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Abstract

This thesis provides a theoretical description of inelastic scanning tunneling spectroscopy
(ISTS), using a newly developed first-principles approach, by combining time-dependent
density functional theory and many-body perturbation theory. The Korringa-Kohn-Rostoker
Green function method is utilized, since it affords a real-space description of nanostruc-
tures, well-suited to the ISTS context. The central quantity is the electron self-energy,
containing the interactions between the tunneling electrons and the spin excitations of the
nanostructure. This self-energy leads to a renormalized electronic structure in the vacuum
region above the adsorbate, which can be directly compared with the experimental ISTS
signal, in the spirit of the Tersoff-Hamann approximation.

As a first application, the developed method is applied to individual 3d transition-metal
adatoms (Cr, Mn, Fe, and Co) deposited on metallic surfaces (Cu(111) and Pt(111)).
The obtained magnetic excitation spectra for the regarded structures show differences in
the excitation lifetime and the g shift, which can be attributed to the electronic structure
of both, the adsorbate and the substrate. The calculated theoretical inelastic spectra
reveal different non-trivial shapes of the excitation signatures, that vary with distance
to the adsorbate. Observed asymmetries in these spectra could explain asymmetries in
experimental findings. Furthermore, some spectra show additional bound states (satellites)
that are not predictable by use of a simple Heisenberg model. For Fe and Co adatoms on
Pt(111) the impact of hydrogen contamination on the excitation spectrum is investigated.
In agreement to experimental findings, the presence or absence of hydrogen has a significant
impact on the shape of the excitation spectrum.

In addition to the above analysis, we also consider clusters of two or more 3d transition-metal
adatoms deposited on the Cu(111) surface, investigating the resulting magnetic excitation
spectra. The magnetic moments are coupled by the exchange interaction which results
in different excitation modes of acoustic and optical character. The obtained excitation
spectra depend on the regarded adatom species, the interatomic distance, the alignment of
the magnetic moments, the number of involved atoms, as well as the arrangement on the
surface. A comparison of a ring and a chain structure reveals the impact of geometrical
topology on magnetic excitations. The semiclassical Landau-Lifshitz-Gilbert model is used
to provide an insightful interpretation of the first-principles spin-excitation modes.
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Conventions and Abbreviations

Notation Mathematical object
a arrow head 3-dim. vector (Roman letters for components, e.g., a;)
a hat normalized 3-dim. vector
a double arrow head (3%3)-dim. matrix
b underline 4-dim. vector (Greek letters for components, e.g., b,)
b double underline (4x4)-dim. matrix
1) bold vector in spin space (spinor)
o bold matrix in spin space
S calligraphic symbol general operator (in basis independent form)

0(w) Dirac ¢-distribution, see Appendix

O(r) Heaviside step function, see Appendix |C

f(e) Fermi-Dirac function, see Appendix

Abbr. Meaning Abbr. Meaning

AFM antiferromagnetic LDA local-density approximation
ASA atomic sphere approximation  LLG Landau-Lifshitz-Gilbert

DFT density functional theory MBPT many-body perturbation theory
DOS density of states SOC spin-orbit coupling

fcc face-centered cubic STM scanning tunneling microscope
FM ferromagnetic STS scanning tunneling spectroscopy
FWHM  full-width at half maximum TDDFT  time-dependent DFT

ISTS inelastic STS ™ transition metal

KKR Korringa-Kohn-Rostoker XC exchange-correlation







1. Introduction

Storage and exchange of digital information are of ever-growing importance in modern
society. Besides primary electronic devices such as laptops or smart phones, also domestic
appliances (refrigerators etc.) and all kinds of vehicles are more and more linked together
in the Internet of Things, enabling the synchronization of different areas of our daily
life. This development would not have been possible without the tremendous advances
in information technology. In 55 years, the Areal Density (AD) has increased by a factor
of one billion from several kilobits per square inch up to almost one terabit per square
inch, an AD value that for a long time was assumed to be the upper limit in data storage
density [1]. This became possible through groundbreaking discoveries in fundamental
research, such as the giant magneto-resistance (GMR) effect [2,[3], discovered by Albert
Fert and by Peter Griinberg who were awarded the Nobel Prize in Physics in 2007.

However, the engineering of future electronic devices meets different challenges. On
the one hand, the steady miniaturization of the bit size in conventional hard disk drives
(HDD) eventually reaches a point at which stored binary information becomes vulnerable
to thermal and electromagnetic fluctuations, leading to permanent loss of information.
This barrier is known as the super-paramagnetic limit [4]. On the other hand, the transport
of digital information using the electron charge implies power losses due to Joule heating,
a well-known bottleneck for exascale computing. Novel concepts utilize the electron
spin instead of its charge as information carrier. For this purpose, materials are needed
that allow fast information transfer of huge data streams, i.e., they should reach high
switching rates, while other materials should be able to store information with a long-term
stability within a small area of few atoms only. Therefore, the future development of novel
electromagnetic devices will be mainly driven by their need for operating at low energy
consumption to reduce the heat generation and by their ability to protect a binary unit
against disturbing fields caused by switching processes in adjacent units. In order to meet
these requirements, the understanding of magnetism dynamics in low-dimensional systems
at the nanometer scale is of paramount importance.

Besides the mentioned request of industry towards research to continuously improve
materials and develop novel ideas for binary information storage devices, it is of fundamental
interest to understand the nature of magnetism at the nanometer scale. Such a task is
far from being trivial, since, due to the atomic size of the problem, quantum-mechanical
effects play a central role. In addition, the reduced dimension of surface structures results
in atoms that usually exhibit different coordination numbers than in bulk, enhancing their
spin and orbital magnetic moments. As a direct consequence, spin-orbit coupling induced
effects, such as the magnetic anisotropy energy (MAE) or the Dzyaloshinskii-Moriya



interaction (DMI), are significantly enlarged by typically one or two orders of magnitude
compared to the bulk value. Thus, they can lead to exotic spin textures beyond the
collinear ferromagnetic (FM) or antiferromagnetic (AFM) alignments, i.e., spin spirals
of unique rotational sense [5-8] or skyrmions [9,[10], i.e., twodimensional topologically
protected vortex spin structures. Furthermore, magnetic properties of such systems are
extremely sensitive to small manipulations in the structural arrangement [11,[12].

The understanding of magnetism at the atomic level was greatly boosted by the development
of the scanning tunneling microscope (STM) by Gerd Binnig and Heinrich Rohrer [13].
Since the tunneling current from the STM tip to the analyzed sample decays exponentially
with distance, this microscope produces an extremely precise topographical image of
the surface structure with an accuracy in the sub-nanometer scale. By use of a spin-
polarized tip, the image carries information about the magnetic texture of the structure in
atomic resolution [14,[15]. In 1998 Stipe et al. [16] demonstrated for the first time how
dynamical properties of the system can be studied, i.e., excitations of the system. This is
achieved by sweeping the applied bias voltage while the position of the tip is kept fixed.
Then, these excitations are found in inelastic scanning tunneling spectroscopy (ISTS)
measurements. For molecules or clusters deposited on surfaces, vibrational excitations
can be found and are usually observed with excitation energies of several tenths electron
volts [17]. In magnetic materials, spin-excitations may provide additional tunneling channels
that allow the electrons to inelastically tunnel from tip to surface and vice versa, which
results in a sudden change in the conductance spectrum at the corresponding excitation
energy [12,/18423].

These spin-excitation signatures are usually assumed to manifest as a step-like increase (or
decrease for its counterpart at negative bias voltages) of the conductance spectrum. In fact,
such spectra are usually interpreted in terms of quantum Heisenberg models [12,[18}[24-28]
and beyond [29}[30]. By this procedure, however, certain characteristics of the measured
excitation spectra are not accessible, for example asymmetries in the observed inelastic
spectra or even the extinction of the spin-excitation signature. The lifetime of the excitation
is often accounted for by means of an external parameter, however, within such a procedure
its physical origin remains hidden. These models show good agreement to experiment as
long as the adsorbate only couples weakly to the substrate [12}[18]. However, they do
not properly account for cases where strong hybridization with the substrate electrons is
present, leading to magnetic moments of the impurity atom which are far from integer
or half-integer values. Furthermore, they rely on input parameters from experiment and
therefore show a limited potential in exploring the behavior of designed chemical structures
that have not been realized in experiment.

Parameter-free approaches to explore the spin-dynamics of a given system are rare. While
density functional theory (DFT) shows tremendous success in describing ground-state
properties of solids, the study of excitations is beyond its scope. Instead, two distinct
concepts are established as reasonable extensions to the DFT formalism, capable to
properly account for dynamical magnetic effects. On the one hand, time-dependent DFT
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(TDDFT) allows the study of magnetization dynamics, as demonstrated for example by
Buczek et al. [31] in an ultrathin Co(100) film exposed to a nonuniform magnetic field.
The second approach utilizes many-body perturbation theory (MBPT), where magnetic
scattering processes in a solid are accounted for by means of a so-called T-matrix [32H34].
In both approaches, the transverse dynamical magnetic susceptibility, x, plays a central
role, as it gives access to the magnetic response properties of a system [21}35,36]. For
instance, when the hybridization between nanostructure and surface is not negligible, x
provides information on the intrinsic spectrum of spin excitations. Recently, this quantity
has been evaluated in the context of adatoms on metallic surfaces by means of a fully
first-principles approach [37}/38]. In this way, main characteristics, such as the excitation
energy, the ¢ shift, and the lifetime of the spin excitation can be obtained and compared
to experimental findings [20,[23].

In this thesis we go beyond the description of the magnetic properties and describe
theoretically the inelastic tunneling spectra as measured by an STM setup. This closes
a gap between experiment and theory in the sense that the measured inelastic spectra
contain the signature of the spin excitation as probed by an STM tip in the vacuum above
the adsorbate, which is not captured by . Therefore, the main purpose of this novel
approach is to directly access the inelastic tunneling spectra by means of a first-principles
scheme. The coupling of the tunneling electrons to the spin excitation is described in terms
of the electron self-energy, 3. The applied method is based on the Korringa-Kohn-Rostoker
(KKR) Green function method embedded in a TDDFT formalism in combination with
MBPT. Thus, this method provides a realistic description of theoretical inelastic tunneling
spectra. The advantage of such a scheme lies in the direct access to the Green function
renormalized by the interaction of the spin-excitation with the electronic structure. Thus,
one is able to predict the shapes of realistic excitation spectra in the vacuum region above
the impurity or at any position next to it which represents a powerful tool to analyze and
predict inelastic excitation spectra. In the spirit of the Tersoff-Hamann approximation [39]
the renormalized electronic structure can be related to such measured spectra. With this
method many aspects of these spectra can be observed and related to the electronic
structure of the system.

With this novel method at hand we study the magnetization dynamics in nanostructures
consisting of one or more 3d transition-metal (TM) adatoms (Cr, Mn, Fe and Co) deposited
on Cu(111) as well as on Pt(111). This choice allows to compare to experimental ISTS
studies [20,[23]/40] in order to demonstrate the ability of our scheme. On top of that,
the predictive power of the presented approach is used to explore the spin-dynamics in
nanostructures on surfaces that have not been measured in experiment so far, guiding
experimentalists to promising candidates for ISTS studies in the future.

In the following the outline of the thesis is given: In Ch. 2] the fundamentals of DFT and
TDDFT are presented, representing the theoretical basis of this work. The subsequent
Ch. Bis devoted to the KKR Green function method. Beyond the formalism that is found
in the literature, the projected form of the KKR Green function is discussed, which is used



in the calculated dynamical properties. This is followed by Ch. [ where the dynamical
magnetic susceptibility in the framework of linear response DFT is introduced. The
derivation of the self-energy in the framework of MBPT in Ch. [f] concludes the description
of the theoretical background. It is shown how this object is mapped onto the TDDFT
formalism used in the present thesis.

The subsequent Chs. [f] [7} and [g] present results obtained by use of the newly derived
method: In Ch. [f] different transition-metal adatoms placed on the Cu(111) surface are
considered and the resulting excitation spectra are described and analyzed in detail. First,
the intrinsic spin-excitation spectra for the investigated adatoms are analyzed. A discussion
of g shifts and lifetimes is given and connected to the electronic structure. Second, the
self-energy for these systems and the renormalized spectra for the adatoms and the vacuum
position above the adatoms are described.

The following Ch. [7] examines excitation spectra for TM adatoms on the Pt(111) surface.
A comparison to the results obtained for the Cu(111) surface and to experimental findings
are given. In addition, the impact on the obtained spectra is investigated when a hydrogen
atom is positioned next to an Fe or a Co adatom on Pt(111).

Spin-excitation spectra for nanostructures of two or more magnetic adatoms on the Cu(111)
surface are considered in Ch.[8] This analysis covers four different aspects: (i) an extensive
study of spectra for ferromagnetic and antiferromagnetic spin alignments in dimers, (i)
trimer spectra for a linear or a triangular arrangement, (ii7) how excitation spectra evolve
in the process of building a chain of atoms, one by one, and (iv) the impact of topological
arrangements by comparing spectra for rings or chains consisting of the same number of
adatoms.

Finally in Ch. [9) we summarize the results that have been obtained within the thesis. A
short outlook of possible improvements and further developments of the method as well
as suggestions for future applications of the method conclude the thesis.
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A typical condensed matter system consists of a very large number of interacting particles
(a grain of sand already contains about 10'® to 10'° atoms). At a first sight, the theoretical
investigation of such a system, in particular its ground state properties or even its low-
energy collective excitations, is thus impossible due to the interacting nature of the problem.
The impact of these collective excitations is crucial in determining several properties of
materials, including those related to transport phenomena, magnetism, vibrations, and
fluctuations. For instance, thermal expansion can be understood in terms of phonons
(collective vibrations of the atoms in a solid), that behave like weakly interacting quasi-
particles. Other examples of quasi-particles are magnons (collective spin-excitations) or
plasmons (collective charge-excitations).

With this in mind, a reasonable description of such a complex system requires the following
two steps: First, a proper characterization of the ground state is needed. For this purpose,
density functional theory (DFT) has emerged to be the tool of choice. Then, the associated
low-energy excitations are obtained from its dynamical extension, time-dependent DFT
(TDDFT).

The structure of this chapter is as follows: After introducing the many-body problem
in Sec. we first consider a time-independent problem and discuss the formalism of
DFT in Sec. 2.2} This is followed by Sec. in which the main aspects of TDDFT are



2.1 The many-body problem

presented. A connection to linear response is drawn paving the way to Ch. [ in which the
response function is discussed in more detail. The Chapter concludes with a brief summary

in Sec. 2.4

2.1. The many-body problem

Suppose a system of N electrons in a solid is described by the quantum-mechanical state
|W(t)) which is solution to the Schrédinger equation

.0
i1 0(0) = HOW() (2.1)

A first attempt to simplify the task of solving Eq. (2.1]) is the Born-Oppenheimer approxi-
mation [41] in which the N, nuclei are assumed to be at fixed positions { R;} and enter the
Hamiltonian in Eq. (2.1)) as a set of parameters. Then, the corresponding time-dependent

Hamiltonian #(t) in Eq. decomposes intd]
H(t) =T +W+Vex(t) , (2.2)

with the kinetic energy

N
i=1

the electron-electron interaction

AR 2

K3

=1 j=Lijti
and the external potential
N
Vext(t) = Z [,Unuc(’r_"i) + ’Uext(’r_';: t)} ’ (25)
i=1

where 7 is the position of the electron with label i. The external potential further splits
into the (time-independent) external potential caused by the nuclei,

Na

27
Unuc(ﬁi) = - Z — 5 (26)

=1 |ri— Rp

where Z; is the charge number of the nucleus with label 7, and vex: (7, t), which contains the
coupling to time-dependent external fields. In principle, the Hamiltonian in Eq. (2.1)) also

Throughout this thesis formulas are given in Rydberg atomic units if not stated otherwise, see
Appendix [A]
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contains higher-order terms that describe relativistic effects (such as spin-orbit coupling).
In this thesis, however, such phenomena are not considered.

In the Schrédinger picture, the expectation value of an observable A(t), i.e., a quantity
that could be measured in an experiment, is given by

(AB)way = (TOLA[()) , (2.7)

where A denotes the corresponding operator (an explicit time-dependency is possible,
see for example Eq. (2.9)). If a complete and discrete set of eigenvectors {¢;(¢)} and
eigenvalues {a;(t)} to this operator is known, Eq. (2.7)) can be written as

(A ey = (PO O ()W) =Y as (&) (& (DIWEN*,  (2:8)
J J

which has an analogue integral form for operators with a continuous spectrum of eigenstates.

The charge density of such a system is given by

N

n(7,t) = (U(t)| Y 6(F — 7)P|(t)) , (2.9)

i=1
where 7; represents the position of particle ¢ and
P =11, TN,y e, T (2.10)

is the projection operator onto the set of electronic positions {7;}. For the case that the
investigated system is magnetic one defines the vector spin-density

N
m(F ) = (V)] Y 6(F - 7)P @ &[¥(1)) (2.11)
i=1
where the vector
(7
é=|o, (2.12)
(o

of Pauli matrices

01 0 —i 1 0
a’w—<l 0) ay—<i 0) , a’z—<0 1) (2.13)

has been introduced. Together with the unity matrix in spin space

10
oy = ( ) =12 (2.14)
01
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the Pauli matrices form a complete basis set for the spin space. With the definition of the
four-vector density and the generalized projection operator,

(17, ¢
n(F,t):(n(T' )> and P=P®a, where o_:<0;o> (2.15)
o

(7, 1)

one can write Eqgs. (2.9) and (2.11)) in a more compact way,

N

nalFt) = (U] S 67 — 7P () | (2.16)

i=1
where a € {0, z,y, z}.

The attempt to solve Eq. (2.1)) directly requires to get access to the wave function in
spatial representation,

(Fry oo PNE() = (7, .. Past) (2.17)

an object that depends on 3N + 1 variables (the spin-degree of freedom is not even
accounted for). It is already problematic if not impossible to store the information of
such a wave function for a reasonable number of particles: For a given time argument, a
relatively small number of N = 100 electrons, and a coarse grid point mesh of 10 points
per degree of freedom in the spatial coordinates, one would have to store 10'% different
numbers. Realizing that the estimated amount of information that the entire universe
can register is of the same order of magnitude [42], a more efficient way to describe such
many-body problems has to be utilized, i.e., a method which avoids the determination
of the wave function in Eq. (2.17). Such an alternative approach is provided by DFT
in which the task of finding the full wave function is substituted by the search for the
electronic density. The basic concepts of this method are presented in the next Sec. 2.2

2.2. Ground-state DFT

Suppose that the Hamiltonian H does not depend on time. With the ansatz |¥(¢)) =
e 1P| U) Eq. (2.1)) results in the eigenvalue problem

H|W,) = Ep|Vy) , Eg<E <.... (2.18)

The ground state is described by the lowest eigenenergy, Eqs = Ey, and the corresponding
eigenstate, |Uag) = |Wo). Setting spin aside for the moment, the ground-state density is
connected to the spatial representation of the ground-state wave function via

N
ngs(F):Z/dSTl"'/(137"]\]\1/&8(7?1,...,’FN)(S(F—ﬁ)\Dgs(’FM...,’FN) . (219)
=1
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2.2.1. The theorems of Hohenberg and Kohn

In 1964 Hohenberg and Kohn [43] proved that the ground-state energy is a unique
functional of the system's ground-state density, ngg(7), provided that the ground state is
non-degenerate, Ey < El.E] In a first theorem, they showed that there exists a one-to-one
correspondence between the external potential v (7) and the ground-state density (up
to a constant shift in the potential),

Vet (T) > nas(7) . (2.20)

In fact, the uniqueness of the ground-state density allows to represent the Hamiltonian and
thus any other desired observable as a functional of the density (hence the name density
functional theory). A second theorem states that the functional of the total energy get
minimal for the ground-state density,

Ey = Elngs] = min Eln], (2.21)

where the minimization condition accounts for densities that satisfy the condition N =
J &3 n(F). The formalism can be extended to magnetic systems, where instead of
the density alone, a pair of density and magnetization serves as central basis, e.g.,
V[n] = V[n,ni.

Although the theorems of Hohenberg and Kohn ensures that the ground-state density
is sufficient to describe the system completely the task remains to find it. This can be
achieved by means of the Kohn-Sham formalism [45] which will be presented in the next
section.

2.2.2. The Kohn-Sham formalism

The central idea of the Kohn-Sham formalism is to introduce an auxiliary system of
non-interacting particles that yields the same ground-state density as the one for the
interacting electrons. By introducing the Kohn-Sham orbitals {¢;} and accounting for the
condition

N

nas(i) = Y 16;(7F)”, (2.22)

j=1
one has to solve the Kohn-Sham equations,
(= V2 + venlnas)(7) ) 65(7) = €565(7) (2.23)

which have the form of single-particle Schrodinger equations. The effective single-particle
potential vz is an unknown functional of the ground-state density ngs. The remaining

2The constraint of the original proof to be limited to systems with a non-degenerate ground state could
be overcome by Levy [44] in 1979.



2.2 Ground-state DFT

difficulty lies now in a clever way of splitting this potential into parts that are accessible and
of dominant character and parts that are unknown yet and give only a small contribution.
This is achieved by the Ansatz

veﬂ(F) = Uext<F) + UH(F) + ’UXC(F) (224)

where besides the external potential (see Eq. (2.5)) and the Hartree potential

2n(r")
vg(7) = [ d®' 2.25
the so-called exchange-correlation potential v,.(7) is introduced, collecting the remaining
parts of ves that are not described by the vext(7) or vu (7). The energy functional from

Eq. (2.21)) then reads

E[n] = T;[n] + En[n] + Exc[n] + Eexc[n] , (2.26)
where
Tl = [ @S w590 7) (227)
j=1
is the kinetic energy of the Kohn-Sham orbitals,
FEuln] = / d®r / d*r’ % (2.28)

is the Hartree energy, and E..[n] is the exchange-correlation part of the energy functional
and the remaining unknown. In fact, Eq. (2.26]) defines Ey.. Its connection to the
exchange-correlation potential (see Eq. (2.24))) is given by

() — SBxel]
Uxe[nas] (7) on ()

(2.29)

n()=ngs(7)

Note that the effective potential ve () in Eq. (2.24) depends on the density and that
this density, in return, is build by the solutions of Eq. (2.23)), so the Kohn-Sham equations
form a self-consistent problem. In fact, finding a self-consistent solution represents one of
the most time-demanding tasks of any DFT-based code.

For the spin-dependent formulation the Kohn-Sham equation (2.23)) takes the form

[(—62 + Ueﬂ?[nGS:"?LGS](F)) o0 + Ber[nas, mas) (7) '5'} @;(1) = €;0,(7) , (2.30)

where

):zwmv (2.31)

10



2 Density functional theory and its time-dependent extension

is a spinor of Kohn-Sham orbitals expressed in terms of the basis vectors in spin space,

N /o
|T>=XT=<O> and |¢>=x¢=<1>~ (2.32)

In Eq. (2.30)) the previously introduced unity matrix in spin space and the vector of Pauli
matrices (oo and &, cf. Eqgs. (2.13]) and (2.14))) enter. The effective potential now depends
on charge density and vector spin density of the ground state, veg = vegr[nGs, Mas], where

N

nas(F) =Y ¢;(F) oo, () and riics(F) = Y ¢,(7)Ge, (7)), (2.33)

j=1 j=1

and the dagger (1) denotes transposition of the spinor and complex conjugation of its
components. Furthermore, in Eq. (2.30)) the effective magnetic potential

Be(") = Bext (') + B () (2.34)
was introduced, where éext is the external magnetic field and

- 0 Exe[n,m]

Bxc(F) = 5 TT?(F) (2.35)

n,M=ngs,MaGs

is the definition of the exchange-correlation magnetic potential. Thus, the effective
magnetic potential is also a functional of charge and vector spin-density for the ground
state, Beg = Bef:f[n(;s7 ’Iﬁ(;s}.

For the case that the effective magnetic field points along the z direction, Bo.g = Begés,
one can write

nas(7) = ngs () +ngs(7) (2.36)
and  mgg:(F) = ngs(F)*nés(F% (2.37)
where
al 2
ngs(®) =Y |5 . oe{t i} (2.38)
j=1

was introduced.

2.2.3. A practical approximation to the exchange-correlation
energy

The functional dependence of the exchange-correlation energy Fi.[n] on the density n(r)
is unknown. A central task in every DFT-based code is to approximate this quantity in a

11



2.3 Time-dependent DFT

way that satisfies the expected computational performance best. Over the years, different
more or less involving approximations have been proposed suitable for all types of physical
problems (see for example Refs. [46] and [47] for a review). The earliest and simplest
approach is the local density approximation (LDA)

B ] = [ @ ebenn(r) (2.39)

where 2™ (n (7)) = €™ (7)|5—n () is the exchange-correlation energy for a homogeneous
electron gas evaluated for the local density @ = n(7*). Due to its construction, the LDA is
exact for the homogeneous electron gas and reasonable accurate when the density varies
slowly with space. A decomposition of €™ into an exchange part and a correlation
part is possible, where the former is accessible through the Hartree-Fock formalism for a
homogeneous electron gas [48]. In order to determine the correlation part one can use,
e.g., the Quantum Monte-Carlo method [49]. The extension to account for the spin degree

of freedom is called local spin density approximation (LSDA),
BN i) = [ ' cmn(r), (7)) (2.40)

The current work uses such a parametrization as proposed by Vosko, Wilk, and Nusair [50].
More involved approximations incorporate the gradient of the density (known as generalized
gradient approximation, GGA) and beyond. For more information the reader is referred to
the literature, e.g., Refs. [46] and [47].

2.3. Time-dependent DFT

The fundamental task within density functional theory is to obtain the ground-state density
ngs(7) of a system. For its time-dependent counterpart there exists a similar theorem
to the ones of Hohenberg and Kohn which connects the fundamental properties of a
system that varies with time to its density at a given time ¢, n(7,t) (not necessarily the
ground-state density).

However, the situation differs in two aspects to the one of conventional DFT: First, the
variational minimum principle to obtain the system'’s total energy is not valid anymore, as
its expectation value is not a conserved quantity anymore. Second, the corresponding time-
dependent Schrédinger equation (and thus the corresponding time-dependent Kohn-Sham
equations) represents an initial-value problem (unlike the stationary Schrédinger equation
which is a boundary-value problem). This means that in addition to the time-dependent
density any solution to the problem contains a dependence on |U(#)), the initial state of
the system for a given time .

12



2 Density functional theory and its time-dependent extension

2.3.1. The theorem of Runge and Gross

In 1984 Runge and Gross [51]] formulated a theorem analogous to the ones of Hohenberg
and Kohn. They proved that — up to a time-dependent function ¢(t) — there exists a
one-to-one correspondence between the time-dependent external potential, vey (7, ¢) and
the electronic one-body density, n(7,t), for many-body systems evolving from a fixed initial
state |Wq (o)) with ¢ > 1,

Vext (7, 1) + ¢(t) <> n(7,t) . (2.41)

The original proof of Runge and Gross contains a restriction to external potentials that
are Taylor-expandable about the initial time ¢,

. Nt Vex 7 - akvex Ft
() = 30 ) gt here () — LU0

k=0 t=to

(2.42)

An alternative proof by van Leeuwen [52] lifts this constraint.

2.3.2. Time-dependent Kohn-Sham formalism

The stationary Kohn-Sham equations (see Eq. (2.23)) have also a TDDFT counterpart.
Again, an auxiliary system with non-interacting particles is introduced, the Kohn-Sham
orbitals ¢;(7, ), which satisfy the condition to reproduce the density for the interacting
system at a given time ¢,

n(r,t) = Z ‘d)](ﬁ t)|2 : (243)

These orbitals ¢;(7,t) are solutions to the time-dependent Kohn-Sham equations

l%(b] (7?, t) = (*62 + Veff [’II, \1107 (1)0](F7 t)) Qb]' (’F‘, t) . (244)

Now the effective potential becomes a functional of the density as well as the initial states
of interacting and non-interacting system, ¥y and ®g, respectively. As it is done for
the time-independent analogue one splits it into time-dependent external potential vy,
Hartree potential vy, and the exchange-correlation potential vy, where the functional
dependence gets transferred to the latter:

Vett[12, Wo, Po) (7, 1) = Vext (T, ) + va (7, ) + vye[n, Yo, Po(T, 1) . (2.45)

Thus, the task of finding a reasonable expression for the exchange and correlation part of
the effective potential becomes even more difficult as it was the case for DFT. In most
situations, however, the density history stored in the exchange-correlation part can be

13



2.3 Time-dependent DFT

dropped, making it local in time. This is known as adiabatic approximation, which can be
combined with the LDA (see Eq. (2.39))) to give the adiabatic LDA (ALDA)

v A 1) = w0 ()]

n(F)=n(F\t) (2.46)
The vast majority of TDDFT-based calculations employ this approximation, see for example
Ref. [47] for a review.

The time-dependent Kohn-Sham equation (2.44)) can be formulated in a spin-polarized
form (analogue to Eq. (2.30))), where a time-dependent effective magnetic potential

B’eff(F7 f) = éext(ﬁ t) + gxc(F> t) (247)

enters, that is a sum of external field By, and exchange-correlation field B,.. The latter
quantity can be expressed by introducing the spin in the adiabatic version of the LSDA
(ALSDA).

2.3.3. Charge linear response and TDDFT

In most applications of spectroscopy a small perturbation (e.g., a probing laser pulse or a
low-energy electron beam) is used to analyze the spectral properties of a system. In such
cases, the system occupies states that do not deviate much from the ground state |¥qg).
Although for this type of problems the application of the full formalism of TDDFT leads
to the correct description, one can avoid the overhead by treating the system in linear
response theory.

Consider that the external potential is described by a time-independent potential coming
from the nuclei (cf. Eq. (2.6)) and a small time-dependent contribution that is switched
on at a given time %,

veali 1) = 4 el et (2.48)
N 7 Unuc(F) + 6Uext(7?7 t) ) t Z tO . .

As a direct consequence of switching on the time-dependent perturbation in the external
potential for ¢ > t(, the system will deviate from its ground state and the ansatz

5 Tl(;s(F) s t <ty
1) = 2.49
i 1) {nGS(F)+6n(F, o, >t (2:49)

becomes reasonable. The central idea in linear response is that one can relate the induced

change in the density, on(7,t), to the small variation of the external potential, 0vexs (7, t),
in a linear fashion,

on(r,t) = /dgr'/dt'X(F,t;?’,t’)(?vext(??',t') . (2.50)

14



2 Density functional theory and its time-dependent extension

The connecting element in Eq. (2.50)) is the full or enhanced susceptibility x (7, t; 7', ¢).

In the corresponding Kohn-Sham system the formalism is a bit more involving: the induced
change in the density leads to a change in the effective potential, as it is a functional of
the densityF] One finds the expression

e [n] (T, 1) = dou(F,t) + dvxe[n)(F, t) + 0Vt (T, E) - (2.51)
induced direct

In Eq. (2.51)) it is stressed that the change in the external potential is direct whereas the
changes in the Hartree and the exchange-correlation potential are induced. The latter two
are of the form

S : 2 .
Sou(F, 1) = / A (i) (2.52)
and
doxe[n] (7, t) = /d37"/dt'fxc[n}(F7 t: ! Yon(r 1), (2.53)
where the exchange-correlation kernel
Oxe (T )
xc _’t; _‘lytl =1 2.54
el 7. 0) = SR (2.54)

has been introduced. The change in the density is directly related to the variation of the
effective potential via the Kohn-Sham susceptibility xxs(7,¢; 77, t')

on(F,t) = /d3r'/dt' Xks (T t; 77 1) dveg [] (F', ) . (2.55)
The Kohn-Sham susceptibility is explicitly given in terms of the ground-state Kohn-Sham
eigenenergies and eigenorbitals, which will be demonstrated in Ch. 4

A connection of the Kohn-Sham susceptibility yks to the full susceptibility x is given by

use of Eq. (2.51]) and by comparing Egs. (2.50) and (2.55]), and reads

X7t ) = xes(Pt 7 ) + /dBTI/dtl/d?’rQ/dtg

20(¢ - o
Xks (7, t; 7, t2) (|f('227"1| + freln }(7’27t2,7“17t1)> NGHIHINE
(2.56)

Due to its form, Eq. (2.50) is referred to as Dyson-like equation. Note that the presented

formalism can naturally be extended to spin polarized systems. Such an extension will be
shown in detail in Ch. @

3For simplicity the dependence on the initial states of interacting and non-interacting system, ¥, and
D, respectively, is dropped here.
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2.4 Summary

2.4. Summary

In this chapter the concepts of density functional theory (DFT) and its time-dependent
extension (TDDFT) have been introduced as suitable methods to study ground-state
properties as well as time-dependent phenomena in solids. For the regime of low-energy
excitations a TDDFT approach involving linear response theory has been presented in
which the enhanced susceptibility x is connected to the one of the Kohn-Sham system, yks,
via a Hartree kernel and the exchange-correlation kernel f,.. However, it turns out that
the correct description of the excitations of the system requires a careful and consistent
treatment of the pair of Kohn-Sham susceptibility and exchange-correlation kernel. This
issue will be addressed in Ch. i where a connection of the kernel to the density via a sum
rule is made.

Furthermore, besides the DFT-based approach there exists another powerful route towards
low-energy excitations based on many-body perturbation theory (MBPT), see Ch. [B
There, the central quantity is the self-energy ¥, which corrects the non-interacting quasi-
particle states by modifying their energy and giving them a finite lifetime, and leads to a
renormalization of the electronic structure. At the core of this thesis lies the attempt to
combine these two concepts and thus to provide a means of studying magnetic excitations
in a solid.

16



3. The Korringa-Kohn-Rostoker
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This chapter introduces to the Korringa-Kohn-Rostoker (KKR) Green function (GF) method.
Most of the preformed calculations that are presented within this thesis are based on this
scheme. Initially formulated within multiple-scattering theory by Korringa [53] in 1947 and
by Kohn and Rostoker [54] in 1954 its main idea is to divide the approach to the correct
description of the electronic structure of a solid into two tasks:

(a) Solve the problem for a single scattering center and

(b) incorporate the structural environment of this particular scatterer by use of a multiple-
scattering ansatz.

Formally the second request is fulfilled by the condition that the outgoing wave function
from one scattering center equals the sum of all incoming wave functions to this scatterer.

A significant improvement of the method was its reformulation as a Green function
method [55,[56]. By use of the so-called Dyson equation, this enables to connect the
physical properties of two different systems in an efficient way, e.g., a localized impurity
structure in an elsewise perfectly clean crystal to the same host structure without impurity.
Such an embedding scheme in its real space version avoids computationally expensive
supercell structures as they would become necessary in wave function methods. This
feature makes a Green function technique well-suited for nanostructures on surfaces, the
type of system that is investigated within this thesis.
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3.1 Definition and general properties of a Green function

3.1. Definition and general properties of a Green
function

Suppose a system is described by the time-independent Hamiltonian # for which a complete
basis set of eigenfunctions {|¢,)} with eigenvalues {E,} exists, satisfying

H|tn) = Enlthn) - (3.1)

The Green function G(z) is defined as an operator that solves the equation
(:I-H)G(2) =T, (3.2)

where z is a complex number with a finite imaginary part and Z is the identity operator.
The Green function is also called resolvent of the Hamiltonian and can be characterized
as its inverse, G(z) = (2Z — H)~". Formally, one can define the derivative of a Green
function with respect to its argument,

LGy = ST = (T H) P = (G()) (33)

By use of the set of eigenvalues and eigenfunctions the Green function can be represented
in a spectral representation, often referred to as Lehmann representation,

G(2) =) 'f’f%:' : (3.4)

Its adjoint G(2) satisfies the equation G(2)T (:Z — H) = Z. Together with Eq. (3.4) this
leads to the identity

G(2)' =G(z") (3.5)

with z* being the conjugate complex of 2. For two complex numbers 2; and 2, with
nonvanishing imaginary parts one easily verifies the identity

G(22) = G(21) +G(21) (21 — 22)G(22) = G(21) (T~ (21 = 22)G(=1) . (3.6)

Furthermore, for two different Hamiltonians, #; and Hs, the two corresponding resolvents,
Gi(2) = (2 —H1) " and Gy(z) = (2T — H,) ™", connect via the form

Go(2) = Gi(2) + Gi(2) (Ha — H1) Ga(2) = Gi(2) (T — (Ha — H1)Gi(2)) ™' . (3.7)

Eq. (3.7)) already illustrates the form of the Dyson equation that is topic of Sec. [3.1.1}
For z = E + in the side limits of the Green function are defined by

GH(E), n>0

G-(E), n<0 (3.8)

lim G(E +in) = {
In|—0
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

Using Eq. one sees that G~ is the adjoint of G and vice versa, gi(E)T =G¥(E).
Often one refers to these Green functions as retarded (G*) and advanced (G~) Green
functions. The reason for this will become apparent at a later stage. Formally, one can
define an expression for the imaginary part of the Green functionl| by use of the side limits

as given in Eq. (B.8),
mG(E) = 5. [6(F) G~ ()] . (39)

The Green function is very useful, since it allows to determine the expectation value of
any ground-state observable. However, the reader may ask why one would use the Green
function for it (see Eq. (B.4))), to compute it where the Green function is a function of
eigenstates and eigenfunctions of the system, while one can calculate it directly.

After some general features of Green functions in perturbed systems are discussed, a
formula will be presented that connects the expectation value of an observable to the

Green function (cf. Eq. (3.29)).

3.1.1. Dyson equation, T-matrix, and the
Lippmann-Schwinger equation

Some of the most practical features of Green functions come to light when a perturbed
system is considered. Say, a Hamiltonian # for a system of interest can be written as

H=Ho+V, (3.10)

where H, corresponds to an unperturbed solvable physical problem and V states its
difference to the desired full system with perturbation. The Green functions of the full
Hamiltonian and reference Hamiltonian then read

G(2) =(Z—H)" | Go(z)= (2T —Ho) . (3.11)

The Dyson equation

Using the operator identity from Eq. (3.7 one finds the connection

G(2) = Go(2) + Go(2)VG(2) = Go(2) (T — VGo(2)) ™"
Go(2) + G(2)VGo(2) = (T — Go(2)V) " Go(2) - (3.12)

This definition of an imaginary part is an extension of the usual definition Im z = - (z — 2*) (for a
complex number z) to operators. Depending on the chosen basis set, the matrix elements of the
Green function operator’s imaginary part can still be complex. The eigenvalues and therefore the

trace, however, are always real.
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3.1 Definition and general properties of a Green function

Any of these formulas represents the famous Dyson equation. By iteratively inserting this
expression into itself one arrives at

G(z) = Gol2) + Go(2)VG(2)
= Go(2) + Go(2)VG0(2) + Go(2)VGo(2)VG (2)
= Go(2) + Go(2)VGo(2) + Go(2)VGo(2)VGo(2) + . .. . (3.13)

Such a series allows to express the requested Green function G exclusively by the two
operators Gy and V. For the case that the potential ) represents a small perturbation the

series in Eq. (3.13)) converges. Thus, by applying Eq. (3.13) up to a certain order in V
one possesses a means to access G up to a desired accuracy without having to calculate

the matrix inversion in Eq. (3.12).

The T-matrix

Eq. (3.13)) can be written as

G(z) = Go(2) + Go(2)T (2)Go(2) , (3.14)
where T (z) is the transition matrix or T-matrix. One easily verifies that
T(2) =V 4+ VGy(2)V +VGo(2)VGo(2)V + ... (3.15)
or
T(2) =V+VG(2)T(2) . (3.16)

Thus, the problem of finding the full Green function G(z) can be transferred to a problem
of finding the T-matrix 7(z).

The Lippmann-Schwinger equation

Suppose the Hamilton operators from Eq. (3.10]), # and H,, solve the equations
(2Z = Ho)lto) = 0 (3.17)
and (2T HO) = (T —Ho)l) — VI =0, (3.18)

with their respective wave functions |i) and |tg) and a complex argument z. Employing
the ansatz

1) = [to) + ) (3.19)
leads to

0 = (I—-Ho)l¥)—VI¥)
= (5 = Ho)[to) +(2T = Ho)dy)) = VI¢)) - (3.20)
—————

=0
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

Multiplication with G(2) = (2Z — Ho) " yields

[V) = o) + Go(2)V[¢) . (3.21)

Eq. is known as the Lippmann-Schwinger equation. Its importance lies in the
connection between a wave function of the perturbed system to a wave function of the
unperturbed system. Again, by iteratively inserting the expression of the wave function
into itself one arrives at a series of the form

[v) = [vo) + GoVtho) + GoVGoV|tho) + - . . - (3.22)
This is the so-called Born series. By use of the T-matrix (see Eq. (3-16)) one finds
) = [vo) + Go(2) T (2)Itbo) (3.23)
which allows the association
0l) = G(2)V[vo) = Go(2)VIY) = Go(2)T (En)[¢bo) - (3.24)

3.1.2. Access to physical observables through the Green
function

For a system of fermionic particles the statistical average of a physical observable A is
given by

Z F(E)(n|Aln) , (3.25)

where A is the corresponding Hermitian operator and the Fermi-Dirac distribution f(FE)
reads

1

f(E) = BE- 11 (3.26)

where 8 = 1/kgT, kg the Boltzmann constant, T the system’s temperature, and  the
chemical potential. By forming the expression

£y gl = - LEHAR (327

where Tr [.] denotes the trace of an operator, and by applying Cauchy's theorem one
obtains (see for example Ref. [57], Ch. 18)

(A) — ¢%Im / dE f(E)Tx [AG*(E)] . (3.28)
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3.1 Definition and general properties of a Green function

In the zero temperature limit the Fermi-Dirac distribution turns into the step-function
O(FEr — E), where Ey is the Fermi energy, and one finds

(A) — ;%Im / Y4B T [AgH(E)] . (3.29)

With this formula at hand one gains access to the statistical average of any desired ground
state property.

