According to the results,
all parameters are negative and hence both inter- and intra-plane coupling tends to
be antiferromagnetic. The calculated critical temperature of 91 K is slightly lower
than the experimental critical temperature of 110 K.



4. Application of group theoretical

methods to magnetic states of Ho on
Pt(111)

4.1. Introduction

Within the past decades, the data storage capacity of memory devices has increased
rapidly [100]. In magnetic data storage, where ferromagnetic materials are used, this
trend has led to a decrease of the size of magnetic islands, in which each bit is stored.
To keep their magnetization in a specific direction against thermal fluctuations mate-
rials with high magnetic anisotropy are needed. In recent years, magnetic anisotropy

5nm

(b) Three-dimensional topographic STM image
of single Ho atoms adsorbed on Pt(111) at
4.4 K.

. Y p 4 -

(c) Spin-polarized dI/dV map of Ho atoms and
Co islands on Pt(111) (V=300 mV,I1=1.5
nA). Positions of Pt atomic steps are indi-
cated by dashed lines.

(a) Trigonal neighbourhood of a single Ho atom
on Pt (111).

Figure 4.1.: Hlustration of Ho on a Pt(111) surface. The pictures in (b) and (c¢) were
obtained by MIYAMACHI et al. using scanning tunneling microscopy
[Geb].
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measurements were performed using scanning tunnelling microscopy for a wide range
of substrates and atoms [101, 102, 103]. A first breakthrough was achieved by the
work of HIRJIBEHEDIN et al. [104] who discovered a large anisotropy for iron and
manganese atoms on a thin layer of copper nitride.

A major reason for unstable magnetic moments on surfaces is seen by the inter-
action with scattering electrons. Since f electrons are strongly localized the inter-
action of f-electrons and surface electrons is weaker in comparison to systems were
the valency electrons are d-electrons. Since f-electrons are causing large magnetic
moments in single-atoms, promising candidates for single-bit data storage devises are
rare earth atoms. In cooperation with the experimental group of WULFHEKEL (at
KIT Karlsruhe), magnetic excitations of gadolinium atoms on platinum (111) and
copper (111) surfaces [GeT7] as well as holmium atoms on a platinum (111) surface
[Ge6] were investigated (see Figure 4.1). Surprisingly it could be observed that the
magnetic excitations in single holmium atoms on high conducting surfaces can reach
lifetimes of the order of minutes.

Besides a description via ab initio methods, group theoretical methods in the
framework of crystal field theory were developed [Ge4] and implemented within the
Mathematica group theory package GTPack [Gel]. During this chapter it will be ex-
plained, how such methods can be applied to describe the large magnetic anisotropy
as well as the long lifetimes of magnetic excitations in single holmium atoms on a
platinum (111) surface.

4.2. Qualitative discussion

At first, a qualitative discussion of the level splitting for a single holmium atom on
a platinum (111) surface will be given. For the electronic structure of holmium it is
assumed that 10 electrons occupy the 4f state [105]. Due to spin orbit coupling the
14-fold degenerate 4 f state (spin is taken into account) splits into a 6-fold degenerate
state 4fs;, and an 8-fold degenerate state 4fr,. Since 4fs, is lower in energy [106]
four electrons occupy 4 f7, which leads to a total angular momentum of J = 8.

For J = 8 it is possible to construct 17 basis vectors |8m) (m = —8,...,8) belong-
ing to the irreducible representation D®. Representation matrices of proper rotations
of D® are given by the WIGNER-D-matrices of each group element of the group SO(3)
and can be calculated using Mathematica. For improper rotations a factor (—1)” has
to be multiplied. From the matrix element theorem [107, pp. 130-134] it is known
that each irreducible representation leads to an energy level of which the degeneracy
is equal to the dimension of the irreducible representation.

For a single holmium atom on a platinum (111) surface the local symmetry is
decreased by the crystal field of the surface and the associated point group is given by
C3y (see Figure 4.1a). For the point group Cs, the representation given by matrices
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of D? is reducible. The number of times an irreducible representation occurs within
a reducible representation can be calculated from

np == > ()] x(T), (4.1)

which can be derived from the orthogonality theorem for characters [Gel]. Here,
g is the order of the group and the characters x(7T') are given by the trace of the
representation matrix of the element 1". To calculate the characters of the irreducible
representations the BURNSIDE algorithm [108] was implemented in the Mathematica
group theory package GTPack. From equation (4.1) it is possible to verify that D®
is reducible according to

8~ 34, ®6E ®24,. (4.2)

In the equation above, the MULLIKEN notation is used [109, 110], where A; and As
are the symmetric and the antisymmetric one-dimensional irreducible representations
and FE the two-dimensional irreducible representation of C's,. The character table of
C3, can be found in Table 4.1.

& G G
ALl 1 1 1 i =1{£}
Ayl 1 1 -1 Co = {Cs.,C3)}
El2 -1 0 Cs = {ICy,, ICo¢, ICsp}

Table 4.1.: Character table and classes of the point group Cs,, calculated with GT-
Pack [Gel]. Symmetry elements are denoted in SCHONFLIES notation.

4.3. Quantitative discussion

In connection to the qualitative analysis of the splitting of holmium energy levels
in a trigonal crystal field, it will be described in this section how the strength of
the splitting can be approximated in the framework of linear perturbation theory.
First, it will be explained how the crystal field Hamiltonian can be achieved if the
point group is known and second it will be shown how the eigenvalue equation can
be solved in an efficient way.

4.3.1. Crystal field Hamiltonian

In the following, it is assumed that the solution of a reference Hamiltonian Hy is
known and the influence of the crystal field is small enough to treat it as a pertur-
bation. The Hamiltonian of the perturbed system is given by H = Hy + V.. The
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crystal field can be expanded into tesseral harmonics (real spherical harmonics) SZ,

o k
Ver(0, ¢) = Z Z BlS(6 (4.3)

where the radial part of the crystal field is included in the coefficients Bg. The crystal
field has a certain symmetry reflected in the point group G. Since the Hamiltonian
is an irreducible tensor operator belonging to the identity representation I'1 of G, it
has to be invariant under the application of the character projection operator Pl

PFI%r Z P ) - ‘/Cr(07¢) (44)
g TeG

The tesseral harmonics S} are a real space representation of the (2k + 1)-dimensional
basis belonging to the irreducible representation D¥. Hence, every transformation
can be expressed via P(T)S{ = Zs/sz Dg/q(T)Sgl. Using the expansion of the
crystal field (4.3) together with (4.4) it is possible to obtain a system of equations
for B} by comparison of coefficients,

2 > BI Dk, (4.5)

gTegq

Of course, (4.5) can not be solved for all B{ but it can be verified which coefficients
depend on each other and which coefficients vanish. For the point group Cs,, which
is the point group of the crystal field of a single holmium atom on a platinum (111)
surface, the crystal field expansion is given by

Ver(6,0) = BYSH(0,9) + B3S3(0,¢) + BISL(0, )+
+ B}S3(0,0) + BgSg(0, ¢) + BES§(0,¢) + BSSS(0,6) + ... (4.6)

In the following it will be shown, how the crystal field expansion can be used to
calculate the level splitting explicitly.

4.3.2. Solution of the eigenvalue equation

In the linear perturbation theory [111, pp. 203-207], the energy difference of the
perturbed and the unperturbed system can be calculated from the eigenvalues of the
matrix A with elements

Ay = (Jm| Vg | I . (4.7)

It was the idea of STEVENS [112] to generalize the crystal field expansion (4.3) and
to replace the tesseral harmonics Sq by associated operators Oq acting on the vectors
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|Jm). The operators OZ can be expressed in terms of J. and the ladder operators
j+ and j_, where the well known equations

Jo|Jm) =m|Jm), and Jil|Jm)=+/(JFm)(J+tm+1)|[Jm+1) (4.8)

hold. Tables of the operators Oz can be found in the literature, e.g. [113]. Instead
of applying the operators OZ, it was proposed by RyABov [114] to directly calculate
the matrix elements (Jm/| O} |Jm') using the equation

k—q 1/2
- J—=m)I(J+m+q)!
Jm| 0% |Jm') = —= 5!
(Jm| O ) 2EWE%< ’*QLJ+mmJ—m—qﬂ !

m): —m . 1/2
i [ e e )m%w4m><4w

Here, F}, 4 is given by the greatest common divisor of the coefficients a(k,q,0),.. .,
a(k, q,q). Furthermore, a = 1 for all ¢ if k is an odd integer. If k is even, then a = 1
or a = 1/2 for even and odd ¢, respectively. In case that ¢ + n > k all coefficients
a(k, q,n) are equal to zero. For ¢ = k they are a(k, k,0) = 1. The values of a(k, q,n)
have to be calculated recursively by

m(m + 1)

a(k,q—l,n)z(2q+n—1)a(k,q,n—1)+{q(q—l)— 5

}a(k,q,”)jL
CE (e (354) - (225 kane
(4.10)

For the application of RyABOvVs method three major advances can be pointed out.
First, an exact representation of |Jm) is used and hence, the method can be applied
easily for many electron systems. Second, in comparison to the classical method,
no integration of wave functions is needed and hence, the method is much faster for
large J. Third, the equations are exact and can be evaluated algebraically. Using
(4.9) the (2J + 1) dimensional matrix of the Hamiltonian can be calculated via

2J k
Hypy = Y > Bi(Jm|Of |Jm') . (4.11)
k=0g=—k

For a single holmium atom on platinum (111), the values of B} were calculated
from first principles by means of Hutsepot and can be found in Table 4.2. Details
of the method are explained within the thesis of HOFFMANN [115]. Since J = 8 the
Hamiltonian is represented by a 17 x 17 matrix. The eigenvalues and eigenvectors can
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coefficients value
BS -239 pueV
BY 86 neV
B} 293 neV
B 0.187 neV
B} -1.968 neV
B§ 0.630 neV

Table 4.2.: Crystal field parameters for a single holmium atom on a platinum (111)
surface [Ge6, suppl. inf.].

be found using Mathematica. From the eigenvectors a® (i = 1,...,17) it is possible
calculate the expectation value (J,) via

2J+1 - R
(J.) = . lab,|” (Jm| T |Tm). (4.12)
m=1

According to Figure 4.2, a large level splitting of ~ 44.76 meV can be observed. By
assigning the energy eigenvalues as well as the basis functions to a certain irreducible
representation of Cs,, the prediction (4.1) can be confirmed. The ground state
belongs to the irreducible representation E offering two states with (J,) ~ +8 and
(J,) ~ —8, respectively.

To discuss the transition probability, the time-reversal operator T can be taken
into account, which commutes with the Hamiltonian H , since no external magnetic
field is applied. Moreover, it anti-commutes with the components of the angular
momentum operator

>

HT —TH =0 and JT +TJ;=0. (4.13)

The time-reversal operator is an anti-unitary operator, i.e.
~ A~ ~ N *
(0lv) = (TulTo) = (TolTw) . (4.14)

Furthermore, an even number of electrons is discussed and it follows that 72 = 1.
Denoting the two degenerate ground-states by |Wg) and |W_g), it can be verified that

(W Ji [ s) = = (T JT |9 )" = = (s Ji [0 )" = = (W] Ji [Ws) . (4.15)

Hence, (Ug|J; |[¥_g) = 0 and a direct transition between the two ground states is
forbidden. Since a direct transition is forbidden, it follows that under real conditions,
where T' > 0K, a long lifetime for staying in one of the two states |U_g) or |¥g)
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Figure 4.2.: Splitting of the 4 f7, four particle state (J = 8) of a single holmium atom
on a platinum (111) surface according to the crystal field. The colours
identify the different irreducible representations of Cs, (blue = A;, red
= Ay, green = E).

can be expected. This idea was proved within the experiment, where a lifetime of
T = (729 + 12)s was measured [Ge6]. Thus, it is possible to magnetize a single-
holmium atom e.g. with a magnetic moment out of plane, which is related to the
storage of one bit. Due to the long lifetime, this information will last for some
minutes. Therefore, a single holmium atom on a platinum (111) surface can be seen
as a single-bit data storage device.
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5. Dirac equation and Green function

5.1. Dirac equation

With the formulation of the SCHRODINGER equation in 1926 [116, 117, 118, 119],
a basic equation for the description of non-relativistic quantum systems was found.
Nevertheless, the SCHRODINGER equation is not suitable for the description of elec-
trons in heavy elements and furthermore for the description of spin and spin-orbit
coupling. A differential equation for the investigation of electrons in relativistic
quantum systems (including spin-orbit coupling) was proposed by DIRAC in 1928
[120],

0 ~
ih W (r,t) = (cd-fr+ﬁmc2+v(r,t)> W (r,t). (5.1)
The vector operator ® = p — eA (r,t) is the commonly used combination of the
momentum operator p = —ihV and the vector potential A (r,t). The operator

H=(ca «+pm?+v (r, t)) is called HAMILTON operator, the potential v (r, ) is
the scalar potential and the abbreviations ¢ and A denote the speed of light as well as
the PLANCK constant. Furthermore, the pseudo-vector & consists of the matrices &;,
which will be explained later within this section. For stationary problems, A (r,t) =
A (r) and v (r,t) = v(r), the solution of the DIRAC equation can be written as
W (r,t) = e 7"V (r). The four component spinor function ¢ (r) can be found by
solving the stationary DIRAC equation

Wo (r) = (cd 7+ Bmc? + v (r)) ¢ (r). (5.2)

The problems investigated within this thesis are stationary, and hence the term
DIRAC equation will be used for equation (5.2) in the following. For a classical free
particle (A (r) = 0 and v (r) = 0), the relativistic energy-momentum relation holds,
which is given by

W? = ?p? + m2ch. (5.3)

In analogy to classical relativistic mechanics, equation (5.3) can be taken into account
to postulate a similar relation for the free HAMILTON operator,

(cfx P+ Bm02> (Cd ‘p+ Bch) ¢ (r) =W2p(r) = (02152 + m2c4) ¢(r). (5.4)
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Hence, to ensure that equation (5.4) holds, the matrices & and 3 have to fulfil the
following properties,

& =ay=al=p =1, (5.5)
Béa+apf =0, (5.6)

and
Qi+ aja; =0 QA g (5.7)

These relations are satisfied by the commonly used representation [106, p. 15]

&i:(; f[f)) and 3:(102 (}2), (5.8)

where &; are the well known PAULI matrices

(1) e (03) (3 h) e

and I, the 2-dimensional identity matrix. In general, the representation of the matri-
ces a; and B is not unique. Famous alternatives are given by the approach of WEYL
for massless particles [121], which is important for the description of the weak inter-
action, or by the approach of MAJORANA, for particles without charge [122, 123].
The approach of MAJORANA has gained a lot of attention in recent years due to
investigations of MAJORANA fermions in superconductors [124, 125, 126].