For the remaining part of this chapter most formulas involve only the positive side limit,
G (E), which is why the index (+) is dropped in the following whereas the index (—)
appears explicitly when G~ (E) is meant.

Charge and magnetization density via the Green function

The charge and the magnetization density, n(F) and m(7), play a crucial role in the
density functional formalism. Therefore, Eq. is used to express these important
quantities by means of the Green function. For this purpose it is useful to project the
abstract Green function operator onto a spin- and space-dependent basis set,

_— A G
UO' E . .
G (T, ) = (ro|G(E E E +10+ (3.30)
The asterisk denotes complex conjugation for the wave function and 0T is a positive
infinitesimal. In spin-space the Green function takes the form of a (2x2) matrix (indicated
by a bold symbol)

(3.31)

G777 E) GW(7. 7 P E) () T
G(F,F’;E)—< ) G ) ZE e

GU(F, " E) GH(F, 7" E) E o

with the two-dimensional spinor in spin-space, v, = (¥}, w#)T. By use of the real-space
projector

Pro=F)F|®0, = )l ®eo , a=0 7 (3.32)
7 |F><f|®0’z ) (,Y:LE{.L%Z}

where « € {0,z,y,2} and o0, is a component of the four-vector consisting of identity
operator in spin-space, oo = Lloys, and the three Pauli matrices, 0, oy, 0., (cf. Eq. (2.13)),
one arrives at

1 Er
ne(7) = —flm/ dETr [6,G(F, 7 E)] , (3.33)
™ —00
where the four-component vector n,, contains charge and magnetization density,
L, —0
na(7) = 4" @ =l . (3.34)
mi(7) , a=iéc{z,y,z}
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

Rewritten in terms of charge density and magnetization density vector, this leads to

1 br
a=0: n(F) = —=Im dE Tr [00G(F, 7 E)] (3.35)
™ —00
1 e
a=i: m(r) = ffhn/ dE Tr [¢G(7, T, E)] . (3.36)
™ —00
By introducing the spin-resolved densities
Eg
n?(7) = —~Im / dE G* (7,7 E) | (3.37)
™ —0Q
with o € {1,]} one finds
n(@) = n'(7) +n*(F) (3.38)
and m.(F) = n'(F)—n"F). (3.39)

Instead of integrating over energy one can use the definition of the spin- and space-resolved
local density of states,

1
n’(r, E) = —=ImG°’ (7,75 E) , (3.40)
T

to obtain the density of states integrated over the volume of the unit cell, V. This results
in the density of states as function of the energy,

n(E) = /Vdgr n'(7, E) +/Vd3r n*(7, E) , (3.41)

=n(B) =ni(B)

an important quantity that is studied within this thesis.

3.2. KKR Green function in the atomic sphere
approximation (ASA)

In the KKR formalism space is divided into Voronoi cells such that each cell contains a
scattering center and all the points in space that are closest to it. Usually these scattering
centers represent atoms within a crystal. In special cases, however, such a scatterer can
represent a mixture of two different atoms (coherent potential approximation, see Ref. [58])
or a vacuum site.

The KKR Green function accounts for such a Voronoi cell division of space and takes the
form

G(Z,7,E) = G(F+ R, 7'+ R;;E)
GU(’F7 F/7 E)
= 0,;Gu(F,F" E) + G, 7 B) | (3.42)
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3.2 KKR Green function in the atomic sphere approximation (ASA)

Figure 3.1.: This figure illustrates the nomenclature for spatial coordinates with respect
to two scatterers, labeled ¢ and j. The globally defined vectors Z and Z' are
given by R; + 7 and éj + 7, respectively, where 7 and 7 are defined with
respect to their corresponding scattering centers located at ; and R;, see
Eq. (B:42). In addition the muffin tin radius 7yt and the Wigner-Seitz radius
rws are indicated.

=

where 7 and 7" are defined as global spatial coordinates, while 7 and 7 are IocaIIy
given with respect to their respective scattering centers at R and R , see Fig. [3.1] for
nomenclature. The single-site problem is accounted for by G.i, whereas the back—scattermg
part is captured by G:;r, the structural Green function. Throughout this thesis the atomic
sphere approximation (ASA) incorporating the full charge density is assumed, i.e., the
potentials for the scattering sites take a radial symmetric form. Furthermore, spin-orbit
coupling is not considered in this work and only collinear magnetic states are studied, such
that the Green function becomes diagonal in spin space. Thus, for the rest of this Chapter
a single spin-label o € {1,{} is used to distinguish Green functions for the two different
spin-channels. The (spin-polarized) potential is then given as a sum of contributions from
each Voronoi cell and reads

N
V(&) = (@ V73 =D _of(F) , F=i-h, (3.43)
i=1
where
o v (r) , r<rur
v () = (3.44)
0 , else

and 7y is called muffin-tin (MT) radius (see Fig.[3.1)). In the ASA, however, one uses
the Wigner-Seitz (WS) radius ryws instead, which is defined such, that the volume of all
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

spheres adds up to the total volume of space. Since the WS cells are not spherical, the
WS spheres overlap, see Fig. B.1]

In conclusion, we seek to find for each spin channel a Green function G (%, ¥; E) that
satisfies

(B — H°(T)) G (%, 7, E) = 6(F — ') , (3.45)

where H° (%) = —V?+V7(Z). As will be shown in the next paragraphs the Green function
can be constructed out of the wave functions R{,(r, ) and H7,(r, E), the regular and
irregular solution to the radial Schrédinger equation, i.e.,

1 92 We+1 o (=
<7‘87’2r 2 T () — E) (7 E) =0 (3.46)
and
16? W+ L o (=
<a++ (”E) G E) =0 G40

for each Wigner-Seitz sphere and each spin channel. In the following the spin label will be
dropped.

3.2.1. Single-site term

In this section a single spherically symmetric scattering center at the origin is assumed,
such that the (localized) potential is given byf|

o(r) , T <Tws (3.48)
0 , else '

V(@) = V() = (FVIr) —{

For such a spherically symmetric problem an expansion of the Green function and other
spatially dependent quantities in spherical harmonics becomes convenient.

Single-site term for the free electron

The expansion of a plane wave (the solution of the free-electron problem, v(r) = 0) in
spherical functions reads

Vp(7) = T = 3" ag (k) Gilkr) Yi(7) (3.49)
L

2ln a more general case (i.e., when spin-orbit coupling is considered) the spatial representation of the
potential is non-local in space and shows non-vanishing offdiagonals in spin space, see for example
Ref. [59]. This, however, is beyond the scope of this thesis and shall not be considered.
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3.2 KKR Green function in the atomic sphere approximation (ASA)

with the expansion coefficients ay (k) = 47’ Y, (k), where = |7] and 7 = 7/r, as well
as k = |k| = VE and k = k/k. Furthermore the multi-index L = (¢,m) of angular
momentum ¢ and magnetic quantum number m, the spherical Bessel function j,(z), and
the real spherical harmonics Y7, (%) have been introduced.

For a free electron the Green function is given by

1 ekl
g(F, 7" E) = = (3.50)
which in angular momentum representation reads
7,7 E) ZYL #) ge(r,r's B) Y (7') . (3.51)
The expansion coefficients read
9e(r,v's B) = =ik jo(kr<) he(krs) , (3.52)

where ro = min{r, '}, r> = max{r,r’}. The spherical Hankel function h,(z) is connected
to the spherical Bessel function via hy(z) = jo(x) + ine(z), where n,(x) denotes the
spherical Neumann function (also called spherical Bessel function of second kind). Due
to the fact that h,(x) — > while j,(z) remains finite at the origin, the expression in

Eq. is well-defined except for the singularity r = 7' = 0. Both, jy(kr) and n,(kr),
are solutlon to the radial Schrédinger equation for free particles which is also true for
he(kr) and any other linear combination.

Single-site term for a spherical potential of finite range

For the general case of a spherical potential v(r) that is different from zero inside a finite
spherical region an analytical expression for the Green function is not possible anymore.
However, the Lippmann-Schwinger equation (cf. Eq. (8.21))) allows a means to determine
the single-site Green function nonetheless. The form of such a Green function reads

G(F,7 E) = ZYL ) Gol(r, ' B) YL (7) (3.53)

where the expansion coefficients read
Go(r,r'; E) = —ikRy(r<; E)Hy(rs; E) . (3.54)

The functions R,(r; E') and H,(r; E) are solutions to the Lippmann-Schwinger equations
TWS
Re(r; E) = jo(kr) +/ dr'r”? g(r,7"s EYv(r') Ry(r'; E) (3.55)
0

TWS
and Hy(r;E) = hé(kr)—}—/ dr'r? go(r,r’; EYo(r') Hy(r'; E) . (3.56)
0
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

When 7 > ryws one can simplify these expressions to [60}/61]

Ry(r; E) = jolkr) —ikte(E)he(r'; E)  (r > rws) (3.57)
and Hy(r; E) = he(kr) (r > rws), (3.58)

where the single-site t-matrix
WS
H(E) = / Ar'v,(kr)o(r) Ra(r: B) (3.59)
0

was introduced.

3.2.2. Structural part

Now we divide the space into WS cells, even for the free electron gas, and evaluate the
Green function connecting two lattice sites ¢ and 7.

Structural part for free electrons

Again, the free electron is considered first, i.e., V(7) = 0. The free electron’s Green
function can be written in the form

9(Z,7E) = g(F + R;, 7' + Rj; E) = g;(F, 7 E) . (3.60)
By applying an addition theorem for the Hankel function [60]

— —

=1 l str - / A1
hi(F' + R; — Ri; E) = - > g (B)je(kr') YL () (3.61)
LI

with the expansion coefficients (the so-called structural Green functions)
G (B) = —(1 = 6,)AmiVE S i Coppn hin(Ro — B B) - (362)
L//
and the Gaunt coefficients Crppv = [ dQVL (7)Y (7)Y () one can prove that [56]

., 1 eklPHRi—7 =R

gij(f7$~,E) =

CAm|F4 R — i — Ry
—ik Y ju(Fe; B) ho(is; E)Sy + > ju(7 B) 6371 (B) ju (75 E)
L

Lr

(3.63)

Due to the fact that the Gaunt coefficients vanish for £ > ¢ + ¢’ the sum in Eq. (3.62)) is
finite.
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3.2 KKR Green function in the atomic sphere approximation (ASA)

Structural part for spherical potentials

In this section the potential is considered to be a superposition of scattering centers which
are spherically symmetric with respect to their center (cf. Eq. (8.43))). This leads to the
general form of the KKR Green function in ASA, consisting of the single-site term and
the structural scattering part. Accounting for the spin with the label o € {1, } the KKR
Green function reads G7,(', 7'; E) = 0, NeAGNE )—&-ijtm(_’, 7" E) (cf. Eq. 1) for
nomenclature of the spatlal coordlnates see Flg. B.1), where

Go(F, 7 E) = flkZR Fo: E) HY (75 E) (3.64)

and
G (7, BE) = Y R(F E) Gi (B) R (75 B) (3.65)
Lr

Here the abbreviations
77 E) = Yo (PR (s B) and  HE,(7 E) = Yo HGL(ME)  (3.66)

have been used. The energy dependent structural part of the Green function, GftLr]”L,(E)
describes the backscattering effects and is given by

G (B) = g5 (B) + Y g (B)(B)Gip 1 (E) (3.67)
kL//

where t7(E) is the single-site t-matrix as given in Eq. ([3.59) but now for a spin-dependent
potential v7(r). The same holds for the spin-dependent regular and irregular radial wave

function, which were introduced in Egs. (3.57)) and (3.58).

3.2.3. Computational details of the KKR GF code

In practice the energy integration in Eq. (3.29)) is performed by splitting it into two parts,

[ dE= > / (3.68)

core states

with a well-chosen boundary energy Eg (higher than the core states in energy, lower than
the valence state energies). This is for reducing the computational demand on solving this
integral. Furthermore the analytic properties of the Green function above the real axis
are used to use a contour integration, rather than to integral along the real axis. This
usually reduces the computational costs due to the fact that the Green function is much
smoother for energies with a larger imaginary part.
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3 The Korringa-Kohn-Rostoker (KKR) Green function method

3.3. The projected form of the KKR Green function

Many performed calculations within this thesis involve numerical integrations over space and
energy, for which, in principle, the knowledge of the KKR Green functions is requested /would
be required. Recalling the form of the KKR Green function in ASA (cf. Eq. (3.42))),

G ZYL 1L]L’ T, ’I“ E)YL/( ) (369)

L
with

GiL,jL’(7',7'/§E) = 5ij5LL/Riz(7'<' )Hw("'>;E)
+Ry(r; E)G?Lrw( JRje(r'; E) , (3.70)

one realizes that besides the structural part, Gj} ;;/(E), also Ri(r; E) and H(r; E),
the regular and irregular radial wave functions, carry an energy dependency. Thus,
the calculation of the KKR Green function for various different energies becomes time-
consuming and computationally demanding. An alternative more efficient approach is
presented in the following which uses the knowledge stored in a few KKR Green function
to extrapolate the energetic landscape in the surrounding area. Only by this procedure,
many of the shown results have been made achievable in the first place. However, where
there is light, there is also shadow: The drawback utilizing the shown concept comes along
with a loss in accuracy that has to be accounted for carefully by checking the resulting fit
functions in the used energy domain.

In the following it is demonstrated how the energy and spatial dependency can be dis-
entangled by means of a new basis set {|¢;s)}, accounting for lattice site 7, orbital ¢,
evaluated at energy Fj, for b € {1,2,...}. The task of this new basis set is to allow for
a definition of the projected Green function that shows a remaining dependency on the
energy, but is independent of the spatial coordinates, i.e.,

. TMT *MT
G?EZ?]-L/U(E):/ d"‘7'2/ Ar'r YL (7) ios (1) Giregir (7, 7' E)Y 1 (7) iy (')
0 0
(3.71)

This separation enables, in a second step, to approximate the projected Green function in
terms of a rational fit. For most of the calculations carried out for this thesis, this efficient
technique was used, that allows a drastic reduction of the computational costs.

Such a projection technique has been successfully applied in different flavors. For instance,
within the GT approximation [34], where the projection onto a basis set of Wannier
functions was done. Furthermore, Buczek [62] used such an approach to calculate the
susceptibility employing Chebyshev polynomials.

The two-step approach to the fit functions used within this thesis is demonstrated in the
following two sections.
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3.3 The projected form of the KKR Green function
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Figure 3.2.: In the left panel of this figure, regular radial wave functions for the d orbital and
the majority spin channel of Fe adatoms on the Cu(111) (as discussed in more
detail in Ch. @ where the energies (E,) are set to F; = 0.6401 Ry = EF,
E; = 0.3 Ry, and E5 = 0 Ry. The shape of the three resulting basis functions
is similar. By use of the Gram—Schmidt process (see Egs. and (3.70))
one obtains orthonormal basis functions to the problem, as visualized in the
right panel. Due to the fact that already the first basis function (black curve
in the left figure) seems to represent the Green function for a large energy
window, this thesis incorporates only one basis function per orbital and spin
channel.

Spatial dependence

In this work, the radial wave functions, evaluated at a set of different energies Ej, (b
counts the basis function; a reasonable choice for b = 1 is the Fermi energy) serves as
basis functions. On the one hand, they are available due to the computational scheme
without any effort, and on the other hand, the basis set is well-suited to the problem, such
that typically only one or two basis functions become necessary to describe the problem
sufficiently accurate. Thus, as basis function one defines

Gin(r) = - Ri(r; Ey) :
\/fo MT qpipr2 (Rw(?”’; Eb))

(3.72)

By use of the overlap matrix
Oivpy = /dT/T/Z@ez;(T')@%'(T/) : (3.73)

one can apply the Gram—Schmidt process to obtain orthonormalized basis functions (see
Fig. B.2] right panel): First, one defines basis functions that are orthogonal,

b=1) () = o) (3.74)

new (o) ZZ b new
(b>1) Gig'(r) = o(r) <0 Py ( (3.75)
b’
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3 The Korringa-Kohn-Rostoker (KKR) Green function method
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Figure 3.3.: The left figure schematically illustrates the distribution of energy points in the
complex energy plane used for the panels (grey circles) compared to the ones
used for the KKR energy contour (red line). For each of the panel energy
points the projected Green function is calculated and the fit incorporates all
of these points. The right figure exemplifies how the imaginary part of the
KKR Green function smoothens out when the imaginary part of the energy
is increased. The regarded system (Fe adatom on the Cu(111) surface) is
discussed in Ch. E)] in more detail.

where in Qg and Oy the old basis function is used for b and the new basis function
for IY. Second, the orthonormality is achieved by renormalizing the new basis functions,

¢wb(7‘) .
\/foTMT dr'r” (¢z‘lb(7"/))2

Typically one or two basis functions are already sufficient to capture most of the behavior
of the radial functions, even for a larger range of energies on which the KKR Green
functions depend. Within this thesis only one basis function per orbital and spin-channel
are considered. Note also that the basis set is chosen such that Ej, is the same energy
value for both spin channels.

(bz'gb(T) — (376)

Energy dependence

The projected form of the KKR Green function reads
Gy (7 755 B) = Y)Y dinn(ri) Ghpel oy (B e (7)) | Yir(#) - (3.77)
LL b’

Since the Green function is required in the upper complex plane in an area which is close to
the Fermi energy, a compact representation in the upper complex energy plane is necessary.

The handling of the energy dependence is realized by a rational fit to the Green function,
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3.3 The projected form of the KKR Green function

such that

P 0'(17) D
Zp 0 7,Lb]L’b'E

Q 3o(a)
1+Eq lb’Ll(/Z]L'b/E

G?EIZJ‘L'H(E) = (3.78)

The Green function is analytic in the upper complex plane and behaves like 1/z for z — oo,
so () = P + 1. Reasonable parameters for this approximation are P = 19 and Q = 20.
The projected form of the KKR Green function is calculated for an upper complex energy
area, where usually five panels (line segments) with different fixed imaginary energy values
are considered. In Fig. schematically illustrates the panels in the complex plane with
respect to the KKR energy contour. Due to the fact that five panels are used, one normally
avoids numerically artificial poles such as poles in the upper complex plane in the requested
energy area. The parameters agﬁﬁ,b, and bl(-?bij,b, are chosen such that the squared
difference between the Green function fit and the projected Green function, incorporating
all energy points in the five panels (possibly weighted differently depending on criteria
such as distance to the real axis of the Fermi energy), reaches a minimal value for any
combination of P and @ values that are below their maximal values (in our example 19
and 20).

Within this thesis we assume no spin-orbit coupling (i.e., the Green function is diagonal
in spin space), just one basis function per orbital and spin channel, where the projection
is done with respect to wave functions at the Fermi energy (EF), in other words this
work builds upon the assumption R%(r; E) ~ R%(r; Er). In addition, the projection is
performed only with respect to the d-orbital subspace, which carries the main contribution
to the magnetic spin moment. Test calculations for magnetic adatoms have revealed that
the quantities describing the magnetic excitation spectrum remain nearly unchanged when
the performed calculations also include the projection of s and p orbitals. The reason is that
the magnetic moment in these systems is mainly carried out by the d-states. Furthermore,
given that the states of interest are the d orbitals of a single magnetic adatom, one may
drop the site label i and keep only ¢ = 2, projecting on the regular scattering solutions
computed at Ep:

g,mm’ /d7 /d ¢d s EF YVQm( )
X GO (7, 7 E) ¢ (r'; Er) Yo () (3.79)

This defines the projection on the d orbitals of the adatom of the KKR Green function,
upon suitable normalization. The general form accounting for different lattice sites 7 and
j reads

?LjL’ /d” /dT (b Ty EF YL( )G;(F,’f/,E) ¢}7€/(7"/;EF) YL/(”A'/) (380)

We conclude by demonstrating in Fig. the quality of the presented procedure in terms
of a d-DOS calculation for the Fe adatom on Cu(111) (for more details see Ch. [f]). In this
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Figure 3.4.: This figure compares the density of states for the d orbitals of an Fe adatom on
Cu(111) for both spin channels (d-DOS) calculations utilizing three different
quantities: The KKR Green function (black crosses), the projected Green
function (red dots), and the rational fit to the projected Green function (blue
line). Around the Fermi energy Er the three different expressions are nearly
identical whereas for the majority spin channel deviations are observable.

figure we compare the KKR Green function's DOS to the one using the projected Green
function and show the rational fit to the projected Green function. Around the Fermi energy
Er the three Green functions behave in good agreement. In regions far of Er, however, the
value can deviate and numerically errors are made. This is a disadvantage of the presented
method. On the other hand, the presented procedure comes along with the advantage of
being very efficient: Where as the KKR Green function for a certain energy value requires
the calculation of regular and irregular wave function, onsite and structural Green function,
the value for the rational fit function is calculated instantaneously. Numerical integrations
over expressions that involve Green functions (as many presented quantities within this
thesis rely on such a computational challenge) are therefore even possible.
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3.4 Summary

3.4. Summary

This Chapter introduced the Korringa-Kohn-Rostoker (KKR) Green function formalism
as a flexible first-principles method that is based on the density functional formalism
and is capable of describing impurity structures of finite size placed on otherwise perfect
crystal surfaces by means of an embedded scheme. Therefore this method is well-suited
for nanostructures deposited on metallic substrates, representing the type of structure
that is studied within this thesis. In a second part of this Chapter the projected form
of the KKR Green function was discussed, enabling the disentanglement of spatial and
energy dependencies. Many of the subsequent calculated quantities are depending on the
projected form.

We proceed in the next Chapter to introduce to the concept of linear response, where the
response of a system to an external perturbation is described in terms of the susceptibility.
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4. Magnetic excitations within
linear response theory
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All information about a quantum mechanical system is gained through either analyzing its
effects on other physical systems (i.e., measuring instruments) or studying its reaction to
a controllable external perturbation. Since one of the principal laws of thermodynamics
says that a closed system aspires to reach its thermal equilibrium state with time, it
seems fair to assume that the system maintains close to its ground state if such a probing
perturbation is of small character. For such type of physical problems the concept of linear
response theory is well established. The core of this theory assumes a linear dependency
of a probed operator, say A, with respect to the perturbation §3. The change of the
expectation value, §(A), is described by

5D = [ dt'xante ~ £)95(0) 1)

where x 4p describes the reaction in first order and is called response function or suscepti-
bility. In order to preserve causality the response function is retarded, which means that it
vanishes for t — ¢’ < 0.
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4.1 Magnetic excitations in solids

$9944¢
*o958¢

Figure 4.1.: Schematic sketch of a single spin-flip excitation (top) and a collective exci-
tation (bottom) depicted for a chain of ferromagnetically coupled magnetic
moments indicated by arrows. Whereas the excitation of a spin-flip process
requires a certain energy, a spin wave, in principle, can be realized already for
vanishing excitation energy, when, e.g., the wave length of the spin excitation
is approaching infinity and all moments are rotating in phase (acoustic mode).

4.1. Magnetic excitations in solids

A magnetic excitation generally describes a particle-conserving process in which the system
reaches an excited state by pushing one or more magnetic moments out of their energetically
preferred orientations. As the present thesis investigates structures that contain 3d
transition metal atoms as magnetic impurities, their localized d shell electrons play the
role of these excited magnetic moments. One distinguishes single-particle excitations and
those of collective character, as schematically illustrated in Fig. /-1l Magnetic (or spin)
excitations are particle conserving which increase or decrease the total spin of the system
by one. Thus, they are of bosonic character and obey the Bose-Einstein distribution. In
the Appendix [E] the formalism will be demonstrated by use of the Matsubara formalism.

Magnetic excitations which are extended throughout the solid are classified as quasi
particles with momentum ¢ and energy w. A Stoner excitation is the simplest possible
magnetic excitation, a single spin-flip process that involves an electron-hole pair of opposite
spin. Although this picture suggests a localized process, such Stoner excitations can also
come to existence in a metallic environment with itinerant electrons. Then, the excited
electron-hole pair is described by two Bloch states of opposite spin character.

One the other hand, when more than one atom is part of the excitation more complex
response can be observed. These collective excitations are called magnons or spin waves.
They are not eigenstates to the unperturbed Hamiltonian. Suitable models to describe such
spectra are given by the linear response formalism where the single spin flip susceptibility
gets renormalized by the exchange and correlation kernel to be the enhanced susceptibility.

The present study focuses on excitations in a localized impurity in form of a nanostructure
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Figure 4.2.: Inelastic scanning tunneling spectroscopy: An additional inelastic excitation
channel for the tunneling electrons usually manifests in a sudden change of
slope in the I-V spectrum (a). The corresponding signature appears as step
in the conductance or d/dV spectrum (b) or as peak or dip in the derivative
of the conductance or d*//dV? spectrum (c).

of one or more magnetic 3d transition metal atoms. Despite the interaction with the
electron sea of the substrate atoms, such an excitation is of local character. Therefore the
usual formalism involving a ¢-vector dependence does not hold anymore.

4.1.1. Experimental techniques

Nowadays a variety of excellent experimental techniques are available to study magnetic
excitations in solids. The choice of the best suited method depends on the target system,
the external parameters (like, e.g., the temperature or the possibility of applying magnetic
fields) and the desired aspect of research.

Spatially averaging experimental techniques

The majority of these techniques are averaging techniques, which means that a large area or
volume of the sample is involved in the measuring process, allowing to put aside unwanted
effects that originate from defects and similar local deviations from a perfect crystal
environment. Prominent representatives of such methods are inelastic neutron scattering
(INS) [63], ferromagnetic resonance (FMR) [64], angle-resolved photoemission spectroscopy
(ARPES) [65H67] or spin-polarized electron energy loss spectroscopy (SPEELS) [68], just
to name a few. Common to all these techniques is that the resulting spectra are obtained
when probing a surface area that is much larger than the atomic spacing.
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4.2 The dynamical magnetic response function

Spatially resolved experimental technique: Inelastic scanning tunneling
spectroscopy

On the other hand the study of magnetic excitations in a non-averaging approach has
emerged to be a well-established experimental technique. This method is called inelastic
scanning tunneling spectroscopy (ISTS). It allows to study the response of nanostructures
down to the single atom. The key to the excitation spectra lies here in the variation of
the applied bias voltage (V) while the tip position above the regarded nanostructure is
fixed. This variation is accompanied by a variation of the tunneling current (I). If the
energy for the tunneling electrons becomes large enough additional tunneling channels
may become available that allow the electrons to tunnel inelastically. In the I-V spectrum
such additional tunneling channels manifest in a sudden change of the slope of the curve.
In the conductance spectrum (d/dV’) these excitation processes lead to steps in the else
wise flat conductance curve. In the derivative of the conductance one observes peaks or
dips at the corresponding energies. This is shown schematically in Fig. [4.2] By use of the
Tersoff-Hamann approximation [39] one can relate the conductance spectrum to the local
density of states. This connection will be picked up again in Ch.[f

4.2. The dynamical magnetic response function

The linear response of the magnetic moment due to an external time-dependent magnetic
perturbation is a particular form of the linear response theory. Before the magnetic response
function is considered, the general concept of the linear response formalism is presented.

4.2.1. General form of a linear response function

Suppose a quantum-mechanical system is described by the time-dependent Schrodinger
equation

.0 .
ig (1) =HOW() , with  H(t) = Ho + dvex(t) (4.2)
The Hamiltonian H(t) contains a time-independent part, Ho, and a small time-dependent

external perturbation duv. (t) that is switched on at ¢ = #, and couples to the observable
B via an external force § F,

0 . t<to
Svexs (1) = ! . 43
et (1) {B SFE(t) , t>t (4.3)

By use of the Ansatz

(1)) = et () |4 (0)) (4.4)
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where U(t) =1 V t < ¢y, the expectation value of an observable A takes the form
A0 = BOMRO) |
= (dholto) U (£)TeM10) AeHE=R0IL (1) [y (£y)) - (4.5)
Up to linear order in dvey this results in [69]
(A)(t) = (o(to) [ A" (1)1 (to)) — i/t dt’ (vo(to)| [A" (1), 60" ()] [tbo(t)) ,  (4.6)

where AH(t) = eo(t=to) ge=o(t=t0) denotes the representation of an operator in the
Heisenberg picture. Then, the induced change in the expectation value (the response of
the system) is given by

S(AN(E) = (A)(E) — (to(to) A" (1)[¢o(to))
= /dt’ Bt ) 0Fu (') (4.7)
where
X (1) = —i(yo(to)| [A" (1), BY(t)] [vo(te))O(t — 1) (4.8)

is the general form of the susceptibility or response function. Through the response
function x42(¢,¢') in Eq. (4.8), 6(A)(t) reflects in principle the change of the system due
to all forces d Fox (t') of all past times (¢’ < t). Using Eq. directly it follows that the
susceptibility can be expressed as a functional derivative,

3(A) (1)

PO = SEe)

(4.9)

Fo0GS
Introducing a complete set of states (Ho|ton) = Enlthon) and Y, |¥on) (ton| = 1) one

arrives at

W= t) = =i [T B (| Al (| Blo)

n

—el(En=B)E=t) (40| Blabon ) (thon | Altbo) | O(t — 1), (4.10)

where the ground state, i.e., the state of lowest energy Ey, is denoted by |t)g). Note that
due to the assumption that H is time-independent, the susceptibility only depends on the
difference in time, t — ty. In frequency space the response is described by

§{A) (w) = x*P(w) 6F (w) , (4.11)
where the response function is given by the Lehmann representation

Yol A|vn) (Un|Bltbo) (ol Blvon) (¥n] Altho)
an |:CU E E0)+10+_w+(En7EO)+10+ > (412)
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4.2 The dynamical magnetic response function

where f, = f(E,) is the occupation number of state with energy E,. The response
function has poles when the frequency of the external perturbation matches the energy
difference between two eigenstates (unless the matrix element vanishes).

By use of the spectral representation of the Green function G(z) = > |¥n)(¥nl/(2 — E,)
(see Eq. (B.4))) one can show that

Y*B(w+i0t) = f%/dEf(E) [Tr [AG(E +w +i0") BImG(E)]

+Tr [AImG(E)BG(E —w —i07)] |, (4.13)
which in the real space representation leads to
P&, 7w +i0T)
- ! /dEf(E) [Tr [AG(Z,7 E +w+i07) BImG(&', 7 E)]
™

+Tr [AImG(f,f';E)BG(f’,f;Efwfi()*)} . (4.14)

The form of the general susceptibility in the Lehmann representation allows for the symmetry
relations

A7, 3" —w 4 i0T)

_ A (T) Brin(Z)
- ;;(fn By o (4.15)
= Z(fm — fn) an(.’f’)Anm(f) _ XBA(f,7 f’ w— 10+) (416)

w— (Ep — Ep) — 0%

n,m

n,m

= > (fa=fu) [WB”’(”éi/)AgZSﬂ 104 = xPA@, 7 —w —107)" ,(4.18)

n,m

where the asterisk (*) denotes complex conjugation.

4.2.2. Charge and magnetization response

As the present thesis deals with magnetic excitations, Eq. (4.8), the general form of the linear
response function, can be specified in terms of an electromagnetic external perturbation.
It will be introduced as a four-component vector leading to a 4x4 susceptibility tensor.
However, as we concentrate on spin-flip processes while at the same time spin-orbit
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4 Magnetic excitations within linear response theory

coupling (SOC) is neglected, a number of symmetries and vanishing components of the
susceptibility tensor will be revealed. The driving force of the external perturbation reads

NOYCR)
WVal#.1) = (mf’ﬂ) , (4.19)

with the external electrostatic potential §V and the external magnetic field §5. Then the
induced change in the expectation value of charge and magnetic moment is described by

on(T,t) = /d3x’/dt’x(fj’.,tft’)cSL,(t(th’) : (4.20)

where

on(T,t) = (5”(5’ ”) (4.21)

ST, )

is the four-vector of the induced charge dn = n; — ny and magnetization 0m = 7, — Mg,
caused by the presence of the external perturbation §V The response function in

——ext "
Eq. (4.20) is a (4x4)-matrix and reads

Xoo Xoz Xoy Xoz
(7, Fht— t,) _ | Xa0 Xoz Xay Xaz 7 (4.22)
= Xyo Xyz Xyy Xyz

Xz0 Xzz Xzy Xzz

where its components have the same spatial and time dependence, X = Xop(Z,Z';t—1')
for a, 8 € {0, z,y, 2} and can be expressed as

Xag(Z, 67", t) = —1([S.(Z,1), Sa(Z', t))0E — ), (4.23)

where S, (1) = eMo(=t0) g (7)e Ho(=10) and S, (7') = SN | Ze6(7 — ;) is the four-
vector spin density for a system of N electrons located at p05|t|ons {Z;} (see the analogue
definition in Eq. - The form of the matrix x in Eq. (| gets simplified for the

case that a ferromagnetic ground state is considered, spin- orblt coupllng is set aside and
the magnetization points in z direction. Then, the Green function is of the form

G(Z. 7" 2) G™M(#,%";2) GN(Z, 7';2) GNZ,T';2) 0
Z,75z2) = =
GYN(Z,7'52) GYME,7';2) 0 GHZ,7';2)
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4.3 Magnetic linear response within TDDFT

and one arrives at

P 0 0 Xo-

0 rxr x 0
(Z,2;t—t) = Xez  Xay ., (4.25)
0 ~Xzy  Xax 0

X0z 0 0 Xzz

where the polarization P was introduced. Together with x,. and .. it forms the longitu-
dinal part of the susceptibility, i.e., the part which describes changes in the charge density
and the length of the magnetic moment. Since throughout the thesis we are interested in
describing spin-flip processes our focus is the transversal part of the susceptibility, described
by the matrix elements x,, and x,,. By defining the operators

01
, T
o (0 0)
S*=_-0%=_(0,+io,) = (4.26)

2 2

0 0

10}’

and inserting them into Eq. (4.8)) one can identify

X =2 (Xaw — 1Xay) (4.27)
X" =2(Xox + iXay) (4.28)

4.3. Magnetic linear response within TDDFT

In general, the response of a system to an external perturbation is formulated in Eq. (4.20).
However, the formalism within time-dependent density functional theory (TDDFT) leads to
a modification of the effective potential, which besides the external contribution contains a
Hartree potential and an exchange-correlation potential. In Sec. 2.3.3] the charge response
was discussed. Here, the formalism is extended to spin polarized systems and a focus is
set on the magnetic response of the system.

The comprehensive form of the Kohn-Sham susceptibility, describing the four-vector charge
response to a four-vector effective potential is defined via the equation

Ona(,t) =Y / a3z’ / At ks 0 (T, 1 2" )00 5 (2, 1) (4.29)
B

with o, 8 € {0,z,y, 2} and

(5n0(f', t)
|7 — 2|

Vet o (T, 1) = OVext,a(T, 1) + 200, / B3’ + ovl (Z,1) . (4.30)
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4 Magnetic excitations within linear response theory

Thus, the Kohn-Sham susceptibility is given in terms of a functional derivative,

0N |0vg) (T, 1)

431
Overr 5(2, 1) (4.31)

XKS,aﬁ(f-, tv f/7 t,) =

0veg,3=0,GS

The second term of Eq. (4.30)) is the time-dependent Hartree response to the perturbation.
The third term represents a response due to the exchange and correlation potential and is
given by

SVxea(Z 1) = Z/d%//dt'fxc,ag(ﬁtf',t’)éng(i"",t’) (4.32)
B

The exchange-correlation kernel is a functional of the ground state density, ngs, and takes
the form

Oxea(Z,1)
5115 (f’, t/)

fxc,aﬁ [nGS] (‘Za t; -/1717 t,) = (433)

F=0,n=ngs

Similar to Eq. (2.56) one finds a Dyson-like equation that connects the Kohn-Sham
susceptibility to the enhanced susceptibility,

XTEL G2 = ks (@67 /d?’xl/dtl/d?’xg/dtg

XKS (I7tax27t2) (fXC[ ](I27t2’x1’t1))x (Ilvtl T t)
(4.34)

4.4. The susceptibility within the KKR Green
function formalism

The KKR formalism (see Ch. 3] and especially Eq. (3.42))) utilized retarded Green functions
of the form

G(Z,&'2) =GR+ 7, R, + 7 2) = Gy(F, 75 2) . (4.35)

These Green functions arise from a DFT based method and therefore describe Kohn-Sham
particles in an effective potential. The transverse Kohn-Sham susceptibility in frequency
space is given in terms of a convolution of two KKR Green functions and reads

1 _
Xisi; (7,7 w) = —;/dEf(E) G(7, 7" E + w +i0%)ImG,(7', 7; E)

HImGE (7, 7 B)Go, (7, 7 B —w —i07) | (4.36)
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4.4 The susceptibility within the KKR Green function formalism

where o € {1, 1} and ImG; = —i(Gi; — G;)/2, as defined in Eq. . This quantity
is numerically difficult to tackle since the integration in principle requests knowledge of
the Green function along the real axis. In practice, however, the integration is performed
for the zero-temperature limit, def(E) — fEF dE. Additionally, one can separate the

integral in Eq. (4.36]) into two parts [37,138],

X?(ES,ij (7?7 Fl; w) - Ifz (7?7 Fl; w) + Igfj (F F,; UJ) ’ (437)

where
_ , i [EF

(7, 7w) = — | dE
i) = 5 [ ¢

Lij GZ(F,F';E—FL&+iO+)G‘;i(F/,F;E—&—iO*)

[oo]

—G;’j(F, 7 E— 10+)G§-’i 77 E —w—i0%) (4.38)
and
_ i [Erow _
I;Z(F,F’;w) = 5 dEG;’j(F,F’;E +w+ iO*)G;’i(F’,F;E —i0™)
, ™ Ji,
(4.39)

The first part Z; involves an integration from —oo to Ef, while the integrand is analytical
above the real axis (use Eq. to see). Thus, one can benefit from the KKR contour
(see Ch. when solving this integral. The integrand in Z,, however, contains a product
of Green functions which have poles on opposite sides of the real axis. A distortion of
the integration into the complex plane is therefore not possible. On the other hand, the
integration interval is of length w and therefore finite.

As pointed out by Lounis et al. [38] another separation of the expression for the Kohn-Sham
susceptibility is possible. In Eq. (4.38)), more precisely for the integrand that contains the
first product of the two Green functions, G(E + w +i0%)G(E + i0%), the integration up
to the Fermi energy is replaced by fiE;*w + f;EFFiw and distributes the latter term to the
expression that is defined in Eq. (4.39)). In contrast to Ref. [38] a distinction between
positive and negative frequencies is not considered. After a variable substitution of the
first integrand (such that the upper integration boundary is identical to the Fermi energy,
[P f_EOFO) one arrives at a partition of the form y = Z; + Z,, where

—00

I (7, w) = % [ AB|GH(7 7B +107)G( T E — w +107)
~GT(F, 7 E —i0h)GS (7,7 B — w —i07T) (4.40)
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4 Magnetic excitations within linear response theory

and

: FErp—w _
T, (7,7 w) = 3 dEGT(7, 7 B +w +1i07)
Ep

(G"(*' 7 B —i0%) —G;-’i(F/,F;E+iO+)>
(4.41)

Here Y™ and x*' correspond to ™~ and x~, respectively.

The two contributions to the Kohn-Sham susceptibility either take the form as given by
Eqgs. (A and ([4.39)) or separate in a way as provided by Egs. (4.40) and (4.41). Both
forms are mathematlcally identical. Numerically they lead to the exact same values for
w = 0 and show insignificant deviations for small frequency values (in the region of a
few meV). Thus, all presented results within Chs. [6| and [7] utilize the first separation
(cf. Egs. and (4.39)). However, for a larger frequency window and when the
susceptibility is required for more than one atom, in some susceptibility spectra small
numerical instabilities were found, whereas the second separation (cf. Eqs. and
(4.41)) has proven to be more robust against such shortcomings. Therefore, in Ch.[8 where
nanostructures beyond the single atom impurity are considered, the second separation is
used. Finally, note that the calculated susceptibilities shown in Chs. [f] [7] and [g| are utilizing
a rational fit of the projected Green function, see Sec.[3.3] Thus, the spatial dependency

in Eqs. (¢.38)), (¢.39), (¢.40), and (4.41)) is dropped and one finds

‘oreod

X(Ij(ﬁs,w( ) If(;]( ) Igfj(w) :fl,w( )+I21]( )7 (442)

where Z77(w) and Z57;(w) are given by Egs. and ( - 4.39) by replacmg the Green
(w) and I(7 ().

function with the rational fit and the same for the separation into Z7, i

4.4.1. Approximation of the exchange-correlation kernel

The connection between enhanced and Kohn-Sham susceptibility is given by Eq. (4.34),
an equation of the following schematic structure,

X=x0(1-Uxo) ", (4.43)

where U is the exchange-correlation kernel. Since relativistic effects are not considered
within this thesis, spin-orbit coupling is neglected and therefore magnetic anisotropy
does not appear. This implies that a rotation of the magnetic moments in spin space is
energetically invariant, as long as no external magnetic field breaks this symmetry. The
response of the system is then infinite for zero frequency, which leads to the so-called
Goldstone mode. It turns out, however, that in DFT based methods this condition is not
fulfilled exactly [31] due to a violation of the Ward identity [38]. One possibility is to
enforce the Goldstone mode by an ad hoc correction [33], i.e., the exchange-correlation
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4.4 The susceptibility within the KKR Green function formalism

kernel is scaled by a factor. In this thesis we use a sum rule that enforces the Goldstone
mode by construction. The sum rule reads [38]

> / A7 Xikg i (7, 75 0) BST (') = mi o (7) | (4.44)
J
where
Xitsi; (7 750) = TS (7, 75 w) = Ty (7,75 0) (4.45)

as well as Bff(i") = V() — VI(7), the difference between the potentials of the two
spin channels for atom 4, and

1 b
misli) ==t [ B [GL7 T B) - GHr i B)] (4.46)

Expanding the susceptibility in real spherical harmonics, i.e.,

X;g,ij(,’?7?l;w>: Z XE;«LLL’,]‘L”L’”(T77‘/;W)YL(,’%)YL’(%,)YL”(%,)YL”’(/’%)7
L,L/’L/I7L//I

(4.47)

and assuming a spherical symmetric problem with 17;(7, t) = 7i;(r , ) and B&(7 1) =
B#t(r,t) (as it is the case within the atomic-sphere approximation, see Ch. , one arrives
at

Z/dr’Fij(r,r’)U]-(r') =m;.(r), (4.48)
J
where
Lij(r,r’) = ZXIJQ;ML,JL,L(/I',T’; 0)m;.(r") (4.49)
LL
and
B (1)
() = —al L 4.
U](T ) 47ij,z(7”) ) ( 50)

which is the form of the exchange-correlation kernel within the adiabatic local-density
approximation, i.e., it is local in space and frequency independent. The elements within
Eq. can be understood as vectors and matrices, depending on whether they carry
one or two site labels, respectively. Then, an inverse of the I'-matrix gives rise to the
definition of the exchange-correlation kernel of the form

Ui(r) = Z/dr' ((F(r,r'))_l)i'miz(r’) . (4.51)

J
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4 Magnetic excitations within linear response theory

Within this thesis all derived expressions are written in terms of the projected Green
functions of the subspace of d-orbitals, such that the spatial dependency is captured by
the utilized basis set. Thus, the used exchange-correlation kernel within this thesis reduces
to a single (real) number per magnetic atom. For one atom one identifies

_ —1
U= (xks (w=0)) (4.52)
Bext—(
and for two or more atoms the expression reads
U; = Z (M), o i (4.53)
J

where mg; is the projected form of the magnetic moment for atom j and T the projected

form of the matrix given in Eq. (4.49).