The solution ¢ (r) is a complex 4 x 1 column matrix. Since the absolute square
of the solution can be identified as the probability density of the DIRAC particle, ¢
has to satisfy the condition

@i6) = |

R

4
r [ ()] ¢ (r) = f S [0 (0] 61 (0) £ 1. (5.10)
3 RS i3

The scalar product (¢|¢) of equation (5.10) induces a norm of the solution ¢ (r),

|¢ (r)] = +/(p|¢p). To satisfy (5.10), each component of ¢ (r) has to be a square
integrable function. Hence, each ¢; (r) can be seen as a vector of the space L%(R?),

the space of the equivalence classes of the LEBESQUE space L£2(R3) (see [127, p. 17]
or [128, pp. 25-26]). The HILBERT space H of the solution ¢ (r) can be constructed
from the direct sum of spaces L?(R3) [129, p. 6],

H = L*(R®) @ L*(R?) @ L*(R®) ® L*(R?). (5.11)

The HAMILTON operator H = (cd 7+ fme? + v (r, t)) of equation (5.1) is a linear
operator H : D(H) — M, acting on a suitable domain D(H) c H. The inverse of the
operator — (ﬁl — W) is called the GREEN operator or the GREEN function, which

will be introduced in the next section.
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5.2. Green function

The introduction of the GREEN function is of practical importance for the KKR
method. In the sense of operator algebra within a HILBERT space, the GREEN

function G(W) can be defined as the inverse of the operator (f[ - W) with negative
sign,

H-W)GW)=—-I. (5.12)
(7 -w)

Suppose the HAMILTON operator has a countable set of eigenfunctions |n) which
form an orthonormal basis within the HILBERT space and fulfil the completeness
relation ) |n) (n| = I. Tt follows from the eigenvalue equation H |n) = W, |n) that
the HAMILTON operator can be written as H = 3. W, |n) (n|. Rewriting equation
(5.12) in the form

(2 Wy |n) (n| — Wf> G =Y (Wy=W)|n) (n|GW) = —1, (5.13)

n

it can be verified that the GREEN function in operator form can be represented by

- [n) (n]
GW)=> ———+. 5.14
") = X (514)
Equation (5.14) is called LEHMANN representation. In real space, the relativistic
GREEN function is a 4 x 4-matrix-valued function of the variables r, r’ and W and

equation (5.12) can be written as follows,

(ﬁ (r) — Wf4) G (r,x/, W) = =6 (r — ') Iy, (5.15)

where I, denotes the 4-dimensional identity matrix. The GREEN function has the
advantage that perturbations of the HAMILTON operator can be treated in an exact
manner, as will be explained in 5.4. For this approach the GREEN function of
a reference system has to be known. Therefore, the GREEN function of the free
electron is very important and will be derived in the next section.

5.3. Relativistic free space Green function

During this section, it will be shown, that the relativistic free electron GREEN func-
tion (v (r) =0, A (r) = 0) can be derived from the non-relativistic GREEN function
G%r (130, pp. 413], which is given by the following equation [43, p. 192],

1 2m elklr—r'l

GO /E - -
NR(r7r> ) A1 h2 ’I‘—I‘,”

k= —v2mE. (5.16)

1
h
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From the definition of the matrices &; and 3 according to equation (5.8), the square
of the relativistic HAMILTON operator is given by

I:Ig = <cd -p+ Bmc2> <céz -p+ Bmcz> = (02132 + m264) Iy (5.17)

From the operator product (I:IO — le4) (ﬁo + WIZ4> = (—h2V202 + m2ct — W2) 1:4
it can be verified that an equation similar to the non-relativistic SCHRODINGER
equation can be obtained. Hence, the following equation can be derived for the
non-relativistic GREEN function,

1
2mc?

<ﬁ0 - Wf4> <I:I() + Wj4> GONR(I‘, I‘/, E)
2 ~ ~
_ < 2h V2o > L (r,1, E) = —5(r — )y (5.18)

In the above equation, the energy E is an abbreviation for

W2 —m?ct
EFE=—¢'—. 5.19
2mc? (5.19)
From equation (5.18) it can be seen (in comparison to (5.15)) that the relativistic

GREEN function for a free electron is given by

Go (v, W) = (ﬁo + Wf4) G (r,r', E). (5.20)

1
2mc?
5.4. The Dyson and Lippmann-Schwinger equation

A great advantage of GREEN function methods is given by the fact that perturbations
can be treated using the DYSON and the LIPPMANN-SCHWINGER equation [43, pp.
31-38]. A short derivation of both equations will be given within this section. The
approach is valid for the non-relativistic case as well as for the relativistic case. For
brevity, all equations during this section are written in operator form.

Suppose the GREEN function of a reference system with HAMILTON operator H,
is known,

(ﬁo . W) Go = 1. (5.21)

Let AV be a small perturbation then the perturbed Hamiltonian is given by H =
Hy + AV. By taking the definition of the GREEN function G in equation (5.12)
together with (5.21), the following relation can be derived,

- (ﬁo W+ AV) G=-G3'G +AVG. (5.22)



5.4. The Dyson and Lippmann-Schwinger equation 39

Rearranging equation (5.22) gives the so-called DYSON equation,
é = éo + éoAV@ (5.23)

The DYSON equation is an implicit equation for the operator G that can be solved
self-consistently via G = Gy + GoAVGy + GoAVGoAVGy + ... .. By introducing
the scattering path operator 7' = AV + AVGoAV + ..., equation (5.23) can be
rewritten as an explicit operator equation,

G = Gy + GoTG. (5.24)

In the next step it will be shown, how an approximation for the perturbed wave
function can be found. It is assumed, that a solution ¢, for the unperturbed system

is known, which fulfils the equation (ﬂo — W> ¢y = 0. The solution of the perturbed

system ¢ can be constructed from the unperturbed solution via,

@ =+ 0¢. (5.25)

Using the definition Go = — <I:IO — W) and the eigenvalue equation

(ﬁo W AV) ¢ =0, (5.26)
the following relation can be found,
(ﬁo W AV) (o + 0) = AV — Gy Lo = 0. (5.27)

With the help of equation (5.27) the so-called LIPPMANN-SCHWINGER equation can
be formulated,

¢ = ¢y + GoAV . (5.28)

The LIPPMANN-SCHWINGER equation is often used to solve the full-potential single-
site scattering problem by taking into account the solution of the spherically sym-
metric problem as ¢, and treating the non-spherical parts of the potential as a
perturbation AV [7, 30]. From this approach it is possible to construct a set of
integral equations, which can be solved iteratively, via

& = ¢y + GoAV ey + GoAVGoAV ¢y + GoAVGoAVGoAV ¢y + ... (5.29)

The iterative solution of the LIPPMANN-SCHWINGER equation is also known as
BoORN-series.
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6. Relativistic scattering theory

6.1. Introduction

Within this chapter, basics of the relativistic multiple-scattering theory will be ex-
plained, which are needed for the implementation of a relativistic KKR method.
The main formalism of the relativistic KKR method is similar to the non-relativistic
KKR method, which was introduced shortly within Section 2. It was shown that
the electron density, which is the main quantity within methods based on density
functional theory, can be obtained from the trace of the multiple-scattering GREEN
function. After decomposing the space into distinct scattering centres, the multiple-
scattering GREEN function itself can be constructed from the regular and the ir-
regular single-site scattering solutions at each scattering centre within the unit cell.
Therefore, the main focus of the next sections will be the accurate solution of the
single-site scattering problem. First of all, it will be shown how the KOHN-SHAM-
DIRAC equation, which is a partial differential equation can be transferred into a set
of coupled first-order ordinary differential equations by expanding the solution into
spin-angular functions. To treat non-spherical potentials within this approach it is
necessary to expand the potential term within the KOHN-SHAM-DIRAC equation into
spherical harmonics, which will be explained afterwards. For each scattering centre
it is assumed that the potential is non-zero within a finite distance and zero outside.
Therefore, the solution of the DIRAC equation for free electrons is important for the
normalization of the regular and the irregular single-site scattering solution, by defin-
ing two linearly independent solutions outside of the scattering centre. In connection
to the general theory of the single-site scattering problem, the numerical solution of
the underlying differential equations will be illustrated. Finally, it will be explained
how the relativistic multiple-scattering GREEN function can be constructed. In con-
trast to the non-relativistic theory a so-called left-hand side solution of the single-site
scattering problem is necessary for this construction. It will be explained how such
a solution can be obtained. Last but not least, a relativistic formulation of LLOYDS
equation will be derived which can be used for an accurate integration over the den-
sity of states to estimate the FERMI energy. If the FERMI energy is known, the
charge density can be calculated analogously to equation (2.11).
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42 6. Relativistic scattering theory

6.2. The radial Dirac equation for an arbitrary single-site
scattering potential

The origins of the formulation of a relativistic density functional theory go back to
the work of MACDONALD and VOSKO [131] and RAMANA and RAJAGOPAL [132] in
1979. Using atomic RYDBERG units (A =1, m = %, c= % ~ 274) the corresponding
DIrRAC or KOHN-SHAM-DIRAC equation for a magnetic system [3, 133] is given by

{—ic& -V + %BCQ + LVeg(r) + & - B(r) + & - A(r)} B, (r) = We,(r). (6.1)

Here, the quantum number ¢ is an abbreviation for (k,u). Instead of using the
vector operator & = p — eA (r,t) it is assumed in the following that the magnetic
field B(r) = V x A(r) is only coupling to the electron spin and orbital magnetism is
neglected [131, 134]. Using this approximation the DIRAC equation for an arbitrary
potential V (r) = I,Vig(r) + 3& - B is given by

{—icd -V + %BCQ + f/(r)] b, (r) = We,(r). (6.2)

By introducing the spin-orbit operator K, the kinetic energy term —icé& - V can be
transferred to spherical polar coordinates [130, pp. 228] and the DIRAC equation
can be written as

{—ic& ‘e (a L1 1Bf(> + %BCQ + f/(r)] b,(r) = W, (r).  (6.3)

or r r

A solution for (6.3) can be found by expanding ¢, (r) by means of the spin angular
functions x, (),

_ 9qq(T)X g (T)
)= 33 () () ) (64

with
Xo(B) = D CTY T ($)E,,,, (6.5)

In the above equation, Cg* is an abbreviation for the CLEBSCH-GORDAN-coefficients,
cyts = C (1, Y2, j; (0 — ms), ms), which can be found in Table 6.1. Furthermore, &,,,_
are the PAULI spinors with components &, = dam,, ¢ = (—+, 1) and Y;™(f) denote
the complex spherical harmonics [Gel, Appendix].

For compactness, the matrix &, is introduced as follows,

i 0 & .
a‘er—<6r 0 ), 0r =6 -€,. (6.6)
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. 1

J K ms = —5
j_ 1 ) \/l+u+% _\/l pt i
2 20+1 2[+1

1
1 l—p+35 l+;4+*
Ity -1 Vo Vo

Table 6.1.: CLEBSCH-GORDAN-coefficients according to STRANGE [130, p. 57].

Using the approach (6.4) for the DIRAC equation (6.2) two coupled differential equa-
tions arise,

(o 1 K 2
I: COy ((ar + ; 7’) qu qu/ + <V+ ) ququq/ = Wququq/,
q q

q
(6.7)

(o 1 K
IT1: —car<ar+r—r>zgqqxq/+( )quqxq/—Wququ

(6.8)

For the potential, the abbreviation VE = LV.g(r) + & - B(r) is used. The spin
angular functions x,, are eigenfunctions of the spin-orbit operator K with eigenvalues
—k (Kx, = —kX,) and the operator &, has the property 7,x,(t) = —x5(t) [130, p.
48, p. 59]. To get rid of the spin angular functions, the orthogonality <xq|xq> =dgq
can be taken into account. By multiplication of X(TI,, from the left to equation (6.7)

and of xg/, to equation (6.8) and integration over angles one finally ends up with

0 1
o 1 K c? _
1I: <ar + -+ > gq/q — Efq’q +;‘/q/q//fq”q = Wfq’q- (610)

The equations (6.9) and (6.10) define an infinitely large coupled system of first-order
ordinary differential equations. The components of the wave functions f,, and gyq
are coupled via the potential matrices V*. The calculation of the matrix elements
VqJ,—rq,, = <xq‘ v ‘x;> will be illustrated in the next section. A numerical approach
to the solution of (6.9) and (6.10) will be discussed afterwards in Section 6.5.
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6.3. Treatment of the non-spherical potential

6.3.1. Shape-truncation function

To simplify the explanations within this section, it is assumed that the unit cell
of the crystal under consideration comnsists of one single atom. A similar approach
can be formulated for larger unit cells, where instead of the WIGNER-SEITZ cell the
VORONOI cell around each atom has to be taken into account. The basic idea of the
KKR method is based on a decomposition of a crystal into distinct atomic regions
[3]. Originally, this was done by means of the so-called muffin-tin approximation,
where a non-overlapping spherical potential was assumed at each atomic site and
the interstitial region was chosen to be constant [43, pp. 24-26]. Another spherical
approach is given by the atomic sphere approximation [135, 136], where the volume of
the atomic spheres is chosen such that it is equal to the volume of the WIGNER-SEITZ
cell. Within a full-potential approximation, the real shape of the WIGNER-SEITZ cell
is taken into account, as it is illustrated in Figure 6.1.

In the first step of the KKR method it is necessary to solve the differential equa-
tions (6.9) and (6.10) of the previous section at each atomic site of the unit cell,

Figure 6.1.: Illustration of a hexagonal two-dimensional lattice with lattice vectors
a and b, the hexagonal WIGNER-SEITZ cell at each site (blue), the
muffin-tin spheres with the muffin-tin radius Ryt and the circumscrib-
ing sphere about the WIGNER-SEITZ cell (orange) with the radius Rpg.
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which is called the solution of the single-site scattering problem. Since the atomic
regions are chosen to be disjoint, the potential f/(r) in the DIRAC equation is cho-
sen to be non-zero within the WIGNER-SEITZ cell and to be zero outside. To sat-
isfy that the potential is equal to zero outside of the cell, the scattering-potential
V (r) = U (r) © (r) is constructed as the product of the non-spherical effective poten-
tial U (r) = Ueg (r) Iy + & - B/og (r) which can be calculated from the charge density
at each iteration of the self-consistency cycle and the so called shape-truncation
function © (r) [137, pp. 55|, which is given by

o (r) - { 1 for r inside of the cell (6.11)

0 for r outside of the cell °

Both, the non-spherical effective potential U (r) as well as the shape-truncation func-
tion O (r) can be evaluated into spherical harmonics [85, 86, 30], via

O (r) = X 0m()Y"(¥,9), and  U(r) =) Um(r)Y" (¥, ). (6.12)

I,m Im

Of course, the same can be done with the scattering-potential V (r), which gives the
equation ) .
V(r) = > Vim(r)Y" (9, ). (6.13)

Ilym

From (6.13) it can be verified that the expansion coefficients Vj,,, can be calculated
via Vi (r) = §dQ[Y/™(0,¢)]* U (r) © (r) and hence, it is possible to obtain the
following construction of the potential Vj,,(r) from the expansion coefficients Uy, (r)
and 6, (1) of the non-spherical effective potential and the shape-truncation function,
respectively,

‘7lm (T) = Z Z de [lem (197 90)]* leznl (197 SD)}/ITH(197 @)Hl’m’(r)ﬁl”m”(r) (6'14)

l/7m/ l//7m//
= D G Qs (1) U (). (6.15)
l/7m/ l//7ml/

Here, Gﬁ}fﬁ:”m/ denote the GAUNT coefficients Gﬁ,rlrf,’ e §dQ (Y,™)* YlZ”/YlT”,
which can be obtained either algebraically by using WIGNER-3J-symbols [138, equa-
tion (17)] or numerically by means of the LEBEDEV quadrature formula [139].