4.4.2. Linearization of the susceptibility

In practice, the dynamical transverse magnetic Kohn-Sham susceptibility shows a fairly
linear behavior for small frequencies. This can be used to formulate an expansion in form
of a Taylor series [70,[71] or a Padé series up to first order in frequency. The advantage of
such a scheme is that main characteristics of magnetic excitations, such as its lifetime or
the g shift, become accessible already by applying a static DFT formalism.

By making the ansatz xji5 (w) = x5 (0) + ST w + O(w?) one arrives at [71]
+— (2 !
S (7,7

i Ep th('F,F/, Z) 1o o Lot o dG;:T('f_’,??/,Z)

+Gy (7, 7' Be) Gl (7,7 Bp) | (4.54)

For small frequencies one can describe the imaginary part of the Kohn-Sham susceptibility
by dropping contribution beyond the linear term in w. Thus, one arrives at the handy form
Imygs,; (7, 7w +i07) = —anj(F,F’; E’F)nfj(F,f”; Er)-w, (4.55)

where

ng(7, 7 E) = —— (G5,(7, 7 E) = G (7,75 E)) . oe{fl}. (456)

Such a linear description of the susceptibility is quite useful and demonstrates reasonable

accuracy in the low-frequency regime [71]. In Ch.[f] the linear dependence in frequency
will be considered in more detail.
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4.5 Summary

4.5. Summary

In this Chapter the dynamical transverse magnetic susceptibility was introduced as a tool
to describe the induced change in the magnetic moment due to an external time-dependent
magnetic perturbation. Following a scheme proposed by Lounis et al. [38] we presented
the formulas for the Kohn-Sham susceptibility and the exchange-correlation kernel that will
later be used to describe the intrinsic excitation spectra, see Chs. [f] [} and 8l However, the
goal of this thesis is to go one step further by evaluating the signature of the spin-excitation
in the electronic structure, for instance the electronic structure in vacuum, which is the
quantity probed by STM experiments. To achieve this connection an electron self-energy
is to be determined playing the major role of the next Chapter and serves as the heart of
the present thesis. This quantity, X, is accessible through many-body perturbation theory
(MBPT) and allows via the Dyson equation the renormalization of the vacuum DOS that
incorporates the spin excitation.
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5. Approach to the self-energy via
many-body perturbation theory

[5.1. Inelastic spin-tlip scattering — the four basic processes|. . . . . 50
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5.2.1. Dyson equation and selt-energy| . . . . . . ... ... ... .. 52
[5.2.2. Lowest order selt-energy and ladder sum| . . . . . .. .. ... 53

The central goal of this thesis is to provide an approach from first principles to inelastic
magnetic excitation spectra as they are obtained in inelastic scanning tunneling spectroscopy
(ISTS) measurements. In Ch. [ the linear response of a system with respect to an external
perturbation was analyzed and the transverse magnetic susceptibility Y™~ was discussed.
It contains the intrinsic spin-excitation spectrum of a system and can be compared to
experimentally obtained d27/dV? spectra (see the sketch in Fig. [A.2)(c)) providing a
theoretical means to analyze characteristics of the spin-excitation, such as the lifetime and
the g shift [20]. The inelastic spectra from experiment, however, include the interaction of
the probing electron with the spin excitation, which is not included in the spectrum of
xT~. To account for this interaction, this Chapter presents a newly developed approach
to spin-excitation spectra that allows to evaluate the signature of the spin-excitation in
the vacuum site above the adatom which is related to the inelastic excitation spectra
measured in experiment. This method uses the framework of many-body perturbation
theory (MBPT). By means of the electron self-energy 3 it provides a systematic formalism
that describes scattering processes in a solid driven out of its equilibrium state. Since
spin-flip processes are of primary importance in the description of magnetic excitations in
ISTS experiments, the focus of this Chapter lies on such processes which are represented
by a certain Feynman diagram.

The structure of this Chapter is as follows: In Sec. we introduce in a schematic picture
the basic processes that occur in inelastic scanning tunneling experiments to motivate the
subsequent approach. This is followed by Sec. 5.2 where the central idea behind MBPT
is presented and the overall structure of the self-energy that is used to describe spin-flip
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5.1 Inelastic spin-flip scattering — the four basic processes

(a) STM-tip — < ¢V’ (c) STM-tip — « —eV

Y i

adatom

tip tip

Figure 5.1.: This figure illustrates the four basic spin-flip processes that occur in inelastic
tunneling experiments ((a)-(d)). The electrons are indicated by red circles,
the holes by empty white circles. The wiggly lines represent electron-hole pair
interactions. The probability for such processes to appear depends on the sign
of the applied bias voltage V' as well as its strength.

processes is shown. A connection to time-dependent density functional theory (TDDFT)
and to the Korringa-Kohn-Rostoker (KKR) Green function formalism is given in Sec. 5.3
In Sec. it is demonstrated how the electronic structure renormalized via the self-energy
can be related to measured inelastic excitation spectra by means of the Tersoff-Hamann
(TH) approximation. Finally, we draw the main conclusions in Sec. and summarize the
theoretical framework of the thesis.

5.1. Inelastic spin-flip scattering — the four basic
processes

In this Section we introduce to the basic inelastic tunneling processes that occur in ISTS
measurements of magnetic systems. By inelastic processes we mean scattering events that
involve a gain or loss of energy of the tunneling electron exciting a magnetic state in the
nanostructure. We seek to describe these processes in terms of a MBPT approach, where
the spin-flip scattering events are described by the spin-dependent self-energy ¥ with

o e {1}
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5 Approach to the self-energy via many-body perturbation theory

In Fig. [b.1] the four basic spin-flip processes are visualized in a schematic way. Higher-order
terms in the interaction are not considered and will be included later by renormalization
of the electron-hole pair. In the first process (see Fig. [b.I[a)) an electron with spin up
tunnels from the tip to the surface where it excites an electron in the minority band. The
hole created in the minority-spin channel and the tunneling electron can form a bound
electron-hole pair of opposite spins. The other processes are obtained by swapping the
spin labels (see Fig. [p.I[(b)), the role of electrons and holes (see Fig. [p.Ifc)), or both
(see Fig. [p.1(d)). The electron-hole pairs after renormalization via the mediating screened
interactions (indicated by wiggly red lines) lead to correlated spin-flip excitations, i.e.,
magnons in extended systems. Processes in Figs. a) and ¢) mainly contribute
to X1 while ¥ is dominated by processes in Figs. b) and d). As exemplified in
Fig. 5.1} some processes can be dominant depending on the electronic structure. This is
related to the density of states (DOS) for electrons and holes available for the different
processes. In Fig. 5.1|(b), for example, the amplitude of the electron-hole pair defined by
the unoccupied minority-spin states and occupied majority-spin states is much larger than
the amplitude of the electron-hole pair defined by the occupied minority-spin states and
unoccupied majority-spin states shown in Fig. 5.1(d). Thus, one expects the self-energy
for the majority-spin channel to be mainly shaped by the process in Fig. 5.1j(c) while the
minority-spin channel would be mainly shaped by the process in Fig. [5.1(b). This is in
agreement with explanations intuitively proposed in Ref. [72].

5.2. Basic concepts of many-body perturbation
theory

Many-body perturbation theory (MBPT) is designed to study how systems with a large
number of electrons react to small perturbations, such as the ejection or injection of
electrons (e.g., as it happens in many probing experimental techniques). The probability
amplitude for the propagation of a particle with spin o from 2 = (7, t3) to 1 = (7,¢1) in
a reference system is given by the time-ordered Green function or propagator

—i(@7 (V)7 (2)) , ty —ty >0

Hi7(2) (1))t —ty <0 (5.1)

Gi(1,2) = =T [ (¥ (2)1]) = {

where 7(1) and 17(1)" are the field operators annihilating and creating a particle,
respectively. The time-ordering operator 7 ensures that the field operators are ordered
with respect to their time argument, i.e., depending on the sign of ¢; — 5, the particle is
interpreted as electron or hole.
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3 .
& - [0

Figure 5.2.: (a) The Feynman diagram of the Dyson equation (see Eq. ) is shown.
The Green function that describes the full interaction of a particle with spin
o (G?, double-lined blue arrow on the left) depends on the reference Green
function (G§, single-lined blue arrow) and the electron self-energy (X7, yellow
bubble) up to infinite order. (b) The self-energy as used in this thesis is
shown, where @ corresponds to the opposite spin channel. The double arc is
identified with the susceptibility, describing the renormalized electron-hole pair
interaction. The diagram is a compact way of writing the infinite sum over
different orders in the interaction (U, wiggly red lines).

5.2.1. Dyson equation and self-energy

Of crucial importance in the MBPT formalism is the Dyson equation
G°(1,2) = G5(1,2) +/d3/d4 GS(1,3)%7(3,4)G7(4,2) (5.2)

which describes the renormalization of the reference Green function G§ via the self-energy
¥7. In Fig.[5.2(a) the corresponding Feynman diagram is shown. While G§(1,2) describes
the free propagation, G7(1,2) describes the full propagation, i.e., it accounts for all higher
orders of interaction with the surrounding particles of the reference system described by
7. It is important to keep in mind, though, that G§ may contain already exchange
and correlation effects if constructed out of a mean-field Hamiltonian, as it is the case
in Hartree-Fock or DFT-based methods. Thus, the difference between free and full
propagation is given by those interactions that go beyond these mean-field interactions.

The explicit form of the self-energy X7 given in Eq. is not known. Instead, it
represents an infinite series of scattering events of different orders and the art is to find
a reasonable approximation instead. We focus here on spin-flip processes that represent
the relevant events to describe the interaction of the electrons to the spin-excitation. By
use of the description of four basic processes the form of the self-energy is given by a
convolution of the susceptibility and the reference Green function. We do not include
spin-conserving processes which give rise to excitons, i.e., excited electron-hole pairs of the
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E47O'
513,0 1 2 Bo ! 2 po 4 6 pips° 3 Eo

Figure 5.3.: In this figure we illustrate Eq. , which represents the lowest order term
of the series of diagrams that result from the Dyson Equation (5.2). The
term on the right-hand side is the lowest order diagram that is capable of
describing spin-flip processes.

same spin, as they are connected to the longitudinal susceptibility which describes charge
response processes.

In Fig.[5.2b) the self-energy is shown that incorporates the spin-flip processes. It contains
a particle of spin o (upper blue half-circle) and an particle-antiparticle pair of opposite spin
7 (blue bubble in the center), which exists for a characteristic lifetime before annihilation.
During its existence an electron-hole pair of opposite spins is created which interacts via
the screened interaction U (wiggly red lines). Note that for several decades different
approaches to the self-energy have been proposed, starting from simple models [73H77] or
a tight-binding scheme [78]. The diagram shown in Fig. 5.2(b) appears as one constituent
of the T-matrix that is used in the GT-approximation [79-81]. There, the T-matrix is
used to describe electron-electron, hole-hole, or electron-hole interactions and gives rise
to the self-energy > = GT and can be used to compensate for shortcomings that appear
in the GW approximation [82] for low-electron densities [83]. Such a formalism can be
embedded in a density functional approach [32]34,[84] and applied to bulk materials.

5.2.2. Lowest order self-energy and ladder sum

Rewriting Eq. in terms of a series one finds an infinite number of diagrams out of
which we consider those that describe spin-flip processes and discuss the one of lowest
order in the following. If one substitutes G7(4,2) by G§(4,2) on the right-hand side of
Eq. and accounts for the creation and annihilation of a single electron-hole pair only,
one arrives at the Dyson equation as depicted in terms of the Feynman diagram in Fig. 5.3
The corresponding equation to solve reads

G°(1,2) = G§(1,2) /d3/d4/d5/d6

GS(1,3)U(3,5)G3(5,6)U(6,4)G(4,2)G5(3,4)G7(6,5) ,  (5.3)

where & accounts for the opposite spin-channel. In Appendlx @] Eq. is solved
in the frequency domain, where we define G12 = fdz‘G (E)eift and GTQ( ) =
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5.3 Connection to TDDFT and the KKR Green function formalism

G‘l’:g(tl —ty) = G§(1,2) and use that the interactions are local in time and isotropic,
U12 = U(F17F2;t1 — t2) = Ulﬂgé(tl — tQ) = UQ‘l(S(tQ — tl) After this reformulation one
arrives at

G ,(E) = GIU(E / dr, / &y GIO(E) S (B)GI(E) | (5.4)

where Z‘;g(E) represents the lowest order term that enters the self-energy. It reads (see
Appendix D] for a derivation)

0 E)= /(13r5/(137'6U375S;§?46(E)U6A4, (5.5)
where
S5o(B) =i [ SRGENE + EpGih (B 9)
and
Got(B) =i [ SAGINENGIA B+ ). (5.7)

Note that this expression represents the lowest order of the self-energy diagram shown
in Fig. p.2(b). In a last step one renormalizes the electron-hole excitation described by
X36.54: in order to account for higher order terms. This is done by means of a so-called
ladder diagram. In the random-phase approximation (RPA) [33|[35,36] one can relate the
susceptibility of the reference system to the interacting system via a Dyson-like equation
of the form

ng;m(E?) ngs?4 (E2) /d 7 /d T8 X86 74(E2)U78X3758(E2) (5.8)

5.3. Connection to TDDFT and the KKR Green
function formalism

It was already shown that a mapping between the approach via MBPT and the TDDFT
formalism is possible by identifying U with the exchange-correlation kernel [37,[38]. A
similar connection in the spirit of the Bethe-Salpeter equation was proposed for the case of
charge excitations [85] or for spin-excitations [86]. In the following the objects that appear
in MBPT (Green function or propagator, screened interaction, susceptibility, self-energy)
are associated with the corresponding objects that are used in the TDDFT formalism.
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Figure 5.4.: Comparison of expressions for the susceptibility as they occur in MBPT
and TDDFT. The Feynman diagrams are shown for the Nth order term
of (a) U(3,5)xs6:54U(4,6) in the MBPT formalism (ladder diagram) and
(b) Usds5x34Us046 in the TDDFT formalism (bubble diagram), where the
interaction is mediated by the local exchange-correlation kernel.

Connection to KKR Green function

In the previous Sec. the time-ordered Green function was introduced. Using the
definition for the field operators the Green function from Eq. (5.1)) reads

- —t; L—fa) t1 —12 >0
G” 1 2 — 0* 1En(t1 t2) | ( n y 7 5.9
BRI {(m <o Y

where f, is the Fermi-Dirac function (see Appendix D] for details). In the KKR formalism,
however, the retarded Green function is used. Retarded and time-ordered Green functions
are discussed in Appendix D} One can show that they are connected via

GY(E) = ReGY(E) +isgn(E — Ep) ImGY(E) | (5.10)

where Ep is the Fermi energy. In addition the KKR Green function does not include the
occupation number f,,, being the resolvent of the Kohn-Sham Hamiltonian which describes
the reference system.

Connection to KKR susceptibility

The connection between time-ordered (MBPT) and retarded susceptibility (KKR) is given
by (see Appendix D] for details)

R . R
Xi54(B) = Rexbis, (B) + isgn(E) Imy s, (E) . (5.11)

As it is also shown in Appendix [D] the resulting expression for the retarded susceptibility is
identical to the one discussed in Ch. [
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5.3 Connection to TDDFT and the KKR Green function formalism

The renormalization of the single-particle susceptibility with the interaction U is connected
to the form of the exchange-correlation kernel in TDDFT which is local, Usds 5. Therefore
the ladder diagram as it appears in the RPA corresponds to a bubble diagram in the
TDDFT formalism. A comparison of the susceptibility in TDDFT to the one in MBPT is
given in Fig. 5.4l This form then replaces the one shown in the diagram in Fig. [5.2{(b).

Connection to KKR self-energy

The self-energy in the KKR formalism is build out of retarded Green functions, therefore it
is a retarded self-energy. In Appendix [D] it is shown that the relation between time-ordered
and retarded self-energy is given by

SU(E) = ReS(E) + isgn(E — Ep) ImS{ (E) . (5.12)

In the following we use this connection (a detailed derivation is given in Appendix D)) to
formulate the (retarded) self-energy in terms of the KKR Green functions and in terms of
the projected Green functions (see Sec. [3.3)). For this we also adjust the notation style
such that it fits the one used in the KKR formalism (i.e., the spatial dependency in given
in terms of site labels i and j as well as radial vectors 7 and 7'). This results in

SO, 7 E) = 17 (7, 7 B) + I3 5 (7, T E) (5.13)
where
Ui(7)U;(F") [ 5o o Lo
17,7, 7" E) = — Z0U(T) )/ A0 I [G5 (7,70 + E)XZ7 (7,75 Q)]
; . ;
(5.14)
and
UZ AU (7! Er—F _
3,7, 7 E) = + (M)Us( )/ dQ Im [G%(F,F’;QJrE)]X;’f( ")
. . .
(5.15)
The asterisk (*) in Eq. (5.15)) represents complex conjugation. Furthermore,
Xzy H7 H, ZX@L;L/ r H‘,> ) (516)

Lr

defines the spherical component of the transverse susceptibility, where L and L’ sum
over all orbitals and x°? is associated with x™ for ¢ =1 and with =" for 0 =|. Note
that Z7,, (7,7 E) is purely real (see Eq. (5.14)). Therefore, the imaginary part of the
self-energy only depends on the imaginary part of I3 (7, 7"; ), which represents a
convolution of the density matrix nf (7", 7"; E) = G" (7,75 E) of the opposite spin

channel & with the transverse susceptlblllty,
Bp—E B
Im X7,(7, 7", E) = —U,;(F)UJ(F')/O dQ o (7,7, Q + E)Im [X77 (7,7 Q)] .
(5.17)
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5 Approach to the self-energy via many-body perturbation theory

Using the projected Green function (see Sec. and the corresponding expression for the
susceptibility we arrive at

UiU;
™

S7(E) = { /0 T 49 Im [GT(Q+ E)X7(Q)]

Ep—E
- / A [GL(Q+ B) X7,  (5.18)
0

where the site labels ¢ and j can be dropped in case of a single magnetic adatom.

5.4. Connection to ISTS measurements via
Tersoff-Hamann model

Once the retarded self-energy as given by Eq. is known, it allows to renormalize the
projected form of the KKR Green function by use of the Dyson equation (see Eq. (5.2)).
The resulting renormalized Green function then contains the interaction of the electronic
structure with the spin-excitation providing access to n..., the density of states in the
vacuum above the adatom. By use of the Tersoff-Hamann approximation [39] one can
relate the resulting density of states to the inelastic excitation spectrum as measured by
ISTS experiments.

The key statement of the Tersoff-Hamann approximation is that there exists a proportion-
ality between the conductance (5 (V) as measured in ISTS experiments and the product
of density of states (DOS) from the tip, n4,, as well as from the probed adatom, ny,c,
measured at distance R above the adatom,
dI
dVv
The form of Eq. (5.19) is given such that it accounts for the two spin channels, 1 and J.

Eor a n.onmagnetic tip, one has nIip = ntip = & with N the local density of states of the
tip, which leads to

(V) {n;p oo (Be 4+ V, B) +nly - nbo (Be +V, R)] . (5.19)

vac

dI

— x

dv
One can also account for a possible magnetization of the STM tip, i.e., when a different

weighting of the two spin channels in the total renormalized DOS is used: For a magnetic
tip one finds a nonvanishing polarization:

I:nj/ac + n%/ac} . (520)

T +
Nip — Ny
p=-"2_"T 5.21
- (521)
Thus, we have
N N
nh, = 5 (1+P) and nh, = S(1=P). (5.22)
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5.5 Summary

Depending on the sign of P, one spin channel gives a larger contribution to the spectrum
than the other,

df

v~ [(1+P) - nle+(1—P) nb] . (5.23)

‘vac

In order to capture the impact of the spin excitation on the electronic structure in the
vacuum, nZ,. in Eq. (5.19) is renormalized by the self-energy and takes the form

(B + V) = =10 [ ae(F + V)] (5.24)

with
Glacnae = Goitane + G ad AT G e (5.25)

and
AT = (1 - Eg{lGZé(jad>_l ad - (5.26)

This marks the connection to the previous paragraph and provides the renormalization of
the electronic structure through updating the Green function via the Dyson Equation ([5.2)
such that it contains the interaction of the spin-excitation with the electronic structure.

5.5. Summary

This Chapter presents a novel first-principles approach to magnetic excitation spectra as
measured in inelastic scanning tunneling spectroscopy (ISTS) experiments. The central
quantity is the self-energy ¥ that describes the interaction of magnetic excitation with the
electronic structure of the regarded system. In the framework of many-body perturbation
theory (MBPT) a systematic formulation of ¥ becomes possible by means of a special
Feynman diagram that can be used to describe four basic spin-flip processes. Once the
structure of ¥ is found a connection to the time-dependent density functional theory
(TDDFT) is made. Via a comparison of the time-ordered Green function (used in MBPT)
and the retarded Green function (used in the Korringa-Kohn-Rostoker (KKR) Green
function formalism) one finds an expression for the (retarded) self-energy. This expression
renormalizes the reference KKR Green function via the Dyson equation. Finally, the
renormalized density of states can be related to the inelastic spectra as measured in ISTS
experiments by use of the Tersoff-Hamann approximation.

This Chapter concludes the presentation of the theoretical framework of the thesis. The
subsequent Chapters focus on the application of the formalism to magnetic adatoms and
clusters on metallic surfaces and compare the obtained results to experimental findings if
accessible.
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6.4 Y P 78

The previous Chapters have been used to present the theoretical framework of our first-
principles approach to magnetic excitations in solids and to introduce to the underlying
computational method. With this formalism at hand, excitation spectra of realistic
nanostructures measured by inelastic scanning tunneling spectroscopy (ISTS) become
accessible in a real-space approach. It allows to identify and spin-characterize experimentally
observed magnetic excitation signatures and to analyze describing features, such as the
position in the spectrum, linewidths, or shapes, by connecting them to system-specific
features of the underlying electronic structure. On top of that, the predictive power of such
a first-principles method enables to systematically study excitation spectra of structures
that have not been yet analyzed experimentally.

As a first application, magnetic excitation spectra in transition-metal (TM) atoms placed
as adsorbed atoms (adatoms) on the Cu(111) surface in an fcc hollow side are considered.
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6.1 Adatoms on Cu(111): State of the art

In Sec. [6.1} we point out characteristics of the Cu(111) surface and what has been found
employing ISTS measurements. In Sec. characteristics of the electronic structure are
pointed out and connected to the form of the intrinsic magnetic excitation spectrum. This
is followed by Sec. [6.3] where the newly developed approach to the excitation spectrum is
presented, a method that takes into account the interaction of the magnetic excitation
to the electronic structure leading to a renormalization of the density of states (DOS). A
summary in Sec. concludes the Chapter.

6.1. Adatoms on Cu(111): State of the art

One of the prime examples for studying spin-excitations in single magnetic adatoms on
a metallic surface is Cu(111) [20,87]. For the surface atoms the local density of states
near the Fermi energy shows a linear behavior in the 1/U characteristic near the Fermi
energy [88], and therefore this system is a suitable playground for first studies of the
underlying mechanisms. Through atomic manipulation these adatoms can be arranged
within perfectly designed nanostructures and their magnetic properties measured via STM
spectroscopy. For instance, nanostructures such as nanowires, nanorings, nano-Kagome [87]
can be constructed and analyzed, even logic-devices at the nanometer scale, where the
magnetic state of the adatoms and their mutual interactions are the principal working
mechanism, have been realized [89].

In a simplified picture, the driving mechanisms come from two types of involved electrons.
On the one hand the adatom contains localized d-electrons and on the other hand the Cu
surface exhibits electrons in delocalized states, itinerant sp-electrons. In the underlying
substrate the latter form a sea of electrons to which the localized electrons of the adatom
couple, i.e., their states hybridize. Such hybridization effects have a significant impact
on the magnetization dynamics of magnetic impurity structure. In contrast to weakly
hybridized systems [90], magnetic excitations on the Cu(111) surface are strongly damped
and show a significant decay into excited electron-hole pairs, i.e., Stoner excitations,
involving the itinerant electrons from the substrate [35].

Such a decay reduces the lifetime of the magnetic excitation in the impurity and this is
reflected in a broadening of the excitation resonance in the inelastic spectrum. For Fe
adatoms on the Cu(111) surface, for example, a lifetime of 200 fs was reported [20]. The
hybridization affects also the ¢ value, which deviates from 2, the value for an isolated
electron. Also asymmetries in the measured spectra have been noticed [20]. All these
observations are difficult to tackle in terms of isolated spin models and more involving
methods have to be applied in order to analyze and spin-characterize the experimentally
observed spectra. The method presented within this thesis accounts for these hybridization
effects via the electronic structure of the system in a real-space approach.
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6 Spin-excitations in transition-metal adatoms on Cu(111)

6.2. The intrinsic magnetic-excitation spectrum

In Ch. [4] the transverse dynamical magnetic susceptibility x ™~ was introduced as a quantity
that describes the induced transverse magnetization as response of a small external
transverse dynamical magnetic field within linear response. The following analysis only
considers the spherical average of the susceptibility,

+
X = Y X)) (=2, (6.1)
m,m/=—~{

where m and m’ sum over the d orbitals, and Xy mm(w) is the onsite (i = j = 1)
projected form of the enhanced susceptibility as given in Ch. 4l Written in this form, x ™~
is simply a complex number rather than a matrix expression. In this Section we analyze
this object by considering four different TM impurities (Cr, Mn, Fe, Co) placed as adatoms
on the Cu(111) surface. It will be demonstrated that differences in their excitation spectra
can be understood by means of characteristics in the electronic structure [71].

6.2.1. Electronic structure for different TM adatoms

A detailed description of the performed calculations and the computational details can
be found in Appendix [B] Here, it is sufficient to briefly introduce the structure of the
considered real-space impurity cluster to which the following calculations will refer to. In
Fig. [6.1) the Cu(111) surface and the adatom with the surrounding impurity cluster are
visualized. If not stated differently the impurity cluster contains the adatom, the twelve
nearest fcc scattering sites (including vacuum scattering sites), and an additional vacuum
scattering site 6.3 A above the adatom. The latter is necessary to investigate the impact
of the calculated spin-excitations onto the vacuum site that may be probed by an STM tip
in experiment. Test calculations have revealed that a larger real-space cluster with twice
the diameter does not lead to significantly different results. A relaxation of 14 % of the
impurity towards the surface is considered [91}/92].

Density of states and magnetic moments

In Fig. the adatom-projected spin-resolved total density of states for Cr, Mn, Fe,
and Co adatoms on the Cu(111) surface are shown. In all four cases the orbitals of
the majority-spin states (1) are almost fully occupied, i.e., their resonance is below the
Fermi energy Er (indicated by a dotted black line). The resonances for the orbitals of
the minority-spin states, on the other hand, show a trend of being shifted downwards in
energy due to increased filling of the d-states when the series of 3d adatoms in the periodic
table is followed: For Cr and Mn the resonance is above Ef, such that the minority-spin
orbitals are nearly unoccupied, whereas for Fe and Co the resonance appears at EF, i.e.,
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6.2 The intrinsic magnetic-excitation spectrum

Figure 6.1.: An artist’s view of the Cu(111) surface and the impurity cluster. The impurity
atom (red sphere) is surrounded by three Cu atoms (underneath), six nearest-
neighbor vacuum sites in the same layer and three more in the layer above
(semitransparent white spheres). To account for the vacuum site that is probed
by an STM tip (object in the upper right part of the figure, not accounted
for in this thesis) an additional vacuum site three layers above the impurity
is part of the cluster as well, corresponding to a center-to-center distance of
about 6.3 A with respect to the impurity atom.

the minority spin d orbitals are half-filled. This implies that the magnetic moments of the
Cr adatom and the Mn adatom are larger than the ones of Fe and Co.

In Table ground-state properties for Cr, Mn, Fe, and Co adatoms on the Cu(111)
surface are shown. For all four systems, the number of d-electrons is non-integer. This is
due to the hybridization of these d-electrons with the electrons from the metallic surface,
which is reflected in Fig. where the majority-spin states are partially filled and show a
tail that reaches above the Fermi energy. In addition the hybridization leads to a loss of the
pure d-states character of these states. As already mentioned in the previous paragraph,
the magnetic moments of Cr and Mn are larger than those of Fe and Co due to the
increased minority d-band filling (see Fig. [6.2).

Note that albeit the values for the magnetic moments when using the projected scheme
(myg) are a bit smaller than the ones calculated using the original KKR Green functions
(mt*l), the main contribution is captured. Already the projection on the d orbitals alone
provides the major part of the magnetic moment. Therefore, the presented calculations
utilize the projected Green function onto the d orbitals only. This could be verified by
test calculations in which also the projection onto s and p states were included and no
significant changes in the obtained data was observable.
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6 Spin-excitations in transition-metal adatoms on Cu(111)
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Figure 6.2.: The spin-resolved total density of states (DOS) are shown for the four adatoms

(Cr, Mn, Fe, and Co) placed on the Cu(111) surface. For the majority spin
channel (1) the orbitals are almost filled, whereas for the minority spin channel
(J) the resonance is above (Cr and Mn) or at (Fe and Co) the Fermi energy
(dotted black line). Thus, the local density of states at the Fermi energy can
differ a lot from adatom to adatom and lead to different properties for the
magnetic excitations, as explained in the text.

adatom Ny n)(Er) ny(Er) My mftotal

C G R
Cr 4.30 0.740 0.0629 3.86 3.98
Mn 4.84 0.0402 0.436 3.88 4.29
Fe 5.90 0.0377 6.88 2.86 3.25
Co 7.22 0.0744 6.71 1.78 1.98

Table 6.1.: Ground-state properties for the four adatoms: Ny is the number of d-electrons,

nﬁ(EF) and ng(EF) describe the local density of states at the Fermi energy
Er for both spin-channels, and my is the magnetic moment when only the
d-orbitals are considered. All these quantities are calculated using the projected
Green function, see Sec.[3.3] and considering the adatom’s contribution only. A
comparison to m™%! the magnetic moment without projection and by taking
into account all orbitals, shows that the main part of the moment is captured
by mqy.
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6.2 The intrinsic magnetic-excitation spectrum

6.2.2. The transverse dynamical magnetic susceptibility

In the previous section, the electronic structure of different TM adatoms on Cu(111)
has been analyzed and compared. Before the resulting magnetic excitation spectra are
presented, we discuss in which way the electronic structure affects characteristics of the
excitation spectra, such as the g shift and damping (which is connected to the lifetime of
the excitation).

The origin of the damping and the possibility of a ¢ shift can be directly related to the
local density of states at the Fermi energy (see Sec. and Ref. [71])). For the imaginary
part of the enhanced susceptibility x (only possible for the spherical form, see Eq. (6.1)
one can identify

+- Imxys ()
Im w) = 5 5 6.2
X w) [1 — URexys (w)] —+ [UImX;zg (w)] (6.2)

where U is the exchange-correlation kernel and xkg is the Kohn-Sham susceptibility. Note,
that in Eq. (6.2) the imaginary part of xks plays the role of damping. A linearization of
Imyks(w) up to the first order in its argument w (see Eq. (4.55))), leads to [71]

+2
ImX;ST (UJ) ~ T Z njnm’(EF) ninm’(EF) w, (63)

m,m/=—2

where ng, (E) = —1ImG?,, . (E) for ¢ € {1, ]} are the spin-resolved density-matrix
elements. This shows the important connection of damping to the electronic structure. If
no states close to the Fermi energy are available, the coupling to the surrounding electron
bath plays only a minor role and the lifetime of the excitation can be large. In contrast
to this, a short lifetime corresponds to strong damping, i.e., when the density of states
around the Fermi energy is nonzero and the decay into Stoner excitation in the substrate
becomes possible. The intersection of the real part of the susceptibility with the z-axis is

given by (see Appendix

m 1 2Bt
Rexjg(0) = - — + —— 6.4
eXKS ( ) 9 (BXC 4 Bext) U + Ude ( )
where in the last step an expansion up to first order in w and % = —5pe was used. Within
this formalism one can define an effective g value (see Appendix [F)
1 L Re - 0 U?m,
Goit ‘U X ( )’ - uBU2mg (65)

"B | s )] Tk @]

where in the last step Eq. was inserted. The form of Eq. (6.5) implies that the
electronic structure leads to a renormalization of the g value.

When a rotation of the magnetization can be achieved without energetical costs, an
infinitesimal perturbation leads to a gigantic response in the induced magnetization. Then,
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6 Spin-excitations in transition-metal adatoms on Cu(111)

Imx ™, describing the excitation spectrum, shows an infinite response at w = 0. This is
the Goldstone mode. In Sec. it was demonstrated that the present method computes
an exchange-correlation kernel that is consistent with the Goldstone mode, e.g., the
condition for the appearance of a resonance at w = 0 for no applied magnetic field is
fulfilled by construction.

In the presence of spin-orbit coupling (SOC), however, breaking of spin-rotation symmetry
occurs and an in-plane or out-of-plane orientation of the atom'’s spin normally is preferred
energetically. As a consequence the resonance position shifts to a finite value in the
frequency spectrum, which reflects the costs in energy for a rotation of the spin moment
away from its easy direction. The same behavior would appear in the presence of an
external magnetic field applied along the z-direction, i.e., perpendicular to the surface
plane. The method discussed within this thesis does not include SOC[Y] If the SOC-induced
gap in the spectrum is known, however, one can mimic this effect by applying an auxiliary
external magnetic field. For the Fe adatom on the Cu(111) surface the SOC-induced gap
is known [20] and results in an auxiliary magnetic field of pgBy = 0.55 meV. Thus, a
gap in the excitation spectra at the Larmor resonance frequency, wyes = tggBo (g ~ 2 is
the Landé factor) is induced, which therefore matches the experimental data for the Fe
adatom [20] by construction. For the sake of comparison, the same auxiliary field is used
for all adatoms.

In Fig. the magnetic excitation spectra for the four different TM adatoms (Cr, Mn,
Fe, Co) on the Cu(111) surface are shown. The imaginary and real part of the spherical
component of the Kohn-Sham susceptibility are given in Fig. [6.3(a) and Fig. [6.3(b), while
the spherical component of the imaginary part for the enhanced susceptibility is presented
in Fig. [0.3((c). The curves describing the imaginary part of the Kohn-Sham susceptibility in
Fig. [6.3(a) show a fair linear behavior and the steepness of the (negative) slope increases

it should be noted, however, that the formalism can be extended to include SOC directly [70].

adatom U et Wres r Tx
(eV) (meV) (meV) (fs)
Cr —0.904 1.89 1.05 0.163 2020
Mn —0.987 217 1.20 0.109 3020
Fe —0.990 1.95 1.07 0.558 590
Co —-0.979 2.15 1.18 1.37 239

Table 6.2.: This table shows characteristic properties of the susceptibility for the four
adatoms: The exchange-correlation kernel U as well as the effective g value
Jeff = Wres/ Bo is shown. For an applied field of By = 0.55 meV the resulting
resonance position wyes, the full-width at half-maximum T, and the lifetime 7,

of the excitation is shown (see Eq. )
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Figure 6.3.: For different TM adatoms on the Cu(111) surface the spherical part of the
Kohn-Sham susceptibility and the enhanced susceptibility are shown, see
Eq. (6-I). The applied magnetic field is the same for all systems to allow for a
better comparison. The lower panel shows a dotted vertical line the resonance
position for a g-factor of exactly 2.

from Mn and Cr to Fe and reaches it highest (absolute) value for Co. The trend can
already be obtained using Eq. with spin-resolved local densities at the Fermi energy
(nZ(EF) and nﬁ(EF)) as given in Table . More accurate, however, is the use of the
density matrix with elements nZ  (Fr),0c € {f,]}, see also the slope of the imaginary

mm

part in Table | of Ref. [71]. For Cr one obtains the slope of —0.038 eV~2 when using
Eq. which is in nice agreement with the actual slope of the shown curve in Fig. a),
—0.037 eV~2. The same is true for Mn (Eq. : —0.014 eV~2, slope in Fig. a):
—0.017 eV~?), Fe (Eq. (6.3): —0.132 eV~2, slope in Fig.[6.3(a): —0.120 eV~?) and Co
(Eq. (6.3): —0.333 eV 2 slope in Fig. [p.3(a): —0.314 eV?).

For the corresponding real parts (see Fig. [6.3(b)) we compare the expected values for
the Kohn-Sham susceptibility at zero frequency minus the exchange-correlation kernel to
the values obtained using Eq. . For Cr, we read the offset of 3.49 - 10~% eV~! from
Fig. b) which is in good agreement to 4.31 - 10~* eV~ which is the value obtained
using Eq. (6.4). For Mn the respective pair reads 2.91-10~* eV ! and 3.74-10~* eV !,
for Fe we have 3.92-107% eV ! and 4.73-10~% eV, and for Co we have 6.45-10~% eV !
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Figure 6.4.: Fe adatoms on Cu(111): The enhanced susceptibility as function of external
magnetic field, where AB is the difference to the auxiliary B-field ug By =
0.55 meV. The dotted vertical lines mark the resonance position for the case
that the g-factor of exactly 2.

and 6.83-10~* eV~!. Also here the comparison provides a good agreement in all four
cases.

The knowledge gain from the analysis of real and imaginary part of the Kohn-Sham
susceptibility can be used to understand the obtained intrinsic excitation spectra, described
by the imaginary of the enhanced susceptibility x™, see Fig. c). Whereas the spectra
of Cr and Mn adatoms show a relatively sharp resonance, the corresponding resonance
for Fe and Co adatoms is broader. This allows for the interpretation that the excited
state shows a short lifetime when states are available around the Fermi energy, allowing
for the excitation to couple to Stoner excitations in the surface. In Table some
characterizing properties of the spin-excitation spectrum are shown. As explained in Ch. [
the exchange-correlation kernel U reduces to a single number, see Eq. (#.52). The effective
g value geq, the resonance position wes, the full-width at half-maximum (FWHM) T', and
the lifetime

h

=0 (6.6)

Tx
are extracted from the curves shown in Fig.[6.3(c). The values for g shift and lifetime are

in reasonable agreement to experimentally observed values in Ref. [20], where g = 2.1 and
7 = 200 fs was found.

Variation of the external magnetic field

Due to the magnetic nature of the excitation, the corresponding spectra are sensitive
towards variation of the external applied magnetic field. For different applied magnetic
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6.2 The intrinsic magnetic-excitation spectrum

fields up B™* = ug By + AB Fig. shows the response function for the Fe impurity.
As before, the auxiliary B-field for this system is chosen to be ugBy = 0.55 meV.

The enhanced susceptibility is dominated by a resonance around twice the value of the
applied magnetic field, corresponding to the Larmor frequency. The deviation of the
actual value can be drawn back to the effect of the broadening of the resonance. Without
damping the resonance position would be exactly coincide with the dashed lines in Fig. [6.4]
By plotting the resonance position against the applied magnetic field one can extract from
a linear fit the slope which reveals the g value as performed in the previous Section.