In general, the expansion coefficients 6;,,,(r) of the shape-truncation function have
to be calculated from the integral,

T 2m
O (1) = Jo dﬁsin@L de [V (9, 0)]" O (r). (6.16)
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Since the shape function takes on values either 1 or 0, depending if the vector r =
(r,9, ) lies inside the WIGNER-SEITZ cell or not, the value of the integral can be
obtained by specifying the range of integration over ¥ and ¢ for each value of r. By
continuously increasing r it can be verified that the coefficients ;,,(r) will show a
kink if the sphere with radius r reaches a plane or an edge of the WIGNER-SEITZ cell.
Those particular values of r are called critical radii. An illustration of the critical
radii for a 2-dimensional rectangular lattice can be found in Figure 6.2. It was shown
by ZAHARIOUDAKIS [140, 141] that it is possible to obtain analytic expressions for
the expansion coefficients of the shape truncation function for cubic and hexagonal
cells. The numerical evaluation of the coefficients was discussed e.g. by STEFANOU,
AKAI and ZELLER [85] and by STEFANOU and ZELLER [86].

Y

A

i
I >
0 RMTRcr1 RcrgRBS

Figure 6.2.: Illustration of the critical radii R, for the construction of the shape-
truncation function. Ry denotes the muffin tin radius and Rpg is the
radius of the circumscribing sphere of the cell.

6.3.2. The potential matrix

In Section 6.2 the elements of the potential matrix VqJ,—rq,, = <Xq’ Vv ’xé) were defined
within the formulation of the differential equations (6.9) and (6.10) for the relativistic
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single-site scattering problem. In the following, an exact equation for VqJ,—rq,, will
be derived. For a general effective magnetic field, the potential within the DIRAC
equation can be written as a linear-combination of the effective electrostatic potential
Vet and the effective magnetic field Beg(r),

VE(r) = Ve(r) T2 £ & - Begr(r). (6.17)
As explained in the previous section, after taking into account the shape-truncation
function, the potential can be expanded into spherical harmonics,
VEE) = Y[ Ve(r) o £ 32 Ban(r) £ 6, By (r) £ 5.B.0 () | Yim (). (6.18)
lym

According to equation (6.5) the spin-angular functions are defined as a linear com-
bination of the spherical harmonics ¥;™(¢) and the PAULI spinors §,, . Using this
definition, the matrix element <Xq‘ v+ ’xq/> is given by

Vi) = 33 20 Em)
""m" ms m/,

X [‘/l//m//(T'>i2 i &$BI,L” (7”) i 6yBy,L” (7‘) i &ZB,Z,L”(T)] Emls X
* " '—ml .
x JdQ (Yl“—ms (f)) () YT (). (6.19)

Within the above equation, expressions like 5;€™* occur, where a PAULI matrix &;
acts on a PAULI spinor €. Hence, it is necessary to verify the following relations,

Oz Sms = S—ms’ 5’y Ms = 2img £_msv and 0, e = 2ms Sms' (620)

By using the orthogonality of the PAULI spinors £ - £™s = Omeme,, the GAUNT
coefficients G;nl}";,/’mﬂ = §dQ (Y/")* Y)Y and the above equations, it is possible
to obtain

V;]%/ (’I") = ZZZ C;nsc(?;bls [(VL//(T) i Qm;BZ7L//(T)) 6ms,mls

L" ms m/,
+ (B:C,L” (’I") + 2i m;Bny// (T)) 5m5,—m’s] G;Ll;?,ls me 7ms‘ (621)

Equation (6.21) was implemented within the computer program Hutsepot to calcu-
late the matrix elements Vqﬁ, of the potential matrix. For an effective electrostatic

potential Vg(r) and an effective magnetic field Beg(r) = (0,0, Beg(r))” pointing into
the z-direction, equation (6.21) can be simplified to the following form,

Vi r) = 33 2 o Cp [Vin(r) & 2m B ()] Gl ™ 7m) (6.22)

LII Mg
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In many cases it is sufficient to assume that the effective magnetic field is collinear
within each atomic region. In this case, it is possible to define the local coordinate
system in such a way that the magnetic filed runs parallel to the z-axis of the
Cartesian coordinate system. Hence, equation (6.22) can be applied to calculate the
potential matrix. It was shown by SANDRATSKII [142, 143] and later by YAVORSKY
et al. [144] and LOUNIS et al. [145] that this approach can even be used for non-
collinear magnetic systems, by introducing different local coordinate systems at each
atomic site.

6.4. Solution of the free Dirac equation and matching
conditions

According to the previous sections, the single-site scattering potential was defined
to be non-zero inside of the WIGNER-SEITZ cell and zero outside. Therefore, it is
important to know the solution of the radial DIRAC equation for a free electron, in
order to have a correct description for the exterior of the cell.

Starting from the differential equations (6.9) and (6.10) and setting V* = V=~ =0,
it is possible to formulate a second order differential equation for g,,, which can be
denoted by g, in the following, since it is diagonal in ¢ and ¢’ and independent of 1,

2, k(k+1) 1

gu(r) = _;gn(r) + TQK(T) + 33 (W2 = m>c*) gi(r). (6.23)

According to MORSE and FESHBACH [146, p. 622, p. 1465], the solution of the
differential equation (6.23) is given by the spherical BESSEL and NEUMANN functions,

9x(r) = Cyjx(kr) + Conye(kr). (6.24)
Analogously, a solution of the small component f,.(r) can be obtained,
fur) = — (e (k) + Compr (k) (6.25)
K = W—I—m02 1Jk—1 2T k-1 . .

The spherical BESSEL and NEUMANN functions can be defined via the BESSEL func-
tion of the first kind [146, p. 622],

. 2 2
Ji(r) =4/ —Jipy, and ny(r) = (=1)"14 g (6.26)

Therefore, the common relations
jo—1 = (=D and n__; = (=1 (6.27)

can be evaluated. Since the quantum number s can take on values either k = [ or
k = —l — 1 it is necessary to distinguish between both cases to formulate a general
[-dependent solution.
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Case 1: kK =1

Since k # 0, it is possible to assume [ > 1 for the case k = [. The [-dependent result
is similar to (6.24) and (6.25),

9x(r) = ai(r) = Crji(kr) + Cony(kr), (6.28)
f,{(T) = fl(T) = W/T]:TLCQ (Cljl_l(kT‘) + anl_l(kr)) . (629)

Case 2: k=-1-1

For the case kK = —I — 1 the relations (6.27) can be applied to obtain

(1) = g-1-1(r) = (1) (Cajs(kr) — Crmu(kr)) (6.30)
chk .
fK(T) = f7171<7") = m(—l)l (—02jl+1(kT) + Clnl+1(k7")) . (631)
The general solution
To summarize the results, it is common to introduce the quantities S, = ﬁ and

[ =1— S, [34, p.105]. Doing so, the general form of the free solutions of the radial
DIRAC equation is written as follows,

9r(r) = (Aji(kr) + Sk.Bny(kr)) , (6.32)
Fulr) = S5 () + SuBm(kr)) (6.33)

During the development of the KKR method, at least two different choices for the
constants A and B in the above equations have been established for the construction
of the regular and irregular single-site scattering solutions. They are referred to
as Oak Ridge-Bristol convention, and Jilich convention [3]. To distinguish both
conventions, the single-site scattering solutions are denoted differently. For the Oak
Ridge-Bristol convention the notations Z,(r) and J,(r) are commonly used for the
regular and the irregular scattering solution, respectively, whereas R, (r) and Hg(r)
are taken within the Jilich convention.

Matching I: Oak Ridge-Bristol convention

The first matching condition was used successfully i.e. by FAULKNER and STOCKS
[147] and contains the inverse of the single-site t-matrix. According to HUHNE et al.
[30], the fully-relativistic regular scattering solution Zgumide(r) at the outside of the
WIGNER-SEITZ cell is given by

s [ AT Yt R ) -
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Here, h;(r) denotes the spherical HANKEL function of the first kind hy(r) = ji(r) +
in;(r). The corresponding irregular scattering solution J ZutS‘de(r) can be constructed
from the spherical BESSEL function [30],

i 1(kr)xq(F)

Jouside (p) — < Ikr)xg(®) ) 6.35

= il ) (0:39)

In both equations (6.34) and (6.35), the abbreviation
ick

€q = m K (636)

is used.

Matching Il: Jiilich convention

Since the entries of the single-site scattering t-matrix become very small for large
values of [ or ||, respectively, it may be more convenient to use a formulation where
the t-matrix itself and not the inverse is taken into account [43, 148]. The relativistic
version was discussed by HUHNE et al. [30], where the regular scattering solution is
given by

)= S it ) ot (otyinialy )] 05

The associated irregular scattering solution is given by

%) ) | (6.38)

Independent of the choice of the matching condition, the single-site t-matrix is an
unknown quantity in general and has to be obtained numerically. Details on this
will be explained in Section 6.5.3.

outside hy(kr r
Hq d (I‘) _ < l( )Xq((

6.5. Numerical solution of the single-site scattering problem

Within this section, the numerical solution of the differential equations (6.9) and
(6.10) for a non-spherical potential will be discussed. Within the non-relativistic full-
potential KKR method, it was suggested by DRITTLER [7], to solve the underlying
single-site scattering problem by means of the LIPPMANN-SCHWINGER equation, i.e.
in terms of integral equations. In general, these integral equations can be solved
iteratively via a BORN series. Under sufficient conditions, it was stated that this
series converges after a few iterations (~ 4) [7, p.44, pp. 93-99]. Convergence
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properties of integral equations can be investigated by using the fix-point theorem
of BANACH, [149, pp. 69-71] and [150, pp. 24-28]. In the original implementation of
DRITTLER et al. [8] the integral equations were integral equations of the FREDHOLM
type [146, pp. 904-905],

b
y(@) = yol) + A f K (z, s)y(s)ds. (6.30)
An iterative solution of such an integral equation, converges for
max |K(z,s)| [N\ (b—a) <1, (6.40)

(see [151, pp,186-188] or [150, pp. 25-26]). Regarding the LIPPMANN-SCHWINGER
equation this means that the BORN series converges for sufficiently small perturba-
tions AV (r) and for a sufficiently small absolute value of the energy |E|. However,
it is possible to reformulate the underlying equations in terms of integral equations
of the VOLTERRA type [152, 153]. The iterative solution of integral equations of the
VOLTERRA type,

y(x) = yo(z) + A Jm K(z,s)y(s)ds, (6.41)

already converge for a bounded kernel max |K(x,s)| < oo [150, pp. 26-28], which is
a much weaker condition compared to the iterative solution of the integral equations
of the FREDHOLM type.

A similar approach like the one of DRITTLER [7] can also be applied for the rel-
ativistic single-site scattering problem, as could be shown by HUHNE et al. [30].
Within the method, it is necessary to introduce a certain cut-off radius close to
the origin in order to avoid problems arising from the treatment of the irregular
single-site scattering solutions. Recently, it was shown by ZELLER [154] that this ap-
proximation might become inconvenient for materials like NiTi and that the cut-off
radius can be chosen arbitrarily small by using an analytical decoupling scheme and
a subinterval procedure with CHEBYSHEV interpolations in each subinterval.

Alternatively to the solution via integral equations, it is possible to directly solve
the differential equations (6.9) and (6.10), e.g. by using an ADAMS-BASHFORTH-
MouLTON predictor corrector scheme [35, pp. 136-141]. The implementation of
such a method will be explained in the following. In contrast to the illustrations
of ZABLOUDIL et al. [34, p. 76], it will be demonstrated in Chapter 8 that both,
the regular as well as the irregular scattering solutions, can be achieved with high
accuracy.
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6.5.1. Transformation of the differential equations

For the numerical solution of the single-site scattering solution it is convenient to
transform the large and the small component of the DIRAC equation [34, p. 85] via

qu( ) Qq q( ) Pq/Q(T)‘ (6.42)

d / =
cr o 9a'q(r) r
Introducing the energy ¢ = W — ¢? and rearranging the equations (6.9) and (6.10),
the following system of differential equations can be obtained,

d /
L: EQq’q(T) = %Qq’q( ZV-/‘FII a(1),5 (6.43)

d /
I aquq<r>=—%Pq'q<r>+( )Qqq - 2 D). 640

To further simplify the formalism, it can be verified that equations (6.43) and (6.44)
can be reformulated in terms of matrix equations. Therefore, the matrix K is intro-

duced via
Ky 0 0 0
0 wh O 0

K=| . , . (6.45)
0 0 0 &y,
Furthermore, by defining the matrices
~ ~ ~ - € = 1 -
U (r)=V+(r)—el, and, U (r) = (?2 + 1) IV, (6.46)
the following compact form of the radial differential equations can be derived,
d ~ 1~ = ~ ~
Lo Q) =—K-Q(r)+U"(r) P(r), (6.47)
d - 1z ~
I1: I P(r)y=—- K P(r)+ U (r)-Q(r). (6.48)

Since the potential has a COULOMB hke behaviour close to the origin, some com-
ponents of the radial wave functions are heavily oscillating for r — 0, especially
for heavy ions. As an example, the large component of the regular scattering wave
function of gold (Au) is illustrated in Figure 6.3. By transferring the radial mesh to
a logarithmic mesh [34, pp. 85] within the muffin-tin sphere it is possible to decrease
the step size near r = 0 to achieve a higher numerical accuracy. By choosing r = e”,
the differential equations (6.47) and (6.48) can be transformed to

I: %Q( )=K-Q(z) + e* U (x)- P(z), (6.49)

1I: %ﬁ(x) — —K-P(z)+ €U (z)-Q(x). (6.50)
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In Section 6.3.1, the partition of the radial mesh into distinct regions, bounded by
the critical radii, was introduced. Reffering to Figure 6.2, another radius Ry, called
muffin-tin radius is illustrated. For the numerical solution, the logarithmic mesh is
chosen within the interval [Rg, Ryt], where Ry ~ 107° a.u. is the smallest value of
r. Hence, the equations (6.49) and (6.50) have to be solved. For r > Ry, several
distinct intervals [Rmr, Rc,], ..., [Rc,, Rci, ], -+, [Roy, Res] are introduced and
(6.47) and (6.48) have to be solved within each interval. The procedure is constructed
such that the initial values for the solution in the next interval are given by the
solution at the last point of the previous interval.