As will become important at a later stage of the thesis, one can compare the obtained results
to the susceptibility that comes from the Landau-Lifshitz-Gilbert (LLG) model [93,94],

dm ~ m  dm

— = —ym x B — X —, 6.7

a " MK (67)
with the effective magnetic field Bef = —% acting on the magnetic moment, E(ni) =

—BEXt(t) -, the gyromagnetic ratio v, and a phenomenological damping factor . A
detailed analysis of the LLG model is given in Appendix [G. Within the LLG model for a
single magnetic moment the response function is of the form

Im " (w) = e e , (6.8)

T 14 (w = wp)” + (o)’

where wy = yBT/ (1 4+ 1?). Note that nw, enters the denominator of Y“'C as a constant

and is responsible for the resonance linewidth (i.e., the damping) and thus that the
resonance width increases linearly with the strength of the effective magnetic field. Since
one can identify B°" = B, + B this means that the damping in Fig. [6.4]increases linearly
with applied external magnetic field. Furthermore the resonance position is expected
at Wres = V1 + n%wy = \}lﬂ (see Appendix ) so that the resonance energy should

14+n?
increase linearly with external applied magnetic field. This effect can be observed in
Fig. as well. This means that in conclusion one can use the LLG model in the context
of spin excitations of our interest, using parameters obtained from DFT or TDDFT. Note
that for more complex systems (beyond single atom impurities) the LLG model turns out
to be a useful tool to interpret the obtained excitation spectra, see Ch. [§

6.2.3. Interim resume

The focus of this section was the susceptibility that describes the spectrum of magnetic
excitation in the impurity. It was demonstrated that a comparison to excitation spectra
obtained via ISTS measurements leads to a reasonable agreement on features such as
g shift and damping [20]. It should be pointed out, however, that the STM spectra
contain more information than that captured by the intrinsic magnetic excitation spectra.
Experimentally one measures the signature of the spin excitation in the electronic structure
decaying into vacuum, rather than the intrinsic spin excitation in the adatom. Therefore,
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Figure 6.5.: For the four investigated systems, the imaginary part of the self-energy is
shown, where the curves represent sums over the diagonals in the d orbitals.
Whereas for Cr and Mn adatoms the self-energy step heights for the two spin
channels are of the same order; they differ by a factor of 100 for Fe and Co
adatoms.

the following section goes beyond state of the art, presenting a novel approach on studying
magnetic excitation spectra from first principles which provides a deeper understanding of
the nature of spin excitations.

6.3. Access to the magnetic-excitation spectrum
via the renormalized density of states

Our strategy is to evaluate the interactions among the electrons and the spin-excitation
in terms of the self-energy as discussed in Ch. B Then, we have direct access to the
renormalization of the electronic structure at the adatom or at the surface or even more
important for our STM discussion in the vacuum. This is important because this allows
the comparison of the DOS in the vacuum to the %—curves measured experimentally using
the Tersoff-Hamann approximation [39], as discussed in Sec. 5.4

6.3.1. The electron self-energy

In Fig. the imaginary part of the self-energy for the four investigated systems is shown,
where

L7(E) =) Sha(E), (6.9)

m=—/{
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Figure 6.6.: Fe adatoms on Cu(111): The self-energy for different applied magnetic fields is
shown. Also here, we observe that the width of the step indicates an increased
damping, indicating that the lifetime decreases.

with £ =2 and o € {1, 1}. As described in Ch.[B] the form of the imaginary part of the
self-energy reads

Im [¥7,(E)] = -U? /O . dQ nZ,..(E+QIm [x7(Q)*] | (6.10)

where n?(E) = —1/7-Im [G§(E)] is the local DOS obtained for the initial Green function,
X% is the spherical part of the susceptibility, see Eq. (6.1)).

The origin of the spin asymmetry observed in the step height of ImY, visible in Fig. 6.5,
is the different local density of states near the Fermi energy, see Fig. [6.2 Contrary to
Mn, Fe, and Co adatoms, Cr adatom is the only case where n'(Er) > n*(Eg) leading
to ImX(Ey) < Im¥*(EF). Since the spin asymmetry is large for the DOS of Fe and Co
adatoms, the spin-dependent step heights of ImX. differ by two orders of magnitude.

Naturally, one expects a steplike function as soon as the integration goes over a bias
voltage V' equal to w,.s. The resulting spin-resolved imaginary parts of the self-energy for
the Fe adatom on Cu(111) for different applied external magnetic fields (see Fig. is
shown in Fig. [6.6] where the traces of X and %t are indicated by solid and dashed lines,
respectively. Because of the relation between the step positions and w;., the gap between
them increases with AB. Whereas the resonances in x°° are equal in height with respect
to the two spin channels, the step height in the self-energy differs by a factor of about
100. This can be understood as the resonance being weighted by the DOS of the opposite
spin channel, cf. Eq. (6.10): if there is only a small number of -states available, the
scattering is unlikely to happen. In contrast to the extremely small n}e, the n#e displays a
large resonance. Since the step widths are related to the line widths extracted from the
susceptibility peaks, they increase when the excitation energy w,s increases.
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Figure 6.7.: An orbital-resolved analysis of the DOS for Fe adatoms on the Cu(111) surface
are shown (s, p,, and d,2 orbitals) and compared to the DOS of the vacuum
site 6.3 A above the impurity (just considering the s channel of the Green
function at the vacuum site). The solid and dashed lines refer to spin up and
spin down DOS, respectively. Only for the s and the p. orbitals of the adatom
the DOS for majority spin is larger than the one for the minority spin, which
matches the weighting obtained for the vacuum site.

6.3.2. Density of states: A spin- and orbital-resolved analysis

At this point we take a closer look at the spin-resolved behavior of the DOS for the Fe
adatom as well as the vacuum position three layers above. In Fig. the orbital-resolved
DOS without including the spin-excitation is shown (connected the elastic spectrum). Only
states extending farthest into vacuum above the adatom are displayed (s, p., and d.2).
Contrary to the d_2-resolved DOS, for the s and p, states the majority-spin contribution
is larger than the minority-spin contribution. This spin asymmetry in the magnitude of
the DOS seem to be maintained in vacuum. Whereas the d,» state is dominant at the
adatom it decays fast into vacuum due to its more localized character than the p, and the
s states. This is even more remarkable since the latter orbitals do only show a difference
in the spin-resolved terms by a factor of 2 and are by more than two orders of magnitude
smaller than those of the d,» orbitals at the adatom. Such an observation does not
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Figure 6.8.: This figure shows the density of states for the investigated 3d TM adatoms,
renormalized by spin excitations, where the d orbitals of the impurity atom
(top row) and s orbitals in the vacuum, 6.3 A above the adatoms (bottom
row) are considered. In each plot two curves are shown, one per spin channel.
For the renormalized vacuum DOS (bottom row) the spin-averaged DOS for

a non-polarized tip (P = 0%, i.e., %) is indicated by black curves.

necessarily remain true for all systems but indicates that the position of the STM tip
plays an important role when investigating the spin asymmetry of the elastic and inelastic
spectra.

6.3.3. The renormalized spectrum for different TM adatoms

The excitation spectra of Cr, Mn, Fe, and Co adatoms are given in Fig.[6.8] The top row
(cf. Figs. [6-8((a)46-8(d)) shows the DOS for the spin-resolved d orbitals of the adatoms and
the bottom row (cf. Figs. [6.8(e){6.8|(h)) shows the spin-resolved and the spin-averaged
(dashed lines) vacuum s orbitals above the impurity. For the Cr adatom, peaklike structures
are observed in the d-DOS, which transform in vacuum into a reversed step for the majority-
spin channel, while in the minority-spin channel the spin excitation and an additional bound
state, a satellite, overlap at Er. The renormalized spectra for Fe and Co adatoms show
similar shapes for both, the DOS at the atom and in the vacuum. For the majority-spin
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6 Spin-excitations in transition-metal adatoms on Cu(111)

their spectra include an additional bound state, a satellite. For the minority-spin channel
of the Co adatom, the spin-excitation feature almost vanishes in vacuum. In contrast to
Fe and Co, the renormalized DOS for the Mn adatom does not show additional states
(satellites). However, the excitation signatures are steplike functions with a peaklike
resonance at the edges. This analysis of excitation spectra has an important outcome that
needs to be emphasized: The general belief that a spin-excitation shows up as step in
the inelastic spectrum does not hold. Instead, by including the electronic structure our
method predicts a higher variety of excitation signatures (steps, reversed steps, peaks) up
to the extinction of the signature.

We note that Co adatoms on Cu(111) is a traditional Kondo system and that processes
leading to Kondo behavior are not accessible through the scheme that is utilized in this
thesis. However, spin excitations and Kondo can coexist, see for example Ref. [95]. In
contrast to Co, Fe shows no Kondo signature down to 0.3 K [20]. This is strengthened by
the measurements of magnetic exchange interactions among Fe adatoms [87]. Also, Cr
and Mn adatoms placed on Cu(111) are expected to behave as on Au(111) [96], where no
Kondo behavior was observed.

The lifetime of the spin-excitation, 7, is given by the line width of Imy, which is different
from the lifetime extracted from the inelastic spectra, Thog. Both lifetimes are calculated
from 7 = h/(2I"), where I is the full-width half-maximum of the signature of the spin
excitations. Because of the convolution with the reference Green function, more information
is encoded in Tpog, which is the only quantity reachable experimentally. Contrary to 7,
Tpos is spin-dependent and the difference between the spin channels can reach a factor 5.
Indeed, 7, = {2.0,3.0,0.6,0.2} ps for, respectively, {Cr, Mn, Fe, and Co} (see Table[6.2),
while the sequence changes to {1.1,0.5,0.1,0.3} ps for Tgos and {0.4,0.8,0.5,0.1} ps for
Thog- In the literature asymmetries have been observed in inelastic spectra [12,20]. By use
of the method presented in this thesis such asymmetries are accessible from first-principles
and can be related to the interaction of the spin excitation with the electronic structure.
Furthermore, for some systems an additional satellite contribute to the effective lifetime of
the excitation signature (Cr is the extreme case). The lifetimes of Co and Fe adatoms
are up to one order of magnitude smaller than those of Mn and Cr adatoms when the
resonance of the susceptibility is used. This is due to the relatively small minority-DOS at
Er for the latter two systems: the excited electron cannot easily find an unoccupied state
to deexcite to leading to an increased excitation lifetime.

6.3.4. Fe/Cu(111): Comparison to experimental spectrum

In this Section we take a closer look to the resulting renormalized spectra for the d orbitals
of the Fe adatom and for the s orbitals of the vacuum site, shown in Figs. a) and
6-9(b). respectively. Whereas the self-energy shows a height difference between the two
spin channels of about two orders of magnitude, the resulting DOS magnitudes do not
differ much anymore. Although in the adatom, the d-DOS for the minority-spin channel
is larger than the one for the majority-spin channel (because of the large minority-spin
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Figure 6.9.: Fe adatoms on Cu(111): The renormalized spectrum is shown for (a) the
d-DOS of the adatom and (b) the s-DOS in vacuum above the impurity. All
quantities are plotted for spin-up (solid lines, 1) and spin-down (dashed lines,
J)- (c) A comparison to the derivative of the conductance spectra obtained in
experiment [20]. The agreement improves when instead of a nonpolarized tip
(solid red curve) a polarization of P = —50 % is assumed (dashed red curve).

resonance), the opposite is found in vacuum for the s-DOS. Hybridization, interferences
effects, and decays of orbitals shape the final form of the vacuum DOS. For example, the
peaklike feature in the minority-spin channel of the d orbital at the Fe adatom (see dashed
lines) can evolve into a steplike feature for the s states at the vacuum site, which in the
presented calculations is about 6.3 A above the adatom.

In Fig. [6-9(c), we show a comparison of the experimental d2//dV? data for an Fe adatom
from Ref. [20] with the energy derivative of the calculated renormalized s-DOS in vacuum,
cf. Fig. b). The experimental spectrum is not perfectly symmetric with respect to the
origin. The most dominant peak is observed at +1 meV, which is accompanied by a dip
at —1 meV (see blue arrows in Fig.[6.9(c)). The origin of these features can be attributed
to the spin-excitation, as they match the resonance position of the imaginary part of the
transverse magnetic susceptibility, discussed in Sec. [6.2.2 However, the experimental
spectrum is much richer since, for example, another peak and dip pair is found in the
region of about &3 meV (see cyan arrows in Fig.[6.9(c)). The origin for this could be that
in the conductance spectrum the excitation signature is not a perfect step. Instead, a more
complicated shape (possibly a combination of a peak and a step signature) causes such
shapes. But most importantly, there is an additional peak in the experimental spectrum
at +5 meV that has no matching dip at —5 meV (see magenta arrow in Fig. [6.9(c)).
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6 Spin-excitations in transition-metal adatoms on Cu(111)

This clearly leads to an asymmetry in the observed spectrum that cannot be understood
from the symmetric excitation spectrum, provided by the susceptibility, alone. This extra
feature, however, is in good agreement with our simulations (e.g., by identifying it with
the satellite at +4 meV in the shown excitation spectra, see the red curves in Fig. [6.9(c)).
The origin of this extra feature can be traced back to ReX. In the expression for G,
the denominator (1 — GoX) causes a resonance when Im(GoX) < 1 and Re(GoX) is
close to 1. This condition seems to be satisfied in the majority-spin channel around FF.
The self-energy thus is acting as an additional potential on the electrons, which can lead
to satellites very similar to split-off states observed when adatoms interact with surface
states [24,[97].

Finally, Fig. [0.9(c) shows an improved agreement between theory and experiment, when
a polarization of the STM tip is taken into account, see Eq. (6.23). By comparing the
curves for P =0 % and P = —50 %, one observes that the overall shape of the spectrum
can be modified by changing the weight of the spin-resolved spin-excitation signature
[cf. solid versus dashed red line in Fig.[6.9(c)]. This can improve the agreement with the
experiment and indicates that the shape of the inelastic spectra is not only a function of
the adsorbate but also of the polarization of the tip.

6.3.5. Fe/Cu(111): Spectrum for a larger energy window

Up to this point, the excitation spectrum was analyzed for the energy window of a few
meV above and below the Fermi energy. In this section, however, the Fe adatom on the
Cu(111) surface is considered for a larger energy window of several eV.

The renormalization of the electronic structure for the d orbitals in the adatom is shown
in the top panel of Fig. [6.10] Around the Fermi energy the resonance in the minority spin
channel gets slightly damped and shifts by around 0.2 €V up in energy. Also the majority
spin channel shows a strong impact on the renormalized electronic structure.

In the lower panel of Fig. [6.10] the renormalized DOS in the vacuum above the adatom is
shown for the same energy window. In order to notice the small corrections we show here
the difference to the DOS without the impact of the self-energy. Clearly, one sees that
most of the change takes place nearby the Fermi energy. At the Fermi energy the curve

shows a sharp signature that is a combination of the spin-excitation steps and the satellite
that has been discussed in Sec. £33

6.3.6. Fe/Cu(111): The excitation spectrum as function of
distance
Due to the fact that the present analysis is based on a real-space method, it is possible

to investigate the renormalized DOS at different vacuum sites nearby the adatom. Thus,
one is able to simulate ISTS spectra measured at different positions above or next to the
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Figure 6.10.: Fe adatom on Cu(111): For a larger energy window, this figure illustrates how
the electronic structure get affected by the renormalization via the self-energy.
Whereas the d orbitals of Fe (top figure) show remarkable changes for both
spin channels and throughout the entire spectrum, the variation in the DOS
at the vacuum above the adatom (bottom figure, the thick black curve
represents the sum over spins) mainly varies in the region nearby the Fermi
energy.

magnetic impurity. In general, the impact of the inelastic signal on the DOS is expected
to decrease with distance. Also, the shape of the spin-excitation signature may show a
dependence on the probed vacuum site. In the following, these aspects are addressed.

In Fig. we show the signature of the spin-excitation for different vacuum sites and the
dependence of the inelastic signal on the distance for an Fe adatom on the Cu(111) surface.
We probe ADOS(E) = n*(E) — n°(E), the change in the DOS due to renormalization,
for different vacuum sites three layers (labeled vc3, see Fig. [6.11](a)) and two layers (labeled
vc2, see Fig.[6.11(b)) above the adatom. Since the vacuum positions in the data set vc3
are farther away from the surface their DOS is smaller. If following the path away from
the adatom (following the labels 1, 2, ..., 8) a drastic reduction of the inelastic signal in
the DOS is observed as well. In Fig. [.11f(c) the strength of the inelastic signal is plotted
as function of the distance (projected on the zy plane)

d= /(D)2 + (Ay)?, (6.11)
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Figure 6.11.: This figure illustrates how the presence of the spin excitation in the Fe
adatom affects the density of states for different vacuum sites, three layers
(a) or two layers (b) above the one of the impurity. The decay with distance
is quantified in terms of the intensity I (see Eq. (.14)) and plotted versus
the projected in-plane distance d (see Eq. (6.11))) to the Fe atom (c). Note,
that for each data series I(d) is plotted twice, each time with a suitable
scaling factor, such that one can follow and compare their decays for a larger
range in distance (i.e., from 0 A to 8 A and from 8 A to 18 A).

where
1
Ar = (i— 1)aLat% = (i —1)2.556 A | (6.12)
0A vc3
Ay = ’ , 6.13
Y {aLat;g — 1476 A, ve2 (6.13)

and ar.. = 3.615 A is the Cu lattice constant. The vacuum sites are labeled by i (see
sketch, upper right of Fig. [6.11]). By defining the intensity

n(E) — n°(E)

I= mgx{lArel(E)l} , with Av(E) = W (E) 1 n0(B)

(6.14)

one can obtain the expected behavior as demonstrated in Fig. [6.1Ij(c). A significant part
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of the inelastic signal is visible up to about 5 A. For even larger distances the inelastic
signal is still observable, although the order of magnitude is much smaller.

In the shape of the spectra we also notice a slight modification of the signature as can be
seen when comparing the spectra for the two vacuum sites with labels 1 and 2 in the vc2
data series: For the vacuum at site 1 the left shoulder of the excitation signature is less
pronounced than the right shoulder, which in addition has a spread hill around +2.5 meV,
whereas for the vacuum site 2, the strengths of both shoulders is more balanced and the a
hill around +2.5 meV is not visible. Although the difference in their shapes is marginal, it
shows, however, that a different placement of the probing STM tip (rather than on top
of the impurity) can lead to a variation of the spin signature with respect to both, its
strength and its shape.

6.4. Summary

Within this Chapter the study of magnetic excitation spectra from first principles was
presented for 3d transition-metal adatoms placed on a Cu(111) surface. It was shown
by use of the dynamical susceptibility that their intrinsic magnetic excitation spectra
differ in terms of excitation energies (different ¢ values) and excitation lifetime (different
linewidths). The density of states, renormalized by the self-energy, could be connected to
the inelastic excitation spectra as measured in ISTS experiments. It showed that different
adatoms with different electronic structure can have tremendously different footprints in
the renormalized DOS spectra.

The discussion of the imaginary part of the self-energy revealed that characteristic features
regarding the steps of the obtained imaginary parts of the spin-resolved self-energies, Im X1
and Im ¥4, can already be concluded from a brief analysis of the spin-resolved density of
states (DOS), n'(E) and n*(E). The step heights of the imaginary part of the self-energy
for a given spin channel are weighted by the density of states of the opposite spin channel
near the Fermi energy.

A focus was set on the Fe adatom on the Cu(111) surface where also the impact on
the excitation spectra was analyzed when different vacuum sites above the adatoms are
considered which showed a reasonable decay of the excitation signature as one naively
would expected it. This last instance is one of the great advantages of such a real space
approach that allows the study of excitation spectra at different sites next to the excited
magnetic structure.
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In the previous Ch. [f] spin-excitations in transition-metal (TM) adatoms on the Cu(111)
surface have been analyzed and discussed as a first touchstone of the newly developed
method that is presented within this thesis. Besides the access to characteristics of
the spin-excitation, such as the g shift and the excitation lifetime, it allows to spin-
characterize experimentally observed inelastic scanning tunneling spectra (ISTS) and to
connect asymmetries in the obtained spectra to the interaction between the excitation
and the electronic structure of the system. The focus of this Chapter is the analysis
of spin-excitations in TM adatoms on the Pt(111) surface. In contrast to the Cu(111)
surface (electronic configuration of Cu: [Ar]3d'%4s!) that exhibits s-like surface states near
the Fermi energy, the Pt(111) surface (electronic configuration of Pt: [Xe]4f45d%6s') is
characterized by a large density of states including localized d-orbitals around the Fermi
energy. Thus, naively, one would expect a larger damping of the excitations compared to
the Cu(111) surface. As we will see later this picture does not necessarily hold because
not only the pure surface electronic structure matters but the one of the adatom after
considering hybridization effects defines the damping properties which then impact on the
spin-excitations lifetimes. Besides the possibility of comparing the calculated spectra to
those of adatoms on the Cu(111) surface (see Ch. []), some new aspects become subject
of research, namely in which way the spectra depend on the regarded stacking site of the
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adatom (fcc or hcp stacking) and how they change due to the presence of hydrogen (H)
in the vicinity of the nanostructure.

The structure of the Chapter is as follows: In Sec. the current understanding of
excitations for this type of structure is summarized. The presentation of the calculated
magnetic spectra is done in two steps: First, in Sec. [7.2] the calculated magnetic excitation
spectra are presented for pure TM adatoms (Cr, Mn, Fe, and Co). Second, in Sec. [7.3]the
contamination of Fe and Co adatoms with H is analyzed and how this affects the obtained
excitation spectra. The results are summarized in Sec. [7.4]

7.1. Adatoms on Pt(111): State of the art

High magnetic anisotropies at the atomic scale are of great importance for the steady
miniaturization of future data storage devices, as they are mandatory to stabilize spins
against external magnetic or electric forces or thermal fluctuations. Therefore, Gambardella
et al. [11] caused a stir when they reported in 2003 about a large magnetic anisotropy
energy (MAE) of 9 meV per atom for single Co adatoms on Pt(111) with an easy axis
perpendicular to the surface. These findings were substantiated by calculations using the
relativistic screened Korringa-Kohn-Rostoker (KKR) method including orbital polarization
(OP) leading to more than 18 meV per Co atom [11]. Using the conventional fully
relativistic version of the KKR Green function method Etz et al. [98] found a smaller out-
of-plane MAE of around 5 meV per Co atom and about the same value when considering
single Fe adatoms on Pt(111).

Several groups have tried to shed light onto the magnetic dynamics of Fe and Co adatoms
on the Pt(111) surface by means of ISTS measurements. Balashov et al. [19] studied
excitation spectra for Co and Fe single adatoms and find resonances of more than 10 meV
for the Co adatom and around 6 meV for the Fe adatom. They could not verify the nature
of a magnetic excitation by applying an external magnetic field but they claimed that this
excitation is of magnetic origin by comparison of the excitation position to the expected
one considering the magnetic anisotropy energy measured by Gambardella et al. [11].

Khajetoorians et al. [23] investigated Fe adatoms on Pt(111) and come to a different
conclusion. They find values for the anisotropy that are one order of magnitude smaller
than those reported in Refs. [11] and [98]. But more remarkable, a strong dependency on
the stacking site was found for the magnetic properties of the Fe adatom. The fcc stacking
site shows an out-of-plane MAE while for the hcp stacking it is in-plane. By applying
the KKR method, we could verify this observation by accounting for its high magnetic
polarizability [23]: When the MAE is extracted using a large number of surrounding Pt
atoms, i.e., a large polarization cloud, indeed, the MAE show the experimentally observed
dependency on the stacking site of the adatom. In addition, the values for the MAE are
about one order of magnitude smaller than the ones given in Refs. [11] and [98].

Also, Dubout et al. [40] examined this system and found that the contamination of the
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nanostructure with hydrogen (H) or deuterium (D) strongly affects the observed spectra. A
magnetic excitation was not observed for the pure Co system, in contradiction to Ref. [19],
while clear excitation signatures occur as soon as the surface is exposed to one or two H
or D atoms. For the fcc absorbed CoH, nanostructures they even observe a peak at the
Fermi energy that they associate with a Kondo peak.

All these findings reveal that there are different understandings of this system and many
aspects are still open for discussion. For the description of the spin-excitations, in the
present work SOC is not included. Instead, the main focus is set on the discussion of g
shift and lifetimes as well as an analysis of the shape of the spin-excitation signatures in
absence and presence of H atoms.

7.2. Pure adatom spectra

This Section considers pure 3d TM adatoms (Cr, Mn, Fe, Co) placed on the fcc and the
hcp stacking site on Pt(111). As it was done for the Cu(111) surface (see Ch. [f]) the
analysis is threefold: First the ground-state properties are analyzed, second the intrinsic
excitation spectra (given by the transverse dynamical magnetic susceptibility) is given.
Finally the renormalized spectra, incorporating the interaction of spin-excitation and
electronic structure, is presented and discussed.

7.2.1. Ground-state properties: fcc vs. hcp stacking

The spin-resolved density of states (DOS) projected onto the adatom is shown in Fig. [7.1]
The top and the bottom figures correspond to fcc and hcp stacking of the adatoms,

adatom Ny nh(Ep) (states) nh(Bp) (states) mq (i)
fec hcp fcc hcp fec hecp fcc hcp
Cr 4.26 4.30 1.42 2.19 0.152 0.142 3.19 3.17
Mn 497 499 0470 0.469 0.199 0.177 3.75  3.78
Fe 5.53 551  0.190 0.169 1.26 0.888 279  2.78
Co 6.91 6.80 0.264 0.207 4.85 4.64 1.77 1.80

Table 7.1.: Ground-state properties for the four adatoms: Ny is the number of d-electrons,
n(Er) and n!(Ey) describe the local density of states at the Fermi energy
Er for both spin-channels, and mg is the magnetic moment when only the
d-orbitals are considered. All these quantities are calculated using the projected
Green function, see Sec. , and considering the adatom'’s contribution only.
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8 T T T
: fcc-stacking

DOS (states / eV)

DOS (states / eV)

Figure 7.1.: The spin-resolved total density of states (DOS) are shown for the four adatoms
(Cr, Mn, Fe, and Co) placed on the Pt(111) surface. The upper figure considers
the fcc stacking of the adatoms, while the lower figure considers the hcp
stacking. The Fermi energy is indicated by a dotted vertical line.

respectively. A first observation is that the difference of the two types of stacking is not
very striking. A comparison to the DOS analysis for the adatoms place on the Cu(111)
surface (see Fig. reveals that the resonances show a stronger splitting. This is due to
the hybridization with the d-orbitals of the Pt substrate the five d-orbitals of the adatoms
split into 3 symmetry groups (according to the point group symmetry Csy one has Ey
for d,2_,2 and dy,, Fy for d,, and d,., and A; for the remaining ds,2_,2). As pointed
out earlier the observed excitation mainly is determined by the local DOS at the Fermi
energy Ep. In Table some system-specific ground-state properties are listed. Also
here, the differences between fcc and hcp stacking are small. Compared to the values
for the Cu(111) surface (see Table the local DOS at the Fermi energy, n'(Ey) and
U;(EF) show the tendency to be larger, such that a larger damping of the spin-excitation
is expected.
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Figure 7.2.: The imaginary part of the dynamical enhanced susceptibility for the four TM
adatoms are shown, describing the intrinsic excitation spectrum. The upper
and lower panel show the excitation spectra for an fcc and an hcp stacking,
respectively. The applied B-field is set to 10 Tesla in order to compare among
the different systems.

7.2.2. Intrinsic magnetic excitation spectra

The intrinsic magnetic excitation spectra, given by Imy™*~, the imaginary part of the
enhanced susceptibility, is shown in Fig. for the investigated TM adatoms on the Pt
substrate at the fcc stacking site (top figure) and the hcp stacking site (bottom figure).
Extracted from these curves, the resonance frequency as well as for the g shift and the
lifetime are given in Table [7.2] Generally, the fcc stacking results in a higher g shift which
is largest for Co (ger = 2.19 and geg = 1.95 for fcc and hep stacking, respectively) which
was found experimentally for the Fe adatom [23]. The largest damping is found for Cr and
Co adatoms causing their excitation life times to be three times smaller than those for Mn
and Fe adatoms. Compared to the excitation spectra for the Cu(111) surface (cf. Fig.
and Table the differences of resonance heights and linewidths among the TM adatoms
are smaller on the Pt surface (e.g., the excitation life time for Cr adatoms on Cu(111)
was 10 times larger than the one for Co). This reflects the different kinds hybridizations
on these two surfaces, see discussion in Sec. [7.2.1]
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7.2 Pure adatom spectra

7.2.3. Renormalized density of states via the self-energy

In Fig. the self-energies for the four adatoms on the Pt substrate are shown. The upper
panels show the spectra for the fcc stacking of the adatom on the Pt(111) surface. The
lower two panels show the spectra for hcp stacking. On the left the spin-up components
are shown, on the right the spin-down components are plotted.

As already found in the analysis of DOS and intrinsic excitation spectra (see Figs. and
the impact of the stacking position of the adatom is little. The largest difference in
the step height is found for the Cr adatom, where the self-energy reaches in the minority
spin channel a step height that is larger by 50 % for the hcp stacking compared to the fcc
stacking. This can be understood by looking at the spin-resolved DOS of the Cr adatom
(see Fig.[7.1)): For the hcp stacking the DOS of the majority spin channel around the Fermi
energy is slightly larger (compared to the DOS for the fcc stacking) providing a higher
number of states that can be excited. Furthermore, the step height ratio for the two spin
channels is Im [S*(+8 meV + Ep)] /Im [S'(—=8 meV + Ep)] ~ 10 (for both stacking
sites). This is in nice agreement with the ratio of spin resolved DOS at the Fermi energy,
n}(Eg)/n%(Er), see Table 7.1/ and reflects the fact that the step height is connected to
the DOS of opposite spin channel (hence the swap of spin labels in the ratio). For the Mn
adatom the step heights for the two spin channels are in the same order of magnitude.
Due to the low DOS in both spin channels (see Fig. the possibility for magnetic
excitations is reduced when compared to the other adatoms. As a consequence the impact
on the DOS due to the renormalization (see Fig. and corresponding discussion in next
paragraph) turns out to be the smallest. For the Fe adatom the step widths are relatively
sharp and the difference between the step heights of both spin channels is only a factor of
about 1/10 (compared to the factor of 1/100 for the Cu(111) surface, see Ch.[f]). Finally
the Co adatom shows the broadest steps compared to the other three adatoms, i.e., the
largest damping. This matches with the observation that only for the Co adatom the

adatom Joft Wres (meV) 7y (fs)

fcc hep fcc hcp fcc hecp
Cr 2.21 2.14 1.28 1.24 494 403
Mn 2.16 2.12 1.25 1.23 864 1210
Fe 2.16 2.14 1.25 1.24 968 1270
Co 2.19 1.95 1.27 1.13 310 440

Table 7.2.: This table shows characteristic properties of the susceptibility for the four
adatoms, considering fcc and hcp stackings of the adatoms. For an applied
field of By = 10 T the resulting effective g value gor = wres/ By, the resonance
position wyes, and the lifetime 7, = //(2I") of the excitation is shown, where
I' is the full-width at half-maximum.
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Figure 7.3.: The imaginary part of the self-energy for four different 3d transition-metal
adatom impurities is shown. The upper and lower panel show this quantity for
an fcc and an hcp stacking, respectively. The applied magnetic field is always
set to 10 Tesla in order to compare among the different systems.

minority resonance in the DOS is located at Ef, allowing the most efficient decay into
Stoner excitations among all studied adatoms.

As demonstrated in Sec. 5.4} the renormalized DOS can be related to the experimental
measured excitation spectra via the Tersoff-Hamann approximation. A collection of
renormalized DOS for the four investigated adatoms on Pt(111) are shown in Fig. [7.4]
The first two rows of panels represent fcc stackings and the second two rows show the
spectra for adatoms at the hcp stacking site. As already discussed in Ch. [f] (see Fig.
the shapes of the calculated spin-excitation signatures reveal a great variety. Similar to
the Cr adatom on Cu(111) (see Figs. [6-8(a) and [6.8{(e)) the minority spin channel exhibits
a satellite around —2 meV, while for the Mn adatom only the excitation signatures are
found. At the vacuum site above the Fe adatom (for both, fcc and hcp stacking) an
additional excitation, a bound state or satellite, appears in the majority spin channel,
nearby the Fermi energy. Such a satellite was already found for the Fe adatom on Cu(111)
(see Figs. g)) Finally, the renormalized spectrum for the Co adatom shows a satellite
for the majority spin channel, that, however, does not affect the shape of the excitation
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7.2 Pure adatom spectra

Figure 7.4.: Renormalized DOS for TM adatoms (from left to right: Cr, Mn, Fe, Co) on
Pt(111): Top row: Renormalized d-DOS in the adatom for the fcc stacking.
Second row: For the same systems the renormalized DOS in the vacuum site
above the adatom. Third row: Renormalized d-DOS in the adatom for the
hcp stacking. Bottom row: For the same systems the renormalized DOS in
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Figure 7.5.: Fe adatoms on Pt(111): The resonance frequency, wyesy, as well as the full
width at half maximum, ', using the intrinsic excitation spectra (given by
the susceptibility x) are compared to the spin-resolved values when using the
renormalized DOS. A distinction is made between (a) fcc stacking and (b)
hcp stacking of the Fe adatom. Note that w],_ s corresponds to the step at
negative energy and is plotted with a minus sign which allows a comparison
among all three resonances. In order to mimic the SOC-induced gap found
in Ref. [23] an auxiliary magnetic field of By = 0.375 meV/up is assumed
for the fcc stacking, while for the hcp stacking the in-plane magnetization
is accounted for by an offset of +3 T, the field that has to be applied to
overcome the in-plane magnetization, see Fig. 4 of Ref. [23].

signature much at the vacuum site. We return to the excitation signatures of Fe and Co
adatoms in Sec. where the change in the shapes is analyzed due to the adsorption of
hydrogen.

The analysis of the magnetic excitation spectra for pure TM adatoms on Pt(111) is
concluded with an analysis of resonance position and line width as function of an applied
magnetic field. In Fig. we show for fcc and hcp stacked Fe adatoms on Pt(111) a
comparison between resonances and linewidths as they result from analyzing the intrinsic
excitation spectra (given by the imaginary part of the susceptibility) and the renormalized
spectra (given by the renormalization of the DOS via the self-energy). For the fcc
stacking (see Fig.[7.5(a)) an auxiliary magnetic field of By = 0.375 meV /up mimics the
SOC-induced gap in the ISTS measurements from Ref. [23]. For the hcp stacking (see
Fig. [7.5(b)) the Fe adatom was found to have an in-plane magnetization [23] which is
accounted for by shifting the curves in Fig. [7.5(b) by +3 7" which corresponds to the field
that has to be applied to overcome the in-plane magnetization. For both cases, the fcc and
the hcp stacking, the values for resonance frequency and linewidth increase linearly with
applied magnetic field. For the fcc stacking the lifetime of the resonance in the intrinsic
excitation spectrum drops from about 1370 fs (for zero B-field) to 491 fs (for 12 T') and
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for the hep stacking from 5490 fs (for 5 T') to 844 fs (for 17 T'). The higher lifetime for
the hcp stacking, of course, reflects the assumption of an in-plane magnetization that first
has to be overcome by the applied magnetic field. We notice that the presence of the
satellite in the spin up channel is located near the Fermi energy and therefore strongly
affects the shape of the calculated inelastic spectra which leads to a stark distortion of
resonance and linewidth of the spin down channel when the renormalized spectra of the
two spin channels are superimposed with equal weights.

7.3. Hydrogenized adatom spectra

This Section analyzes in which way the magnetic excitation spectra change when the
presence of an additional hydrogen (H) atom is assumed. Such contamination of metallic
surfaces is a known aspect of STM measurements even when the sample is placed in
ultra-high vacuum chambers. We only consider Fe and Co adatoms placed at fcc or
hcp stacking sites on the Pt(111) surface and consider one additional H atom next to
the adatom. The analysis is twofold: In a first step, we perform structure optimization
calculations where different configurations of the FeH dimer are considered. A comparison
of the resulting total energies allows to conclude in which way the H atom attaches
to the adatom. Based on this analysis, the second step analyzes excitation spectra for
different FeH and CoH dimers where the presence of H next to the adatom is varied. Two
arrangements, H on top and H at the side of the TM adatom, are considered.

7.3.1. Structure optimization: Position of hydrogen

setup / (2x2x5) setup I (3x3x5)
& 90 90
9 Do o,
& &P
T > o0
6 ° o °

(top view) (side view)

Figure 7.6.: The different supercell setups used for the relaxation are shown schematically.
The gray and red circles denote Pt and Fe atoms, respectively. For clarity the
H atoms are not visualized.

When performing STM measurements of transition-metal adatoms on the Pt(111) surface

the presence of one or more hydrogen atoms that contaminate the nanostructure can play
a crucial role [40]. However, experimentally it is difficult to extract the position of the
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H atom by topography measurements with an STM tip. Therefore the following analysis
considers different FeH dimer structures with the goal to predict the most probable position
taken by the H atom.

These structural optimization calculations are carried out by use of the projector aug-
mented wave method (PAW) as implemented in the Vienna Ab initio Simulation Package
(VASP) [99] utilizing the PBE exchange-correlation potential. The supercell is inversion
symmetric and consists of 5 Pt layers as well as two H-Fe dimers that are placed in the
layers above and below the slab, see Fig. [7.6] The size within the xy plane is such that
neighboring impurities are separated by 2 or 3 lattice constants. The use of two different
unit cell sizes (labeled setup / and //, see Fig[7.6)) allows for an analysis in which way the
influence of neighboring impurities decays with distance. The distance to the neighboring
slab is 28 A, so that the thickness of the vacuum region in between is about 15 A. The
two-dimensional Brillouin zone is sampled for the 2x2 and 3x3 supercells, by 11x11x1
and 7x7x1 k-point meshes, respectively. An energy cutoff parameter of 500 eV is chosen
and the tolerance for the forces is set to 0.01 eV /A. The lattice constant is a = 3.924 A.
For all steps the size and the shape of the unit cell is kept fixed[| The calculations
cover both, the fcc and the hcp stacking of the Fe adatom, each with eight different
initial FeH dimers as starting configurations, where the positions are labeled from a to h,
cf. Fig. [7.7] Whereas for the 2x2 supercell the H-Fe dimer is constrained to vary along
the axis perpendicular to the surface only, the relaxations for the 3x3 supercell include all
spatial directions for the impurity and the top-most Pt layer. Furthermore, we discuss the
modification of mp,, the magnetic moment of Fe, when H is attached, e.g., on top of Fe
or at the side of it in the same layer.

In Fig. the total energies are plotted with respect to the initial position of the H atom,
for both, the fcc stacking (top figure) and the hcp stacking (bottom figure) of the Fe atom.
In each figure the total energies are given with respect to the minimal value, such that
their relative values can be compared directly. Each figure shows one energy comparison
for the 2x2 supercell (setup /) and two for the 3x3 supercell (setup /). The colors of
the curves correspond to different constraints in the performed relaxations: a black curve
indicates that the impurity atoms are relaxed along the z-direction only while the Pt atoms
are kept fixed in bulk-like positions, a blue curve allows more degrees of freedom, where the
impurity atoms and Pt atoms of the surface layer nearby are relaxed in all three directions.
In addition to the curves each figure contains a small top view sketch of the corresponding
supercells, including the position of the H atoms with their respective label, all in one
image and indicated by small white circles. The Pt atoms in the surface layer are indicated
by gray circles, the Fe atoms by red circles. Note, that the label color matches the color
code used for the energy curves (e.g., black/blue labels refer to the black/blue curve).

Already the smallest supercell structure (setup /, the 2x2 supercell) affords an important
outcome: The sampled energy landscapes for fcc and hcp stackings are qualitatively very

1Test calculations showed that the lattice parameter increases by less than 1 % when the volume of the
unit cell is relaxed as well. This is in accordance with the common observation that GGA functionals
slightly overestimate the lattice constant of Pt.
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Figure 7.7.: The total energies for the 2x2 and the 3x 3 supercell are shown with respect to
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eight different starting positions for H. The top and bottom figures analyze the
fcc and the hcp stacking of the Fe adatom, respectively. The different colors
refer to different constraints in the performed relaxations: Black indicates
relaxation of the FeH dimer along the z-direction, while blue means a full
relaxation of the dimer and the surface Pt layer.
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similar. Only for position h it seems that the presence (or absence) of a Pt atom in the
layer below the surface has a small effect. A closer look to the energy curve reveals a
second important result: The H atom shows the tendency to nestle at the side of Fe rather
than on top of it. Whereas H on top of Fe (position a) exhibits a local minimum (position
b and e are nearby but higher in energy) the total minimum of the investigated structures
appears for position d, the structural arrangement where H is on top of a Pt atom and as
far as possible separated from the neighboring Fe impurities.

Although the calculations using setup / only contain a small supercell and have a limited
degree of freedom in the performed relaxations, the main conclusions presented in the
previous paragraph also hold for the more comprehensive analysis of the calculations
performed for setup /I we will be able to confirm the obtained tendencies. In the black
curve of the 3x3 supercell (fcc and hep similarly) we rediscover the local minimum for
the H atom on top of Fe. Small quantitative differences between the 2x2 and the 3x3
supercells only show up for larger distances between Fe and H, namely positions d, g, and
h. Here the impact of neighboring Fe impurities on the H atom is manifested where the
energy differences with respect to the other positions increase by about 0.2 eV to 0.3 eV
per FeH dimer. All in all it underlines the observation that those positions that contain a
large distance between Fe and H usually are energetically the most favorable ones.