0.6 : E
—r=—1
k=1

0.4+ |

0.2 |

“ Ik

0.2} ~ .

| | | | | | | |

Radius r

Figure 6.3.: Large component of the regular scattering solution for gold (Au) for the
quantum numbers Kk = +1.

6.5.2. Initial conditions for the regular scattering solution

Previously it was shown, how the radial DIRAC equation for an arbitrary potential
can be transformed into a set of ordinary differential equations of first order. To
obtain reasonable initial values for the regular scattering solution, the approach of
ZABLOUDIL et al. [34, pp. 85-86, p. 123] can be used, which will be explained
within this section. Since the non-spherical terms in the potential are present due
to the crystal field of the neighbouring atoms, the potential becomes more and more
CouLowmB-like close to the origin. Hence, for |r| — 0, a suitable physical approxi-
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mation is given by
27
V(r) ~ - and B(r) ~ 0. (6.51)
As explained in the previous section, a logarithmic mesh r = e® is chosen close to
the origin. Using the approximation (6.51) for the differential equations (6.49) and
(6.50) and taking the limit  — —oo the following set of differential equations can
be obtained,

d /

L @quq(x) = K Qyq(r) =22 Fy4(2), (6.52)
d 27

IL —Pry(x) = —~'Pry(2) + —3 Quyla). (6.53)

Forming the second derivative of Py, () and replacing %Qq/q(x) by means of (6.52),
a decoupled second order differential equation can be found,

d? 472
@Pq’q(w) = <5/2 - CQ) Pyq(). (6.54)

According to the theory of ordinary differential equations, (6.54) has two solutions,
which are given by

r2_ 422 2422
Pl,q(x) — VT and P2 (z) = coe Wit e (6.55)

q aq

Since /K2 — 442 > 0, it follows that P} (z) — 0 for & — —o0 (r — 0) and thus
qu, ‘ () can be identified as a solution, which is regular at the origin. Using equation
(6.53), it is possible to derive an equation for the initial values of Qf;g (x),

K'c? 472
Qg (0) = 5 <1 +4/1— K,202> P%(o). (6.56)

Hence, it can be seen that Qf;ff(xo) is calculated from P;,qu(xo). Since the nor-
malization of the scattering solution is done by matching the solution inside of the
WIGNER-SEITZ cell to the free scattering solutions at the outside of the cell, P (o)
can be chosen arbitrarily, e.g.

H’Q—%
Pr8(z0) =1 < byq- (6.57)

aq
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6.5.3. Normalization of regular scattering solutions and single-site
t-matrix

After solving (6.43) and (6.44) numerically, the regular scattering solution has to be
normalized properly. By construction, the numerical solution within the scattering
potential has to be equal to the free solution at the outside of the scattering potential
at r = TBS,

R;nside(RBS) _ RZUtSide(RBS). (658)
According to section 6.4, two kinds of matching conditions are implemented, as will
be explained in the following.

Normalization according to matching |

The numerical solution of the radial DIRAC equation (6.47) and (6.48) or (6.49)
and (6.50) are given in terms of matrix valued functions P(r) and @Q(r) with entries
Pq/q(r) and Qq/q.(r.), respectively. It is possible to construct normalized solutions
P;?qs‘de(r) and Q”}s‘de(r) by linear combinations of the numerical solutions via

P;,nqSide Z aq//q7 and anSlde ) = Z Qq/q// (T‘) CLq//q (659)

Using the above equatlons and the convention for the regular scattering solution
according to matching I (6.34), it is possible to obtain the following algebraic system
of linear equations at r = Rpg for each pair of ¢ and ¢/,

Z [Pq’q”(RBS) aq//q — Rstl/(kRBs)(sqlq//t;,,lq] = —ikRBshl/(k‘RBS)(sq/q, (660)
qll

Z [Qq/q//(RBs) Qgrrg — RBsceq/ jil(k‘RBs)(Sq/q//t;,lq] = —ik‘RBsceq/ hj/(kRBS)éq’q

q//

(6.61)
By introducing the matrices
a={ag}, (6.62)
J(Rps) = {Rpsji(kREs)d4q } » (6.63)
j(Rus) = { Rpsceqj(kRps)deq } (6.64)
H(Rps) = {Reshi(kRps)dyq } » (6.65)
h(Rps) = { Resceqhi(kRps)dgq } (6.66)

one can simplify the equations (6.60) and (6.61) by means of a matrix valued equation

of the form
(D) I ) ()< (SHGY
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Figure 6.4.: Logarithm of the single-site scattering t-matrix for the cubic MATHIEU
potential (details will be explained in Chapter 8). Used parameters are
U=05a=2r, E=15Ryd.

From the solution of (6.67), the inverse of the single-site scattering t-matrix £ as
well as the normalization coefficients a,r, of equation (6.59) can be calculated. As
an example, the single-site scattering t-matrix for the cubic MATHIEU potential (see
Chapter 8) is shown in Figure 6.4. Along the diagonal the absolute values of the
entries are decreasing rapidly for increasing value of [. The same holds true for
entries far away from the main diagonal. A similar behaviour can also be found
for the regular single-site scattering solutions P and Q. Thus, solving (6.67) is
numerically challenging. To obtain a numerical solution with high accuracy, the
driver routine zgesvzz of the Intel math kernel library (MKL) was used. The method
applies an equilibration of the coefficient matrix [155, pp. 64-71] as well as an
iterative refinement of the solution [156, pp. 121-122].

Normalization according to matching Il

Analogously to the derivation of the linear equation system (6.67) for matching I,
a linear equation system for matching II can be derived by means of the Jiilich
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convention (6.37), which is given by

(ot St ) (

) _ ( J(Fgs) ) . (6.68)
J(RBs)

In contrast to matching I the single-site scattering t-matrix £ can be obtained directly.

Hence, the inversion of an ill-conditioned matrix can be omitted.

&y D

6.6. Initial conditions for the irregular scattering solution

Contrary to the regular scattering solution, where the numerical solution is achieved
by starting at the origin, the irregular scattering solution is obtained by starting at
the boundary sphere and integrating inwards. Therefore, in contrast to the regular
scattering solution, which depends on the single-site scattering t-matrix, the irregular
scattering solution outside of the WIGNER-SEITZ cell is independent of any unknown
quantities. Thus, the initial values are given analytically.

For matching I, the irregular solution at the outside of the WIGNER-SEITZ cell
is given by spherical BESSEL functions. According to equation (6.35) the initial
conditions for the large and small component are

ir . ir r 62 k .
Pq/(’]I(RBS) = 5q’qrjl(k RBS) and Qq/ZII(RBS) = 6q’q mjf(k RBS)' (669)

The irregular scattering solution for matching II is given by spherical HANKEL func-
tions at the outside of the WIGNER-SEITZ cell. Hence, the initial conditions can be
formulated as follows,

rc2k

ir, 11 ir, 11
P Y (Rps) = 0gqr hi(k Rps) and Q" (Rps) = o s

hi(k Rps). (6.70)

6.7. Implementation

In the previous sections, the basics for the numerical solution of the relativistic full-
potential single-site scattering problem were presented. Since it is important for
the tests, which will be explained in Chapter 7 and Chapter 8, an overview about
different implemented solvers will be given during this section. The most important
to mention is the one, which was finally implemented in Hutsepot. The solver is pro-
grammed using Fortran and is based on an ADAMS-BASHFORTH-MOULTON predictor
corrector scheme with fixed and equidistant step size [157, pp. 74-77]. The order of
the predictor step s, and the corrector step s, is fixed as well but it can be chosen to
bes,=1,...,6 and s, = s, +1,...,12, respectively. To assure that the obtained so-
lution of the Fortran program is reasonable, a second program was developed, which
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odel113 ADAMS-BASHFORTH-MOULTON predictor-corrector method, variable
step size and variable order 1, ..., 13, suitable for non-stiff differential
equations [158, 159

odel5s implicit numerical differentiation formulas, variable step size and vari-
able order 1,...,5, suitable for stiff differential equations [158, 159]

ode45 DORMAND-PRINCE method, explicit RUNGE-KUTTA pair, variable
step size and fixed order 5 [160, 158, 159

ode23 BOGACKI-SHAMPINE method, explicit RUNGE-KUTTA pair, variable
step size and fixed order 3 [161, 158, 159]

GBS  GRAGG-BULIRSCH-STOER extrapolation method [162, 163]

AB5  ADAMS-BASHFORTH-MOULTON predictor-corrector method, fixed step
size, order 5 [34, pp. 60-61]

RK4  RUNGE-KUTTA method, fixed step size, order 4 [34, pp. 59-60]

Table 6.2.: Numerical methods for the solution of ordinary differential equations,
used within the Matlab implementation of the fully relativistic single-site
scattering problem.

was implemented in Matlab. The big advantage is that the numerical methods to
solve ordinary differential equations can be switched easily, which allows an efficient
comparison of different techniques. Especially to discuss if a differential equation is
stiff or non-stiff, the performance of methods suitable for stiff and non-stiff equations
can be compared. A list of all used numerical methods including a short description
can be found in Table 6.2. To compare the solution of the differential equations (6.9)
and (6.10) with the solution via integral equations, a third solver was implemented,
which is based on the solution via the relativistic LIPPMANN-SCHWINGER equation
[30]7

)

®,(E,r) = ®,(E,r) +J &' G(E;r, 1) AV (r') ®,(E,r). (6.71)
Qws

Here, ®,(FE,r) denotes either the regular or the irregular single-site scattering solu-

tion. 'i>q (E,r) is the solution of the reference system and G(E ;r,r’) the single-site
GREEN function of the reference system.

6.8. Left-hand side solution

In the next section, the fully relativistic multiple scattering GREEN function will
be introduced. It will be shown that besides the ordinary solution or right-hand
side solution of the DIRAC equation a so called left-hand side solution of the DIRAC
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equation is needed. This issue was initially described by TAMURA [133]. Formally,
the left-hand side solution of the DIRAC equation can be defined via

(@5l (W - 1) 0. (6.72)

Hence, by taking the adjoint of (6.72) the adjoint of the left hand side solution can
be calculated in real space representation by solving the following DIRAC equation,

(W* - ﬁﬂ) Pl(r) = 0. (6.73)
Since the matrices ¢; and ¢; are self-adjoint, the operator HY is given by
- 1~ .
HY =ic&-V—|—5ﬁ02—|—Veff(r)* + 6 - B*. (6.74)

Following the derivation of TAMURA [133], the time-reversal operator 7" can be in-
troduced by

T = —i ( %y 0 >T0, (6.75)

Oy

where Tj is the complex-conjugation operator. The time reversal operator satisfies
the property 72 = —1. Therefore, the inverse is given by T~ = —T'. Furthermore,
it can be shown that the transformation of the Hamiltonian by means of the time
reversal operator fulfils the relation TH(—B)T~! = HY(B). From this behaviour,
the eigenfunctions of HT can be estimated via

T
¢§‘(r)- (6.76)

Hence, q’)?(r) = T*1¢I(;(r) are eigenfunctions of (W — FI(—B)). It follows that the

left-hand-side solution can be calculated from the right-hand-side solution of H(—B)
by

(¢glr) = [T¢§(r)]T- (6.77)

Since (j)qR(r) is a right-hand side solution of the DIRAC equation with inverted mag-
netic field, the formalism which was introduced in the previous sections can be ap-
plied without restrictions. According to equation (6.4), q’)g”(r) can be written as an
expansion into spin-angular functions. To understand how the time reversal oper-
ator acts on qbqR(r), the application of 7, to x, ,(F) needs to be investigated. By
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using complex spherical harmonics and the CONDON-SHORTLEY phase [164, p. 52]
Y, "™ = (=1)™ (Y;™)* and by verifying the relation C}"; = —SxC,. " from table 6.1,
the following equation can be obtained,

Gy X (F) = 1S (1) T2 L (B)F. (6.78)

Thus, the adjoint left-hand-side solution is given by

R .
= Z S, (_l)u’+1/2 ( ‘gnﬁ,u’;n,u(r)*xn’,—u’(r)A ) ) (6.79)
K

L (T Xty (F)

Finally, to obtain an expression for the left hand side solution, the adjoint of equation
(6.79) has to be derived,

(9lr) = 3 S (- M?(,ggw’w(”"%—ﬂ &) ) (6.50

1f57u’;/{,u(7a) X—H/,—/.Ll(f')

In general it is always possible to obtain the left-hand side solution from the right-
hand side solution of the DIRAC equation if no magnetic field is present. For an
arbitrary magnetic field, one needs to solve the single-site scattering problem twice,
for H (B) and H (—B), respectively.