By relaxing the impurity atoms as well as the Pt surface layer in all three directions (blue
curve) we notice that for some arrangements the H atom travels some distance within the
supercell (usually not more than 2 A) whereas the Fe atom’s position remains unchanged
(below 1 %). The H atoms located in position b and e relax into the local minimum on
top of Fe (position a). Thus, the relaxation calculations for position a, b, and e lead to the
same structural arrangement which explains the equal value for their total energies (see
plateau in blue curves in Fig. [7.7)). For position ¢ we obtain a large energy gain (above
0.4 eV per FeH dimer) compared to the value for the black curve. In fact the structure
now matches the one from position d, an indication that the H atom prefers to be located
on top of a Pt atom rather than at a hollow position. This gets confirmed by the fact that
the H atom at position f does not move away from its position on top of Pt even though
it starts with the same distance to the Fe atom as it is the case for position c. For position
g and h we notice a difference for the corresponding fcc and hcp setups. The positions
that the H atoms relax to are slightly distinct leading to a small dissimilarity for their total
energies. However, the resulting energy differences are too small to allow for extracting
a tendency out of this. Finally, we state that the largest energy gain for all investigated
structures (with respect to the black curve) is achieved through the relaxations of the Pt
atoms of the topmost layer, as could be verified by exclusively relaxing these atoms alone.
Especially a simultaneous translation of the surface Pt layer and the impurities on top by
about 7 % away from the slab (the percentage value is given with respect to the bulk-like
interlayer distance) indicates a slight overestimation of the lattice constant.
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It total two main conclusions can be formulated as results of the performed structural
relaxation analysis:

e In the examined energy landscape of positioning the FeH dimer, one observes a local
minimum for having the H atom located on top of the Fe atom.

e A global minimum is found when the H atom is in contact with the Pt surface layer.
It is however driven away from the Fe atom.

These two outcomes hold for both stacking sites.

Magnetic moment of Fe and Co adatoms in the presence of H

The analysis of the structural optimization is concluded with a comparison of the corre-
sponding total charge and magnetic moments of the Fe and the Co adatom. Depending on
where the H atom is located, the adatom may experience different strengths of hybridization
with the substrate, leading to a change in the magnetic moment and thus a change in the
excitation spectrum, discussed in the subsequent Section.

Table presents a collection of values for total charge and magnetic moments of Fe
and Co adatoms, where only the contribution from the d orbitals is considered (the total
charge and total magnetic moments are a few percent larger). A comparison of fcc and
hcp stacking of the adatom reveals no significant difference. It turns out that for both
stacking sites, the presence of hydrogen does not affect the values of total charge and
magnetic moment in a noticeable way. The magnetic moment of the Fe atoms are in the
range of 3.1 ug and 3.3 ug. When the distance between H and Fe is beyond the nearest

adatom position of H Ny ma (14B)
fcc hecp fcc hecp
Fe (no H) 6.10 6.11 3.27 3.28
5.97 5.97 3.30 3.32
6.18 6.17 3.09 3.11
6.10 6.11 3.27 3.28
Co (no H) 7.24 7.24 2.12 2.14
a 7.11 7.10 2.17 2.20

Table 7.3.: Total charge N; and magnetic moment my projected on the d-orbital of the
considered adatom, Fe and Co. The positions of the H atom are labeled in
accordance with Fig. [7.7] Note that charge and magnetic moments of the
adatom are not affected much by the presence of hydrogen.
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Figure 7.8.: Impact of hydrogen on the magnetic excitation spectra of (a) Fe and (b) Co
adatoms at the fcc stacking site on Pt(111) and (c) Fe and (d) Co adatoms
at the hcp stacking site. For each case the shape of the spectrum for the pure
adatom is compared to those for adatoms that are contaminated by one H
atom at the side (Hgqge) or an top of it (Hiop). ADOS corresponds to the
difference in the density of states with and without including the self-energy
and has been scaled by an arbitrary factor in order to allow a comparison of
the shapes. The dotted vertical lines indicate the expected positions of the
magnetic resonance positions for the case that g = 2.

neighbor distance (see values in Table for pure Fe adatom and those for position h of
the H atom) hydrogen shows no effect on charge and moment of the adatom.

This concludes the structure optimization analysis that utilizes the VASP code. In the light
of the presented findings we turn in the next Section to the exploration of spin-excitation
spectra for hydrogenized adatoms on Pt(111), using the KKR-based method that was
developed within this thesis.
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7.3 Hydrogenized adatom spectra

7.3.2. Spin-excitations in the presence of hydrogen

Following the previously presented structure optimization analysis (see Sec. one can
think of two possible scenarios: Either the H is adsorbed on top of the adatom in a local
energy minimum, or it directly sits on the Pt surface next to the adatom. Although the
latter is lower in energy it is still reasonable to account for both scenarios in the analysis
of spin-excitation spectra of adatoms that are contaminated by hydrogen. Due to the
KKR formalism space is divided into Voronoi cells (see Sec. and the two chosen sites
for H are (i) position h in the same layer as the Fe adatom (in the following referred to
as FeHgq.) and (iz) position f in the layer above the Fe adatom (referred to as FeHy,p),
where positions h and f are as given in Fig. [7.7}

Since experimentally a focus is set on Fe and Co adatoms we concentrate on how a side
position or a top position of hydrogen changes the excitation spectra [40]. At this stage
of the Chapter we fill confident to skip the presentation and analysis of intrinsic excitation
spectra (r.e., the susceptibility) and self-energy and move directly to the analysis of the
renormalized DOS in the vacuum above the adatom. A distinction is made between the
fcc and the hep stacking to allow a comparison between these two setups. As it was done
in the comparison among the different TM adatoms (see Sec. a universal auxiliary
magnetic field of 10 7" mimics a SOC-induced gap in the excitation spectra, albeit in
general they may differ from system to system.

In Fig. [7.8] the impact on the excitation spectra of Fe adatoms and Co adatoms in the
presence of H contamination is shown. These plots show the difference in the DOS
when including the self-energy (both spin channels are weighted equally). In addition,
the curves of each subplot are normalized by individual factors that enable to compare
their shapes directly. For the Fe systems (see Fig. [7.8(a) and Fig. [7.8|(c)) the presence
of H at the side of Fe seems to sharpen the resonance widths meaning that the lifetime
of the excitation is enlarged. For the top position of the H atom, the satellite (coming
from the spin up channel) moves to the Fermi energy and interfere with the excitation
signature originating from the spin down channel (expected at about +1.1 meV). For
the Co adatom (see Fig. [7.8(b) and Fig. [7.8|(d)) the side position of the H atom does
not affect the excitation spectra in a remarkable way. When putting it on top of the Co
adatom, however, an interesting change in the renormalized spectra for fcc and for hcp
stacking is observed: Near the Fermi energy a resonance appears and dominates the shape
of the spectra completely compared to the spectrum of the Co adatom alone. This is a
strong indication that the presence of H can affect measured inelastic excitation spectra
substantially, a conclusion that was also found in ISTS experiments [40].
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7 Spin-excitations in transition-metal adatoms on Pt(111)

7.4. Summary

In this Chapter we studied spin-excitations in TM adatoms on the Pt(111) surface utilizing
the newly developed method that accounts for the interaction of the spin-excitation with
the electronic structure via the self-energy. The presented analysis was twofold:

In a first part, the calculated excitation spectra for Cr, Mn, Fe, and Co adatoms were
analyzed, considering both, fcc and hcp stacking. The analysis incorporated the presentation
and discussion of intrinsic excitation spectra (provided by the susceptibility), the self-energy,
and the signature of the spin-excitation in the electronic structure in the adatom and
the vacuum above the adatom, the quantity that is proportional to the experimentally
measured inelastic spectra. Although the obtained values for g shift and lifetimes are
in accordance with our previously published results [23] we notice that the shape of the
calculated excitation spectra may deviate from expected step-like shapes and the presence
of bound states (satellite) can occur, as it was already found for the Cu(111) surface (see

Ch. ).

In a second part, the impact of hydrogen (H) on the obtained excitation spectra of Fe
and Co adatoms were studied. A structural optimization analysis revealed two possible
scenarios: Either H is positioned on top of the adatom in a local minimum, or it is adsorbed
on the Pt surface next to the adatom. Accounting for both absorption scenarios of the H
atom as well as the fcc and hcp stacking sites for the adatom, the excitation spectra for Fe
and Co adatoms were calculated and compared to the shape of the spectra obtained for
the same systems without H. In accordance to previously reported ISTS measurements [40]
the shape can show a strong dependence on the hydrogenization of the structure.
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Up to this point of the thesis, the focus was set on the analysis of magnetic excitation
spectra of single transition-metal (TM) adatoms (i.e., monomers) placed on metallic
surfaces (Cu(111) and Pt(111), see Chs. [f and [7] respectively). In this Chapter we revisit
the Cu(111) surface as utilized in Ch. [] and investigate magnetic excitation spectra for
impurity clusters, i.e., structures that consist of more than one magnetic impurity atom.
Similar to the discussion of monomer impurities one expects a rich variety of the obtained
spectra, depending on the TM type and on how strong the localized d-electrons hybridize
with the itinerant electrons of the substrate. Instead of comparing excitation spectra
for different TM adatoms, however, this Chapter mainly concentrates on Fe adatoms on
Cu(111) and a new aspect is of central interest, namely the exchange coupling among the
respective magnetic moments.

For a system of two or more magnetic adatoms the potential energy as function of magnetic
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moments can be expressed in terms of a Heisenberg model[]

1 -
E({T?LL}) = —5 Z Jw"l’ﬁi . ’f?Lj - BeXt . ZT?L, ; (81)

i.j]i#]

where J;; is the coupling constant between magnetic moments 77i; and 17;. As a con-
sequence, systems with coupled moments may have two or more excitation states at
different energies (similar to a system of two mass points coupled via a spring that shows
two eigenmodes at different oscillation frequencies, an acoustic and an optical mode, i.e.,
the masses oscillate synchronously and in opposite directions). These excitation energies
should manifest as resonances at the respective frequency in the excitation spectrum and
characteristics such as the width of these resonances hold information about the excitation,
i.e., the g shift when applying an external magnetic field or the lifetime of the excitation.

In the literature, only a few cluster structures have become subject of research in terms
of inelastic scanning tunneling spectroscopy (ISTS). Among them is an analysis of Mn
chains on the semi-metallic CuN surface [12]. An even-odd effect of the excitation spectra
was observed, i.e., the spectra for an even or an odd number of Mn atoms within the
chain differ qualitatively. The authors mention a nonsymmetric behavior of their measured
spectra and propose that first-principle calculations could help to gain a better insight
into the reason for such an asymmetry. Balashov et al. [19] investigate structures of two
and three Fe atoms on the Pt(111) surface and present the magnetic excitation spectrum
for an Fe dimer where Gaussian fits are used to visualize acoustic and optical mode of
the system. A theoretical approach to excitation spectra for different dimers on Cu(001)
including also mixed dimers is presented by Lounis et al. [38], forming the basis of the
presented method within this thesis.

The chapter is organized as follows: In Sec. the smallest cluster structure is analyzed,
i.e., a dimer consisting of two impurity adatoms. In this discussion a distinction is made
between the regime of strong and weak exchange coupling and how this affects the obtained
spin-excitation spectra. This is followed in Sec. by an analysis of trimer clusters, i.e.,
a structure that contains three impurity adatoms. The focus here is the comparison
of two trimer structures that only differ in their arrangements on the surface and how
this reflects in the obtained spin-excitation spectra. In Sec. clusters of up to six Fe
atoms arranged along a straight chain are considered and their spin-excitation spectra
are compared. The effect of boundary conditions for such a chain is the topic of Sec.
where the spin-excitation spectra of a six-atomic Fe chain is compared to the one of a
six-atomic Fe ring. A connection to impurity structures of infinite length is sketched by
analyzing chain and ring structures consisting of up to twelve Fe atoms. Finally, in Sec.
the results are summarized and the main conclusions are drawn.

LUsually the energy of such a Heisenberg model is a function of the spin vectors {5'2} instead of being
a function of the magnetic moments {77;}. Due to the proportionality 77; = — 2L S;, however,
magnetic moment and spin differ by a (negative) constant, that can be accounted for by a modification
of the coupling constant .J;; without changing the physics.
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8 Spin-excitations in transition-metal clusters on Cu(111)

8.1. Dimers

dimer I dimer IT dimer 111

Q00909 Q0QCTI9 0909099

e R
o Q0 V9000 O 9

Figure 8.1.: Top view of the three different investigated dimer structures. The gray spheres
represent the surface layer of the Cu(111) surface. The two impurity atoms
forming the dimer are indicated by red spheres. The white semitransparent
spheres represent the vacuum sites that are included in the impurity cluster.
Dimer I describes the nearest-neighbor dimer. Within dimer II the atoms
are further apart by a factor of v/3, compared to dimer I. Finally dimer IIT
contains two atoms that are separated by twice the nearest-neighbor distance.

In this Section magnetic excitation spectra for different dimer structures, i.e., different
pairs of magnetic atoms, placed on the Cu(111) surface are analyzed. Depending on the
atoms that form the dimer and depending on the distance that separates them, their
magnetic moments couple ferromagnetically (FM) or antiferromagnetically (AFM), i.e.,
the ground state is reached when they are aligned in a parallel or an antiparallel fashion,
respectively. Such an exchange coupling can be described in terms of a Heisenberg model
H = —Jniy - may, where the coupling constant J enters the Hamiltonian A and describes
the coupling between moments 773, and 17, of the two dimer atoms. Such a Hamiltonian is
used in Appendix [G forming a basis to the analysis of a dimer within the Landau-Lifshitz-
Gilbert (LLG) model. It shows that the obtained excitation spectra strongly depends on
the exchange coupling.

The presented analysis incorporates four different dimers that cover the whole range of
possible magnetic couplings, strong and weak FM and AFM coupling. Similar to the
discussion of single adatoms on Cu(111), see Ch.[g] a relaxation of the impurity structure
by 14 % towards the surface is assumed and the adatoms are positioned in fcc hollow sites.
As illustrated in Fig. [8.1 three different impurity clusters are considered, in the following
referred to as dimer I, dimer II, and dimer III. The essential difference among the three
investigated structures is the distance that separates the two adatoms: For dimer [ it is
the nearest neighbor distance ayp,, for dimer II it is v/3au,, and for dimer IIT it is 2ayy.
The analysis incorporates three Fe-Fe dimers of type I, II, and III and a Mn-Mn dimer
of type I (in the following referred to as Fe I dimer etc.).

In Table the total energy difference among a ferromagnetic and an antiferromagnetic
alignment of the magnetic moments of the two impurity adatoms, AE = EFM — pAFM,
and the value of the magnetic moments for atom 1 are given, m{°%!. Note that |mi{*!| =
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8.1 Dimers

|m{°ta!| in both cases, the ferromagnetic and antiferromagnetic alignment. Under the
assumption that the total energy can be approximated by a Heisenberg energy, one can
make the ansatz

AE = EFM o EAFM — —JAE (mtlotal,Fl\’Imgotal,Fl\fI . mtlotal,AFMTng)tal,AFM> 7 (82)

where

AE
JAP (8.3)

total, FM 2 total, AFM 2
my + (my

was defined. With this approach we find a strong FM coupling for the Fe I dimer and a
weak AFM coupling for the other two Fe dimers. Furthermore, the Mn I dimer shows an
AFM coupling.

The strength and the sign of the exchange coupling strongly affects the spin-excitation
spectrum of a dimer. It can be used to predict the excitation frequencies of the different
modes of such a system. It turn out, however, that the method that is used to extract the
coupling constant has to be consistent with the dynamical spin-excitation formalism in
order to single out the impact of the dynamical effects. The coupling constant extracted

dimer AE (meV)  mi () may (us)  JAF (290) g (mgY)
‘B B
(FM) 3.13 2.79 22.3
Fe I —415.6 21.4
(AFM) 3.10 2.73 38.0
FM 3.25 2.85 0.03
Fe II (FM) 29.1 —1.37
(AFM) 3.26 2.87 —0.02
FM 3.25 2.86 —0.14
Fe II1 (FM) 6.1 —0.29
(AFM) 3.25 2.86 —0.28
FM 4.12 3.76 —7.0
Mn [ (FM) 84.9 —2.52
(AFM) 4.09 3.69 —54

Table 8.1.: Ground-state properties for the four investigated dimer structures: Self-
consistent impurity calculations are used to extract AE = E'™ — pAFM
the difference of the total energy for a FM and an AFM alignment of the
magnetic moments, and m°®® the total magnetic moment of atom 1. The
projection of the magnetic moment on the d-orbital for atom 1 is given by mg;.
Utilizing Eq. provides J2F | a first approach to the value of the exchange
coupling constant. However, by use of Eq. the exchange coupling J is
determined consistently with the formalism of calculating the spin-excitation

spectra.
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8 Spin-excitations in transition-metal clusters on Cu(111)

from Eq. (8.3) assumes that it is not affected by the rotation angle between the two
magnetic moments, which in practice is not always a reasonable assumption. Another
method is based on the infinitesimal rotation of the moments [100].

The method used in this thesis is similar to the latter one and represents a mapping of
the calculated susceptibilities to those obtained from the LLG model (see Appendix [G),
evaluated at zero frequency. Applying this adiabatic approach one finds

_ 1 _

J= =A@ =0 = = ((Mw=0)") =+3((asw=0)") . 64
where 1 and 2 label two magnetic moments for which the coupling constant is determined.
For a dimer consisting of two atoms of the same type this results in

1 XKs 12
J = —= — — 7 — — ) (85)
2 (X?Es,n + X;Es,m) (X;s,n - Xzs,m)

where all Kohn-Sham susceptibility elements represent the spherical average (cf. Eq. (6.1)
and are evaluated at zero frequency and therefore represent real numbers.

The definition of J as proposed in Eq. can be related to the expression for the
exchange coupling as proposed by Lichtenstein et al. [100], where the exchange coupling
is derived via infinitesimal rotation of the (normalized) magnetic moments based on the
magnetic force theorem. This formula can be written as [101]

1 - 1 X&s.
Jo = —§U1X§s,1zU2 =—5 . (8.6)

2 (Xltg,ll + X;§,12)2 ’

_ _ -1 .
where Uy = Uy = <X1+<s 1+ Xﬁsm) represent the exchange-correlation kernels for atoms

1 and 2. The expressions for the exchange coupling in Egs. (8.5]) and differ in the
denominator. A comparison of Egs. (8.5]) and reveals

J - 1 XJ}E§,12 XEST,M +Xf§§,12 _J 1
I Y. - N2 - - Y0 e
(XKs,n + XKS,12) XKs,11 — XKs,12 1—2——Kst2
Xks,11TXKs, 12
= (144U, (8.7)

where U = U; = U,. The form of Eq. has been discussed in the literature [102}[103].
Analogue to the connection between x and yks via U, the exchange coupling constant J
can be seen as a renormalization of Jy by U™}, the inverse exchange-correlation kernel.
Although originally derived for a FM structure as starting configuration, Eq. can
also be utilized starting from an AFM structure. There, the exchange-correlation kernel
for both atoms reads Uy = Uy = (xfs.11 — X;gs"u)_l, and Eq. exhibits the more
general form J = Jo (1 £4U'J,)"", where + and — account for a FM and an AFM
alignment of the two involved magnetic moments, respectively.
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Figure 8.2.:

The eigenmodes of the magnetic excitation spectra for the Fe I dimer are
shown. The top row presents the two eigenmodes when a FM alignment of
the magnetic moments is considered (cases (1a) and (1b)), whereas in the
bottom row the two modes for an AFM alignment are explored (cases (2a) and
(2b)). All spectra are shown twice, without applied external magnetic field
(red curves) and with a field of B®** = 0.55 meV /up (blue curves). Dotted
vertical lines indicate the resonance positions when applying the adiabatic

approach, see Eqs. (8.11)) and (8.12) for v = 2, n = 0, and J and my as
given in Table .

In the following the definition of J via Eq. is used. Given that the exchange coupling
shows a different order of magnitude depending on the dimer (see Table [8.1]), we will
separately analyze the regimes of strong (Fe I and Mn I) and weak coupling (Fe /I and
Fe IIT). For each dimer the eigenmodes of the spin-excitation spectra are evaluated for
both, a FM and an AFM alignment of the moments. Since one configuration represents

the ground
the nature

state while the other is an excited state, this study allows to determine whether
of the initial state (ground state or excited state) affects the signature of the

spin-excitation spectrum.
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Figure 8.3.: LLG model for a dimer of identical atoms (labeled 1 and 2) with magnetic

moments 17; and 17, (magenta arrows) that couple ferromagnetically (J > 0).
This figure illustrates four different cases, for which Eq. is solved (green
arrows) without damping (7, = 72 = 0), and by use of the effective magnetic
fields 5, and B, (blue arrows) as given by Eqs. and : In case (1a)
both magnetic moments are deflected out of their equilibrium direction, i.e.,
the alignment along the positive z-axis, such that they remain parallel to each
other. In case (1b) they are deflected in opposite directions. For cases (2a)
and (2b) an antiparallel alignment is assumed with a deflection in the same or
opposite directions, respectively. The first three cases represent eigenmodes
of the system, two acoustic (cases (1a) and (2a)) and one optical mode (case
(1b)). In contrast to this, case (2b) does not represent an eigenmode of the
system, since the rotational sense of 17, is opposite to the one of 17 (see
clockwise and anticlockwise precession direction of green arrows).

8.1.1. Strong coupling

In Fig. [8:2) the eigenmodes of the Fe I dimer are shown for a FM and for an AFM spin
alignment. The first row (cases (1a) and (1b)) shows a distribution into eigenspectra
for the case of a FM alignment of the magnetic moments, while the second row (cases
(2a) and (2b)) represents the same for an AFM alignment. In all four cases two curves
are shown, one without (red curves) and one with external magnetic field (blue curves)
of strength B*' = 0.55 meV /ug, in order to match the SOC-induced gap for single Fe
adatoms on Cu(111) [20]. Here and in the following the applied field is always of the
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8.1 Dimers

same strength which allows a comparison among the different cases. Note that the use
of an auxiliary applied magnetic field is in line with the procedure that has been utilized
already in Ch. [f] However, it is important to point out that for the AFM alignment the
interpretation of the applied magnetic field being an auxiliary field that mimics a SOC
induced gap in the excitation spectrum does not hold anymore. Since it couples in form
of a Zeeman term to the magnetic moments, it stabilizes one moment (the one that is
oriented in the same direction) while it destabilizes the other, leading to a broken symmetry
between the two moments. In contrast to this, a SOC induced gap stabilizes both moments
at the same time to be aligned along the direction of lowest energy cost, the easy axis,
and no break in the symmetry occurs. An analysis of resonances in antiferromagnets that
incorporates anisotropy effects has been proposed by Keffer and Kittel [104}/105].

Our goal is to analyze in detail the properties of the spin-excitations and detect their
signatures as functions of the initial state, the ground state (FM alignment for the Fe [
dimer, cases (1a) and (1b)) and an excited state (AFM alignment, cases (2a) and (2b)).
In the following we discuss the obtained spectra for all four cases that are shown in Fig.
and connect the interpretation to four different modes described in terms of the LLG model
for dimer, see Appendix [G In the LLG model, the time derivative of 7;, the magnetic
moment of atom ¢ € {1,2} reads

dgzz — ity x B +77¢% « dgzl 7

(8.8)

where ~; is the gyromagnetic ratio for atom ¢ and #); is a site-dependent phenomenological
damping factor. The effective magnetic fields acting on moments 773; and 71, take the
form

B = Jiy 4 B (8.9)
and BT = Jmy + B, (8.10)

In Fig. four cases with four different starting configurations of the two magnetic
moments are distinguished:

(1) The dominant z components of the magnetic moments of atom 1 and 2 point along
the positive z component.

(a) The 2 and y components of both magnetic moments are the same.
(b) The z and y components of the magnetic moments are opposite to each other.

(2) The z components of the magnetic moments of atom 1 and 2 are opposite to each
other, pointing along the positive and negative z axis.

(a) The z and y components of the magnetic moments are opposite to each other.
(b) The x and y components of both magnetic moments are the same.

For each of the four cases Eq. (8.8)) is solved for a FM coupling (J > 0) and using always
the same external magnetic field B®* pointing along the positive z axis. The resulting
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8 Spin-excitations in transition-metal clusters on Cu(111)

time-derivative expression is indicated by a green arrow. Note that within these figures
the damping term is neglected for simplicity (7 = 0). Each of these figure subplots carries
information in form of a visualization of the vectors of magnetic moments and magnetic
fields. In addition the precession of the magnetic moments is visualized from the side and
from the top. In the latter, the dominant component of the magnetic moment along the
2 axis can be positive or negative, which is indicated by a @ (positive) or a @ (negative).
It should be stressed that direction and strength of d:;“ (green arrows in Fig. are
globally defined (by solving Eq. without the damping term) which allows to compare
the resulting vectors throughout the entire figure. For example, the same length for two
different green arrows (take for example moment 1 for cases (1a) and (2a)) means that
the precession frequency for the corresponding excited atoms is the same, which then
is also true for the resulting resonance frequency at which the resonance appears in the
excitation spectrum. In Table 8.2 the four eigenmodes (see Fig. are characterized in
terms of the frequency at which the curves reach their maxima and the lifetimes related
to I, the full-width at half maximum (FWHM).

Let us turn to the first eigenmode, case (1a): In Fig. [8.2(1a) eigenmode (a) for a
ferromagnetic alignment of the magnetic moments is shown, where two curves describe the
excitation spectrum for no applied magnetic field (red curve) and an applied field of the
strength B™' = (.55 meV /ugp (blue curve). The red curve exhibits a resonance at zero
frequency corresponding to an infinite response of the system to an external perturbation.
Therefore, this mode represents the Goldstone mode. In the presence of an external
field (blue curve) the rotational symmetry of the magnetic moments is broken and the
resonance shifts to a positive value for the frequency (see Table with a finite lifetime.
This observation is analogue to the discussion of a single Fe adatom on the Cu(111)
surface, see Ch.[fl The reason is that this eigenmode represents the acoustic mode of
the system where both atoms respond to the external perturbation synchronously. The
strong coupling also affects the excitation energy that is slightly enlarged compared to

dimer gt w@ (meV) 7@ (fs) w® (meV) 7®) (fs)
Fe [ (FM) 2.25 1.23 1330. 219. 5.44
e
(AFM) - 0.33 299. 255. 0.72
we, (M) 2.0 1.20 1640. 798 28.4
n
(AFM) - 0.48 329. 45.0 1.74

Table 8.2.: Spin-excitation spectra for Fe I and Mn I dimers: For each system the effective
g value, ¢°f = w(@ /Bt is given. The two eigenmodes are characterized
by their maxima, w(® and w®, as well as the corresponding lifetimes, 7(%)
and 7. The lifetimes are given by 7 = h/(2 T'), where T is the full-width
at half maximum. All values are obtained when applying a magnetic field
Bt = 0.55 meV/ug.
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8.1 Dimers

the single Fe adatom, where an effective ¢ value of g°f = 1.95 was found (cf. Table .
Utilizing the LLG model this mode is described in Fig. [8.3(1a), where the two magnetic
moments are aligned parallel to each other along the positive z axis. If no field was applied
(B®™* = 0) all magnetic moments and effective fields would be parallel and no torque
would be observed. In the presence of a field, however, the moments experience a torque
that leads to a uniform precession in phase with a small but finite frequency. Due to the
fact that the moments are parallel to each other at any time, this excitation is lowest in
energy and one finds (see Appendix |G

0 = ———B (8.11)

Wi = ,
LLG m z
in accordance with the resonance shift shown in Fig. B.2(1a).

For the second eigenmode, case (1b), a different behavior is observed: In Fig. [8.2[(1b)
the two curves for no applied (red curve) and finite applied field (blue curve) are shown.
Note that the absence of an applied field still leads to a resonance at finite frequency and
width. When a field is applied the resonance position shifts to a higher frequency value in
a similar manner as in case (1a), where their maximum positions differ by about 0.6 meV.
Due to the large range for which the frequency dependence is shown these two curves
appear on top of each other. This behavior can be understood utilizing the LLG model,
represented by Fig. B.3(1b). Case (1b) represents the optical mode of the system, i.e., the
two moments precess with a phase shift of 7 (leading to the factor ¢ = —1) around the
z-axis. Within the LLG model one finds the frequency of the optical resonance at

B = — L (B 4 2Tm,) . (8.12)

WL = m

Inserting the exchange coupling J and the magnetic moment my from Table one finds
a resonance at wLbL)G = 250 meV, where no damping was assumed (7 = 0). This value is
larger than the one obtained from the obtained spectra (see Fig. and Table[8.2)) and to
make these values match a relatively strong damping of = 0.5 would become necessary.
This shows the strong impact of dynamical effects on the effective magnetic interactions.
Once more this demonstrates that electron-hole excitations can strongly renormalize the
interactions predicted from the adiabatic approach.

The first eigenmode of the AFM alignment of the magnetic moments, case (2a), is similar
to case (1a): In Fig. [8.2(2a) red and blue curves respectively correspond to the first
eigenmode without and with applied magnetic field. The red curve shows a resonance at
zero frequency, where the moments exhibit an infinite response. Applying a field along
the z-axis breaks this symmetry and shifts the resonance position to a finite frequency
value. This is a similar behavior as in case (1a), albeit the resonance here is much broader.
Note that besides the resonance at positive frequency (w = 0.33 meV) one obtains a
resonance at negative frequency (w = —0.33 meV). This is because the applied field
acts on the AFM aligned moments in an opposite manner: While the moment pointing
along the z-axis gets stabilized, the moment pointing opposite to it gets destabilized. For
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8 Spin-excitations in transition-metal clusters on Cu(111)

the interpretation the LLG model in form of Fig. [8.3(2a) is used. It shows the acoustic
mode for the case of having the magnetic moments aligned opposite to each other. For no
applied external field magnetic moments and effective magnetic fields are aligned within
the same axis, so that no torque is found. As soon as a finite field is applied the effective
magnetic fields get tilted away from this axis and a finite torque is observed, in accordance
with the observed spectra in Fig. [8.2(2a). Note that an effective g value cannot be given
since the resonance position of this frequency is not expected to shift linearly with the
applied field, see Appendix [G

Finally, the second eigenmode of the AFM alignment is discussed, case (2b): In Fig.[8.2|2a)
the mode is strongly damped for both, the red curve (no applied field) and the blue curve
(applied field). Again this observation can be understood by analyzing the LLG model
(see Appendix [G)). In Fig. B.3(2b) a phase shift between atom 1 and atom 2 leads to a
state which is no eigenstate to the system. The rotational sense of the two atoms are in
opposite direction, clockwise and anti-clockwise. In addition the strength of the velocity
is different for both atoms. Thus, their relative angle will change with time which is in
contradiction to the assumption of energy conservation (no driving force in form of an
external transverse time-dependent magnetic field).

After the discussion of the intrinsic spin-excitation modes of the Fe I dimer, we turn to
the Mn I dimer. In this nearest-neighbor configuration, the two Mn atoms show an AFM
coupling, i.e., the parallel alignment of the magnetic moments is higher in energy than
the antiparallel alignment, see Table [8.1] In Fig. the eigenmodes of the magnetic
excitation spectra are shown, distributed in four cases. These cases represent the two
eigenmodes for a parallel (labeled (1a) and (1b)) and an antiparallel (labeled (2a) and
(2b)) alignment of the two magnetic moments, where now the latter alignment represents
the ground state of the system. The presentation of the four eigenmodes is analogue to
the eigenmode distribution for the Fe I dimer, see Fig. [8.2l Again, the interpretation of
the four cases is accompanied by considering four cases in terms of the LLG model, see
Fig. [B:5] The only difference to the dimer modes as shown in Fig. is that here, an
AFM coupling between the two atoms is assumed (J < 0), which affects the direction of
the effective magnetic fields for both atoms.

Again, we start with the discussion of case (1a), shown in Fig. 1a), for which the
magnetic moments are aligned parallel to each other. The red curve shows a resonance at
zero frequency and for an applied field of B** = 0.55 meV /ug, the resonance shifts to a
positive value. Analogue to the analysis of eigenmode (1a) of the Fe I dimer, this mode
obeys the Goldstone theorem and represents the acoustic mode of the system. In Fig.
the effective magnetic fields (given by Egs. and ([8.10))) are aligned antiparallel to the
magnetic moments as long as no external field is applied (B®* = 0). Only when B®* > (
their vector product does not vanish and a torque on the magnetic moments is found
(indicated by the green arrows in Fig. [8.5] see also Eq. (8.8)). This mode represents the
acoustic mode, i.e., the two moments remain always parallel to each other. Note that
this state does not relax to the ground state which would be an AFM alignment of spins.
Instead, both moments show a synchronized damped precession towards the orientation

107



8.1 Dimers

a0/ (12) . Jl%’) 40.1

_407 B(‘xt :O |

Imx® (states / meV)
o
-
| o
) o
=
Imy® (states / meV)

1
T

1
™
%
- A
IS
| ©

40 (2a) | L (2b) _

o
[

©
o

Imy® (states / meV) —
Imy® (states / meV)

|

T

|

|
o
=

1
T
1
T

| | | |
2 -100 0 100
w (meV) w (meV)

Figure 8.4.: The eigenmodes of the magnetic excitation spectra for the Mn I dimer are
shown. Cases (1a) and (1b) represent first and second eigenmode of the system
for a FM alignment of the magnetic moments. The AFM alignment results in
the two eigenmodes as shown in cases (2a) and (2b). Each mode is shown for
zero (red curves) and finite (blue curves) applied magnetic field. Eigenmode
(1b) shows a negative resonance frequency due to the AFM coupling of the
two atoms. The dotted vertical lines indicate the resonance positions obtained
from the adiabatic approach, see caption of Fig. [8.2] Also note the different
scaling on the axes compared to Fig. .

of the external magnetic field, i.e., the z-axis, which represents a metastable state of the
system.

In Fig. [8.4(1b) the second eigenmode of the system for a parallel alignment of the
magnetic moments is shown, without and with applied magnetic field (red and blue curves,
respectively). In contrast to the Fe I dimer, this eigenmode shows a negative resonance
frequency, even when no magnetic field is applied (B®** = 0). This is in accordance with
the expected resonance frequency when the LLG model is utilized, see Eq. (8:12), where
v =2and n = 0 are assumed and .J and my are as given in Table B3] In Fig. B5(1b)
the precession of the two moments are depicted. A comparison to the analogue solution
for positive J (see Fig. [B-3(1b)) reveals that the precession direction (indicated by the
direction of the green arrows) is opposite, i.e., the system exhibits a resonance for a
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8 Spin-excitations in transition-metal clusters on Cu(111)
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Figure 8.5.: For a dimer of identical atoms with an antiferromagnetic coupling (J < 0)

this figure illustrates four different cases which are in accordance to the four
cases shown in Fig. EB' The effective magnetic fields BT and BST are given
via Egs. and (8.10). One distinguishes my . = m;y,. (case (1)) and
ma, = —my, (case (2)), as well as a collinear alignment of the magnetic
moment (cases (a)) and the same configuration with a phase shift of 7 (cases
(b)). Whereas all cases (a) represent acoustic modes, only the case (1b) is an
optical mode of the system. The rotational sense in case (2b) is opposite (see
clockwise and anticlockwise orientation of green arrows, which indicate the
time-derivatives of the magnetic moments) and therefore no eigenstate of the
system.

negative frequency which is in line with the eigenspectrum as shown in Fig. [8:4{(1b).

The lower row in Fig. [8:4 shows the two eigenmodes for the Mn I dimer when the moments
are aligned antiparallel to each other, representing the ground state of the system. In case
(2a) the mode exhibits a resonance at zero frequency when no field is applied. Therefore
this mode can be identified with the acoustic mode as shown in Fig. [8.5|(2a).

Finally the case (2b) represents the optical mode of the AFM aligned dimer. Similar to the
corresponding mode for the Fe I dimer (see Fig. 8.2(2b)) there is no observable resonance,
i.e., the mode is strongly damped. Also here, this can be understood by use of the LLG
model, see Fig. @K%): The two magnetic moments precess in opposite directions and
therefore they do not represent an eigenmode of the system.
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Figure 8.6.: The eigenmodes of the magnetic excitation spectra are shown for the Fe IT
dimer. The separation into four cases is in accordance to Fig. 8.2l Note
that the second mode in case (1b) shows a resonance only slightly above the
resonance in case (1a) and that the spectra for a FM and an AFM alignment
of the magnetic moments are quite similar (compare top row to bottom row).
Dotted vertical lines indicate the resonance positions as obtained via the
adiabatic approach, see caption of Fig. [8.2|

8.1.2. Weak coupling

Next, we discuss spin-excitation spectra for Fe IT and Fe III dimers, i.e., dimers where
the Fe adatoms are further apart from each other, compared to the nearest-neighbor
arrangement (see Fig. for a comparison). Naturally, the increased distance results in a
weaker coupling of the two magnetic moments. As a direct consequence, possible optical
resonances are in the order of magnitude as the applied magnetic field along the z-axis,
i.e., in the range of a few meV's. Thus, the resonance shift due to a small applied field
should be visible for both eigenmodes, the acoustic as well as the optical mode.

In Fig. the eigenmodes of the intrinsic magnetic excitation spectra for the Fe IT dimer
are presented. As it was done in the previous section, a distinction is made between the
FM alignment (cases (1a) and (1b)) and the AFM alignment (cases (2a) and (2b)) of the
magnetic moments. Compared to the Fe I dimer the coupling constant J is very small
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8 Spin-excitations in transition-metal clusters on Cu(111)

(see Table B.I)). In fact, the J of an AFM alignment is different in sign compared to the
value for a FM alignment. As a direct consequence, the resonance in the optical mode of
a FM alignment of the moments (case (1b)) is found just slightly above the one of the
acoustic mode (case (1a)). Experimentally a distinction of these two modes is difficult.
When applying an external magnetic field (blue curves) one sees that the shift of the two
resonances show the same shift in frequency. For this setup one can clearly see that the
acoustic and the optical resonances shift in the same way with the external applied field.

For the AFM alignment (see Figs. [8.6[2a) and [8.6(2b)) an interesting observation can
be made: In contrast to the previously discussed dimers, the optical mode (2b) shows
an enhanced response that is in the same order of magnitude as the resonance of the
acoustic eigenmode (2a). This can be attributed to two characteristics of this dimer: First,
the exchange coupling J is very small, the smallest of all investigated dimers. Thus, the
coupling between the two adatoms on the surface is negligible and their excitation spectra
should not deviate much from the one for a single magnetic adatom. In fact, the g values
and lifetimes of a single Fe atom on the Cu(111) surface have been calculated in Ch. [f]
and read ¢°f = 1.95 and 7 = 590 fs (see Table , which is in satisfying agreement to
the values of ¢° and 7(® presented in Table . Second, the system exhibits a significant
damping of the spin-excitation. Usually a strong damping indicates that the lifetime of the
excitation is reduced due to a decay into Stoner excitations in the substrate. For eigenmode
(2b), however, an increased damping of the system leads to the opposite behavior, i.e., the
mode gets enhanced. This is supported by an analysis using the LLG model for different
damping strengths, see Fig. [G.2}

As last example within this Section we turn to the Fe 1] dimer where the two Fe atoms
are separated by twice the nearest-neighbor distance. In Fig. the eigenmodes of the
intrinsic magnetic excitation spectra are shown. Values that characterize the different
eigenmodes are given in Table [8.3] In the same manner as performed for the previous

dimer g w@ (meV) (@) (fs) w® (meV) 7® (fs)
FM 2.1 1.1 . 1. 486.
Fe I (FM) 3 7 533 30 86
(AFM) - 1.04 492. 1.08 489.
FM 2. 1.14 22. —0.1 4190.
Fe 11 (FM) 08 5 0.18 90
(AFM) - 0.67 308. 2.16 53.7

Table 8.3.: Spin-excitation spectra for Fe II and Fe III dimers: For each system the effec-
tive g value, g°" = w(@ /B is given. The two eigenmodes are characterized
by their maxima, w(® and w®, as well as the corresponding lifetimes, 7(*)
and 7. The lifetimes are given by 7 = /(2 '), where T is the full-width
at half maximum. All values are obtained when applying a magnetic field
B®™' = 0.55 meV/ug.
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The eigenmodes of the intrinsic magnetic excitation spectra for the Fe IIT
dimer are shown. The upper row represents the two eigenmodes for a parallel
alignment of the magnetic moments (cases (1a) and (1b)), whereas the lower
row shows the two eigenmodes for an antiparallel alignment. Each mode is
plotted twice, once without applied magnetic field (red curves) and once with
with a field of strength B®* = 0.55 meV /up (blue curves). Note that the
coupling is slightly antiferromagnetic (J < 0) and that the applied field nearly
compensates this coupling, see blue curve in case (1b). Dotted vertical lines
indicate the resonance positions as obtained via the adiabatic approach, see

caption of Fig. .

s, we distinguish four cases: The cases (1a) and (1b) represent the two modes

for the dimer with magnetic moments that are aligned parallel to each other, whereas the
cases (2a) and (2b) represent the two modes for an antiparallel alignment. Similar to the

Fe IT dime

r, acoustic and optical mode for cases (1a) and (1b) are found in the same

energy window. Due to the fact that J is slightly negative (see Table [8.1]) the optical
eigenmode in case (1b) shows a negative resonance frequency. However, the applied field is
almost large enough to shift the resonance to zero frequency and even further to a positive

frequency v

alue. In the framework of the LLG model, this corresponds to a modification of

the scenario as shown in Fig. [8.5(1b): Increasing the applied external field in Fig. [8.5{(1b)
leads to a tilting of the effective magnetic fields until at some point B¢ is parallel to m;
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8 Spin-excitations in transition-metal clusters on Cu(111)

for i € {1,2}. Then, the torque on the magnetic moments vanishes and no precession
is observed (corresponding to a resonance frequency at zero). A further increase of the
external magnetic field results in a precession rotation in the opposite direction compared
to Fig. lb), i.e., the resonance is found for a positive frequency.