6.9. Multiple scattering Green Function

In Section 2.1 the non-relativistic KKR method was introduced and the multiple
scattering GREEN function was given in equation (2.8). A similar form can be found
for the multiple scattering GREEN function in the fully relativistic KKR method,
[130, pp. 437-440, pp. 443-450] or [165, 30]. According to matching II, where the
regular single-site scattering solutions at the site Ry, are denoted by Ry" (W, rm) and
the irregular single-site scattering solutions are denoted by H;”(VV, I'm ), respectively,
the multiple scattering GREEN function can be written as

G(W:rn, + Ry, + Ry Z R} (W, 1) Go (W)RD (W, Tm) ™
— G Y, ( Hg W, )R (W, 1) “0(rn — 71m)
+ RY(W,rp ) HY (W, 1) 0(rp — 1)) . (6.81)
In the above equation Ry"(W,rm)* denotes the left-hand side solution, which is a

1 x 4 row matrix, whereas Ry"(W,rm) is a 4 x 1 column matrix. The product of two
such matrices, i.e. Hy(W,rp)Ry"(W,rp,)* is a 4 x 4 matrix and hence in contrast
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to the non-relativistic case, where the GREEN function is a scalar valued function,
the GREEN function is a 4 x 4 matrix in the relativistic case. In the first part of
the above equation, regular single-site scattering solutions at two different sites R,,
and R,, are combined, which represents the multiple scattering contribution within
the multiple-scattering GREEN function. Products of the regular and the irregular
single-site scattering solution at the same site, like in the second term of equation
(6.81), represent the single-site scattering contribution.
By introducing the scattering path operator [130, pp. 437-440],

FIW) = 658 (W) + Y T (W)Go(W)FH (W), (6.82)

it is possible to express the multiple scattering GREEN function in terms of the
scattering solutions Zg"(W,rm) and Ji"(W, rm) according to matching I,

G(Wiry + Ry, Ty + Ryp) = > Z0(W,rn ) 7o (W) Zh (W, tm) ™ —

a9’

— S Y, (0 (W, x0) 20 (W, 1) O (1, — 7o)
q

+ Zy(W,rn) I (W, r) *0(rm — 1)) . (6.83)

6.10. The Lloyd equation

LLOoYD’s equation [166, 167] provides a powerful tool for the calculation of the in-
tegrated density of states. It allows an accurate estimation of the FERMI energy,
which is needed for the calculation of the charge density. In the non-relativistic real
space representation, the GREEN function G(E, r,r’) is a scalar function of the coor-
dinates r and r’. Hence, it commutes with the potential V' (r) and the general form
of the LLOYD equation can be found in a few steps using elementary mathematics
[168, 152]. Regarding the relativistic case, the GREEN function and the potential
are matrix valued functions which do not commute in general. Nevertheless, fully
relativistic implementations of the LLOYD equation exist [169, 170]. The goal of
this chapter is to give a general but concise derivation of the LLOYD equation for
non-commuting operators.

Suppose the solution of a reference system is known and the associated GREEN
function is denoted by Go(E). Since the density of states is defined as n(E) =
—%S v G (E), the difference of the density of states of the reference system and the
perturbed system can be calculated via

An(E) = =23 Tr [G(E) - GO(E)] __lam [GO(E)VG‘(E)] . (6.84)

™
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The second 1dent1ty in the above equation can be verified using the DYSON equa-
tion G = Go + GOVG Furthermore, from the DYSON equation it follows that

G = (1 — GQV) Go. Using the property that the trace of the product of several
operators is invariant under cyclic permutation (Tr ABC = Tt CAB = Tr BC’A),

one derives

1 . A N1
An(E) = —-STr [GQ( )Co(E)V (1 - GO(E)V) ] . (6.85)
7
Assuming that the condition HGOVH < 1is fulfilled, VON-NEUMANN’s theorem [149,
pp. 59-60] can be applied, which gives a series expansion for the inverse operator
. A\ -1 FEN
in terms of (1 - GQ(E)V) = >, (G0V>n. In other words, VON-NEUMANN’s
theorem represents the analogue of the geometric series for linear operators. Using
the VON-NEUMANN series together with the identity {5 Go(E) = —Go(E)Go(E), the
difference of the density of states can be written as follows,

An(E) = —%%"ﬁ [— ((SEGO( )v) i (GO(E)V)"] . (6.86)

n=0

For the next step, one needs the derivative of GoV. Due to the trace operation it is
not necessary to discuss if %GO(E)V and GoV commute, since cyclic permutation
is allowed anyway. Hence, the trace of the derivative is given by

d n d - N R ~\n—1
Tr [dE (GO( )v) } ~Tr {n (dEGO(E)V> (GO(E)v) ] . (6.87)
Putting together equation (6.86) and (6.87), one ends up with the equation

_%gTr éi@d?v) _ (‘Tr[;Eln<1—G0( )f/)].

n=1
(6.88)
In the second part, the definition of the logarithm for linear operators In (1 — z) =

An(E) =

l\)

T

% — ... is used. By applying the definition of the integrated density of states
AN(FE) = S » de An(e), one finally obtains the LLOYD’s equation

-z —

AN(E) = —%s Tr [m (i - GO(E)V)] . (6.89)
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7. The relativistic Coulomb problem

7.1. Introduction

The solution of the DIRAC equation for a COULOMB potential is a standard example
in many books about relativistic quantum mechanics [130, 171, 172]. A compre-
hensive mathematical discussion of the COULOMB-DIRAC problem was published by
SWAINSON and DRAKE [36, 173, 174]. Unfortunately, all works mentioned here con-
centrate on eigenstates of the COULOMB-DIRAC Hamiltonian, i.e. on the regular
solutions. A motivation for studying the COULOMB potential within this thesis can
be verified from Figure 7.1, where the relativistic and the non-relativistic irregular
single-site scattering wave function for a screened COULOMB potential for copper,
obtained from a self-consistent calculation for K = —1 or [ = 0 is shown. Since
relativistic effects are small for copper, both wave-functions appear to be similar far
away from the origin. However, for small values of r the relativistic solution shows a
sudden deviation from the non-relativistic behaviour. Since the screened COULOMB

0.2 021
0.1} 0.1} |
T =)
= 0 T ool |
= =
—0.1 0.1} .
—0.2 - —0.2 | : |
i i i i i i i i i i
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Radius r Radius r
(a) relativistic calculation (b) non-relativistic calculation

Figure 7.1.: Comparison of a relativistic and a non-relativistic irregular single-site
scattering solution (I = 0, kK = —1) for a screened COULOMB potential
of copper.
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66 7. The relativistic COULOMB problem

potential is approximately similar to a pure COULOMB potential for very small val-
ues of r, and the pure COULOMB potential problem can be solved analytically, the
unexpected asymptotic behaviour of the irregular scattering solution close to the
origin can be explained. Furthermore, using Matlab, different numerical methods for
the solution of the DIRAC equation for the COULOMB potential will be discussed and
the choice of an exponential mesh within the muffin-tin sphere will be motivated.

7.2. Asymptotic behaviour

The asymptotic behaviour of the regular and, especially, the irregular single-site
scattering wave functions for 7 « 1 can be analysed from the underlying differential
equations, which will be derived in the following. Since the COULOMB potential
~ 1/r is a spherical potential, the expansion into spherical harmonics contains the
spherical component only,

1 Z

Vim(r) = —ﬁ?(ﬁ,o(sm,o-

(7.1)

For spherical potentials, the approach of equation (6.4) decouples with respect to
k and p. Furthermore, if no magnetic field is present, the large and the small
component of the relativistic solution of the DIRAC equation (6.2) are independent
of the magnetic quantum number p and can be written as follows,

— gﬁ(r)xn,p,(f')
et = (e ) 72

The associated differential equations for f, and g, are given by

{; 2 w]an+ [E- 2 i -0 (73)
[ 2] i) - [2 + 2w n - o (7.4)

It remains to solve a linear system of two coupled differential equations, which can be
decoupled corresponding to [36] by a transformation of the wave function according

to
(50)=(x 1) (56): "
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The newly introduced quantities are given by
2(y — k)

X = 7.
=, (7.6)
472
v =A\[K? 2 (7.7)
w
= — 7.8
=, (7.8)
c W,
cﬁ=(§ —)2 (7.9)

c
By using (7.5) together with (7.3) and (7.4), two differential equations of second
order can be found,

2 2d q(y+1) 2aZe .

[er iy : 7z T WQ] 5elr) =0, (r20)
2 2d Ay(y—-1) 2aZe 5

bow_ 2z r‘ﬁhﬂha (7-11)

The differential equations presented above are of the same form as the radial SCHRODINGER
equation [175, pp. 168]. Approaching the origin » — 0, the angular momentum bar-
riers y(y +1)/r? and y(y —1)/r? in (7.10) and (7 11), respectively, are the dominant
terms and the contribution of 2aZe/r and w? can be neglected. Introducing the

quantities P, = 7§, and Q. = r fm the first derivative cancels and the following
differential equations can be obtained,
& A+ 5
e O e =0 (712
2 Ay -1] =

_ The solution obeoth equations can be calculated by assuming rational functions
P.(r) ~r* and Qu(r) ~ r*2. Forming the derivative

d2
—r® = aa—1)r* 2 (7.14)

the following two algebraic equations for the coefficients «; and as can be found
from (7.12) and (7.13),

ar(a; — 1) =~v(y+1) and ag(ae—1)=7(y—1). (7.15)

After solving equation (7.15), it is possible to verify the asymptotic behaviour of the
transformed functions P, and @), close to the origin, which is given by

P, = eyt 4 epr™, (7.16)
Qr = c377 + cqr L (7.17)
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Since both solutions, the large component g, and the small component f, of equation
(7.3) and (7.4) are given as a linear combination of P, /r and Q,/r, the leading term
of the irregular single-site scattering solution, which is singular at the origin, is given
by r~7~! in both cases. To confirm the solution behaviour for r « 1, a double

2

logarithmic plot of the numerical solution for Z = 79, ¢ = =, and various values for

k is illustrated in Figure 7.2. The predicted asymptotic behaviour is clearly revealed.

Referring to Figure 7.1 and regarding the special case of an s state (I = 0 and
k = —1) for a small atomic number 4Z2/c? ~ 0, the relativistic irregular solution has
an asymptotic behaviour ~ 72 which is in contrast to the non-relativistic solution
~ =1 A double-logarithmic plot of the solution, illustrated in Figure 7.1a can be
found in Figure 7.3a. For the s wave function of copper (Z = 29, k = —1) the

analytical value of v = /K2 — %Q is given by v ~ 0.977. To verify, if a similar value

can be observed for the numerical solution of the screened COULOMB potential, the
slope of the linear graph in Figure 7.3a can be calculated and a numerical value of
v = 0.951 can be achieved for the minimal radius, which is given by r» = 107> for
the present example. To improve the numerical value by extrapolating to r — 0,
the derivative of the solution can be taken into account (see Figure 7.3b). For the
derivative, an exponential behaviour can be observed, which can be fitted by using

1019 T T 1 11T L T T T 117 T T T
ey,
+ —
+ k=1
+
+
15
10' |- : =2 |
#
¥ * —
ey, K
+
+
k=2
+4.
+
iy
*xk *+, + —
e oy =
* +
1011 ******* ++*++
[~ * k. +y —
****** Fhy,
— o ey ey
* +
< PRk, +++++
*ok, +.
=) K 4y
Hok. +
* +
e Pooose,. o Mg ey,
palan 7l 000, ey +hy,
107 Froocaigss00000000aps 1 1 . s |
XXXXXX +.
xxxxxx +.
XXXXXXXXXX e,
*********** et
************* by,
XXXXXXXXXXXXXXX $4”'+++
xxxxxx %
************ Fhpy
******* L
xxxxxxxxxxxxx L
XXXXX
B 000000 R “
***************
xxxxxxxxxx
10 L] | Lol

Radius r

Figure 7.2.: Double-logarithmic plot of the real part of a relativistic irregular single-
site scattering solutions for a COULOMB potential (Z = 79) close to the
origin.
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a function of the form o)
og(r
y(r) =be < . (7.18)
By calculating the limit » — 0 a better approximation v ~ 0.98 can be found, which
is in very good agreement with the analytical value of v ~ 0.977. Hence, from the
considerations of this section, the sudden change of the irregular single-site scattering

wave function for r « 1 can be explained.
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(a) Double-logarithmic plot close to the origin. (b) Derivative of the double logarithmic plot
close to the origin.

Figure 7.3.: Asymptotic behaviour of the relativistic irregular scattering solution (I =
0, k = —1) for a screened COULOMB potential of Cu.

7.3. Exact solution

As already mentioned in the previous section, the first derivative in (7.10) and (7.11)
cancels by introducing the quantities P, = r g, and Qx = r fx and the following
differential equations remain,

2 y(y+1 27 ~

[dTQ _ . ) +— —w2] P.(r) =0, (7.19)
2 q(y—-1 2aZe ~

[dﬂ _ - ) +— —w2] Qx(r) = 0. (7.20)

Both equations can be solved in terms of the WHITTAKER functions Mj, ,,,(r) and
Wiem(r) [176, 177], where the solution is given by

P.(r) = c1Mzac/, g+1/2(27W) + c2Waae, g 41/2(27w), (7.21)
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Figure 7.4.: Comparison of the analytical and the numerical solution for a uranium

CouLOMB potential.

and

QK(T) = c1Mzae/, g—12(21w) + c2Wzae), g1/ (21W).

(7.22)

The analytical solution can be used to test the numerical implementation of the
solver for the single-site scattering problem. Using the transformation matrix of
(7.5), the initial conditions of the regular solution (6.57) and (6.56) as well as the



7.3. Exact solution 71

initial conditions of the irregular solution (6.69) or (6.70) can be used to determine
the initial conditions of (7.21) and (7.22) for the functions P(r) and Q(r). Out of it,
the unknown coefficients in (7.21) and (7.22) can be calculated. As an example, the
scattering solutions for kK = —1 (I = 0) for an uranium COULOMB potential (Z = 92)
are considered. Even though uranium is radioactive, it is the heaviest atom within the
periodic table, which is still occurring naturally in low concentrations on the planet
earth. Due to the large atomic number, relativistic effects are significant. To obtain
scattering solutions an energy of 1 Ry is used. The numerical solution was obtained
using an ADAMS-BASHFORTH-MOULTON predictor-corrector method of order 5 and
1001 mesh points. According to Figure 7.4, the numerical solution reflects the general
behaviour of the analytical solution. To confirm the investigations of the previous
section, the asymptotic behaviour of the analytic irregular scattering solution can be
discussed. The double logarithmic plot of the large and small component is illustrated
in Figure 7.5. Again, a linear behaviour can be seen and the slope can be calculated
via the derivation of the double logarithmic plot. For » — 0 a value of —0.741 can
be found for both, the large and the small component. This value matches exactly

to the value of —y = —4 /K2 — 40%2 using k = —1, Z = 92 and ¢ = 274. The result is
in perfect agreement with (7.16) and (7.17).
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Figure 7.5.: Asymptotic behaviour of the analytic relativistic irregular single-site
scattering solution (I = 0, kK = —1) for a uranium COULOMB poten-
tial (Z=92).
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7.4. Numerical accuracy

Besides the asymptotic behaviour of the relativistic single-site scattering solution
of the COULOMB-DIRAC problem, the accuracy for the numerical solution was in-
vestigated. The results in the first part of this section were obtained using Matlab
and different methods for the solution of the differential equation [Ge2], whereas in
the second part the results are achieved using the Fortran implementation within
Hutsepot.