8.2. Trimers

linear trimer triangular trimer

OOQOOQOO OQQQ 000
OQ f OQ 00
o O O o0

Figure 8.8.: The two different trimer structures are shown from a top view. The gray
spheres represent the topmost layer of the Cu(111) surface. The red spheres
represent the three impurity atoms that are aligned along a chain (left) or
that form a triangle (right). The additional vacuum sites that surround the
impurity cluster are indicated by semitransparent white spheres.

In this Section we analyze magnetic excitation spectra for trimers, i.e., clusters that consist
of three magnetic atoms. Whereas in the dimer structures (see Sec. two eigenmodes
of the system could be distinguished, one finds three eigenmodes for the trimer structure,
an acoustic mode and two optical modes. A main focus is set on the comparison of two
different arrangements of the three atoms, which are sketched in Fig. In one case the
atoms are positioned along a straight line (a chain) with nearest-neighbor distance among
adjacent atoms. Thus, the atom in the middle shows a nearest-neighbor coupling to two
neighbors, whereas the two atoms at the edge of the impurity structure exhibit only one
nearest neighbor to couple to (cf. Fig. 8.8} left). In the other case the atoms are placed
in a equilateral triangle, so that for each atom there exist two nearest-neighbor atoms
(cf. Fig. right). Therefore, the latter case has a higher symmetry, which is reflected in
the excitation spectrum as it will become apparent later in this Section.

In the presented analysis the investigated trimer structures are built out of Fe adatoms only.
Following the analysis performed for the Fe dimers (see Sec. the nearest-neighbor Fe
atoms show a strong FM coupling (J > 0, see Fe I dimer in Table 8:I]) that allows to
concentrate on a parallel alignment of the magnetic moments only, which is the appropriate
ground state.
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Figure 8.9.: Top figure: The three eigenmodes of the intrinsic excitation spectrum for
the linear Fe trimer are shown. They show resonances at three different
frequencies. Bottom figure: The eigenmodes for the triangular Fe trimer
are shown. Two eigenmodes are degenerate. Dotted vertical lines indicate
the resonance positions obtained by use of the adiabatic approach, using
Eqgs. (8.13), (8-14) and (B.19) for the linear trimer, and Eqs. and
for the triangular trimer, where v = 2, n = 0, B™* = 0.55 meV/ug, and
parameters as given in Table .

8.2.1. Linear vs. triangular Fe trimer

In Fig. the eigenmodes of the excitation spectra for Fe trimers are shown for a linear
(top panel) and a triangular (bottom panel) arrangement. In both cases an external
magnetic field of B™' = 0.55 meV/ug along the z direction was applied, such that
each resonance shifts by about 1.1 meV higher in frequency compared to the expected
value without field. For each trimer Table lists ground-state and spectral properties.
Analogue to the analysis of dimers in Sec. [B.1] the obtained resonance positions in the
calculated spectra for the two trimers are understandable in terms of the LLG model (see
Eq. and the trimer discussion in Appendix [G]), for which the resulting eigenmodes are
visualized in Figs. and B:11] Under the assumption that no g shift and no damping is
present (v = 2, = 0) the resonance frequencies as predicted by the adiabatic approach
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8 Spin-excitations in transition-metal clusters on Cu(111)

are shown in Fig. [8.9 as vertical dotted lines, where the values for J and 77, are extracted
from Table B4l

For the intrinsic excitation spectrum of the linear Fe trimer three different curves (red, blue,
green) are shown. They represent the three eigenmodes of the system, each showing a
resonance at different frequencies. The eigenmode with the resonance lowest in frequency
is labeled (a) and is the acoustic mode. If no applied field was present this resonance
would appear at zero frequency and thus obey the Goldstone theorem. In the LLG model
(see Fig. [8.10|(a)) this corresponds to three magnetic moments that precess in phase and
show only a small precession speed (indicated by green arrows) that is linear in the applied
field,

(a) 2 ext
w L= ——=DB7". 8.13
LLG,lin /1 +7772 z ( )
It is zero when no external field is applied (B = 0), which is in line with the fact that

then, the magnetic moments and the effective magnetic fields are aligned parallel to each
other and their vector product vanishes.

The second eigenmode (b) in the top panel of Fig. shows a resonance at higher
frequency and describes the optical mode of the system that is lowest in energy. The

My Jio w@ 7(a)
Fe trimer maz ¢ (1B) Jo3 (“;%V) gt w® 3 (meV) 7® % (fs)
B
M3 Ji3 w® 7
2.76 14.9 2.30 1.27 753.
linear 2.72 14.9 24.2 22.7
2.76 —4.82 211. 3.60
2.74 17.0 1.97 1.08 1810.
triangular 2.74 16.9 263. 4.22
2.75 16.9 263. 4.13

Table 8.4.: Ground state and spectral properties of the linear and the triangular Fe trimer:
For the three Fe adatoms (labeled 1, 2, and 3) the spin magnetic moments m,;,
i € {1,2,3}, the coupling constants Jia, Jog, and Ji3, that are connected
to the calculated Kohn-Sam susceptibility at zero frequency via Eq. (8.4),
the effective g value, g° = w(®) /B, as well as the resonance frequencies
w® and corresponding lifetimes 7(®) = 1/(2 T'®)) for the eigenmodes (o) €
{(a), (b), (c)} are listed. B™* = 0.55 meV /ug is the applied magnetic field,
where T'(® denotes the full-width at half-maximum. Note that J;5 describes
the nearest-neighbor coupling for the triangular trimer while for the linear
trimer the distance between atoms 1 and 3 is twice as large.
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resonance appears much broader and exhibits a shorter lifetime (see Table [8.4)). In terms
of the LLG model this mode describes three magnetic moments of which the outer ones
precess with a phase shift of 7 while the inner atom shows no movement at all (see
Fig. B.10[b)). This has an interesting consequence: The onsite excitation spectrum for the
inner atom should not contain a response to the eigenmode (b). Indeed this is the case,
as will be shown in the subsequent Sec. [B.3] As discussed in Appendix [G] the resonance
position of mode (b) is given by

Wlﬁ)(;,un e (B + Jma) (8.14)

Vit

where J is the nearest-neighbor exchange coupling and iy =
the averaged magnetic moment.

1
3

(Mg +mas +mgs) is
Eigenmode (c) represents the optical mode of the system that is highest in energy and
exhibits the shortest lifetime. Utilizing the LLG model one finds the resonance position at

wé?ﬂ,lin = ——— (BS +3Jmg) (8.15)

V1+n?

In this eigenmode the outer magnetic moments exhibit an in-phase precession while the
inner atom rotates with a phase shift of 7 and twice the amplitude compared to the other

two moments (see Fig. Q).

Next, we proceed to the discussion of the Fe trimer in a triangular arrangement. It was
stated earlier that such a structure exhibits a higher symmetry compared to the linear
trimer, which is reflected in the position of the resonance frequencies at which the three
eigenmodes of the intrinsic excitation spectra reach their maxima. The eigenmode with
label (a) (red curve in Fig.[8.9) lower panel) represents the acoustic mode of the system
and obeys the Goldstone theorem, i.e., its frequency is located at zero when B®™* = (
(analogue to eigenmode (a) of the linear trimer). This mode is visualized in Fig. [8.11fa),
where all magnetic moments precess in phase. The corresponding resonance frequency
reads

g = ———= B (8.16)

Ve

which is identical to Eq. (8.13)), the resonance frequency for the acoustic eigenmode of
the linear Fe trimer. In Table [B.4] one realizes a small difference between the resonance
positions of the acoustic modes for both trimer structures (reflected in two different
effective g values, g&T = 2.3 and ¢¢f = 2.0). A possible explanation for this is that the
precession of a magnetic moment is affected by both, the external magnetic field along the
z-direction as well as the coupling to adjacent precessing magnetic moments. The stronger
the coupling among the atoms of the cluster, the more the cluster’s excited eigenstate
can be stabilized against external fields, such that for the triangular trimer arrangement a
longer lifetime at a lower resonance frequency can be achieved, when compared to the

linear trimer.
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8 Spin-excitations in transition-metal clusters on Cu(111)

Figure 8.10.: The three different eigenmodes for a linear trimer of identical atoms with
a ferromagnetic nearest-neighbor coupling J > 0 are shown. The external
magnetic field Bt points along the = axis and the effective magnetic fields
are given by BT = BT — Jii, + B and BST = J (17 + 1ig) + B
(cf. Egs. and (G:48)). Lowest in energy is the acoustic mode (a) in
which all atoms point in the same direction and show a precession around
the z axis. The first optical mode (b) shows a phase shift of 7 between the
two edge atoms, while the center atom remains still. The second optical
mode (c) shows edge atoms that rotate in phase, while now the center atom
experiences a phase shift of © and twice the amplitude. The increase of
energy manifests in a higher rotation frequency, see green arrows.
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Figure 8.11.:

118

For a triangular trimer of identical atoms with a ferromagnetic nearest-
neighbor coupling J > 0 two eigenmodes are degenerate. The external
magnetic field B points along the z axis and the effective magnetic fields
are given by BT = J (11, + 1ig) + B, BST = J (171 + 1mis) + B, and
BST = J (1 + 1iy) + B> (cf. Egs. (G.52)), (G.53), and (G.54)). Lowest
in energy is the acoustic mode (a) in which all atoms point in the same
direction and show a precession around the z axis. The two optical modes
(b) and (c) are degenerate in energy. Two atoms rotate with a relative phase
shift of 7 while the third atom remains still. The increase of energy manifests
in a higher rotation frequency, see green arrows.




8 Spin-excitations in transition-metal clusters on Cu(111)

The second and the third eigenmode of the triangular Fe trimer (labeled (b) and (c),
blue and green curves in Fig. [8.9 lower panel) are degenerate. One arrives at the same
result when solving the LLG model for this structure (see Appendix [G)). The corresponding
resonance frequency reads

Wi = O = — e (B 4 3Jm) (8.17)

V1+n?
which is the same expression as given by Eq. (8.15]). In Figs. b) and c) the

eigenmodes are visualized. In both cases, one atom remains without motion while the
other two perform a precession with a phase shift of 7. Due to the symmetry of the setup
their corresponding precession frequencies are identical. This is a crucial difference to the
linear Fe trimer and stresses the importance of the structural arrangement of the regarded
impurity structure on the surface.

A closing remark on mode (b) of the linear Fe trimer: In the top panel of Fig. [8.9
one realizes that the resonance position using the LLG model (blue dotted vertical line,
see also Eq. ([8.14)) overestimates the resonance position obtained from the calculated
spectrum of eigenstates by a factor of about 3. The reason is that within the LLG
model (cf. Appendix [G) only the exchange-coupling constant .J describing the nearest-
neighbor interaction is included and Jy,,,,, the coupling between the outer two atoms, is
thus neglected. It turns out, however, that, by use of Eq. (8.4), the exchange coupling
between the two outer atoms is of the same order of magnitude compared to J and reads
Jomn = —4.82 meV /y3 ~ —% J (see Ji3 for the linear Fe chain in Table . Applying
the formalism as given in Appendix |G]) on a trimer chain where the next-nearest-neighbor
coupling Junn is taken into account produces exactly the same eigenstates and resonance
frequencies as under the assumption J,,, = 0, except for wgi)G,lin which gets modified to

O i = e (B 4 (J + Jupn) T1a) - (8.18)

wLLG,lin m

Compared to WI(_E)G,Iin = 82.7 meV, the new value ‘IJI(_E)G,Iin = 32.7 meV shows a significant
better agreement with the calculated spectral resonance position (w® = 24.2 meV, see
Table [8.4)). Finally, one can also understand why such an improvement is found only for
eigenmode (b), while the energy for modes (a) and (c) remain unchanged. Recalling the
precession of the two outer magnetic moments for these three eigenmodes (cf. Fig. [.10|a)-
(c)) reveals that for eigenmodes (a) and (c) they precess in phase and remain always
parallel, meaning that a coupling via J,,, does not affect the corresponding excitation
energies. In contrast to this, these two moments rotate in eigenmode (b) with a phase shift
of 7 and due to the fact that in the discussed structure they prefer a AFM next-nearest
neighbor coupling (Jun, < 0) the resonance frequency for that eigenmode shifts to a lower
value.
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Figure 8.12.: The eigenmodes of the intrinsic excitation spectra for a linear chain of four
(upper panel) and five (lower panel) Fe adatoms are shown. Dotted vertical
lines indicate the resonance positions as given by the adiabatic approach,

using Egs. (8.19) and (8.20)).

8.3. Building the Fe chain — atom by atom

In this Section we compare the intrinsic magnetic excitation spectra for linear Fe chains
of different lengths. As it was already found in the discussion of dimers and trimers (see
Secs. and the number of atoms in the impurity cluster is of great importance for
the resulting spectrum. In Fig. the eigenmodes of the intrinsic excitation spectra for
two different chains are shown. For upper panel a chain consisting of four Fe atoms is
considered. Each of the four presented eigenmodes shows a resonance. The position of
the resonance is compared to the resonance frequency that is expected when solving the

LLG model (see Appendix E[) where one finds
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8 Spin-excitations in transition-metal clusters on Cu(111)

Furthermore, the average over magnetic moments within the chain (77, = 2.76 ug) and the
average over nearest-neighbor exchange couplings within the chain (J = 11.0 meV/u3)
are used. As already discussed for the trimer (see end of Sec. a better agreement
between calculated resonance and expected resonance when using the LLG model could
be achieved when interactions beyond nearest neighbors were taken into account (this
assumption is supported by the fact that also in the chain next-nearest neighbors couple
antiferromagnetically).

In the lower panel of Fig. eigenmodes of the excitation spectra for a linear chain with
five Fe atoms is analyzed. Also here the eigenmodes are degenerate and five resonances at
different resonance frequencies are found. The expected resonance positions when using
the LLG model (see Appendix [G]) read
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where here 7y = 2.72 up and J = 11.9 meV/u3 are used. Note that the more atoms
are included in the chain, the less fluctuation in these parameters is observed.

Up to this point of the Chapter only eigenmodes of the regarded systems are discussed. In
Fig. we show the onsite excitation spectra for linear Fe chains of different lengths. In
the topmost figure the dimer spectrum (corresponding to the Fe I dimer in Sec. for
the FM alignment of spins) for the first atom is shown. The spectrum of the second atom
is identical due to symmetry. Both eigenmodes from Fig. contribute. For the second
onsite spectrum the spectra of atoms 1 and 3 are the same while the spectrum for atom 2
is different. Especially remarkable is that the latter spectrum has no contribution from the
first optical mode, which is in agreement with the expectation from the LLG model (see
Fig. B.10[(b)). ISTS measurements should therefore show a different excitation spectrum,
depending on whether the STM tip is placed above an edge atom or above the center
atom. Increasing the number of atoms within the chain shows how the obtained spectra
contain more and more excitation resonances, i.e., the possible excitations of the impurity
cluster increase and the resonance density grows. In the next Section we compare chain
and ring structures of six and more Fe atoms and discuss how the excitation spectra evolve
in the limit of N — oo, where N denotes the Fe atoms within a chain of infinite length.
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8.4 Chain vs. ring clusters — importance of boundary condition
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Figure 8.13.: Onsite intrinsic magnetic excitation spectra for linear Fe chains of different
lengths. Due to a mirror plane in the middle of the chain, atoms at opposite
positions within the chain exhibit the same excitation spectrum, indicated by
the same color in the insets.
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Figure 8.14.: This figure illustrates two different arrangements of six magnetic impurity
atoms (red spheres) placed on the Cu(111) surface (gray spheres): a linear
chain (left panel) and a ring structure (right panel). For the chain the two
atoms at the edge have only one nearest neighbor while the four inner atoms
have two. For the ring all six atoms have two nearest neighbors reflecting the
higher symmetry of the system. For both arrangements the acoustic mode
is depicted, i.e., all moments precess in phase and remain parallel to each
other at any time.

8.4. Chain vs. ring clusters — importance of
boundary condition

As it was shown earlier in this Chapter, the magnetic excitation spectrum can show sub-
stantial differences for two impurity clusters that only differ in the topological arrangement
of the magnetic impurity atoms. For a dimer consisting of two Fe atoms (see Sec. [8.1)),
a variation of the interatomic distance modifies the exchange coupling and therefore the
position of the optical resonance frequency. Furthermore, it was shown in Sec. [8.2] that
the excitation spectrum for a trimer of Fe atoms exhibits two degenerate optical modes
when the atoms are arranged within a regular triangle, while for the same atoms aligned
along a straight line two nondegenerate optical modes are found.

In this Section the aspect of degeneracy within the trimer spectra is picked up again and
the analysis is extended to clusters with a higher number of atoms. For a hexamer, i.e., a
cluster that contains six magnetic impurity atoms, Fig. shows two arrangements, a
linear chain and a ring. The difference between a chain and a ring lies in the boundary
conditions for the atoms (a ring can be seen as a bended chain with closed ends). In a
ring all atoms have two nearest neighbors, whereas the chain has edge atoms with only
one nearest neighbor.
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Figure 8.15.: Eigenmodes of the magnetic excitation spectra for an Fe hexamer, aligned
along a straight line (upper panel) or arranged as ring (lower panel) on the
Cu(111) surface, see Fig. for a visualization. The resonance frequencies
obtained from the adiabatic approach are indicated by dotted vertical lines.
Although their agreement to the calculated resonance positions is limited,
the LLG model predicts for the ring two pairwise degenerate eigenstate
resonances, in agreement to the calculated spectra.

8.4.1. Fe chains vs. Fe rings

In Fig. B.15] two Fe hexamers on the Cu(111) surface are considered and the eigenmodes
of the corresponding magnetic excitation spectra are shown. The first hexamer is a
chain (upper panel) and the second hexamer is a ring (lower panel), see Fig. [8.14 for a
visualization on how the structures are arranged on the surface. In addition, Fig. [8.15
shows the expected resonance frequencies when applying the LLG model (see Appendix [G)
which are indicated by dotted vertical lines. For the hexamer chain the resonances are
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while the hexamer ring shows two pairs of degenerate resonances frequencies for the
eigenmodes,
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In order to apply these formulas, one calculates the average over all nearest-neighbor
exchange coupling constants, where the value J = 13.6 meV/u% was found for both,
the hexamer chain and the hexamer ring, and the average over all magnetic moments,
Mg = 2.75 ug for the chain and My = 2.82 ug for the ring. As it was already observed for
the trimers (see Sec. B.2), the structure with higher symmetry (the ring) shows degenerate
eigenmodes (modes (b) and (c), as well as modes (d) and (e)), while the other system
(the chain) shows resonances frequencies that are pairwise different.

The larger the number N of atoms that form a chain or a ring the less significant
should be their difference in the magnetic excitation spectra, since the boundary condition
becomes less important. The discussion of the LLG model in Appendix [G] closes with
the generalization to N atoms and one finds the eigenmodes of such a structure are
eigenvalues to a tridiagonal matrix which describes the susceptibility for a nearest-neighbor
coupling. The corresponding eigenmodes show resonance frequencies at

k _
wI(JLIYJG \/#77]2 (Bzxt + 2 (1 — COSs N n 1 7T) de) s (823)

where the different eigenvalues are labeled with («) € {(a), (b),...} and

1 3
k=k@)={2 , (a)=(b) . (8.24)
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Figure 8.16.: Comparison of eigenmodes of the intrinsic magnetic excitation spectra for
clusters of twelve Fe atoms on the Cu(111) surface, arranged along a linear
chain (top figure) and arranged as ring (bottom figure). For the chain, twelve
eigenmodes at difference resonance frequencies are found, while for the ring
several modes are pairwise degenerate. For both systems dotted vertical lines
indicate the expected resonance positions of each mode when applying the
adiabatic approach, see Eq. (8.23).

In Fig. [8.16] the eigenmodes of the spin-excitation spectra for two twelve-atomic Fe clusters,
a linear chain and a ring structure, are shown. As expected from the previous analysis,
the latter structure exhibits eigenmodes that are degenerate, while for the linear chain the
eigenmodes show resonances at different frequency values. Indicated by dotted vertical
lines the resonance frequencies as given by Eq. are shown for N = 12. In both plots,
the same value for the averaged nearest-neighbor exchange coupling, J = 11.3 meV/u3,
and the averaged magnetic moment, My = 2.79 g, are used. In fact, for both systems
one observes a clear tendency to find an accumulation of resonances at the edges of the
shown spectra and therefore reproduce a cosine-like distribution in the limes N — oo.
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8 Spin-excitations in transition-metal clusters on Cu(111)

8.5. Summary

In this Chapter we studied magnetic excitation spectra for different transition metal
clusters that are placed on the Cu(111) surface. It was shown that depending on the type
of considered adatom, the number of involved atoms within the cluster, as well as the
distance among the atoms the resulting spectra can be very different. By investigating and
comparing impurity structures that differ only in the way a given set of adatoms is arranged
on the surface we studied the impact of geometrical topology on their spin-excitations.
First of all, for two or more magnetically coupled atoms different modes of the system
can be excited, leading to resonances at different frequencies in the excitation spectrum.
In general one finds that the lifetime of such a resonance (connected to the width of the
resonance) decreases with increasing resonance frequency.

We used the Landau-Lifshitz-Gilbert (LLG) model for two or more precessing moments
(see Appendix |G]) to analyze our results obtained from first principles. A good agreement
was found in terms of the resonance positions of the different modes. For the dimer with
an antiparallel alignment of the moments one finds an acoustic resonance while the optical
mode does not show a resonance, in accordance to the predictions of the LLG model.
For trimer it was found that an even better agreement can be achieved when including
exchange interactions that go beyond the nearest neighbor interaction.

The final part of this Chapter was dedicated to the comparison of magnetic excitation
spectra for linear Fe chains or Fe rings with the same number of adatoms. We observed
characteristic differences in the excitation energies of the eigenmodes which is directly
related to the different boundary conditions of the two structures. While for the chains the
resonance positions of the eigenmodes are pairwise different, the ring structures showed
degenerate eigenstates, which reflects the higher symmetry of the latter arrangement.

The summary concludes with a remark on the presented results within this Chapter: Much
insight into the nature of spin-excitations in nanostructures that consist out of more
than one atom could already be gained by means of the transverse dynamical magnetic
susceptibility x*~. However, a future goal is the expansion of the analysis to the signature
of the spin-excitation in the vacuum electronic structure above the adatom, as it was

presented in Chs. o] and [7]
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9. Summary and outlook

The central aim of this thesis was the exploration of magnetic excitations in 3d transition-
metal (TM) nanostructures deposited on metallic surfaces using a first-principles approach.
Since experimentally, inelastic scanning tunneling spectroscopy (ISTS) has emerged to be
the method of choice to study spin dynamics in such localized environments [18}[20], a
crucial demand on the developed approach was to access the impact of the spin-excitation
on the density of states in the vacuum above the magnetic impurity structure, i.e., the
region that is usually probed by a scanning tunneling microscope (STM) tip. Due to
the strong hybridization of electronic states of the impurity structure with the itinerant
electrons of the substrate, the interaction of such excitations with the electronic structure
becomes important. Expanding a recently established method [37}38], that accesses the
intrinsic magnetic excitation spectra from first-principles, the developments presented
within this thesis account for these interactions by means of the electron self-energy,
3. This quantity results from combining the concept of many-body perturbation theory
(MBPT), which allows to systematically study inelastic scattering processes in terms of
Feynman diagrams, with time-dependent density functional theory (TDDFT) in the linear
response regime. With the self-energy one gains access to the electronic structure in
the vacuum above the impurity structure, being renormalized by the magnetic excitation.
The resulting density of states can be related to the measured ISTS spectra by means of
the Tersoff-Hamann approximation [39]. In order to accomplish a realistic comparison
to measured ISTS spectra, the approach is based on the Korringa-Kohn-Rostoker (KKR)
Green function method, since it provides an accurate real-space description of the regarded
impurity structure in form of an embedding scheme.

With the developed method at hand a number of different systems were investigated and
properties that characterize the magnetic excitations were analyzed and compared among
each other and to existing experiments. Single 3d TM adatoms and clusters of two or more
3d TM adatoms on the Cu(111) surface were explored as well as single 3d TM adatoms
on the Pt(111) surface. For the latter substrate the impact of hydrogenization on the spin
dynamics of the impurity structure was studied. In the following the main results of these
analyses are summarized.

In a first application, we illustrated the capabilities of the new method by investigating
several 3d TM adatoms (Cr, Mn, Fe, and Co) placed on the Cu(111) surface with a
focus on Fe adatoms. We were able to attribute differences in characterizing properties of
the magnetic excitation (such as the excitation lifetime or the g shift) to differences in
their respective electronic structure. We showed that the new method allows to identify
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the spin-character of the excitation signatures above and below the Fermi energy. Most
importantly, the calculated spin-excitation spectra showed a rich variety in the shapes of
the signatures. In contrast to Heisenberg models which predict a symmetric conductance
spectrum with excitation signatures in step-like forms, our first-principles methods predicts
asymmetric spectra with signatures that are of step-like or peak-like shapes or reversed
steps, depending on the regarded adatom. Even the extinction of the spin-excitation
signature was observed. Furthermore, some renormalized electronic structures revealed
nontrivial additional bound states (satellites), which in the case of Fe adatoms on Cu(111)
were used to explain asymmetries in experimentally obtained ISTS spectra [20]. We stress
that such satellites could be misinterpreted as being the signature of the spin excitation
in measured ISTS spectra. Finally, we explored the signal of the spin-excitation in the
vacuum as function of distance to the magnetic adatom and conclude that besides the
intensity also the shape of the excitation signature shows a dependency on the position
where the signal is measured.

As a second application, the spin dynamics of different 3d TM adatoms (Cr, Mn, Fe,
and Co) deposited on the Pt(111) surface were investigated. Similar to the Cu(111)
surface, these systems showed differences in the characteristic properties of the magnetic
excitations, such as their lifetimes and ¢ shifts, and a rich variety in the shapes of spin-
excitation signatures in the renormalized electronic structure at the adatom and in the
vacuum region above it. For Fe and Co adatoms we additionally analyzed the impact
of hydrogenization of the surface structure (Fe and Co adatoms). With this analysis we
verified the experimentally observed fact that spin-excitation spectra can be affected by
the presence of hydrogen atoms in the vicinity of the impurity of interest [40].

Besides magnetic excitation spectra of single adatoms, the developed method is also
capable of treating nanostructures that consist of two or more magnetic atoms (dimers,
trimers, etc.). In a third application, we analyzed intrinsic magnetic excitation spectra
for such clusters deposited on the Cu(111) surface. For these systems the magnetic
atoms showed couplings of different strength and sign (described by exchange coupling
constants .J), i.e., strong or weak ferromagnetic or antiferromagnetic coupling. We showed
that our method provides access to J in the adiabatic approximation that is related to a
formula extracted from infinitesimal rotation of the magnetic moments [100}/103]. Our
analysis shed light on three aspects of the excitation spectra for different investigated
nanostructures: First, the dimer structure showed distinct different excitation spectra when
a parallel and an antiparallel alignment of the spins is considered. In the former case we
observed two modes, one with an acoustic and one with an optical resonance. For the
latter case, however, the optical mode showed a strongly damped curve in accordance
with the expectations put forward by means of the Landau-Lifshitz-Gilbert (LLG) model.
Second, the addition or removal of single adatoms massively affect the spectrum. This
was demonstrated by regarding chains of Fe adatoms with different lengths. We were
able to assign the resonance energies in the obtained spectra to excitation modes of the
system, as expected by use of the LLG model. Third, the effect of boundary conditions
was analyzed by considering two impurity structures with the same number and the same
type of magnetic adatoms placed on the metallic surface, once deposited along a straight
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9 Summary and outlook

line and once in a circular arrangement. The obtained spectra showed good agreement
expectations from the LLG model in terms of the obtained degree of degeneracy in the
resonance energies.

The summary concludes with a short outlook, where the focus is set on a few suggestions
for further developments of the presented method and potential improvements of its
implementation.

Although the present work does not include the effect of spin-orbit coupling (SOC) and in
order to compare to available experimental data the SOC-induced gap in the excitation
spectrum was enforced by an auxiliary applied magnetic field along the out-of-plane
direction, we recently showed that the inclusion of SOC can be achieved by use of a
modified sum rule [70] on the level of the intrinsic magnetic excitation spectrum. Currently,
this formalism is being extended to the self-energy. The difficulty is that a distinction of the
two spin channels is not possible anymore and the concept of pure spin-flip processes cannot
be maintained. Once this quantity is available, it opens the gate to study spin-excitations
in noncollinear nanostructures from first-principles.

Another development that is currently undertaken is the extension of the formalism to
layered systems. Thus, one can compare to spin-polarized inelastic electron energy loss
experiments [68], where different excitation modes are obtained for multi-layered systems.

Furthermore, it is of interest to go beyond the one-shot calculations of the electron
self-energy. Since this quantity depends on the Green function, a renormalization of the
latter affects the structure of the self-energy in return. This task is closely related to the
request to subtract double-counting terms, i.e., many-particle effects that appear in both,
the effective potential within the DFT formalism and the self-energy by means of the
considered Feynman diagram. Also the approximation of the exchange-correlation kernel
to be local in space and frequency independent (adiabatic local-density approximation,
ALDA) could be replaced by a frequency sensitive form such the calculated self-energy
expression is refined.

We conclude with a suggestion for a possible contribution to a vivid field of research. The
present method could contribute to the study of Majorana bound states that recently
were reported to exist at the edges of an Fe chain deposited on a superconducting Pb
surface [106]. Majorana states are of interest in future development in the field of quantum
computing, since these objects are their own antiparticles and may play a crucial role in
the realization of exotic states in qubits. Thus, the understanding of dynamical effects in
such systems are of crucial importance and could be tackled by our method.
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A. Rydberg atomic units

All formulas within this thesis are given in terms of Rydberg atomic units. Within this unit
system one defines

47160 =1 (Coulomb's constant) , (A1)

h =1 (reduced Planck’s constant) , (A.2)

ap = 1 (Bohr radius) , (A3)

and Ry = 1 (Rydberg energy) . (A.4)

As a direct consequence one also fixes

1 A 1
me = SRyl =3 (electron rest mass) , (A5)
4
e = R =2 (elementary charge) , (A.6)
meap
and up = 26 h =2  (Bohr magneton) . (A7)
Me

In order to allow a better comparison to experimental results, however, the presented
results within this thesis are given in more common units. Among them are the length unit
Angstrom (A, where 1 A = 107 m), the energy unit electron volt (¢V), the time unit
second (s, or as it is more convenient in spectroscopic analyses of solids, fs = 1071 s),
and the magnetic field unit Tesla (T). Furthermore, the symbols for the Bohr magneton
up and the Boltzmann constant kg are kept on all formulas for clarity. Following the
chosen set of units, it is most convenient to give the latter in the form

v
kg = 8.6173324-107° % (Boltzmann constant) , (A.8)

where the temperature unit Kelvin (K) was used. The most important quantities and their
dimension conversion from Rydberg atomic units to Sl units or other more common units

are presented in Table [A.]
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S| units or

Dimension Rydberg atomic units
other common units

length 1ag = 0.52917720859 A
energy 1 Ry = 13.60569193 eV

= 2.17987197-10718 J
time 1fs=10"%s
temperature 1K
electric charge % e, where ¢ = 1.602176487 - 10~ C
mass 2me , where m, = 9.10938215 - 1073 kg
magnetic moment % U where pp = 5.7883818066 - 1072 eV T !

= 9.27400968 - 10=2* JT—*

Table A.1.: For a variety of different important physical quantities this table shows a
comparison of Rydberg atomic units to S| units or more commonly used units.
The appearing Sl units are the energy unit Joule (J), the charge unit Coulomb
(C), the mass unit kilogram (kg) and those mentioned in the text.
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B. Details on performed
calculations for spin-excitation
spectra

To gain access to the dynamical susceptibility, x, the self-energy, ¥, and the renormalized
density of states, DOS, a sequence of a few calculations using different programs is
required. The procedure is visualized as flow chart in Fig. and the utilization of the
programs is discussed in the following.

Host potential and host Green function via the JM KKR program

The fundamental basis of all calculations is an accurate description of the electronic
structure of the host system, i.e., the pure Cu(111) slab in Chs. [f] and [§] or the pure
Pt(111) slab in Ch.[7] This is achieved by use of the Korringa-Kohn-Rostoker (KKR) Green
function method (see Ch. [3]) as implemented in the Jiilich-Miinchen program (abbreviation:
JM, see gray boxes in Fig. in the atomic sphere approximation (ASA) with full charge
density in the local spin density approximation, as parametrized by Vosko, Wilk, and
Nusair [50]. For both setups, the Cu slab and the Pt slab, a thickness of 22 layers is
used. Above and underneath the slab two vacuum regions with a thickness of four bulk
layers each is added. The lattice constant is set to ac, = 3.615 A for the Cu(111) slab
and ap; = 3.924 A for the Pt(111) slab. Structure optimizations of the impurity layer
are accounted for by a relaxation of the impurity structure towards the surface: In case
of the Cu(111) surface the relaxation is 14 %, in accordance with Refs. [91,[92], and
20 % for the Pt(111) surface. The percentage values are given with respect to the bulk
interlayer distance, ac,/v/3 = 2.087 A or apy/V/3 = 2.266 A. In both setups a k-point
mesh of 180x180 k-points in the whole two-dimensional Brillouin zone is used within a
self-consistency loop to obtain the converged host potential.

In order to prepare for using the impurity program a real-space cluster is cut out and
the corresponding host Green functions (G"** in Fig. are stored for further use (see
Fig. [6.1)). The size of the cluster always includes the regarded impurity (i.e., an adatom,
a dimer, a trimer, and so on) and all surrounding atom positions with nearest-neighbor
distance (including vacuum scattering sites), as well as vacuum sites several layers above
the adatom that represent the position of a possible tip position.

After obtaining the host Green function and the host potential (V' in Fig. [B.1]) for
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KKRimp dos

o] susc dos DOS
GP™! dos (renorm) (renorm)
Figure B.1.: This diagram demonstrates the procedure of calculating the key quantities,
the susceptibility x, the self-energy 33, and the renormalized density of states

DOS). The dashed line indicates that the DOS contour is determined by the

energy points for which the self-energy was calculated. For more information
see the description within the text.
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B Details on performed calculations for spin-excitation spectra

a self-consistent KKR contour (abbreviation in Fig. [B.1} scf) the host Green function
is determined once more within a one-shot calculation using a set of panels covering a
complex energy area above the real axis and close to the Fermi energy Er (see Fig. in
Sec. 3.3} abbreviation in Fig. [B.I} pnl). This one-shot calculation is done with a sampling
of the 2D Brillouin zone with 350x350 k-points.

Impurity potential and projected Green function via the KKR impurity
program

By use of the host Green functions the impurity KKR program (see green boxes in Fig. [B.]
abbreviation: KKRimp) is used to self-consistently determine the impurity potential (V1™P
in Fig. for a desired transition-metal (TM) impurity within the impurity cluster (in this
thesis: Cr, Mn, Fe, Co). Note, that this step normally has to be done at least twice: once
with no applied magnetic field (B = 0) to determine the exchange-correlation (xc) kernel,
and then for one or more nonvanishing applied B-fields along the z axis, i.e., perpendicular
to the (111) surface.

Together with the host Green function for the energy panels, these B-field dependent
impurity potentials are used in a one-shot impurity calculation to obtain the projected
form of the Green function (G*™ in Fig. [B.1} see Sec. for details). If not stated
differently in the text the projection to a localized basis set of only d wave functions is
considered, defined at Er. By this procedure, the projected Green function, as well as
the susceptibility and the self-energy reduce to energy dependent quantities that carry a
site-dependent pair of indices. Test calculations have shown that the projection onto the
d-orbital subspace is a reasonable approximation.

Access to y and ¥ via the KKRsusc program

The KKRsusc program (see light red boxes in Fig. is build upon rational fits of the
projected Green functions (see Sec. [3.3] as well as Refs. [37] and [38] for further details).
Depending whether an external field is applied or not the program calculates the xc kernel
or the dynamical susceptibility and the self-energy via the formulas given in Chs. [ and B

Access to renormalized DOS via the KKRsusc program

To obtain the renormalized DOS spectrum, i.e., the impact of the spin-excitation on the
electronic structure, one has to solve the Dyson equation which requires the self-energy as
well as the ground state Green function for the same set of energy points. This is achieved
by one-shot calculations of the JM code and the KKRimp program as sketched in the
lower part of Fig. [B.1} where the energy points that form the DOS contour (abbreviation
in Fig. [B.1} dos) are predefined by the energy values that were used for calculating
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the self-energy (indicated by the dashed line in Fig. [B.1]). This one-shot calculation is
performed using a sampling of the Brillouin zone with 350x350 k-points.
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C. Important functions and
identities

In the following the most important functions are listed. In addition, important related
identities are given.

The Dirac -distribution is defined as

5(w) = i 117_{+oo , w=0 (1)

im — = ,
n—0t Tw? 4+ n? 0 , w#0

such that it satisfies the integration norm condition
/dwé(w) =1. (C.2)
The Fourier transformations read

O(w) = %/dTeim and 1= /dwefi“”é(w). (C.3)

Suppose a function f(w) is well-defined along the real axis. By use of the Cauchy principle

value
fold g [[af0["] ey

one arrives at a version of the Sokhotski—Plemelj theorem for a real argument w, the
so-called Sokhatsky—\Weierstrass theorem

lim [ dw fidl)n = fdw@ Firf(0). (C.5)

n—0+ w

For a real number 7 the Heaviside step function is defined as

1 —wr 1 >0
O(r) = —=— lim [ dw € = { 7 . (C.6)
271 n—0+ w+1in 0, 7<0
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The value ©(0) is defined by hand and normally has no importance due to the exclusive use
of the step function in integrands. In that sense the step function is used as a distribution
and can be seen as integral form of the d-distribution.

The Fermi-Dirac function is given by

FET) = <oy ()

E—p) 41

with 8 = 1/kgT. In the zero temperature limit the chemical potential y turns to the
Fermi energy Er and one arrives at the step function (see Eq. (C.6)) with the argument
FEr - FE,

f(B) = J(E.T = 0) = ©(Ex — E) . (C.8)
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D. The lowest order self-energy

This Appendix is distinctly linked to Ch. |5 and dedicated to the derivation of the lowest
order self-energy within many-body perturbation theory (MBPT). First, the forms of
retarded, advanced, and time-ordered Green functions in time and frequency space are
discussed. Second, the lowest order self-energy as given by Eq. in the main text is
derived, where the lowest order of the Dyson equation (see Eq. of the main text
and Fig. represents the starting point. Finally, the connection of Green function,
susceptibility, and self-energy in their time-ordered and retarded forms is given, providing
the link from MBPT to the Korringa-Kohn-Rostoker (KKR) formalism.

D.1. Retarded, advanced and time-ordered Green
functions

The non-interacting single-particle Green function Go(1,2) is defined as solution to the
equation of motion for the non-interacting Hamiltonian #,(1),

(—ia(zl + H0(1)) Go(1,2) = —5(1—2) . (D.1)

The arguments are combined in an index 1 = (7, ;) and the abbreviation §(1 — 2) =
0(71 — ™)d(t1 — t2) is used. One distinguishes three different types of Green functions,
G([)R](lﬂ), G([]A](l,Q), and Gg](1,2), the retarded, advanced, and time-ordered Green
function, respectively. All three Green function are given at thermal equilibrium, i.e., they
are given with respect to the ground state wave function |[¥¢g) and take the form

iG01.2) = (Ves| [B(). 01 [Wes)Oth —12) . (D)
iG(12) = —(Ves| [0(). 0] Wes)Otla—t) . (D3)
and iGI(12) = (Wes|T [S()d)] |¥as) (D.4)

Here, the anti-commutator [1/3(1),1/3(2)7] = (1)(2)" 4 (2)1(1), the Heaviside step
+
function ©(t; — t2) (see Appendix [0), as well as the time-ordering operator 7~ (Wick
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D.1 Retarded, advanced and time-ordered Green functions

operator)
R 1001 LA S
T[w(l)w@)q = {&(2)*1/3(1) b <t
= HP2)O(t — t5) = D(2) (1Ot — 1) (D)

are used. The field operator in the Heisenberg representation in second quantization and
its adjoint take the forms

) = ) =3 e (0.6)

and (1)} (), ) Z oF (7)) etiBntigh (D.7)

where the eigenfunctions for the non-interacting Hamiltonian are given by ¢,,, E, is the
energy of the corresponding state, and ¢, (¢,) is the creator (annihilator) of the state.
Inserting the definition for the field operators, Eqs. and (D.7), into the expressions
of the three Green functions, cf. Eqgs. (D.2), (D.3)), and (D.4)), one arrives at

iGH(1,2) = Zcbn 5(Fy)e B =)0y — 1) | (D.8)
iG([JA](LQ) = 7Z¢n Tl n 7?2 e_lEn(tl_t2)@(t2 - t1) 5 (D9)

(—fn) Lt —ta <0’
(D.10)

L—fu) ,ti—ta>0
and iGl(1,2) = Z¢n * (7%)e 1En(t1t«z),{( fa) =ty

where f, = f(E,) = (exp(B(E, — p)) + 1)~ " is the Fermi-Dirac function evaluated for
energy E,, § = 1/kgT, and p the chemical potential. Here, it was assumed that the wave
functions form an orthonormalized basis set and one can benefit from the simplifications

(Uas|el enWas) = Gnm(Vas|élén|Was) = 0pm fn (D.11)
and <\IIGS‘énéIn‘\I}GS> = 5n,m<\IjGS|(1 - 6L£TL)|\IIGS> = 67L,77L (1 - fn) P (D12)

where 6, ,, is the Kronecker delta.

D.1.1. Lehmann representation: Green function in Fourier
space

Note, that the form of the single-particle Green functions in Egs. (D.2)), (D.3), and

only contains the difference of the two time-arguments, ¢; — t5. This allows to write
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D The lowest order self-energy

Go(1,2) = Go(71, 72; t1 — t2) and one can define the Green function of Fourier space in
terms of the Fourier transformation,

Go(’f_"hFQ;E) = /dt eiEtGo(Fl,Fg;t)

0 0
= lim |:/ dt ei(Eiin)tGo(Fh ’f_"g, t) + / dt ei(E+in)tG0(F1, 7?27 t)
— 0

7\0 0
0 . 0+ e . 0+
= / dt FHOG (7 s t) + / dt FHOIG (7, ;) (D.13)
—0o 0

with ¢ = t; — ¢y, the energy E = w (in atomic units), and a small positive number 7 as well
as the infinitesimal small positive number 0%. The introduction of such infinitesimal small
positive numbers —0" and +0*" becomes necessary in order to ensure the convergence of
the Fourier integration. For the time-ordered Green function one finds the expression

GU(71,7; E)
0 o)
= / dt HEONGU (7 ) + / dt e EHOORGU (7, s t)
—o0 0
=Y 6u() 85 (72) X

t=0

Qi(B—En—i0t)t Qi E—Ep+i0T)t t=o0
AR (1= 1fa)

' (7fn) + m

(D.14)

Due to the small infinitesimal 0 in the exponential function the boundary values for
t = 400 vanish and the integration becomes well-defined. Similar expressions can be
found for the retarded and the advanced Green functions. In total, the Fourier transforms
of retarded, advanced, and time-ordered Green functions read

I N ko 1
G([)R](rh?”??E) = Z¢n(rl)¢n(r2)m ) (D.15)
S N ko 1
GEA](ThTQ?E) = Z¢n(7’1>¢n(7’2)m , (D.16)
R - * /= fn 1- fn
and Gg](’[“hTQ;E) = Z(;ﬁn(rl)gbn(m) [E—E _10+ + E_ L +10+
(D.17)

The form of the Fourier transformed Green function is called Lehmann-representation. The
Green functions as defined in Eqgs. (D.15)), (D.16)), and (D.17)) can be written in terms of
a complex energy argument 2. The position of the poles in the complex energy plane are
sketched in Fig.[D:1] The poles of retarded Green functions are always below the real axis,
whereas the poles of the advanced Green function are found above it (cf. Fig. [D-1). This
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D.1 Retarded, advanced and time-ordered Green functions

reflects the nature of these two types of Green functions: Whereas the retarded Green
function describes an electron (hole) that propagates forward (backward) in time, the
advanced Green function describes the same for the antiparticle, i.e., a hole (electron)
propagation forward (backward) in time.

The time-ordered Green function has poles above and below the real axis. For the zero-
temperature limit, the Fermi function f,, results in a step-function ©(Fr — E,,), where Ep
is the Fermi energy. Then, the poles with E,, above and below the real axis are found below
and above EF, respectively (cf. Fig. [D.1)). The interpretation is such that depending on
the energy E, the time-ordered Green function describes an electron or a hole, propagating
forward in time.

The introduction of an infinitesimal 0™ became necessary to ensure a convergence of the
expressions for the Green functions in Fourier space. By an additional Fourier transformation

E .
/d—e_lEt GO(F17FQ;E) s (D18)
27

where Go(71, 72; E) is one of the Green functions as given in Egs. (D.15)), (D.16)), and

[D.17)), one should recover the corresponding Green functions in time space (cf. Egs. (D.§),
D.9), and (D.10)) and see in which way the infinitesimal 0F enters these expressions.

For solving Egq. one has to distinguish the two cases ¢ > 0 and ¢t < 0, as will
be demonstrated for the time-ordered Green function in the following. For ¢t > 0 the
integration of Eq. get extended to the closed complex contour integration Cs (see
Fig. [D.1)), since then e™* —— 0 for a complex energy z with Imz < 0. Thus, for the

|z| =00

time-ordered Green function Eq. (D.18)) can be written

dE | dr
/ o e GO, 7 B) + / et Gl 7y 2)

A 2T
=0
dz _iiA- =
= —e G L7
/c> 27Tc o (71,725 2)
= —IZ ReSEn,i0+ (eiiZtG([)t](’F’l,FQ;,Z)) 5 (Dlg)

where the last step utilizes the Residue theorem and the minus sign in front of Eq.
accounts for the clockwise rotation. A similar expression is obtained for the case ¢ < 0, for
which the path of the complex contour integration is denoted by C., cf. Fig.[D.1] Note,
that due to the anticlockwise rotation a minus sign does not appear in front of the final
expression. In total one arrives at

—13, On(F1) By () e BT — £y >0
HY,, G (1) () e i EnFODE £ ,t<0’

which is the same result as obtained in Eq. (D.10), given that ¢t = ¢; — {5 and that the
infinitesimal 0™ can be dropped.

Go(7m1,7;t) = { (D.20)
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D The lowest order self-energy

Figure D.1.: The two contour integrations C~. and C. within the complex energy plane are
shown, where the real axis schematically is indicated by a straight line from
—o0 to co. In addition the poles of the three Green functions are shown,
corresponding to Eqgs. (D.15)), (D.16)), and (D.17)). The poles of the retarded
Green function are indicated by crosses (x) and are located underneath the
real axis, whereas the advanced Green function has poles only above the real
axis (diamonds, ¢). For each eigenenergy F,, the time-ordered Green function
has poles above and below the real axis, which in the zero-temperature limit
reduces to poles above (below) it for E,, < Er (E, > Er), in the figure
indicated by squares (OJ).

D.2. The lowest order Dyson equation in Fourier
space

In this Section the approach to the lowest order self-energy is given. For this derivation we
omit the spin label for brevity and use for the time-ordered Green function the abbreviation
GY,(t — t2) = Go(1,2) = Go(71, T2; t1 — t2). In addition, we assume that the interaction
term is local in time and thus takes the form U(Th,Ta;t1 — ta) = Upa0(t; — ta) =
Us16(ta —ty). After performing a Fourier transformation for the time difference t = ¢ — {5,
Eq. of the main text becomes

G(l)Q /(1telEt/(13/(14/(15/(16 U356 3—t5)U64(5(t6—t4)

XGl 3(1L1 t3 ng t5 — t(, GZQ(t4 fQ)Gg4 t4 G25(t6 — t5

= G?2 /drg/dr4/d’f’r/dT6U30U64/dtelEt/dtg/dt4

XGI 3<t1 - tS)Gs o(ts — t4)G4 o(ts — Z"2>Gs 4(t3 - t4)Ge s(ta —t3) .
(D.21)

G12(E)

In order to simplify Eq. ([D.21]) we seek to formulate all Green functions with respect to an
energy variable via Fourier transformation. By taking into account only the time-dependent
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D.2 The lowest order Dyson equation in Fourier space

part of the last term in Eq. (D.21)) we get

/dteiEt/dtg/du G5t — t3) G2 g(ts — ta)GY o (ts — 12)GY 4 (15 —

_ / o i / it / it /dE1 /dE2 /(1E3 /dE4 dE5

—1[E1(t1 —t3)+Ea(ts—ta)+E3(ta—t2)+Ea(ts—ta)+Es(ta—t3)]

XG?:}(EI G 6(E) G5 (E3)GS 4 (E4) G 5(Bs)

_ / it / it / i /dEl /dE2 /dEs /dE4 dE5

—iFE1ty 1E3t2 I(El E;—E4+Es)ts 1<E2 E3+FEy—Es)ty

XG?,3(E1)Gg,ﬁ(EQ)G4,2(E3>G3,4(E4)G8,5(E5) .

Now we use the identity (see Appendix [C)

/dteiEt =2m-0(E)

t4)Go5(ts — t3)

(D.22)

(D.23)

for t3 and t4 and evaluate the resulting d-functions by solving the integral over E5 and

then the one over Ej,

/ tlEt/dEl/dEZ/dEE;/dEél/dEr

X CilEthl 1E5t26 El EQ E4 + E5)6(E2 E3 + E4
XG(I]J (E1) Gge (E2) GSQ (E3) Gg4 (Ey) G25(E5)

_ / . lEt/dEl/dE2/1E3/dE4

% e—1E1t1 iE3ts 5 El FEy — B, + (EQ Es + E4))

=6(E1—E3)

— E5)

X G 3(E1) G 6(E)GY o(Es)GS 4(Ey)Ge 5(Ey — B3 + Ey)

— fage (4B [AB: (4B s g

G 5(E1)G3 6(E2) G5 (1) G 4(Ea) G 5 (B2 — By + Ey)

_ /dE1/dE2/dE4/dt (E—E1)t

XGI B(El)GgG EZ)ng El)Gg4(E4)G6,5(E2 — B+ Ey) . (D.24)

In the last step we used that ¢t = ¢; — t5. Once more by using Eq. (D.23)),

we can replace

time integral and the exponential expression by another d-function with argument £ — F;
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D The lowest order self-energy

and subsequently perform the integration over E;. Thus, we find

/dEl/dEQ/@5E Ey)

X G (B1)GY 6(E2)GY 5 (E1)GY 4(Ea) G 5(Ey — By + Ey)

_ /dEz/dEz;G?d( )GY6(E2)GY 5 (E)GY 4 (E))GY5(Es — E + Ey)

dFE. dFE
QMWMD/QQwvaﬂ :

——GY4(E))Gg5(Ex + Ey)
(D.25)

where in the last step the substitution Fy — Fy + E was used. For Eq. (D.21]) we get the
result

GLQ(E) = G(I)Q /(175/(1/467 )GZQ(E)/dF5/d’F6

dE dFE
xU3,5U6,4/ 2ng(13+132)/ 4G§4(E4)G85(E2+E4) . (D.26)

dileSG s54(E2)

The definition of the susceptibility x3.5,(E2) reveals the structure of a convolution of two
Green functions. An additional convolution of this quantity with another Green function
points the way to the structure of the self-energy of lowest order, as given in Fig.[5.3] One
defines

Gra(E) = G o(E / ar, / 47, GO 4 (B)SD,(E)GY, (E) | (D.27)

with
S8 = [ a7 [ a8 ()0 (D.28)

and
Sg3;46 /@Gg(s (E+ Ez)Xse sa(E2) . (D.29)

The expressions for £9 ,(E), S%.46(E), and x34.54(E>) are those given in the main text

(see Eqs. (6.5)), (5.6)), and (5.7)). In the following we solve the energy integrations that
appear in the expressions for x3;.5,(F>) and X ,(E) and discuss their physical meanings.

D.2.1. The time-ordered single-particle susceptibility

Before the self-energy can be addressed we consider the term that describes the susceptibility.
By use of the expression for the time-ordered Green function in Fourier space (see
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D.2 The lowest order Dyson equation in Fourier space

Eq. (D.17)) we find
dE,

X36;54(E2) = —1/—6‘24 (Ey Gga(E2 + Ey)

dE
i / o nzﬂ; O (73) 05, (72) o (76) 0, (75)

1 f’l f’l
X — + :
E4 - En + i0+ E4 — En —i0t
1-— .fm fm

X . (D.30
[E2+E4—Em+10++E2+E4—Em—10+} ( )
The integration over E, can be performed by closing the contour in the half circle above
or below the real axis. By use of the Residue theorem the integrands containing residuals

on just one side of the real axis do not contribute so that we are left with solving the
expression

X3g5a(Ea) = —IZ% 7 (7) i (76) 7, (75)

X/@ 1—fo fn .
2n | By — E,+i0t Ey+ Ey— E,, —i0t
.fn . 1_fm
kEy—E,—i0t Ey,+ E,— E,, +i0t

By utilizing the Residue theorem and the contour integration C. from Fig. [D.1] we find
that

(D.31)

/ dE, fo fn
o 21 Ey— (E,—i0%) Ej— (Ep — By +i0%)

=g(E4)
> dE dz dz 1.
= [m T;Q(sz) + L gg(z) = /c< gg(z) = +iResg,, - g, 10+ (9(2))
=0
. (L= fa)fm : (L= fa)fm
= = — D.32
B Bt 10T — (B —i07) By — (B — Ey) — 107 (0:32)
and analogue
/00@ fw . 1_fm = 4 fn(l_fm)
o 21 By — (B, +10%) Eyq— (B — E» —i07) Ey — (Ep — Ep) +107
(D.33)
which allows to solve Eq. (D.31)). We get
X36 54(E2) Z¢n 73)0r, (7a) O (T ) 0y (75)
fn(l_fm) (1_fn)fm
_ D.34
X{Eg—(Em—En)ﬂm By — (E,, — E,) —i0* (D-34)
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D The lowest order self-energy

The first term in Eq. contains the expression f,,(1 — f,,) which only is non-zero for
E, < Er < E,, (in the zero temperature limit). Thus, this term only contributes for an
occupied n-state and an unoccupied m-state, causing E,, — E,, to be a positive number.
Therefore a resonance is achieved for positive F,, a process where energy absorption
takes place. On the other hand the second term only contributes when E,, < Fr < E,,
meaning that £, — F,, becomes negative. Thus, the resulting resonance (for a negative
E5) describes a process in which energy emission takes place.

The backwards Fourier transformation from E5 to t53 — t4 reads

0 2 —iE:
=ty — 1 = —e 7
X36,o4( 3 —ta) / 9

(t;;7t4)Xg6;54 (E2)

oo

© dBy _.
= Zd)"(fé)(b:l(ﬁl)(bm(Fb)(b:n(ﬁ;)/7 T;e—lEz(t3_t4)
| fﬂ(l - fm) (1 _ fn)fm
X [Ez (B — En) + 107 Es— By — By) — 10" .(D.35)

=3(E2)

Depending on whether ¢3 — t, is positive or negative we extend the integral along the real
axis to a complex integral along the contour C-. or C., respectively (see Fig.[D.]). This
case differentiation ensures that the added half-circle integration does not contain any
non-zero contribution. Using the Residue theorem we get

- dE2 —iEa(tz—t4) ~
852 piba(t-t g,
/_OO 5 9(E>)

dz -1 3—t4) ~ ! : —iz(tz—t4)
- / S e G(By) L FiResp,, g, zior (¢ 5(2)
Cz

_ i a—i(Bm—E,—i0T)(t3—t4) - 1— - ta—1ts >0
S fll =) sl =8> 0 (D.36)
“+1 671< m—En+0 )(t37t4)(1 — fn)fm s t3 — t4 <0
Thus, the Fourier transformation of the full expression in Eq. (D.34) is given by
Xosalts —ta) = =1 On()05 (7)) dm (75) 05, () 7 Fm =) lata)
» fn(l_fm) ,tg—t4>0
(1_fn)fm >t3_t4<0
= —iGo(3,4)Go(6,5)d(t3 — t5)d(ts — ta) - (D.37)

In Fig. we show the Feynman diagram for the single-particle susceptibility and analyze
the contracted situation with §(7 — 75) and (7 — 7%).
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(a)
6 b0 (b) o, 6
4—>—3 4 4-—<—3 -
6*(75 n<m 6%5 4©3 n<m 4<>3
bm Om Om P

Figure D.2.: The Feynman diagram for the general single particle susceptibility is shown
(a) as a four-point quantity, x34.54, and (b) in its contracted form, x3,.,.
Depending on the order of time one reads it from left to right (t5 > t4) or vice
versa. Thus, the roles for hole and particle swap. Due to the possibility of
relabeling (n > m) we find that in the contracted form (b) the particle-hole
pair does not differ from the hole-particle pair.

D.2.2. The time-ordered lowest order self-energy

Next we turn to the term that describes the lowest order self-energy (cf. Eq. (D.28)).
Again we insert the expression for the time-ordered Green functions (see Eq. (D.17)). By
use of the analogue expression for the time-ordered susceptibility (see Eq. (D.34)) the
energy integral in Eq. is given by (omitting the imaginary unit for a moment)

dFE:
/ QGg,G(E + EZ)X26;54(E2)

2w

D TGP bn (76 (1) S () 05, (75)

k,n,m

dE, 1— fi i
X/? {EQ—(Ek—E—iO+) TE - (Ek,,—E+i()+)]
% |: fn(l - f'rn) o (1 - f’n)fm :|
E,— (E,—E,—i0t) FEy,—(E,— E,+i0%)

= > 6kl (76) bn (75) 05 (F4) b (76) 65, (75)

k,n,m
></ dZ|:_ 1_jk . (1_fn)fm

c. 2m z—(Ey— E—i0%) z—(E,— E,+10%)

e (Br—E+i0%) 2 (Ey— E, —i07)

= - Z Bk (75) 05 (76) P (73) 0 (T4) D (76 ) P (75)
k,n,m
(17fk)(17fn)fm fkfn(lffm)

8 |:E - (Ek - Em + En) +i0* E— (Ek - Em + En) - 10+:| . (D38)
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D The lowest order self-energy

Similar to previous integrals the Residue theorem was used. In total the time-ordered
lowest order self-energy is given by

S(E) = [ [ dibslie Y ouIOL)0 ()6 ) o (F)é0()

kn,m

E—(Er—En+E,) +i0+  E_(Ey—En+ E,) 10"

(D.39)

D.3. Connection between time-ordered and
retarded expressions

In this Section the time-ordered forms of susceptibility and self-energy (as given in the
previous Section) are rewritten in terms of retarded Green functions, such that their
retarded analogues can be identified. In order to distinguish time-ordered and retarded
expressions, we use labels (as done in Egs. and (D.4)).

The time-ordered Green function in Fourier space reads (cf. Eq. (D.17)))

7 l_fn f’n
GV(E) = G717 E Z% [E . ~0r TE-E _iOJ(DAO)

By replacing —i0™ by +i0" in the second term of Eq. (D.40)) one arrives at
—; 1 - Jn n
S onlr) e B
F—-FE,+i0t E-—FE,+i0t

1
Z¢n R (D41

which is identical to the retarded Green function G (7, 7; E) (see Eq. (D.15)). One
can define real and imaginary parts for the time-ordered and retarded Green function in
the same way as defined in Ch. 8] A comparison of their energy dependent terms

1 _fn f"’ — P 717T5(E*En) [I*an] (D42)

E—En—i—i0++E—En—i0+ E — Erp
1 P .
leads to the useful identity
G(E) = ReGI(E) + isgn(E — Er) ImG5°(E) . (D.44)

Due to the fact that the retarded Green function is analytic above the real axis (i.e., the
poles are found for E = E,, — i0") we can perform a closed contour integration in the
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D.3 Connection between time-ordered and retarded expressions

upper half of the complex plane (e.g., the contour Cs in Fig.|[D.I)) and use the Residue
theorem. This leads to

!

de’
0 L [ame e E)

£
/ (12 [R G (E)ReGI (B + E') — mGE (B)ImGI (B + E/)}

™

)
+1/ dzw [ReGHF (BYmGH (B + B') + G (B)ReG (B + 1)
(D.45)

Thus, real and imaginary part of Eq. ([D.45)) allow to extract two useful identities, valid for
retarded Green functions,

E E
/ 4 g e G (EYReGE(E + E') = / %ImG@O(E)ImGgZ]O(E + E') (D.46)
and

~ qE
/ d [ReG[f; (E)ImGY (B + E') + ImGE (B)ReGI (B + E/)}

Er+|E| o

ErtlEL [R)o ’ R0 1y [R]0 y
- - : [ReG12 ()G (B + E) + ImGE (B)ReGY: (E+E)} .
_ m

o0

(D.47)

D.3.1. The retarded susceptibility

The time-ordered susceptibility is given as convolution of two time-ordered Green functions
(see Eq. (D.31))). We are now able to reformulate this convolution in terms of the retarded
Green functions,

. dE’ / ’
ey = i [ dEetE s p)
_ de’ [R]O/ v [R]O [ 1
o —i o {R eGyy (E') +isgn(E' — Ep) ImGyy (E )}
[ReG6 PO+ E') +isgn(E + E' — Ey) ImG(E + E’)} :

(D.48)
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D The lowest order self-energy

To improve the readability we temporarily define Ry = ReG;[ﬁO(E’) and I = ImG[ﬁO(E’),
as well as Ryy = ReGgEO(E + E') and Iy = ImGgEO(E + E’). We find

dE'
Xz[st(];?m(E) = / o sgn(E' — (Ep — E)) Riln + sgn(E' — Er) 1 Ry

—i(RIRH — sgn(E' — (Ep — E)) sgn(E' — Er) IIIH>]

B /dE"
o |

1(1 — sgn(E' — (Bp — E)) sgn(E' — EF)>111H}

Erp—|E| E'
/ L |: — Ryl — ]IRII:|

o 2m

SgH(E, — (EF — E)) R]]H + SgH(E, — EF) IIRH

+

Ep 1E/
/ ¢ [5gn(E) RIIH — ]IRII — 1(1 + bgn(E))IIIH]

Be—|B| 27

Ep+|E| dE’'
+ / - [sgn(E) R]]H + ]IRII — 1<1 — SgIl(E) > II[II:|

Ep 2
o0 dE/
+ / [RI[II + IIRH:| . (D49)
Ep+|E| 4T

Due to the signum functions the integration has to be split into four integrals. For the
two middle ones the product of two signum functions was replaced by one, which is only
correct within the corresponding bounds of integration. By use of Eq. one can
incorporate the last integral into the other three. This leads to

Erp—|E| dE’
Xi[ff]j(;]54(E) = 2/ o [ Ryl — ]IRII]
Ey dE/
+ / |:(]. —+ sgn(E))RIIH — QIIRH — 1<1 —+ sgn(E))II[H}
Ep7|E‘ 271'
Er+|E| dE'
+ / |:(—1 -+ SgIl(E))RIZH — 1<1 - SgH(E))II[H:|
Er 27T
Egr dEl
= 2/ 2 |:_ RIIII - IIRH:|
oo 4T
Er dE/
Ep—|B| 2T
Ep+|E| dE'
JEp m
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D.3 Connection between time-ordered and retarded expressions

Depending on the sign of E either the second or the third integral is multiplied by zero
and does not contribute. In total we find the expression

—00

Ep dE/ Er dE/ )
ng]i?54(E> = _2/ 5 |:RI[II + IIRH] + 2/ (Ry —isgn(E) I;) Iy (D.51)
s Ep—E 27T

for the time-ordered susceptibility. Now, the remaining task is to find the expression for

the retarded susceptibility and relate it to Eq. (D.51)).

Similar to the Green functions one arrives at the retarded susceptibility by replacing —i0™"
by +i0" in the second term of Eq. (D.34)), the definition of the time-ordered susceptibility
in Fourier space. This leads to

f’n - fm
Ey — (B, — E,) +10T 7

XSoa(E2) = D 6u(75) 85 (74) b (7 05, (75) (D.52)

By use of the Sokhatsky—Weierstrass theorem (see Eq. ((C.5))) the energy-depending part
of the time-ordered susceptibility (see Eq. (D.34)) can be written as

fn(l_fm) (l_fn)f'm

E— (Ey—E,) +i0t  E— (E,— E,) —i0*

P .
= (fn - fm)m 7171—6(E7 (Em - En)) (fn+fm 72fnfm) .
(D.53)

Doing the same for the retarded susceptibility (see Eq. (D.52)) results in

f’n - fm
E— (E, — E,) +1i0*

P .
(fo — Fn) (w —in8(E — (B — En))> . (D54)

such that the difference between time-ordered and retarded susceptibility can be cut down
to the two expressions

1 ,E,<BEr<E,
fo=Im+2(fn=Dfm=141 , B, <Ep <E, (D.55)

0 , else

and

1 , B, < Ep < FE,
fo—fm=<-1 , E,<Ep<E,. (D.56)
0 , else
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D The lowest order self-energy

A comparison of Egs. (D.55)) and ([D.56)) reveals that they are identical up to a change
in sign for the case that E,, — E, < 0. As a consequence, the connection between

time-ordered and retarded susceptibility is given by
Xitsa(B) = Rexigsa (B) + isgn(E) Imyig s, (B) - (D.57)

Using Eq. (D.51)) we arrive at the retarded form for the susceptibility

R
X'[Gggzx(E)
BB T IR0 (R0 (7)o (R
- 2 / = [ReG?)A (ENImGIP(E + B') + G (B)ReGY(E + EY)
BrodE (R0 (7)o (R
+2 / Rl (ReG34 (E') — ilmG (E’)) G (B + E) . (D.58)
= , : :

This expression can be related to the form of the Kohn-Sham susceptibility as implemented
in the KKR program, see Eq. (4.37).

D.3.2. The lowest order retarded self-energy

Analogue to the procedure of finding the expression for the retarded susceptibility we now
derive a connections between time-ordered and retarded self-energy and describe the latter
in terms of retarded Green functions. The convolution of the Green function and the

susceptibility (see Eq. (D.29))) reads

Sii6(B)
dE’
= i/;Gg]g(E‘*’ El)th]i?M(El)
_ [ [ReGIP(E + B) +isgn(E + B~ Ex) mGY°(E + £)
oo | 2 ”* B

x [Rexbit, (B) + isgn(B') x5, (B)] . (D.59)

Again, in order to improve the readability, we temporarily define R = ReG[;g’]O(E + FE)
and I} = ImGE(E + F'), as well as Ry = Rexi[fg]:gzl(E’) and Iy = ImngZJgZL(E’) and
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D.3 Connection between time-ordered and retarded expressions

make use of identities similar to those shown in Eqgs. (D.46]) and (D.47)). We find

Sie(E)

L [dE [~ - -
1/ o RIRH — SgH(E/ - (EF — E)) sgn(E') IIIH

+1(sgn(E’) Rliﬂ + Sgn(E’ - (EF - E)) iIRH)

. [ dE , s s
- (1 — sgn(E' — (Er — E)) sgn(E")) L1

+i(SgIl(E/) RIfII + SgIl(El - (EF - E)) iIRH)

—|Er—E| dE' [ ~ - o
= / o (RIIH + [IRH>
oo T

0 dE’ - ~ =~
+ / |:1 (1 — SgH(EF — E)) [IIII + (RIIH + Sgn(EF — E) [IRII):|

\Be—E| 2T

|Er—E| ’ . - . - .
=+ / |:1 (1 =+ SgH(EF — E)) IIIII + ( — RIIH + SgH(EF — E) IIRH>:|
0

2m
< dE' [ = - -~
- / (RIIII+IIRII) : (D.60)
|Er—B| <T

Due to the signum functions the integration has to be split into four integrals. For the
two middle ones the product of two signum functions was replaced by one, which is only
correct within the corresponding bounds of integration. We get

CAdE [ ~ - -~
Sé§?46(E) = —2/ 5 |:RI[II_IIPLII:|
; =
0 o -
(s =) [ IR - ik
—|Br—E| “T
|Erp—E)| dE' - -

—(1+ sgn(Er — E))/

I(—Ry —ily) . (D.61)
0 T

Depending on the sign of E — E either the second or the third integral does not contribute.
In total we find for the time-ordered lowest order self-energy the expression

SRy = / drs / AFsUs 5Us 4
o0 dEl

)

0 !

(R]iﬂ =+ flén) — 2/ jI (RII — 15gn(E — EF) iII) :| .
T Ep—E 27T
(D.62)
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D The lowest order self-energy

The retarded self-energy is obtained when replacing —i0" by +i0™ in the second term of

Eq. (D.39). This leads to
SE) = [ [ At Y o006 ()0 )60 )

k,n,m
fm - fnfm - fkfm + fkfn
E—(Ey—E,+E,)+i0t "’

A comparison of (see energy-dependent terms in Eq. (D.39))

E— (Ep— B+ Ep) 410+ E— (Ep — Ep + By) — 07
P
= E— (Ek — Em+En) (fm - fnfm - fkfm+fkfn)

_iﬁé(E - (Ek - Em + En)) ((fm - fnfm - fkfm + fk.fn) - kafn(l - .fm))

(D.63)

(D.64)
and (see energy-dependent terms in Eq. (D-39))
(lffk)(lffn)fm (fkfn(lffm)
E—(Ex— Ep+ En) +107  E—(Bp— Ep + E,) +10°
P
= F-(B—Bnt En)(fm = fafm = fefm + fufn)
—1W5(E - (Ek - Em + En)) (fm - fnfm - fkfm + fkfn) (D65)

reveals that the retarded and the time-ordered self-energy differ only when fj. f,,(1— f..) # 0,
i.e., E,, is above the Fermi energy whereas F;, and FE, are below. In combination with
the d-function for the energy argument this leads to the inequation

If this inequation is fulfilled, one finds

fnz_fnf7n_fkfm+fkfn:1 (D67)
and
fm7fnfm7fkfm+fkfn72fkfn(17fm):71 (D68)
In total this leads to the connection between time-ordered and retarded self-energy,
SI0(E) = ReSSP(E) + isgn(E — Ep) ImSh (E) . (D.69)

Together with Eq. (D.62)) this results in the expression

sHOE) = / drs / A7sUs 5Us 4
dE/ 0 /

- AT dE - /= .-
[2/0 2 (RII“*IIRH) *2/EF_E 5l (RIIIIH)] ,(D.70)
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D.3 Connection between time-ordered and retarded expressions

the retarded lowest order self-energy written in terms of retarded Green functions. If we
now replace X710 by X171 (meaning that y!° is replaced by the enhanced susceptibility
x™) we arrive at

/ a7 / A7y 5Us 4

dr’
{ - 2/ (ReG56 (£ + E/)ImXBG s4(E') + IIHGLIS (E+ El)ReX% 04(E/))
0

2m

0 dr’ [R]O / /
-2 5 - ImGgg (E+E)(R6X3654( ) 1ImX3654(E)) . (D.71)

Ep—E 4T

—

In addition we assume the Coulomb interaction to act locally in space, Us 5 = U3d (7 — 75)
and Us 4 = Uyd(7s — 74). Thus, we have

UsUy [ [
S (B) = ‘;4[ / 4B T | GH (B + B, ()]
0
s armeliE s ey e
Ep—FE '
We now identify
APQ+E — G Q+E)
Us — Ui()
Uy — U;(7") (D.73)
Xbisa(Q)  — XTI+ i07)
S(E)  — BT E)
and find
557, T E)
(7 (777 o
GO/ G >7TJ(T ) U AQ Im [G5, (7,7 Q + B)XT (773 Q)]
0
-V
—/ dQ Im [GT2, (7,7 Q + B)] X7 (7,73 Q)| (D.74)
0
where
XZJ 47 H/ ZXzLJL’ F ’f ) . (D75)
L,L’

This expression is of the same structure as the one implemented in the KKR program. A
derivation within the Matsubara formalism is presented in Appendix [E.
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E. The derivation within the
Matsubara formalism

iwg, o iwy, 0

iwp, o

iws, o’ Wy, o’

Figure E.1.: (a) The basic one electron Green function G" U)(M’ iw,,) as it appears in
the shown Feynman diagrams. (b) The Feynman diagram that describes the
Coulomb interaction Uagw(;(Z) and how Green functions connect to it. The
energy transfer is given by i(ws — wy,).

(This survey follows notes that were written by D. Mills.)

Let Gg;),(é_: 7;iw,) be the one electron Green function which describes a creation of an

electron of energy iw,, and of spin ¢ in orbital o at site 7 and its subsequent propagation
to site ¢, where it is destroyed in orbital . The Dyson equation then reads

Gl iw,) = G0 iw,)
+ Y GO iw,) S (0w, G

oo
[//[/// "o

(0" 0w, (E1)

where G° ‘7)(6 {’;iw,) is the basic one electron Green function from which the diagrams

aa!

are build, see Fig. [E.I(a). The Coulomb interaction has the form

Z > Uasirs (O)ae (0) eaar (1)1 er0r (0)e55 (0) | (E.2)
oo’ afyd

where the corresponding basic Coulomb scattering vertex Uaﬂ;'yﬁ(gj is shown in Fig. b).

In the following we want to examine the diagrammatic structure of Zg;), (E I iw,,). Fig.
shows a Feynman diagram which will lead us into the spin wave feature. We define the
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E.1 The Structure of T

iwg + i, T

(50)
L (R O B A CT) (af)

iwy, 0

Figure E.2.: The Feynman diagram for the self-energy as given in Eq. ([E.3)).

shown element as $°1%) (€,0;iw,). It can be seen as the lowest order contribution to the

aa’

proper self-energy. If we write this out we have

Vol L5 iwn) = 3 Unna (D85350 55 i0n)Usspran(0) (E3)
BBy 80
where
0(o 0(c o 0(oa) (7 7. -
S s (00 BZG()E it + i) L5 (0. 03192,) (E.4)
iQm
and
55/5&(6 Z; IQTIL = ZG(; IWg)G (‘6_; Z W "FIQ"L) . (E5)

iws
The factor of —1 in the latter equation accounts for the fermion closed loop.

In a second step we account for the random-phase approximation (RPA, see Fig. [E.3]) and
in Eq. (E.3) replace I'°°?) by T(°@) This is possible because the analytic propertles of
[0(@) and I'®?) are the same. We analyze the structure of I'°°?) and then the one of
the self-energy. We wish to perform the sum over iw, in T'%?) first.

@ B 5

Figure E.3.: (a) Feynman representation of I'°"?). This term appears in Eq. (E.3)). (b) In
the RPA T'°(°%) s defined as an infinite sum over two Green functions that
interact via the Coulomb interaction.
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E The derivation within the Matsubara formalism

|
|

” Rez < < Rez

Figure E.4.: (a) Contour C in complex energy plane as used in Eq. (E.7) for . The
Matsubara points iw; are indicated by x's. (b) Distorted contour.

E.1. The Structure of (@)

We suppress all indices and site labels, and write

_ 1 _
rC3G10,,) = == G (iw,) G2 (iw, + i E.6
(i) = = zw: (i) G ) (E6)
where iw; = i%”(s—i— 1) and iQ,, = i%"m. Now f(z) = (e + 1)71 has poles at z = —iw;

with residue —1/5. Thus, we can write
_ 1 _
T (i) = —— f dzf(2)G) ()G (= + i) (E7)
c

with a complex energy contour C as shown in Fig. [E.4(a). Note that the Green function
G () has a branch cut along Imz = 0, so that the contour integration is chosen such
that it does not cross those branches. In order to solve the complex contour integration we
distort C so that it becomes as given in Fig. [E.4(b). Thus, for a sufficiently small number
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E.1 The Structure of T

1 > 0, the integration can be represented by two integrals with real argument e:

1o (iQ,,)
= _2i7ri {/Z def(e) (GO(">(€ +in) — GO (e — in)) GO (e +iQ,,)
+ / " de Fle —19,) G (€ — i) (G*@ (e +in) — G*@ (e — in))}
= /00 def(e) {po(”)(e)Go(”)(e +1Qp) + GO (e — iQm)p()(”)(e)] , (E.8)

where f(e —iQ,,) = f(e) was used and the spectral density
" (e) = —% (GO(” (e +in) — GO (e — in)) (E.9)
for the basic one electron Green function was defined.
Now we restore the subscripts and suppose that
. @) (3 3(7) 7\ %
GUD(7 P 2) = ZM- (E.10)

A Z = Eg\”)

This leads to

- 1 - - _
(00 e) = —.(G&y (f Z:c +iT/)—G§§f)(14f7;e—ln))

27

Zw’) (e - e<;>) (E.11)

and thus
ggj?&’ (E 27 Qm)

= / def(e) [p[w (00 GR7 (0 Ge+i9,) + Gos) (0,0 e 1szm)pg<,g)(ﬁ,eje)}

> [ derte [ OEGRICE )W

N € +1Q,, —e/\,
N OUISN(DN @ (D) (s >
s (U S U OV 075 (e = 7))
€ — i), — €,
00 ( f(e(;)) _f(e(f/)) @) (T o) (v
SR 7 IR (E12)
N € + i,

This is the structure of the electron hole propagator for finite temperatures. The numerator
of each summand in Eq. (E.12) contains a difference of two Fermi functions, which
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E The derivation within the Matsubara formalism

accounts for a probability to have an electron-hole excitation in eigenstates A and \’. The
denominator of each summand shows a resonance for eigenstate energy differences that
match the real part of the argument, i2,,. The structure of Eq. is comparable to
the general structure of the zero order two particle Green function, as given for example
by Tang et al. in Eq. (2.23) of Ref. [107].

Note that numerically it is more convenient to write the spectral density in terms of the
Green function on the same side of the branch cut. Because of the identity

G (00;27) = Gy (0 G 2) (E.13)
(can be shown by use of Eq. (E.10)) the spectral density can be written as

oo (0. 756) = = 1(025; (0, 05e+in) = G Ge+in)') (E.14)

E.2. The Sum Over i€}, in the Proper Self-Energy

Imz Imz
(a) A (b) A
Q¥ | AQ. Rez ﬁ/ QC( Rez
,,,,,,,,,,,, B
f} n n

Figure E.5.: (a) Contour C in complex energy plane as used in Eq. (E.16) for S. The
Matsubara points if2,, are indicated by x's. (b) Distorted contour.

Suppress indices and site labels again. One has to consider

S (iw,) = ZG()(" (iwy + Q)LD (i2,,,) (E.15)

iQm
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E.2 The Sum Over i§2,, in the Proper Self-Energy

where T?)(iQ2,.,) is replaced by the full propagator T'“?)(iQ2,,,). As noted earlier, the
analytic structure of I and I'° are the same, and we give the prescription for calculating I’
below.

Now I'“?)(2) has a branch cut along the real axis. On what follows, suppose the branch
cut extends from +2, to oo, and from —Q, to —oo, where €. is very small. We perform
the limes Q. — 0 at the end.

Now the function (1 — e‘ﬁ'z)_1 has poles at z = i, with residue +%. Hence we can
write

5 (iw,) = _2i7ri i dz [1 4 n(2)] G*@ (2 + iw, )T () (E.16)

where n(z) = (e’ — 1)_1 and 1 +n(z) = (1- e‘ﬁz)_l. Here C is the contour of
Fig. [E-5(a). The contour can be distorted to the one shown in Fig. [E-|(b), so that

S5 (i,
= —% [ / dQ 1+ ()] G*P(Q + iw,) (TP(Q + in) — T(Q — in))
1
+/ de[1 + n(e — iw,)] (G¥ (e + in) — G*@(e — in)) TP (e — iw,)

(E.17)
By f/ we indicate that the region from —€, to +€, is excluded. With the identity

1 _ 1 _
1 — e Peeibun | efe

1+ n(e—iw,) = — f(e), (E.18)

where f(e) = (e’ + 1)71 is the Fermi function, one arrives at

5@ (iw,) = / /dQ [1 4 n(Q)] G°@(Q + iw,) " “D(Q)

+ /OO de[1 = f()] pP*@(OTD (€ — iwy,) (E.19)
where
K () — —% (TD(Q + in) — TE(Q — i) (E.20)

was defined. If subscripts and site indices are restored, one uses the identity

oo 7o % o0, a7 *
Fgﬂ,i%,(f,ﬁ 12%) = Fé,ﬁfﬂ,&(ﬁ N (E.21)

(can be shown by use of Eq. (E.12)) to find the result for the proper self-energy:

2(02’ (Z Z;Q iwn) = Z Uuﬁ;'yé( _3S§§23';55'7' (Z Z? iWn)Ué’“/’;/i’a’ (ﬁ) ) (E-22)
BBy 88"
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E The derivation within the Matsubara formalism

where
S s (005 iw,) = / AQ L+ n(Q)] G2 T2 + iwn) oy s (€, 05.)

+ / de[1 — F(e)] X900 T (0.0 — i) (E.23)

[ee]

and

(0T i 1 oo i oo s © \x
ST (000) = —o (rw}%,(e O+ in) = T2 (0, 6:Q + in) ) . (E.24)

E.3. Connection to the expressions used in the
KKRsusc code

In the zero temperature limit 7' — 0 (i.e. 5 — c0) one has

1, >0
lim [14+n(Q)] =6(Q) = ’ E.25
Jim 1+ n(€2)] (){O,Q<0 (E.25)
and
. 1 , €> EF

| 1-— =0(e— Efp) = E.26
lim (1 = £(0)] = ©(c — E) {07 iy (26

Thus, we find for Eq. ([E.22]), the proper self-energy, the expression
SO Tw+in) = > UQW(Z){ / AQGYD (L T5Q + w + i) py oy (0, 05.0)

0

BBy 66
+/ dep()(J 0,7, )Fg(g,rﬁé,(& Oie—w— in)} Usrigrar(€) . (E.27)
Er

Here, the analytic continuation procedure for the argument was done, iw, — w + in.

Again, let us drop the indices (including the sum over orbitals) and site labels. For the
second integral in Eq. ﬂ we substitute € by Q + w and arrive at

¥ (w +in)
dQG0 (Q+w+in)p" " (Q)

+/ dQ p°@(Q + W)L (Q —in) |U(F)
Ep— J

{ dQ (G°(Q +w +in)p" ") (Q) + p" 7 (Q + )T (Q — in))
0

—/ . wdQ ")(Q+w)F<"a(Q—in)_ Uy . (E.28)
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E.3 Connection to the expressions used in the KKRsusc code

Since
G"(Q+w +in)p" 7 (Q)
= —%GO@(Q +w +in) (T(Q +in) — TD(Q — in)) (E.29)
and

P"@(Q + )T (Q — i)

= f% (G*(Q+w+in) — G*D(Q+w —in)) T Q —in)  (E.30)
s

we have for their sum
G 5)(9 +w+in)p"7(Q) + PP(Q+ w7 (Q — ip)
= —— (GO @(Q+w + i (Q + i) — G¥D(Q + w — in)T(Q — in))

2mi
(E.31)
Restoring the indices and site labels, we find the solution
S €8s w +in) = L0 (005w + i) + T (0. 05w + i) (E32)
with
1 ,aa! (Z Z + 177)
Z Uagins (OUsvigrr (€)
ﬁﬁ’w’éé’
X /0 dQ Im [GS?(@ 05+ w + i) (0,059 + i)
(E.33)
and
(L. E’ w + i)
Z Uags( Ué’"/ B ’(ﬁ)
Bﬁ"ry/&?’
Ep—w S
X / dQ Im [Gg(j)(& 4’;Q+w+m)} Ss(0 GQ+in)*
0
(E.34)
Here we used the identity
7,7 1 &) 7 7 %) 7 7.
Im [Ggg,)(e,é’;z)} = 5 [Ggﬁ/ (0,0;2) = GXD(, T2 )]
1 SN
- 21{ Nl 2) — GUD (T z)*] (E.35)
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E The derivation within the Matsubara formalism

and a similar identity for the product of Green function and electron hole propagator.