For the test using Matlab, a COULOMB potential with an atomic number of Z = 79
was used since it represents the element gold (Au). Due to the large atomic mass
and non-negligible spin-orbit coupling, which causes the typical golden colour, it is a
prominent example for relativistic effects. Usually, for KKR calculations, a maximal
angular momentum quantum number . = 3 or lh.x = 4 is used in practice. For
the test which is discussed in the following, this value was slightly increased up to
Imax = D, to ensure that the discussion is still valid for a higher value. To obtain a
scattering solution, the energy was chosen to be € = 1. For the construction of the
spherical cell, a minimal radius of 79 = 10™* and a maximal radius of rgg = 3 was
used, which is a valid approximation for the usual muffin-tin radius of gold. The
differential equations (6.47) and (6.48) for the COULOMB potential (7.1) were solved
by using the methods illustrated in Table 6.2.

The numerical solutions obtained by using different solvers were compared with a
reference solution, which was obtained by using ode118 and very high accuracy goals.
For the solvers taken from the Matlab ode-suite absolute and relative tolerances were
chosen to be equal and values between 10! and 107'° were used. The maximal
relative error of the numerical solution in comparison to the reference solution was
plotted as a function of the evaluations of the right-hand side of the differential
equation (see Figure 7.6). First of all, it can be verified that the numerical accuracy
for obtaining the regular single-site scattering solution is similar to the results of
the irregular single-site scattering solution. Hence, the following statements can be
given for both solutions. The Matlab solvers odel13 and odelbs are well established
implementations using multi-step methods with variable step size and variable order
[158, 159]. By comparing the performance of ode113, which is a method capable
for non-stiff equations, with the performance of the implicit method odel5s which is
reasonable for stiff equations it is possible to conclude if the underlying differential
equations are stiff. As soon as one deals with coupled first order equations, stiffness
occurs if there are two or more very different scales of the independent variable on
which the dependent variables are changing [92, pp. 727-731]. However, following
SODERLIND et al. [178], a precise mathematical definition of stiffness is not present
yet, but the historical and intuitive meaning can be summarized by:

Stiff equations are equations where certain implicit methods, in par-
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Figure 7.6.: Maximal relative error versus number of right-hand side (RHS) evalu-
ations of the DIRAC equation for a COULOMB potential using different
methods for the solution (see Table 6.2). The method AB5 was imple-
mented within Hutsepot.

ticular BDF!, perform better, usually tremendously better, than explicit
ones.

According to Figure 7.6, the opposite behaviour for the numerical solution of the
DIRAC equation for a COULOMB potential is observed, since the method odel5s
needs to evaluate the right hand-side of the differential equation at least five times
as many as the method odel13. Therefore, the underlying differential equations can
be characterized as non-stiff. The performance of the DORMAND-PRINCE method
(ode45) is very good for crude tolerances and becomes comparable to odelss for
fine tolerances. The ADAMS-BASHFORTH-MOULTON predictor-corrector method of
order 5 with a fixed step size (ABJ) is rather expensive for high tolerances. But,
due to the higher order, the performance is better in comparison to the methods
of the RUNCGE-KUTTA type ode23 and RK/4, if high accuracy goals are demanded.
Also, in comparison to ode4d, which has the same order, less evaluations of the
right-hand side of the differential equation for high accuracy goals are necessary;
it is therefore more efficient. The implemented GRAGG-BULIRSCH-STOER method
with both adaptive order and step-size (GBS) [163] is able to solve the differential
equations with very high orders. But, for the accuracy goals in practice (~ 107%) it
needs about five times as many evaluations of the right hand side of the differential
equation in comparison to odeil13.

!BDF is an abbreviation for backward differentiation formulas [35, pp. 323-333].
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Figure 7.7.: Step size for the solution of the Coulomb-Dirac problem using adaptive
methods.

In many implementations of the KKR method, solvers with fixed step size are
used for spherically symmetric atomic potentials, whereas a logarithmic mesh of type
x = log(r) or similar is employed [34]. The reason for this is that the wave functions
are highly oscillating close to the nucleus, and are smooth for larger values of r.
To verify that a logarithmic mesh is a reasonable choice, the step size for adaptive
methods close the origin was investigated (see Figures 7.7a and 7.7b). The step size
during the numerical solution of the COULOMB-DIRAC problem using ode113, odel5s,
and ode45 is shown in Figure 7.7a and compared with the step size of a logarithmic
mesh. It can be verified that the step size used by ode45 is similar to the characteristic
of a logarithmic mesh. However, the stair-case-like behaviour of odel13 and odel5s
occurs due to the step-size strategy of the method itself, i.e. the change of the step-
size is avoided as much as possible [158]. Analogously, it is possible to transform
the differential equations (7.10) and (7.11) to a logarithmic scale x = log(r) and to
investigate the varying step size of the methods odel13, odel5s and ode45 for the
numerical solution of the transformed equations. As shown in Figure 7.7b, all three
solvers adopt a constant step size close to the origin (z < —5), which again reassures
the choice of a logarithmic scale for methods with a fixed step size.

With the help of the Fortran solver based on the ADAMS-BASHFORTH-MOULTON
method the accuracy of the single-site scattering t-matrix was investigated, which can
be calculated after obtaining the regular single-site scattering solution numerically.
The differential equations were solved for an energy of ¢ = 1, a maximal angular
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site scattering t-matrix |At_; 1| calculated with an explicit ADAMS-
BASHFORTH method and an implicit ADAMS-BASHFORTH-MOULTON
method.

momentum quantum number of [ = 3 and an uranium potential with an atomic
number of Z = 92. In Figure 7.8a the relative deviation of the s-electron contribution
(k = —1) of the single-site scattering t-matrix |At_; _1| for an increasing number
of radial mesh points is illustrated for the explicit ADAMS-BASHFORTH method of
various orders without an application of an implicit corrector. Within this example,
the accuracy saturates for an value of ~ 107% which can be achieved using ~ 1500
mesh points and order 5. The deviation of the t-matrix for lower orders can be
decreased by applying an implicit ADAMS-MOULTON corrector step, as can be seen in
Figure 7.8b. The corrector step can be applied m times, until the solution converges.
In the present example, the solution converges after three iterations.
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8. The relativistic Mathieu problem

8.1. Introduction

A reasonable test for a full-potential KKR method is given by the solution of the
SCHRODINGER equation or the DIRAC equation for the periodic MATHIEU potential,

V(r) = —Uy (cos(ax) + cos(ay) + cos(az)) . (8.1)

For the non-relativistic full-potential KKR method, band structure calculations for
the MATHIEU potential were communicated by YEH et al. [179]. A test of the im-
plemented relativistic full-potential method within the computer program Hutsepot
will be discussed in the following. After the expansion of the MATHIEU potential
into spherical harmonics is derived in the first section, a discussion for the numerical
accuracy follows. It will be seen that the ADAMS-BASHFORTH-MOULTON predictor-
corrector method is a reasonable choice for the solution of the differential equations.
Therefore, the method is used within Hutsepot where the calculation of the band
structure is possible in terms of the BLOCH spectral function. A comparison of the
analytical and the numerical band structure follows in the last part.

W
A

wa

Figure 8.1.: The MATHIEU potential in two dimensions.

7
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8.2. Expansion of the Mathieu potential into spherical
harmonics

For the solution of the differential equations of the single-site scattering problem
(6.9) and (6.10) it is necessary to transform the MATHIEU potential from Cartesian
coordinates (8.1) to spherical polar coordinates and to expand the MATHIEU poten-
tial into spherical harmonics to calculate the potential matrices V*(r) and V= (r)
according to Section 6.3.2. Both can be achieved by the following idea [180]. By
rewriting equation (8.1) in exponential form,

Uo

V) = 00 (don 1 e 4 o g i . i i (5.2

it is possible to apply BAUER’s identity,

0 l

R =am 3T 3 i)Y ()Y (R, (8.3)

I=0m=—1

which already gives an expansion by means of spherical harmonics. Introducing the
vectors k, = (a,0,0), k, = (0,a,0) and k., = (0,0, a) it is possible to replace the
exponential functions of equation (8.2) according to (8.3). Using the behaviour of
spherical harmonics under the application of the inversion operation,

P(DY™ = (-1)'Y™, (8.4)

l
> cos (15 ) dular) Vi (£)Y7" (k)" (8.5)

To calculate exact values of Ylm(léz) the associated angles ¥ and ¢ for k;, k,, k.
are tabulated in Table 8.1, where a > 0 is assumed. For the given angles, values of
Yl*m(f() can be calculated by taking analytic expressions for the spherical harmonics,
which can be found in the book of VARSHALOVICH et al. [181, p. 158],

Y™(0, ¢) =m0/ 2l4+ ! (8.6)

L eimo 21+1 (I4+m—D! (I—m—1)!l .
,¢) = { \/ (l+m)” =m) m 1s even . (8.7)

m is odd

Finally, the expansion of the MATHIEU potential into spherical harmonics can be



8.3. Numerical accuracy 79

k 9 @
(@,0,0) 5 0
0,0,0) 3 3
(0,0,a) 0 O

Table 8.1.: The associated values of ¥ and ¢ for the different k-vectors.

written in the following compact form,

0 l
Vir) = —Varlp Y Y cos (zg) VA + 1 [0mo + frm] ji(kr)Y (). (8.8)

1=0m=-1

In the above equation, the algebraic coefficients fi,,, are given by

m L [OEme D —me D
flm:{ <( 1)z +1>( 1)2\/ Trmyl (—myi Mviseven (8.9)

0 m is odd

The expansion coefficients of equation (8.8) are given in terms of the spherical BESSEL
functions j;(ar).

8.3. Numerical accuracy

Analogously to Section 7.4, where the numerical accuracy was discussed for the
CouLoMB potential, the Matlab implementation of the single-site scattering solver
is used to discuss the numerical solution of the differential equations (6.47) and
(6.48) for the MATHIEU potential [Ge2]. Analogously to YEH et al. [179], the lattice
constant was chosen to be a = 27 and the pre-factor Uy was set to Uy = —0.5. The
expansion of the solution in terms of spin-angular functions was evaluated up to an
maximal angular momentum quantum number of /. = 5. Due to the high value
of Iimax the matrices P and Q in (6.9) and (6.10) are of dimension 72 x 72. For the
investigation of the numerical accuracy the methods illustrated in Table 6.2 were
taken into account.

Analogously to Section 7.4, the numerical solutions obtained by using different
solvers were compared with a reference solution, which was obtained by applying
ode118 and very high accuracy goals. The results by means of maximal relative
error versus number of evaluations of the right-hand side of the differential equation
are shown in Figure 8.2. Whereas the general behaviour of the different methods
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Figure 8.2.: Maximal relative error versus evaluations of the right-hand side of the
DIrRAC equation for a MATHIEU potential using different methods for
the solution (see Table 6.2). The method ABS5 was implemented within
Hutsepot.

compared to each other is similar for regular and irregular single-site scattering so-
lutions, it can be verified that for a particular method and the same number of
evaluations of the right-hand side of the differential equation the maximal relative
error for the regular solution is smaller in comparison to the irregular solution by
approximately 2 orders of magnitude, which is due to the very high absolute values
of the irregular single-site scattering solutions close to the origin. Analogously to
the discussion of the COULOMB potential in Section 7.4, the underlying differential
equations for the MATHIEU potential can be regarded as non-stiff, since the perfor-
mance of the method odel18 is much better than the performance of the implicit
method odel5s [178]. Furthermore, the performance of the ADAMS-BASHFORTH-
MouULTON predictor-corrector method of order 5 (AB5) is worse than the explicit
RUNGE-KUTTA methods RK4 and ode45 for crude tolerances but becomes more ef-
ficient if high accuracy goals are required, which is in agreement with the results
of Section 7.4 as well. Especially for the irregular solutions ode23 fails to give a
reasonable solution for an appropriate amount of evaluations of the right-hand side
of the differential equation.

The differential equations (6.47) and (6.48) are characterized by the effective po-
tential. Since the MATHIEU potential is known analytically, methods with adaptive
step-size like odel13 are a reasonable choice. In general, the effective potential within
each iteration of the KKR method is given on a discrete mesh. Thus, a method with
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a fixed step size is appropriate, since interpolations of the potential between mesh
points are avoided. For the MATHIEU potential, it can be verified (see Figure 8.2)
that the numerical solution of the full-potential single-site scattering problem can be
obtained by linear multi-step methods for non-stiff equations, e.g. by applying an
ADAMS-BASHFORTH-MOULTON predictor-corrector method. Therefore, the method
ABS5 was implemented within the computer code Hutsepot.

Next to the solution via differential equations, the solution of the DIRAC equation
for a MATHIEU potential was investigated by means of integral equations. The
implementation was done analogously to the publication of HUHNE et al. [30] (for
details see [Ge2]). For the integration, the trapezoidal rule as well as the SIMPSON
rule [182, pp. 309] was used. In Figure 8.3 the maximal relative error of the solution
is plotted versus the number of iterations within the BORN series for the solution
of the LIPPMANN-SCHWINGER equation. It can be seen that the maximal relative
error saturates quickly and the Born series converges after three iterations. This is in
perfect agreement with the observation of Drittler 7] for the non-relativistic method.
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Figure 8.3.: Maximal relative error versus number of iterations within the BORN
series for the solution of the DIRAC equation for a MATHIEU potential
by means of integral equations.
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Since the deviation from the exact solution is dominated by the error of the numerical
quadrature, the accuracy of the solution can be improved by either increasing the
number of mesh points for the quadrature or by improving the integration scheme,
e.g. using the Simpson rule instead of the trapezoidal rule. In this way the maximal
relative error can be decreased by about one order of magnitude for the same number
of points, where the integrand is evaluated.

8.4. Band structure

In Section 8.3 it was shown that the ADAMS-BASHFORTH-MOULTON predictor cor-
rector method can be used to solve the DIRAC equation for a MATHIEU potential.
Therefore, this method was implemented within the computer code Hutsepot. To
test the full-potential implementation the band structure for the MATHIEU problem
was calculated by means of the relativistic version of the BLOCH spectral function
(compare equation (2.12)),

1 . ~
AB (k, W) = —; Im Tr Z elk'Rj JdgTj G(I‘j, ry + Rj, W) . (8.10)
R]'GL

The results for different values of I .« are presented in Figure 8.4. Again, the values
a = 2 for the lattice constant as well as Uy = —0.5 for the strength of the potential
were taken. To achieve sharp bands within the plot of the BLOCH spectral function
a small imaginary part of the complex energy 6 = 1073 was used as well as a large
number of energy points, Ng = 800. Furthermore, to compare the BLOCH spectral
function, a second band structure was calculated using a plane-wave approach [180].
Since the MATHIEU potential itself is given as a linear combination of plane waves
(8.2), this approach converges rapidly and gives accurate results. It can be seen that
high values of I, are needed for the calculation of the BLOCH spectral function, to
obtain a result, comparable to the plane-wave band structure. However, high values
of .y are critical within a full potential method, since the evaluation of the potential
into spherical harmonics has to be performed up to lpot = 2lmax and according to
equation (6.15) the shape-truncation functions has to be evaluated up to an maximal
angular momentum quantum number of lghape = 21pot = 4lmax. Nevertheless, the
BLOCH spectral function for Iy, = 4 reflects the general behaviour of the plane-wave
band structure. Problems occur especially for high energy values, where undesired
splitting of energy bands can be found.

Still, it has to be pointed out that the reasonable calculation of the energy bands by
means of the newly developed code within Hutsepot does not only verify the successful
implementation of a solver for the relativistic single-site scattering problem for non-
spherical potentials, but also the proper implementation of the multiple-scattering
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(€) lmax =4 (d) BRILLOUIN zone

Figure 8.4.: Comparison of the relativistic BLOCH spectral function calculated with
Hutsepot (black) and a band structure calculated by means of a plane-
wave approach (blue) for the MATHIEU potential.

formalism of the KKR method. Furthermore, it ensures the correct calculation of
the shape truncation function, which is needed for the computation of the BLOCH
spectral function.
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9. The electronic structure of PbTe and
SnTe

9.1. Introduction

Investigations of tellurides, especially lead telluride (PbTe) and tin telluride (SnTe)
have been performed for decades. Alloys of both materials (Pb,Sn;_,Te) were widely
used as infrared detectors during the late 1960s and early 1970s [37]. Although,
Pb,;Sn;_,Te detectors are easy to prepare and very stable, they were replaced by
Hg,Cd;_,Te devices later on. During the 1990s, Pb,Sn;_,Te on Silicon (Si) was in-
vestigated for the usage as a photovoltaic infrared sensor [183]. Furthermore, PbTe
and SnTe play an important role in the fabrication of thermoelectric materials. Es-
pecially by alloying, e.g. with bismuth (Bi) or antimony (Sb) a high figure of merit
can be reached [184, 185]. Recently, SnTe attracted great attention due to its elec-
tronic structure. In comparison to other semiconducting materials, band inversion
at the L-point can be seen. This particular property lead to the experimental re-
alization of a topological crystalline insulator in 2012 [38, 39]. The band inversion
at the L-point for SnTe is a relativistic effect and is caused by spin-orbit coupling.
Within this chapter, the electronic structure of SnTe and PbTe is discussed as it was
calculated by means of the relativistic extension of Hutsepot. Furthermore it will be
shown that band inversion can be controlled by alloying of SnTe and PbTe as well
as by applying hydrostatic pressure or uniaxial strain.

9.2. Crystal structure

At room temperature, both materials PbTe and SnTe occur in rock salt structure
with the space group Fm3m (225). An illustration of the crystal structure can be
found in Figure 9.1a, where the blue atoms represent the cation (Pb, Sn) and the red
atoms the anion (Te). The primitive cell of the structure is shown in Figure 9.1b.
To obtain better convergence properties within the KKR method two additional
empty spheres were added. For the rock salt crystal structure, only one independent
lattice constant a has to be determined. The equilibrium lattice constants were
calculated using the VASP code together with the PBEsol-GGA exchange correlation
functional [88]. In comparison to the experiment, larger values are achieved, meaning
6.560A for PbTe and 6.408A for SnTe [186]. Taking into account spin-orbit coupling,
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//
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(a) Cubic arrangement of atoms in the rock salt ~ (b) Primitive cell of the rock salt crystal struc-
crystal structure. ture with two additional empty spheres

(green).

Figure 9.1.: The rock salt crystal structure of Pb,Sn;_,Te [80].

the values of the lattice constants slightly increase to 6.562A for PbTe and 6.410A for
SnTe. The estimated lattice constants are in good agreement with the experimental
values [187], which are given by 6.461A and 6.318 A, for PbTe and SnTe, respectively.

9.3. Computational methods

The electronic structure calculations were performed using Hutsepot. The atomic
potentials of the scattering centres were obtained self-consistently by applying the
scalar relativistic approximation [83, 84] together with the atomic sphere approxi-
mation [135]. The evaluation of the Green function in terms of spherical harmonics
was expanded up to a maximal angular momentum of [ = 3. The energy con-
tour along the complex energy plane consisted of 24 points. As an approximation
for the exchange-correlation functional the LibXC[89] implementation of PBE [188]
was used, which is a generalized gradient approximation. To properly simulate the
Pbi_;Sn,Te alloy the coherent-potential approximation (see Section 2.2) was ap-
plied. Band structures were calculated in terms of the Bloch spectral function (see
equation (8.10)) by using a fully-relativistic KKR method based on the solution of
the Dirac equation [Ge2].

9.4. Electronic structure

Both materials SnTe and PbTe are narrow band gap semiconductors. Experimental
values for the band gap are between 0.19 eV and 0.32 eV for PbTe and between 0.2
eV and 0.3 eV for SnTe [189, 190, 191]. Illustrations of the BLOCH spectral function
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of PbTe and SnTe, calculated using the fully-relativistic KKR method can be seen
in Figure 9.2. Regarding PbTe, the states directly below the FERMI energy can
be allocated to the p-states of tellurium (Te) whereas the states directly above the
FERMI energy are p-states of lead (Pb). The band gap occurs at the L-point, as it can
be seen in Figure 9.2a and Figure 9.2b. The band structure of SnTe is illustrated
in Figure 9.2c. Again, the band gap is located at the L-point, but resolving the
contribution of Sn and Te to the band structure according to Figure 9.2d it can
be verified that an inverted behaviour in comparison to PbTe is observed. That
means, close to the L-point p-states of Sn and p-states of Te are interchanged in a
small region about the FERMI energy. Since the band inversion property of SnTe is
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Figure 9.2.: Band structure of PbTe and SnTe calculated using a fully-relativistic
KKR method. The Figures (b) and (d) show the site resolved Bloch
spectral function. Yellow denotes the anion contribution (Te) and black
the cation contribution (Pb, Sn).
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very important for the realization of crystalline topological insulators [39], it will be
illustrated during the next section, how this property can be tuned by alloying and
by applying hydrostatic pressure.

9.5. Influence of alloying and hydrostatic pressure on band
inversion

To better understand the band inversion property of SnTe, the band gap energy for
the alloy Pb,Sn;_,Te was investigated for different concentrations xz and different
lattice parameters between 6.3A and 6.7A. The band gap energy was estimated by
calculating the BLOCH spectral function at the L-point within a small energy region
[Er —A,Erp +A] (A =~ 0.2eV) about the FERMI energy Er using Ng = 700 energy
points and a small imaginary part for the energy (§ ~ 107%) to get sharp peaks.
Since the GREEN function in LEHMANN representation has the form

m) (m|

G(E) :Zm, (9.1)

m

and the BLOCH spectral function is defined as the k resolved imaginary part of the
GREEN function, it is reasonable to fit the peaks of the BLOCH spectral function
using a LORENTZian function [192]

_ ! ¢
- 7 (E— Ep)2+ 02

L(E) (9.2)

Afterwards, the band gap energy can be calculated easily by taking the difference
of the peak positions (Ep) of the two peaks next to the FERMI energy. Results of
the band gap energies for different concentrations and different lattice parameters
are illustrated in Figure 9.3. Negative values represent the results for an inverted
band structure. All together the calculations were performed for 11 different concen-
trations and 20 different lattice parameters each, to produce a reasonable dataset.
Since the described procedure fails in the region where the band gap changes sign,
this array was interpolated using Mathematica to obtain a well defined curve with
E, = 0.

The equilibrium lattice constants of SnTe and PbTe are sketched via dashed ver-
tical lines. Furthermore, they are connected via a third line which describes the
change of the lattice constants according to the change of the concentration of Pb
with respect to VEGARD’s law [193], which is a reasonable approximation for binary
systems, where alloying does not influence the space group of the crystal. Following
the line of VEGARD’s law from PbTe to SnTe, it can be seen that with increasing
amount of Sn the band gap energy decreases until the band gap vanishes for a Pb
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Figure 9.3.: The band gap energy as a function of the lattice constant and the con-
centration x of a Pb,Sn;_,Te alloy.

concentration of x ~ 60 %. Lowering the lead concentration furthermore will in-
crease the band gap again, but with an inverted band characteristic at the L-point.
Hence, the size of the band gap as well as the band characteristic of Pb,Sn;_,Te can
be tuned with changing the concentration of Pb. Comparable results can be found
in the literature e.g. in the work of DIMMOCK et al. [194] or DIXON et al. [195]. The
experimental results published in both works show a strong temperature dependence
of the zero band gap concentration, which can not be modelled in a proper manner
with the used methods.

Starting again with pure PbTe and leaving the concentration constant, a similar
behaviour can be seen for compressing the crystal. Again, compression leads to a
decrease of the band gap until the band gap vanishes at a lattice constant of about
6.42A. This value corresponds to a lowering of the lattice constant of about 2%, which
can be obtained by applying a pressure of ~ 4 GPal. Further compression will open
the band gap again but with inverted band characteristic. In general, compression
of the Pb,Sn;_,Te will lead to a stronger interaction between the electrons in the

!The pressure was calculated from the MURNAGHAN equation of states, which is given by

p(V) = % [(‘V/O)B - 1] . 9.3)

The used values for the bulk modulus By and for the derivation of the bulk modulus with respect
to the pressure B’ were obtained from calculating the total energy of PbTe and SnTe as a function
of the volume and by fitting the data by means of the BIRCH-MURNAGHAN equation of states
[196]. Results are given by By = 51.67 GPa and B’ = 4.5 for PbTe and by By = 52.38 GPa and
B’ = 4.44 for SnTe.
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valence band. This interaction leads to a shift of the energy levels and influences the
size of the band gap.

9.6. Influence of uniaxial strain on band inversion

A similar approach like for the investigation of the influence of hydrostatic pressure
on the band inversion property can be used to study the effect of applying uniaxial
strain. According to Figure 9.3, the transition between inverted and non-inverted
band gap occurs at a Pb concentration of 60 %. Therefore the concentrations 100
%, 90 %, 78 % and 60 % were chosen to investigate how uniaxial strain influences
the band gap. For the calculations a cubic cell was chosen, where four Pb or Sn
atoms and four Te atoms are present. The lattice vectors of the cell are given by
a = (a,0,0), b = (0,0,0) and ¢ = (0,0, c), whereas the relation ag = by = ¢¢ holds
for the equilibrium lattice constants. The cell was compressed or strained along the
crystallographic c-direction. To obtain the lattice constants a and b it was assumed
that the volume of the unit cell is constant.

The band gap as a function of ¢ for the above mentioned concentrations is shown
in Figure 9.4. It can be verified that both, compression as well as strain leads to a
lowering of the band gap. In both cases, band inversion can be triggered if the change
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Figure 9.4.: Band gap energy of Pb,Sn;_,Te versus change of the lattice constant ¢
in units of the equilibrium lattice constant ¢y for various concentrations
x of Sn.
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of the lattice constant c is reasonably large. For pure PbTe the band gap vanishes
for the values ¢/cp ~ 0.96 and ¢/cy ~ 1.045. By alloying, the band gap for the
equilibrium lattice constants ¢y change and therefore the transition between inverted
and non-inverted band characteristic already occurs for smaller deformations. For a
Pb concentration of 60%, Pb,Sn;_,Te is metallic at the equilibrium. By applying
uniaxial strain an inverted band gap appears.
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10. Summary

The main focus of the thesis was the implementation of a relativistic full-potential
KORRINGA-KOHN-ROSTOKER GREEN function method within the computer pro-
gram Hutsepot. The central part of the method is the solution of the single-site
scattering problem, where the regular and the irregular scattering solutions are cal-
culated, which are needed for the construction of the multiple-scattering GREEN
function. In contrast to previous approaches [7, 30] these solutions were obtained by
the direct solution of the underlying differential equations via using a linear multi-
step method, which is possible without the definition of a certain cut-off radius close
to the origin. To ensure that the solution can be obtained with reasonable accuracy,
a comprehensive discussion of the numerics was conducted [Ge2], first, for a spherical
CouLoMB potential and, second, for a non-spherical MATHIEU potential. Further-
more, the asymptotic behaviour of the irregular single-site scattering solutions close
to the origin was investigated and it could be shown that the non-relativistic limit
of solutions with the quantum number x = —[ — 1 differs from the non-relativistic
solutions with the associated quantum number [ for r « 1.

Up to now, the relativistic implementation was used, i.e. for the study of elec-
tronic and magnetic properties of ultra-thin Co films on BaTiO3 [Ge3], the investi-
gation of magnetic properties in binary chalcogenides [Ge5| or the study of magnetic
anisotropy of single rare-earth atoms on highly conducting surfaces [Ge6, Ge7|. As
an example for the application of the relativistic method within this thesis, the band
inversion property of SnTe at the L-point was discussed. By using the coherent po-
tential approximation it could be shown that in addition to the size of the band gap
the band inversion can be tuned by changing the concentration z within the alloy
Pb,Sn;_,Te or by the application of hydrostatic pressure or uniaxial strain.