Assuming the Lowde and Windsor form of the effective Coulomb interaction matrix
elements,

— —

Uaﬂwé( ) = U( )504"/556 s (E36)
we have
Zl("a)a (00w + in)
= —W/ dQ Im [GO(” (00,9 +w+ i, 7 Q+m)} (E.37)
T 0
and
12(20, (Z lﬁ; w+in)
2 o Ep—w L (o5 .
R OUC) ’):(6 ) / dQ Im [Ggg> O +w+ in)} T 0.0 +in)* |
0
(E.38)
where we defined
(”” (07) 7.
T = T (00 2) . (E.39)
BB
If we now define V' = w — Ep, the bias voltage, and identify
GOV +Q+ By +in) — G (575 V + Q+ Bp +i07)
U — U 0
B?)ﬁﬂ’(g 70+ in) — X/(cij’)lL”’ apm (5T Q4107)
SOOIV + Ep+in) — zZLLL,( LV 4i07)

we arrive at the expressions implemented into the KKRsusc program,

S L ETV 4107) =T TV +10°) + I, (B V +107)  (E41)

iL;j L'
with
(o)
Il aL; ]L'(

_uEue) [ ) e
= dQ Im QLLJL,(r,r,V—I—Q—I—EF—Q—lO X T, T Q4 107)
0

™

'V +i07)

(E.42)

(7 (7 -V =
SALTIULYICORy e Im|:g?L(L;Tj)L/(f V4 Q4+ Ep+1i0%) X7 (F, 1 Q +10%)"

™ 0

(E.43)
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E.3 Connection to the expressions used in the KKRsusc code

where we defined

XQTE) (F, F’, Z) = X]iigl/)lL”';lL//'kL” (]:_"7 I_j, Z) . (E44)
L' Lkl

Note that for the self-energy the argument now has the Fermi energy as offset.
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F. Susceptibility within a simple
model

In this Appendix we present an approach
to the dynamical magnetic susceptibility via
a simple model. This model is build upon
two Green functions, accounting for the two
spin channels, spin up (1) and spin down
(J)- Their density of states (DOS) show 1
Cauchy-Lorentz resonances centered at ] !

and Ej > E]} with corresponding widths ; R
I'" and IV, respectively. Additionally an ex- E' By BV
ternal magnetic field B®* is assumed, that
points along the z-axis and leads to slightly .
shifted resonances ET and E*. Within this Figure F.1.: The density of states for the
model the susceptibility can be expressed two spin channels as given bY
in an analytical form. We analyze the form EQ- 2. The resonance posi-
of the susceptibility in the linear regime, tions are given by E' anf:l E¥,
i.e., for sufficiently small frequencies, which Fhe f_“”'W'dth at half maximum
leads to expressions for the resonance posi- is twice the value of " and T'*.
tion, the full-width at half maximum, and other properties of the spin excitation that are
also utilized in the main text. For this we investigate the expansion of the susceptibility
within a Taylor or a Padé series up to first order.

—n*(E),n' (E)

F.1. The simple-model Green function

We start by defining the Green functions

1
GE = gpram M IEO=

1

E—FEl+iIv’ (F-1)

where BT = E} — B**, EY = E} + B®*, and I'",T* > 0. Note that this type of Green
function is also obtained in the Anderson impurity model [108]. The density of states
(DOS) as function of the energy is given by

1 re

o _ _l m o I
WB) =~ G (B)) = s (F2)
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F.2 The simple-model susceptibility

with o € {1,1}. The spin-resolved charge is given as integral over the energy,

> P 1 Er—E° 1
N":/ dEf(E)n”(E):/ dEn”(E):farctanFFi+§. (F.3)
m o

—00 —00

where the Fermi-Dirac distribution f(E) (see Appendix[C)) is evaluated for zero temperature.
Then, the total charge, N, and the magnetization, M, are given by

N=N'+N* | M=N'-N*V. (F.4)

For the following analysis it is also useful to define the magnetization of the system in
absence of an external magnetic field (B*** = 0),

Er
My=N] - N} = / dE (ng(E) _ né(E))
1 Er — E! Ep — E*
= ; (arctan % — arctan Fﬂo) s (F-5)

where ng(E) and N¢ are given by Egs. (F.2) and (F.3]) with B** = 0.

F.2. The simple-model susceptibility

The dynamical response function is given by

) = 7y = (ten ™ =)™ o)
where
U = (x0(0) ™| gexig (F.7)

is called u-parameter and ensures that y obeys the Goldstone theorem by constructionf] The
second quantity that appears in Eq. (F.0]) is the (transverse) noninteracting susceptibility.
It is given by
I
Xo(w) = —;/ dE[gi(E + w)Im [QT(E)} —Im [gi(E)*} G'F — w)*}

—00

—00

R VE AEGHE +w)(G7(E) - G'(B)")

—00

— /EF dE(gi(E)* — gi(E))gT(E - w)*} , (F.8)

1The u-parameter corresponds to the so-called exchange-correlation kernel from DFT or Stoner onsite-
term in other models.
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F Susceptibility within a simple model

where Im [G] = % (G — G*) was used and G* is the conjugate complex of G. For zero
frequency the noninteracting susceptibility reduces to a real number and takes the form

Xo(0) = —% /  AEI [GHE)GT(B)] | (F.9)

oo

In order to solve the integrals over four products of two different Green functions in
Eq. (F.8) we use the identities

g'(E) gl ey
" _ _
GE+w) = TR0+ iNGi(B) 1= (a-w-ang @)y 0
g (E) g'(E)
NE—w) — =
GE-w) = T Ao g E)r 17 A —w—ang@) Y
where A = ¥ — BT, A = —(T* —T'"), and I' = § (I'* +I'"). By taking into account
that G2dE = —dG , the expression in Eq. becomes

1 " (Er) dg gt (Br) dg
) = g [ -
i | Jgt(coo)=o 1 — (A —w +1A)G 1—(A—w-—2iG

G4 (Er)* dg G4 (Er) dg
_/0 1+(A—w—iA)g+/0 1+(A—w—21r)g] (F.12)

F.2.1. Case A = 0: Equal resonance widths

Let us assume that both spin resonances have the same width I' = I'" = T}, so that
A = 0. At first, the case w # A is considered (the discussion of the limit w — A comes
subsequently). Thus, the integration paths in Eq. do not cross the negative real
axif| and each integral is well-defined. We find

1| In(1-(A-w)g"(Er)) N In (1— (A —w=2i"G'(ER)*)

0o =55 A—w A—w—2T
In (1+ (A — w)GHEp)*) N In (14 (A —w—2il")G4(EF))
A—w A —w =2l
G!(Er) G*(Er)* G'(Er) Gt (Er)
_ 1| et e | L G T Mgt (F.13)
(F10), 1) 27 A—w A —w—2il Y
For the special case that w = A, one needs to integrate terms of the form
Ghi(Ep)™ 1 G (ER)™) “
+ dgi:i/ dG = £GM(Ep)™ . F.14
/ —o—ae (B . (F19)

2The imaginary part of G~! is fixed whereas its real part is varied during the integration, so that G*

does not cross the branch cut, the negative real axis. This instance remains true for its inverse, G.
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F.2 The simple-model susceptibility

This is also the result when taking the limits

lim (m (LF (A —w)GM(Er)"Y)

A—w

w—A

) = +G"H(Ep)™ (F.15)

which means that for w = A the function can be analytically continued.

Next, we will determine the value of xo(w) and its derivative with respect to w at w = 0.
Because of

gi(EF) gT(EF — w)*
1 =-1 F.16
HQT(EF—w)* n G ( )
the second term in Eq. (F.13]) vanishes for w = 0, so that we have
| GRS - g'(Br)
x0(0) = —— £ £ = ——TIm |In . (F.17)
27 A A GY(EF)
Using Eq. (F.8)) directly with A = 0 leads to
I
w(0) = —3— [ dE[ ¢®)eGE) - giE) gIE) |
—00 :i(gi(E)—gT(E)) :é(gi(E)*_gT(E)*)
Lo ' 1
= x| aB[m{e®)] - [g'm)]]
_ 1 (NT— N (F.18)
A H—/
=M
A comparison of Egs. (F.17)) and ([F.18]) allows to identify
1 QT(EF)]
M = —Im |l . F.19
i | (F19)
By use of Eq. ([F.18) we can also determine the u-parameter
- A
U = (XO(O)) ! Bext—( = _T[Z <0 ) (F2O)

with Ay = EY — E} and M as given in Eq. (F.5). Because of o~ 1 —afor fz] < 1
one obtains for B®* < A, an expression that shows that, in first order, the value for the
susceptibility at zero frequency shifts linearly with the applied field,

o - MM 1
Xo - A0+QBext - AO 1+ Qieoxt
M QBext 1 QBext
~ (1) = F.21
Ao < Ao > U U (F.21)
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F Susceptibility within a simple model

The derivative of xo(w) with
Ixo(w)

ow

w=0

A T TA(A —2i)

-z

respect to w reads

1 1 )

4+ ( Lo )-(QT(EF)*—Q%EFD

2ri \A A —2il
M r
(G (Er)" — G*(Er))

=(A—2i)GH(Er)GT (Er)*

M + FAgi(EF)gT(EF)* . (F.22)

™

Finally we can simplify the imaginary part

o]

Ixo(w)
Ow

o

r .
EIm [G*(Er)G"(Er)*]

Im[ Ep—EY—il' Ep—E'—il ]
TAT [(Bp — EY)? + T2 (Bp — ET)2 + 12
r —TA

A (Ep — B2 +T2) ((BEp — ET)2 +T2)

- (—jrhn [gi(EF)]> <—71T1m [gT(EF)]) . (F23)

=n!(Ef) =n"(EFr)

i.e., the slope of the imaginary part of the susceptibility is proportional to the product of
density of states at the Fermi energy.

F.2.2. Case A # 0: Different resonance widths

For the case that A # 0 the noninteracting susceptibility reads

Xo(w) =

1| In(1-(A-w+iN)G'(Er)) N In (1 - (A—w=2iI"NG"(Er)*)

27i A —w+iA A —w—2il'
In (14 (A —w—iA)GHEp)*) N In (1+ (A —w—2il')G4(EF))
A —w—iA A —w—2il
G"(Er) Gt (Er)* g1 (Ep)” G*(Er)
_ ) B G- |, Pl T e
FEoO.FEm 27 | A—w+iA A—-—w-—iA A —w—2il ’
(F.24)
The u-parameter is given by
_ Af + A?
U= (x0(0)) ™| oo = 0 (F.25)

(Be—ED)?+(h)?

B A
A()Afo + o In (EF—Eé)2+(F¢)2
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F.3 Small frequencies: Linear expansion of response function

At w = 0, the noninteracting susceptibility is given by

0 V(B *
o 1 [nEE
X = on |ATiA T AZIA
1 : G'(Er)
= — 1 A —iA)1 F.2
W(A2+A2)m[( i )ngl(EF) : (F.26)
and its derivative takes the form
Ixo(w) L[ GHEr)  G'(Er) n G*(Er) — G'(Er)*
Ow |, 2mi\ A4+iA A —iA A —2i
gh(E G4 (Br)*
o giEEE; I gTEEE;*
A +1iA A —iA
1 G'(Er) G'(Er)* 1
= —|- — GH(Ep) - GV (Fp)*
2m< A+iA T AZIA G*(Er) - G'(Fr)
Im | (A —iA)?In g1 (Er)
_amm] i) (F.27)

7 (A2 + A2)2

F.3. Small frequencies: Linear expansion of
response function

Within the present simple model an analytical expression for the noninteracting susceptibility
and, thus, for the enhanced susceptibility becomes accessible, cf. Egs. and (F.6).
Nevertheless, a systematical study of, e.g., the resonance position or its width is difficult
to perform for these expressions. Therefore, it can be advantageous to consider an Padé
expansion of the susceptibility with respect to frequency at w = 0 instead. In first order
such an expansion takes the form

MN () lomet M+N-=1 (F.28)
Xo (W)= . , =1. )
’ 1+ 3V bk

i o . :
Note that 22:1 Ch %10 and that xo(w) is identical to the Taylor-series up to the linear
term. Let us define

def . a+if
G ) = vt et iso = (14 )
= y+aw + fw (F.29)
N~—— ~~
:Re[xg"(w)] :Im[x{(w)}
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F Susceptibility within a simple model

and
def 0,1 Y a+iB -
Xo W) = xp'(w) = 1_(1:1%)_7(1— 5 w)
—aw i Sw
= g 2 ) 2 +1 2 o) 2 (F.30)
(=) + (%) (-%) (%)
:Re[xg(w)] =Im[x§(u))}
where
_. _ Ixo(w) B Oxo(w)
v=x0(0) , a=Re [ o | and S =1Im |, (F.31)

are real numbers, since xo(0) is real (cf. Egs. (F.18)) and (F.26])). Using Egs. (F.29) and
(F.30) we can now determine the dynamical response function via Eq. (F.6)), the Dyson-like

equation. The resulting expressions read

XT(W) 7+ (a+i/6)w
1-U(y+ (a+if)w)
_ L (=-207y)aw+y(1=Uy) =U(a®+ ) w?
IE (aw— £ (1=Uy)* + (Bw)?
e po (F.32)
U (aw — & (1 = U))" + (Bw)®
and
i 1 a+ip -t
v = (5 (-5) )
= aw —v(1-Uy) 1y Pw .
(aw =~ (1= UY))* + (Bw)? (aw =7 (1= UY))* + (Bw)?

(F.33)

Note the similarities in the imaginary parts of x”(w) and x*'(w). The imaginary part of the
susceptibility describes the density of the excited magnetic states. Therefore it is interesting
to calculate the resulting extrema of Im [XT(w)] and Im [Xp(w)} and the corresponding
linewidths, given by the full-width at half maximum, FWHM” and FWHM?’, which
represent the inverse of the lifetime of the excited state. Taking the derivative with respect
to the frequency and setting it to zero leads to

dlm [x" (w)]

|
i 1— 2 7r20,.2 2y T \2 _
Go | O g (U U AR =0
N 1 1-U
swl e {£ 2! (F.34)

JETE U
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F.3 Small frequencies: Linear expansion of response function

and
Olmy P’ (w) |

a? + 32
=0 & (1-U~)?-
o | 52, -0 o

71 -U)}. (F.35)

(wres)® =0

res

= wl

1
res € {ii
Va2 + p?

Thus, for both functions, xT(w) and x¥'(w), the imaginary part exhibits two extrema, out
of which we are interested in the one leading to the resonance, i.e., awk,—+(1—Uv) =0
and aw®, — v(1 — Uy) = 0. These conditions are fulfilled when we identify (use

res

—a(e?+ 88T =140 (L)

1 1-— 1
wl = — il and Wl =—— (1 -Uy). (F.36)

res /—0[2 T /82 U res — /7062 T /827

The corresponding two values for the full-width at half maximum, FWHM” and FWHM”
are given by

FWHM" = |wl —w”| and FWHM” = [w? — ]|, (F.37)
where wl and wf are solutions to the equations
1 1
Imy (wi) = §ImXT (eres) and Imy (wli)) = ilmxp (erés) . (F.38)

A straightforward calculation shows that

2
T P
wy Wy o a
Lo 2 —— x| 2 —— ] -1 F.39
A <+\/7a2+52> (*me) (F39)

and

2
T P
FWHM" _ FWHM' <+ e ) - (F.40)

3;5 £s vV a? + 52
Thus, the resonance width increases linearly with the resonance position for both, a Taylor

and a Padé expansion. This important result concludes the analysis of the susceptibility in
terms of a simple model.

(& (&
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G. The Landau-Lifshitz-Gilbert

model

In order to analyze the dynamics of magnetic moments in a ferromagnet, a widely used
phenomenological approach is the Landau-Lifshitz-Gilbert (LLG) model [93]/94]. Its central
equation describes the precessional motion of a magnetic moment exposed to an effective
magnetic field and can be seen as a classical analogue to the equation of motion for the

. . . . . d _’_ . =
quantum-mechanical spin operator in the Heisenberg picture, {5 =i [S,”H]

G.1. Landau-Lifshitz-Gilbert model for a single

magnetic atom

In this Section we address the problem of
a single magnetic moment () in the
presence of a time-dependent external
magnetic field B(t) (see Sec. for

an extension to more than one atom).

The potential energy as function of the
magnetic moment reads

E(m) = —B*(t)-m.  (G.1)
Then, the LLG equation takes the form
(see Fig. [G.1] for a visualization)

dm =
E = —'}/T?Z X Beﬁ—'-’f]

m~ dt’
62)

where m = || and the effective field
coincides with the external field,
_0F

B’Off = % = ECXt . (G3)

Figure G.1.: This figure illustrates the spiral tra-
jectory as described by the LLG
equation of motion, see Eq. (G.2),
for the case that B°F points along
the z direction.

Furthermore, v = |v.| = gus > 0 and an empirical damping parameter 1 have been
introduced, where -, is the gyromagnetic ratio for an electron spin and ¢ is called g-factor.
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G.1 Landau-Lifshitz-Gilbert model for a single magnetic atom

For a free electron, angular and magnetic moment originate from the electron spin, resulting
in a g-factor of exactly 2. In metallic systems, however, the value of ¢ can differ from
2 [21] which is a result of the system’s electronic structure nearby the Fermi energy [71].
In the following we linearize the LLG equation and map the results obtained from
the performed calculations into this equation by taking an effective v and an effective
damping 7 into account.

Say, the external magnetic field consists of a dominant time-independent term along the
positive z axis and a small transverse time-dependent part,

0 B(t)
B)y=| o |+ ]|Bx0 |, (G.4)
B 0

where B > B(t), Be¥(t) at all times ¢. Assuming that this results in a small induced
transverse magnetization, perpendicular to the dominant initial moment along the z axis,

0 m(t)
mE)=1| 0 |+ my(t) | (G.5)
m, 0

where m, > m(t), m,(t) for all times ¢, one can restrict the analysis of the LLG equation
to the z and the y components,

dm m, dm m, dm

= - Bt —m, Bt Dy T T T

dt 'y(my 2 T y)+77 m _dt m dt

=0 ~1
d
= —y (myB" —m.B") — er;y (G.6)
and
dm, & & m, dm, m, dm,
= - B —m,BM") + — -
dt K (m s T Ma ) T m _dt
~1 =0
dm,
= —y (M. B —m, BT 4 g;f (G.7)
After a variable substitution my = m, % im, these two equations decouple into
d d
Z;i = iy (miBgﬁ — szf) +in Z:Li
. Y ff eff
= =+ B —m,B
i i (mi o —m,BS )

= Bfmy —yim. B (G.8)
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G The Landau-Lifshitz-Gilbert model

where Bli = Beff + lBefT and v, = +i = 12, Eq. is a differential equation

1¥1n 1472
of the form & = a;r( ) + ﬁ( ), where o # 0 and S(t) are complex numbers. Its general

solution reads z(¢) ( )+ fo de'8%) ) e, Thus, we have

eat’

! BEE( ) Bt
mi(t) = mi(o) = YxMe dt o+ BFY et (Gg)
As long as 1 > 0, one finds Re [y.Bf| = 1;’7’27825 < 0 and the exponential terms

in Eq. (G.9) always contain a damping factor. If, for example, the transverse magnetic
external field is switched off at a time t, (i.e., BST(t) = B (t) = 0 Vt > to > 0) this

damping contribution leads to the limit m...(£) == 0. This implies 77i(t) —=% m. é., i.e.,

the magnetic moment precesses along a spiral trajectory towards the z axis, as indicated
in Fig. [G.1] For the case that no damping is present (7 = 0), however, the real part of
v+ vanishes and for ¢ > ¢, the system remains in a state m+ () = my(tg)e BTt e it
describes a precession without damping, i.e., without relaxation towards its initial state.

As a next step, the form of ¥“C, the response function within the LLG model, is derived.

For this, the frequency domain is used and the Fourier transformation of the transverse
time-dependent part of magnetic moment and magnetic field read

mﬁb/i@%ﬂ)md?ﬂ)/%ﬂ@W). (G.10)

In Fourier space Eq. ((G.8)) takes the form

—iwms(w) = 2By (w) — yem. B (w)
& Ai(wymi(w) = Bf(w), (G.11)
where
As@) = —— (i +7:B2)
_ 1<i1:me+B§ﬂ> : (G.12)
m; Y

The inverse of A, yields the transverse LLG response function

. 1 +w + B + inw
LLG 1 z

Ay (w = My———"— =M,

xE () = (A:(w) iiljimw + Beft (fw+ VBEH)Q (770-})2

 omawy Fw + (14 7?) wo + inw (G.13)
B (Wt wo) + (o) '

with wy = vB/ (1 + n?). The imaginary part of "G (w) describes the response spectrum

of the magnetic moment and reaches a maximum when the condition

d ! vBf
I LLG =0 = s = /1 2 — z G.14
dw mxy (W) W 1)"Wo /71 7]2 ( )
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G.2 The Landau-Lifshitz-Gilbert model for more than one magnetic atom

is fulfilled. Thus, for the case of small damping (7 ~ 0) and a small g shift (y =~ 2) the
resonance position is at about twice the value of the effective magnetic field along the z
axis.

G.2. The Landau-Lifshitz-Gilbert model for more
than one magnetic atom

In this Section we turn to the more intricate case where the regarded system contains
two or more magnetic atoms. The goal here is to extend the formalism such that the
LLG response function incorporates interatomic magnetic interactions, mediated by a
Heisenberg-type exchange coupling among magnetic atoms.

For a system of N different magnetic atoms at sites {ﬁl} 1 < i < N, the potential
energy as function of their respective magnetic moments {;} is given by (cf. Eq. (8.1)
in the main text)

1 .
E({Tﬁl}) = —5 Z JijT?Li . T?LJ' - Bext . ZT?LZ s (G15)

injliFj i

where J;; is the coupling constant between the magnetic moments located at sites R; and
ﬁ]—. Since spin-orbit coupling is set aside in the present study, the coupling constant is
symmetric in 7 and j. Furthermore, Bext = g'”“(t) is a time-dependent external magnetic
field that shows the same strength at all sites . One can then define an effective magnetic
field acting on moment 7; as

ger— 98 _ > Ty + B (G.16)

(2 a vd
T
bl

Then, the LLG equation for the magnetic moment with label i reads

dm; s m;  dmy
=~ off 1 i
= —7y;ym; X Bf +n— X

where m; = |m;| and the atom-dependent electron gyromagnetic ratio +; as well as an
atom-dependent phenomenological damping parameter 7); > 0 were introduced.

Analogue to the previous Sec. it is assumed that the external magnetic field has a large
time-independent component pointing along the positive z axis and small time-dependent x
and y components, which induce a small time-dependent transverse part for each magnetic
moment on top of the time-independent part along the positive or negative z axis,

0 B(t) 0 M (t)
B¥(t)y=| 0 [+ |B@)| and mi(t)=| 0 |+ [mi,t) | . (G18)
Bt 0 mi. 0
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G The Landau-Lifshitz-Gilbert model

where B > B, Bt and |m; .| > m; ,,mi, V i. Note that a ferromagnetic (FM)
coupling (i.e., J;; > 0) implies that the state with lowest energy fulfills m; . > 0 V4. In
systems with a negative exchange or antiferromagnetic (AFM) coupling (.J;; < 0), however,
it can be energetically favorable to have m; . < 0 for some atoms ¢. This is the case when
the corresponding effective magnetic field (see Eq. (G.16])) has a negative z component,
i.e., when the coupling term due to neighboring magnetic moments overcompensates
B > 0.

Solving the LLG equation ({G.17]) for the = and y components of the magnetic moment
m; yields

dm; m;, dm; m;_, dmy;
YT — o~ (my B — m; B + nY 2E __E
dt 7 (miy B ” W) I m; _ dt m; dt
——
=0
dm;
= (mi,yBif - mi,zBf,fyf) - ﬁiﬁ (G.19)
and
dm, off off Mz dmiy Mg, dm;
dt,y = — (mi,zBm — mmBi,Z) + s e dl _ - dt,
——
=0
= (mi,zB?ff; — mi,zBfg) +7; dt7 (G.20)
where 7j; = 7,75 and 2 &~ +1 or 722 &~ —1, depending on whether the magnetic

i i
moment’s z component points along positive or negative z axis. After the variable
substitution m; y = m;, £ 1im,, and a Fourier transformation to frequency space (see

Eq. (G.10))) one arrives at the expression

1 1Fin; ~
. <imw n Bf{f) i (w) = BT (w) . (G.21)
my Yi ’ ’

5

Inserting the expression for the effective magnetic field as given in Eq. (G.16]) into Eq. (G.21)

we find

1 1 F lit ex ~ ~ 2ex
e ian + Z Jijmj. + B | g (w) — Z Jijmj+(w) = B (w)(G.22)
’ Jli#i Jli#i
or in matrix notation
Z Aij,iﬁ’Lj;i = BiXt (G23)

J
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with

1 1 Fin,
My, Vi N ’
|k#i

At =

In the following we drop the tilde symbol for Fourier space quantities.

The inverse of the matrix A.(w) yields the transverse LLG response function y1-¢(w),
which describes how the magnetic moments {m; +} respond to an external magnetic
perturbation B,

mis = XPEBY. (G.25)
J

When the eigenstates and eigenfunctions of the matrix AL are known, one gets access to
the eigenmodes and eigenfunctions of the susceptibility. Whereas the eigenfunctions are
identical, the eigenmodes of XiLG are the inverse of those of A.. Thus, a resonance in

the response function appears always when
d N !
o [1/A(w)] =0. (G.26)

Finally, a comparison with the susceptibility as defined in the KKR formalism yields the
identity xY“'%(w) = —2x*~(w). The difference steps from the fact that in the KKR
formalism the susceptibility is introduced as spin-spin-correlation function, while in this
Appendix the response is given in terms of an induced magnetic moment. This gives a
tool of fetching the values of J;;, as explained in the main text.

G.2.1. LLG model for dimers

For a dimer Eq. (|G.15)), the potential energy as function of the magnetic moments, takes
the form
E(’fﬁhfﬁg) = —Jr?zl . 77}/2 — ECXt . (T?ll + T?LQ) 5 (G27)

where J = Jy5 = Jy;. Then, the corresponding site-dependent effective magnetic fields
take the forms

BT = iy + B (G.28)
and BT = Jmy + B, (G.29)

which act on moments 173; and 175, respectively. Following Eq. ((G.24)) we have to determine
eigenvalues and eigenfunctions of the matrix

mi,z

1+im o Bext
— ‘1
at+ s o) =t T
A= = - with g s
—J ag + J—== 1+iny 7= Bext
; TP my g
e (LQ(w) - Y2mz,x ma .

(G.30)
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The eigenvalues and eigenvectors for this matrix are

XO(w) = 3 (@) + ap(w) + T (222 4 222) — d(w))

s T
AB) () = %(m@0+w@0+J(xﬁ+%i)+dwo o
and
0= (1= () )+ (22 - ) - ) (G32)
0= (1, =3 () - azw) + 7 (22 5i)+d@0'r7
where

ﬂwy—V(MW)@@0+J<m%m“>>2+&ﬂ. (G.33)

’ITLLZ /”/LQ’z

The derived expressions get simplified when the dimer involves only atoms of the same
type. Then, one can define v = 41 = 75 and n = n; = 15, and two cases have to be
distinguished for the alignment of the z component of the magnetic moments:

Case (1): Parallel alignment (m, = m; . = ms, > 0)

The scenario described by this case is a setup of two magnetic moments that are aligned
parallel to each other. There, one always finds two eigenmodes of the system, independent
of the sign of the coupling constant J. Inserting the simplified expressions (m., v, 1) into

Egs. (G.30) and (G.33)) leads to

i B

a(w) = — s o a1 (w) = az(w) (G.34)
and
dw)=2|J|=d. (G.35)
With these expressions at hand one finds the eigenstates and eigenvectors of the system
T

AD(w) = a(w) +J— || 7= (1, +4)
and S (G.36)

AO(W) = a(w)+J+]J] #b — @7_g)

For the case that .J > 0, one has A (w) = a(w) with #* = (1, 1), which corresponds to
the acoustic mode, where the two moments show a precession in phase around the z axis.

By use of the condition ((G.26]) one finds

wac — v Bext , (G37)

res m z
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which means that the resonance depends linearly on the external magnetic field along
z. This resonance behavior is known from the adatom case where the resonance of the
response function is the Larmor frequency, see Ch. @ Furthermore, A\ (w) = a(w) + 2J
with 7® = (1, —1) describes another eigenstate of the system, the optical mode. Because
of 7™ = —1 the minus sign in the eigenvector indicates a phase shift by 7 between the
two atoms on their orbital precession around the z axis. The eigenvalue /\ﬁ’) is by 2J

higher (since J > 0) compared to )\f) and the optical resonance is given by

WP = — (B 4 2Jm.) . (G.38)
V14172
Thus, the optical resonance can be determined by the knowledge of the acoustic mode
and the product of exchange interaction and the z component of the magnetic moment,
Jm,. The two eigenstates of the susceptibility within the LLG model read

a myy nw
m [L/A® )] = 755 (w—ef) + (™) o
W =W Two

with
o B (@) =(a) (G.40)
117;2 (Bt +2Jm,) , (a)= (D).

Note, that for the case J < 0, the same analysis as above applies, where only the labels
(a) and (b) have to be switched. Then the optical mode is lower in energy as compared to
the acoustic mode. This is in line with the fact that a parallel alignment of moments that
couple antiferromagnetically (J < 0) is energetically the most undesired state, making the
optical resonance (i.e., an excitation that leads to a tilting away from this AFM alignment)
more favorable in energy.

Case (2): Antiparallel alignment (m, = m; . = —may, > 0)

In this scenario the magnetic moment of the second atom is assumed to point antiparallel
to the moment of the first atom and also antiparallel to the applied external magnetic
field B, In principle this leads to a break in the symmetry of the problem, since the
applied field increases the value of m; , while it decreases the value of msy,. However,
as long as the applied external field remains small compared to the z component of the
involved magnetic moments, the assumption m; , = —msy , is reasonable.

Inserting the parameters into Egs. ((G.30) and (G.33)) yields

1 : Bext
a(w) = — i s
AL my

= a;(w) = —a3(w) (G.41)
and

d(w) = 24/ (Re[a(w)])? + J2 (G.42)
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which results in the eigenvalues

A (W) = iIm[a(w)] — J — 1/ (Re[a(w)])* + J2

(G.43)
AO(W) = iImla(w)] — J + 1/ (Re[a(w)])* + J2
and the corresponding eigenvectors
7 (1) = (1 _Re[awnfwﬁe[a<w>]>2+ﬂ)T
’ ! (G.44)

70 (w) = (1’ , Refa(w))+ (f]‘e[awﬂ)‘zuz)T’

To determine the frequency of the resonance positions for the two eigenstates is cumbersome
and a closed expressions for the frequency is difficult to find. The form of the eigenstates
that describes the excitation spectra of the LLG susceptibility is given by

nw

Im [I/A(a)(w)} = E— 7 (G.45)
() s (=)o)

where for (o) = (a) the plus sign (+) and for («) = (b) the minus sign (=) in front of
the square root is meant. Instead of regarding the derivative with respect to w, setting
the expression to zero and solving for w we will analyze Eq. ((G.45|) directly:

The indication of a resonance requires the numerator in Eq. to be minimal. For the
case that B™' = 0 the denominator vanishes for one of the eigenmodes when w = 0, while
the other eigenmode reaches the finite value 4|.J|. However, also the numerator vanishes
for w = 0. By use of L'Hépital’s rule one confirms that in the former case the eigenmode
diverges at w = 0. Therefore, this eigenmode represents the acoustic mode of the system
that for vanishing external magnetic field leads to the Goldstone mode. Note that any
positive applied field (B > 0) will prevent the denominator in Eq. to diverge, as
the frequency cannot be zero and 7B&* at the same time. Instead, the resonance will be
located somewhere in-between these two conditions, 0 < w2, < vB&*,

res

The conclusion of this analysis is twofold: When no applied external magnetic field is
present, only one resonance mode is found. It is located at w = 0 with ¥ = (1, —1). Note
that the resonance position and the corresponding eigenvector are independent of the sign
of J. Due to the fact that the z components of the magnetic moments are antiparallel
to each other, this eigenfunction describes two magnetic moments that precess in phase
pointing always exactly antiparallel with respect to each other. When an external magnetic
field is applied this mode gets strongly damped, as the condition ({G.26]) cannot be satisfied
anymore.

In Fig. the four cases are depicted for different damping values. The parameters used
here are y =2, m =1, J = 0.3, and B = 0.2. Note that the mode (2b) gets enhanced
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Figure G.2.: The eigenmodes of the magnetic excitation spectra for a dimer are shown. The
top row presents the two eigenmodes when a FM alignment of the magnetic
moments is considered (cases (1a) and (1b)), whereas in the bottom row the
two modes for an AFM alignment are explored (cases (2a) and (2b)). All
spectra are shown for different damping values. Note that a damping leads
to a broadening in the resonances of cases (1a) and (1b), while it sharpens
the resonance in case (2a) and allows a response within case (2b) in the first
place.

when the value for the damping parameter 7 is increased, while at the same time all other
modes experience a broadening and decrease in height. In the limit of  — oo all modes
behave like 1/7.

G.2.2. LLG model for trimers

In the following we assume that the nearest-neighbor interactions are described by the
exchange coupling constant J and that interactions beyond the nearest-neighbor interaction
are negligible. In addition, this subsection deals with atoms of the same kind only (same
magnetic moment, damping, etc.), which reduces the level of complexity of the involved
formulas and allows to stress the impact on the resonance positions when different
arrangements of the magnetic atoms are considered. For this analysis two different

186



G The Landau-Lifshitz-Gilbert model

arrangements are distinguished. In one case the atoms are aligned within a linear chain, in
the other they form a regular triangular structure (see Fig.[8.8|in the main text). The latter
has a three-fold symmetry which conveniently is already true for the (111) fcc-surface, the
type of surface structure that is considered throughout this thesis.

In the case of a linear chain we find J = J15 = Jo3 # Ji3 = 0, i.e., the exchange coupling
among the edge atoms at sites 1 and 3 is neglected. The potential energy (see Eq. (G.15)))
reads

E™ (1, g, 1713) = J (1701 - 1T + 1709 - 173) + B+ (17 + g +1713) . (G.46)
This results in effective magnetic fields of the form

B = BT = Jiiy + B (G.47)
and BT = J (i + ig) + B (G.48)

Following the same procedure as before the matrix from Eq. (G.24)) takes the form

a+J —=J 0

. 1 : cht
A | Zg a2 —g | owith a=——u 0 B (Gag)
Yo mo
0 -J a+J
The eigenvalues and eigenfunctions read
2= ¢ 7@ = (1,1,1)"
A= g+J and {o® = (1,0,-1)" . (G.50)
A = a+43J 79 = (1,-2,1)"

Note that the eigenvalues are nondegenerate, A(4) < X\(?) < \(©)

For a triangular structure we have J = Jy, = Jo3 = Ji3 and the energy is given by

Etri(’fﬁl,’lﬁg,mg) =J (’17_”21 . T?LQ + 7’7L1 . ’fﬁg + ’fﬁg . T?L3) + Eext . (Tﬁl + 7’7L2 + T?Lg) .

(G.51)
This results in effective magnetic fields of the form
B = J (g + i) + B (G.52)
BT = J (1 + 1ihg) + B, (G.53)
and BST = J (11 + 1my) + B (G.54)
The matrix from Eq. ((G.24]) takes the form
a+2J —J —J
A= —J a+27 —-J |, (G.55)
—J —J a+2J
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where the definition of a is the same as in Eq. (G.49). The eigenvalues and eigenfunction
of this matrix are of the form

Ao — g 7@ = (1,1,1)7
A = q+3J and @ = (1,0,—-1)" . (G.56)
MO = a+3J 7 = (1,-1,0)"

Note that two eigenvalues are degenerate, A < A\® = X\() (assuming that J > 0),
which reflects the higher symmetry of A™ compared to the one for the linear arrangement,

Al (see Eq. (G49)).

G.2.3. LLG model for tetramers

Accounting for the LLG model for the 4-atomic linear chain the matrix structure reads

a+J —J 0 0
—J 2J —J 0
. @+ , (G.57)
0 —J a+2J —J
0 0 —J a+J

where the definition of a is the same as given in Eq. (G.49). One finds the following
eigenvalues and eigenvectors

Ao = ¢ 7= (1,1,1,1)"
A®) = 22 i = (1,v2-1,-(vV2-1),-1)"
LR L GRS R VORI | R,
NI = 427 7= (1,-1,-1,1)"
AD = a+ (24 2)J 7 = (1,—1+f 1+v2,-1)"
G.2.4. LLG model for pentamers
For the linear chain of 5 atoms the matrix structure is
a+J —J 0 0
—-J a+2J —J
A= 0 ~J a+2J -J 0 |, (G.59)
0 0 -J a+2J —-J
0 0 0 —-J a+J
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and one arrives at the eigenvalues

Al a
A = a+13-V5)J
A= a+i(6-V5)J (G.60)
AD = a+13+V5)J
N = a+i(+VE)J
and the corresponding eigenvectors
7@ = (1,1,1,1,1)T
# = (L3(V5-1),0,-5(v5 - 1), -1)"
79 = (1,-33-V5),-(vV5-1), —7<3—¢5>,1>T. (G.61)
= (1,-3(1+5),0,(1+V5), f1)
7 = (1,-13+v5), 1+ V5, -1(3+5),1)"

G.2.5. LLG model for hexamers

For the six-atomic chain of equal atoms one finds the matrix

a+J —J 0 0
—J a+2J —J 0
0 —J 2J  —J 0
A= ot , (G.62)
0 -J a+2J —J 0
0 0 0 -J a+2J —J
0 0 -J a+J
with the eigenvalues
Ao = g
MO = a4+ (2-3)J
A= a+J
G.63
D= q27 (6.63)
A= a+3J
M = a4+ (2+V3)J
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and corresponding eigenvectors

7 = (1, 1,1,171,1)
17(17): ( 172_\/37_(2_\/§)7_(\/§_1)7_1)T
v = ~1,0,1)"
Y (1, ) (G.64)
7 = (17—1 —1 1,1,-1)"
7 = (1,-2,1,1,-2,1)"
7 = (1,—(1+V3),2+ V3, —(2+v3), 1+ v3,-1) "
The six-atomic ring of equal atoms has the matrix form (note that the first and last atoms
couple via the matrix elements Ajg = Ag1 = —J)
a+2J —J 0 —J
-J a+2J —J
—J +2J  —J
A= ¢ (G.65)
-J a+2J —J
-J a+2J —=J
—J 0 —-J a+2J
with the eigenvalues and eigenfunctions
A = ¢ 7@ = (1,1,1,1,1,1)"
MO = g4 J 7 = (1,1 0,—1,—1,0)"
O — J 70 = 1,-1,0,1)"
o and ! (1, o )T (G.66)
M) = a+43J 7@ = (1,0,—-1,1,0,—-1)
A = g+ 3J ) = (1,71 0,1,-1,0)"
M) = a44J 7= (1,-1,1,-1,1,—1)"

Once again, due to symmetry, we obtain energetically degenerate eigenmodes.

G.2.6. LLG model for larger ring and chain structures

Finally we discuss the resonances in the excitation spectrum of ring and chain structures
for the case that the number of atoms is large, i.e., N > 1. Then, the difference in the
spectra of a ring and of a chain arrangement should vanish, as they only differ in the
boundary conditions for atom 1 and atom N (see discussion of the trimer or the hexamer).
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Thus, for both structures the matrix can be approximated by a tridiagonal matrix,

a+2J —=J 0
-J a+2J —=J 0
0 —-J a+2J
A= _ . (G.67)
0 a+2J —J
—-J a+2J

The eigenvalues for such a problem are given by

k
() — — COS
A a+2J<1 cos {N—i—lﬂ]) , (G.68)
where the different eigenvalues are labeled with («) € {(a), (b),...} and
L, () = (a)
E=kla)=4¢2 , (a)=(b) . (G.69)

The corresponding eigenvectors read

. . T
o [ ] sin [0 ] (G.70)
i (] s ] ) |
Because of sin [NN—fl 7| = sin [kr — NLH 7| = (—=1)¥sin [NLH 7| the first and the last

component of the vector are the same up to a change in the sign. The same connection is
given for the pairs of components 2 and N—1, 3and N—2, andsoon. Aslongas k < N
neighboring atoms precess with only a small relative phase shift which is reflected in the
fact that the corresponding eigenvalue (see Eq. (G.68)) shows only a small contribution
from the term proportional to J. If k is close to N, neighboring atoms precess with nearly
a phase shift of © and the eigenvalue reflects the energetical costs by a large impact of
the term proportional to .J.
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