By using a scalar relativistic KKR method, the electronic and the magnetic struc-
ture of PrMnO3 and CaMnOg3 was investigated. It could be verified that both mate-
rials are semiconductors with indirect band gap. For the magnetic structure, it could
be shown that the manganese moments couple antiferromagnetically. The magnetic
ordering is of the A-type for PrMnO3 and of G-Type for CaMnQOs3. In contrast to the
reference work of JIRAK [96] who suggested low praseodymium moments ~ 0.5 up,
the illustrated calculations predict the high-spin state of praseodymium with a mag-
netic moment of 2 upg and a ferromagnetic coupling of praseodymium and manganese
moments. This new approach to the magnetic structure has been measured in recent
neutron-diffraction experiments [97].
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In addition to the implementation of the fully-relativistic KKR method, a Mathe-
matica group theory package GTPack was developed [Gel]. Along with the different
possibilities GTPack can be used for, it can be applied in the area of crystal field
theory [Ged]. Within this thesis, some of the developments related to crystal field
theory were illustrated and the method was applied to single holmium atoms on a
platinum (111) surface [Ge6]. By assuming that the valence electrons of holmium
form a many particle state with the total angular momentum of 8, it has been shown
that this state splits within the trigonal crystal field induced by the platinum surface
and shows a two-fold degenerate ground state offering an expectation value of the
magnetic moment of +8 up perpendicular to the surface. It has been shown analyti-
cally that the transition between both states is forbidden. Hence, high lifetimes can
be expected.
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A. Density functional theory

For a non-relativistic quantum many-particle system with IV, electrons and N, atomic
cores, the associated SCHRODINGER equation is given by

HU,(R4,...,Ry,,r1,...,rx,) = E, U, (Ry,...,Rn.,T1,...,TN,). (A.1)

The HAMILTON operator H includes the kinetic energy of the cores T.. and electrons
Te as well as the core-core interaction V.., the core-electron interaction Ve, and the
electron-electron interaction Ve,

ﬁ:Tc+Tc+‘7<:c+‘ch+‘7co- (A2)

Assuming that a core with the index ¢ has the mass M;, the atomic number Z;, and
is located at R;, and that an electron with the index j and mass m is located at r;,
the terms of Equation (A.2) can be written as

N A
T,=——S —V& A3
C 2 ]\4—1v i) ( )
=1
3 p2 Y
To=—gm 2 Vir (4-4)
=1
N. N,
N 1 S ZiZie
Vee = I (A.5)
ce 87‘(6012;; |RZ—RJ"
j#i
N Ne 2
~ 1 Zie
Vee = — , and (A.6)
« 47eg 1_21]; Ir; — Rj|
~ 1 e Ne e?
Vee = —— _ A7
ee 871'60;]_2_1 ’I‘i—I‘j| ( )
j#i

Since the mass of the proton is about 1800 times larger then the mass of the electron
it was pointed out by BORN and OPPENHEIMER [197] that the so-called adiabatic
approximation can be applied, which separates the core and the electron solution,

\I/V (R17-~-7RNn7r17-~-7rNe) = gﬁy(rl,...,I‘Ne;Rl,...,RNH)UV(RL...,RNH).
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In the above equation, ®, is a N-electron wave functions which depends on the
variables r; and contains the core coordinates R; as parameters. ®, can be calculated
by solving the associated electron SCHRODINGER equation,

(Te 4 Ve 4 Voo + E) O, (r1,...,rN.) = B,®,(r1, ..., tN,). (A.9)

Here, E. denotes the core-core interaction for a fixed set of vectors R;. Due to
the electron-electron interaction Vee, a coupling between all independent variables
ry,...,ry, in equation (A.9) occurs, and therefore it is not possible to solve it an-
alytically. However, imagining it is possible to solve equation (A.9) numerically for
an oxygen atom on a crude Cartesian grid with 10 points in each direction. Since
oxygen has 8 electrons the wave function is stored on (103)8 = 10%** points. The
wave function is complex-valued and a complex single-precision variable needs 8 B
of memory. Hence, the crude solution would need ~ 10?* B = 10" TB of memory,
which is impossible on nowadays computers.

An elegant way to overcome this circumstance is given by the approach of density
functional theory. Instead of concentrating on the wave function which depends on
N, position vectors, it is the goal to concentrate on the ground state density of a
system which depends on one position vector and which is a real valued quantity. The
mathematical background of the theory is given by the two theorems of HOHENBERG
and KOHN [198], which can be formulated in the following way:

1. For an interacting electron system, the external potential Veyi(r) is uniquely
defined up to a constant by the ground state density no(r).

2. The total energy E[n] has a global minimum for the ground state density ng,
meaning

E[n] = E[no] = Eo (A.10)

Furthermore, for every chosen density n(r), it is essential that n(r) > 0 and
{d3rn(r) = N.

The original proof of the theorems relies on a non-degenerate ground state. However,
it can be shown that the theorems are also valid for a degenerate ground state [47,
pp. 18]. Important extensions are the time-dependent density functional theory
[199], the current density functional theory [200] as well as the relativistic density
functional theory [201, 202].

To obtain the ground state density ng(r) the approach of KOHN and SHAM [203]
can be used, where the interacting N particle system with a known potential is
mapped to a non-interacting N particle system with an effective unknown potential
Vegt(r), but with the same ground-state density. In general, the effective potential
Veri(r) can be constructed from the external potential Vext(r) the HARTREE potential
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I: Many particle system II: eff. one particle system
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Figure A.1.: llustration of the KOHN-SHAM approach, where a interacting N parti-
cle system is related to an effective one-particle system with the same
ground-state density.

Vi (r) and the exchange-correlation potential Vi.(r), which leads to the effective one-
particle KOHN-SHAM equation for the KOHN-SHAM wave-function ;,(r) with the
spin quantum number o,

2
[_an + Vet (1) + Via([n] 1) + Vel [, r>} Yio(r) = €itfia(r). (A1)

An illustration of the idea can be found in Figure A.1. The external potential

Vext(r) includes the electron-core interaction as well as the external magnetic field.
The HARTREE potential represents the electron-electron interaction and is given by

Vaa([n]:x) = —— f &y ) (A.12)

~ dmeg v —r/|

Whereas equations for calculating the external potential and the HARTREE potential
can be derived analytically, an exact expression for the exchange-correlation func-
tional is not known. However, two famous approximations will be mentioned at the
end of this section.

The electron density for each spin state o can be estimated by summation over
KoHuN-SHAM-orbitals v;,, according to

occ.

na<r> = 2 |¢i0(r)’2 . (A13)

From the spin polarized electron densities ny and n |, the total electron density can
be calculated according to
n(r) = ny(r) + ny(r). (A.14)
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In the same manner, the magnetisation density can be derived via
m(r) = nqy(r) —ny(r). (A.15)

The KOHN-SHAM Equation (A.11) is exact if the exchange-correlation potential
Vie([n4,ny]; ) is known. Unfortunately this is not the case and therefore reason-
able approximation for the exchange-correlation potential have to be found. Such
approximations can be obtained, e.g. by finding functionals which reflect the results
obtained by means of quantum Monte Carlo calculations [204]. If the electron density
is slowly varying it can be described locally by the electron density of the uniform
electron gas [205]. This leads to the motivation of the local density approximation
(LDA) with the exchange correlation potential

Pl 6unif. ([ng]; I') .

Ve ([nolir) = 6 ([no]; x) + n(r)— (A.16)

ong

The exchange energy of the uniform electron gas can be found analytically and is
proportional to n"/®. This approach can be improved by including the gradient of the
electron density leading to the so-called generalized gradient approximation (GGA)
[188],

. 6unif. nel;r
VEGA([np): 1) = e [y 1) + m(r) “5— 00 T)

XC,0

() g (282 Db
(A.17)

According to the problem under consideration, higher approximations can be applied
[72], e.g. meta-GGA [206] or hybrid-functionals [207].



B. The Mathematica package GTPack

The Mathematica group theory package GTPack has been developed for applications
in solid state physics and photonics [Gel]. It offers more than 150 new commands
which are denoted with GT at the beginning, like GTInstallGroup for the installation
of point groups. The functionality can be characterized by the following areas.

1. Basic group theory and representation theory: The package covers the
installation of the 32 point groups or the installation of arbitrary finite groups
from generators. It is possible to calculate i.e. left and right cossets, normal
divisors, classes or the centre of a group. It covers basic representation the-
ory like the calculation of character tables [108], the generation of matrices
of irreducible representations [208] or direct product representations, or the
computation of CLEBSCH-GORDAN coefficients [209].

2. Electronic structure theory: GTPack automatise the construction and so-
lution of real space and k-space tight binding Hamiltonians in 2- and 3-centre
form [210, 211, 212] and the construction of plane wave Hamiltonians [213, 214].
It allows the group theoretical investigation of calculated band structures and
allocates the states to the related irreducible representations. Furthermore
GTPack includes modules for calculations in the framework of crystal field
theory, like the construction of a crystal field Hamiltonian or the generation of
STEVENS operator equivalents [112].

3. Photonics: With the help of the plane-wave approach, it is possible to calcu-
late 2-dimensional photonic band structures. By applying the character projec-
tion operator, it is possible to analyse the symmetry of the electric or magnetic
field and to estimate the related irreducible representation.

4. Crystal structure, lattice and k-space: G7TPack offers the possibility to
load, save and to plot crystal structures. The stored information can be used
for electronic structure calculations. GTPack can be applied to estimate the
small groups in k-space, which represent the symmetry operations at certain
high-symmetry points within the BRILLOUIN zone.

5. Auxiliary: Within GTPack quaternions are introduced and the quaternion
algebra is implemented. Furthermore tesseral harmonics and Cartesian spher-
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ical harmonics are added. Furthermore, rotation matrices in spin space can be
constructed.

Within GTPack symmetry elements can be represented by symbols, matrices,
quaternions or EULER angles. Next to ordinary point groups, double groups can be
installed for the investigation of systems with spin-orbit coupling [215].

As an example for GTPackMathematica notebooks related to Section 4.2 and Sec-
tion 4.3 are illustrated in Figure B.1 and Figure B.2. It can be seen that all important
results can be obtained after a few steps using GTPack commands. Starting with
the qualitative discussion, it was explained in Section 4.2 that the decomposition
of the 17-dimensional unperturbed ground-state belonging to the irreducible repre-
sentation D® of the group O(3) into irreducible representations of the group Cs,
has to be investigated for the case that the symmetry is lowered from O(3) to Cs,

n[i]= Needs ["GroupTheory "]
[nstallation of the point group Cj, and calculation of the character table.
Inf1}= ¢3v = GTInstallGroup["C3v"]

The standard representation has changed to 0(3)

outl1} {Ee, Csl, Cyys ICyp, ICs, IC2y}

2= ct = {classes, chars, names} = GTCharacterTable[c3v, GOIrepNotation » "Mulliken"]

Ee 2C3l 31ICy

a1 1 -1
E| 2 -1 0
C; = {Ee}

Cy = {ciér sz}
Cs = {Iczur ICacs Iczy}
oulgz] H{Ee}, {cgi, czz}, {Icw, IChe. Iczy}}, ({1, 1, 1}, {1, 1, -1}, {2, -1, 0}, {A, Ay, E}}
Characters of the angular momentum representation with j=8.

In[3:= ac = GTAngularMomentumChars[classes, 8]
oug= {17, -1, 1}
Which irreducible representations occur?

4= GTIrep[ac, ct]

3A182A06 E

Figure B.1.: Example of GTPack illustrating the qualitative discussion of the crystal
field splitting of the 4f7, four particle state (J = 8) of a single holmium
atom on a platinum (111) surface
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due to the crystal field of the platinum (111) surface. After loading GTPack, the
point group Cs, can be installed by means of GTlInstallGroup, as shown in Figure
B.1. Afterwards, the character table is calculated using GTCharacterTable, where
the irreducible representations are denoted in MULLIKEN notation [109, 110]. The
characters of the elements in each of the three classes of C3, for the representation
D8 can be estimated with the help of GTAngularMomentumChars. To calculate the
decomposition of D® into irreducible representations of C3, equation (4.1) can be
used, which is implemented with the module GTIrep.

The quantitative discussion according to Section 4.3 can be found in Figure B.2.
After loading the package and installing Cs,, by means of G TInstallGroup, the crystal
field Hamiltonian can be constructed with the help of GTCrystalField. To calculate
the matrix A of equation (4.7), the functions S[1,m] of the crystal field expansion
can be replaced by matrix elements of the STEVENS operator equivalents [112], which
can be calculated using GTStevensOperator. Using crystal field parameters B[1,m]
according to MIYAMACHI et al. [Ge6] the eigenvalues and eigenvectors of A can be
calculated with the Mathematica command Figensystem. Finally, from the eigenvec-
tors a’, the expected value of the magnetization in z-direction (.J,) can be calculated
by

2J+1 . 9 R 2J+1 o
() = Y lab | (Im| T |Tm) = 7 |ab|” m, (B.1)
m=1 m=1

which gives the result illustrated in Figure 4.2.
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In0}= Needs ["GroupTheory "]
[nstallation of the point group Cj.,.
Inf1}:= ¢3v = GTInstallGroup["C3v"]

The standard representation has changed to 0(3)
out}- {Ee, €51, Cyys ICsm, IC,c, ICZY}

The total angular momentum of the system is 8.
2= j = 8;
Calculation of the crystal field hamiltonian.
Ingl= vertmp = GTCrystalField[c3v, 6, GOHarmonics -» "Real"] /. A[1l_, m_] » B[1, m] / rAl

ou- B[O, 0] S[0, 0] +B[2, 0] S[2, 0] +B[4, -3] S[4, -3] +
B[4, 0] S[4, 0] +B[6, -3] S[6, -3] +B[6, 0] S[6, 0] +B[6, 6] S[6, 6]

The tesseral harmonics can be replaced by the matrix elements of Stevens operator equivalents, calculated according to Ryabov, Applied
Magnetic Resonance, Springer Vienna, 2009, 35, 481-494.

Inf4:= ver = vertmp /. S[1_, m_] :> GTStevensOperator[l, m, j];

The angular part of the matrix A’ = (l//,’,,, Ver L//fﬂr) is allready calculated by GTStevensOperators. The radial part is included within the
soefficients B}". Those can be taken from Miyamachi et al., Nature Publishing Group, 2013, 503, 242-246.

In[5]= Amat =
SetAccuracy [
ver /. {B[0, 0] » 0, B[2, 0] > -239.068 x10A-6, B[4, 0] » 85.9023 x10A-9,
B[4, -3] » 293.446 x10A-9, B[6, 0] - 0.186782 % 10A-9,
B[6, -3] > -1.96786 « 10A-9, B[6, 6] -» 0.630483 x 10A-9}, 20];

Now, the eigenvalues and eigenvectors of the matrix A can be calculated.
6= {ev, evec} = Eigensystem[Amat] // Chop;
If @' is an eigenvector of the matrix A, then the expectation value < J, > can be calculated by < J, >= Z‘:n;[ |af,, |2(S;", J.S7).

7= Svec[j_] := Table[S[j, m], {m, -3, 3}1;
Jz[j_] := DiagonalMatrix[Table[m, {m, -3, j}1]1;
eval = Table[vec = Abs[evec[[i]]] A2 * Svec[]]; {
Expand[vec.Jz[j].vec] /. S[1_, m_]* > 1, (ev[[i]] - Min[ev]) » 1000},

In[10}= TableForm[Sort[eval, #1[[2]] < #2[[2]] &] // Chop,
TableHeadings » {None, {"<Jz> (&)", "E (meV)"}}]

<Jz> (h) E (meV)
-7.9997095054350 0
7.9997095054350 0
-6.9999662944931 7.7065623650411
6.9999662944931 7.7065623650411
0 16.3255289929368
0 16.3258394803538
-4.99565857723855 24.5806183377632
Ou10}TableForm= 4.99565857723855 24.5806183377632
-3.99213710896990 31.7345753785788
3.99213710896990 31.7345753785788
0 37.3309658650636
0 37.5195682145235
1.99073857297212 41.5090799788041
-1.99073857297212 41.5090799788041
0.99451156791772 43.9531146737451

-0.99451156791772 43.9531146737451

Figure B.2.: Example of GTPack illustrating the quantitative discussion of the crys-
tal field splitting of the 4f7, four particle state (J = 8) of a single

holmium atom on a platinum (111) surface
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