
JOHANNESKEPLER

UNIVERSITYLINZ

Altenberger Straße 69

4040 Linz, Austria

jku.at

Dr. Paweł AdamBuczek

Institut für Theoretische

Physik

17. Juni 2025

Magnon-electron

scattering and

non-Landaumagnon

decay, ab initio theories

cumulative habilitation treatise

kumulative Habilitationsschrift

zur Erlangung des akademischen Grades Dr. rer. nat. habil.

https://jku.at/




The highest activity a human being can attain is learning

for understanding, because to understand is to be free.

Baruch Spinoza (1632 – 1677)

Wir müssen wissen, wir werden wissen.

David Hilbert (1862 – 1943)

Men wanted for hazardous journey. Low wages, bitter cold,

long hours of complete darkness. Safe return doubtful.

Honour and recognition in event of success.

Ernest Shackleton (1874 – 1922), apocryphal
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Abstract

This habilitation treatise is concernedwith the description of the spin dynamics

in solids using linear response time-dependent density functional theory go-

ing beyond the ferromagnetic spinwaves. First, the application of themethod to

ferri- and antiferromagnets is presented. Following this, the studies of param-

agnons and longitudinal spin excitations are outlined. Following this, the non-

Landaumagnon decay channels, in particular disorder andmulti-magnon pro-

cesses, are assessed in order to establish the hierarchy of the spin dynamics

attenuation in itinerant magnets. In the second part, the theory of magnon-

electron interaction based on the time-dependent density functional theory is

exposedandapplied to several relevantmagnetic systems.This interaction leads

to a range of measurable and important phenomena, including band struc-

ture renormalization, the emergence of non-quasiparticle states, the uncon-

ventional superconducting pairing, and the impact on the spin dynamics itself,

which are addressed from an ab initio perspective.
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1. Context andmotivation

This cumulative habilitation treatise summarizes author’s scientific output fol-

lowing his doctorate with a particular focus on the ab initio description of

the spin dynamics and magnon-electron interaction in solids. This introduc-

tory chapter provides the motivation for his work, its context, and, in Sec. 1.2,

outlines his contribution to the theoretical description of Landau damping of

magnons in ordered collinear magnets along with the literature review of the

state of the art in this field. The latter research, conducted during his doctorate,

constitutes one of the prerequisites for the subsequent scientific activities de-

scribed in this treatise. The following chapters, briefly summarized in Sec. 1.3,

detail on the corresponding developed methodology and the results obtained.

The cumulative list of authors pertinent published scientific contributions can

be found in the Appendix “Own works”. These are marked with prefix “C”, e.g.

[C1].

1.1 Introduction

The magnetism was known in antiquity and used as early as 200 BC during the

Han dynasty in China to construct compassesmade of naturally occurring lode-

stone, i.e., magnetite [1]. In modern times, the compass, together with sextant

and chronometer, allowed the European sailors to navigate the entire globe. To-

wards the end of industrial revolution, the description of electromagnetism and

thediscoveryofdynamogave thisniche sciencea central position inmodernsci-

ence and technology. The triumphalmarch ofmagnetism continues throughout

the quantum era with the experiments of Gerlach and Stern [2] and theoretical

foundations by Pauli [3] heralding the discovery of the spin degree of freedom.

Apart from the energy generation, storage, transmission, and transformation,

the honored applications of classical electrodynamics, themagnetism is pivotal

in medical imaging [4] and high-density information storage [5, 6]. Further-

more, the fields of spintronics [7–10] andmagnonics [11–14] use the spin degrees

of freedom and their dynamics to process information, promising a new gener-

ation of low-power computers. Last but not least, spins can become a basis for

the physical realization of quantum computers [15–19].

The ab initio quantum theory ofmagnetism in solids, in particular in themetal-

lic, or itinerant, magnets, faces two major challenges [20, 21]. These are the

faithful description of the magnetic ground state, including quasiparticle dy-

namics [22], and the reliable prediction of spin excitation properties.1 Unques-

tionably, bothareof paramount importance in thedesignof functionalmagnetic

materials.

1Several specific aspects of the theory for insulatingmagnetswill be discussed in Sec. 4 but these

challenges appear there as well.
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Inmetallicmagnets, themagnetismemerges fromthecoexisting localized (typ-

ically, of d-type) and band electronswhich has proven to elude simple theoreti-

cal treatment [23].A considerable successhasbeenachievedby thedensity func-

tional theory (DFT) [24], even in the local spin density approximation (LSDA),

but the theory fails to grasp the remnants of atomic-like properties, e.g., the

multiplet structure. Here, the combination of the DFT and the dynamical mean

field theory (DMFT) [25–30] considerably improved the description of quasi-

particle states.

Nevertheless, a systematic joint experiment-theoretical analysis of the angle

resolved photoemission spectroscopy (ARPES) spectra of transitionmetals [31–

34] revealed that the DFT+DMFT framework, resorting to the local approxima-

tion for the electron self-energy, despite overall improvement, fails to account

fully for the wave-vector quasiparticle renormalization in many systems, most

notable example being body centered cubic (bcc) Fe.

Inevitably, this already rich physics is augmented with further correlations ef-

fects. An ingredient partially missed by the DFT+DMFT theory is the impact

of magnetic fluctuations on the electronic structure, castable in the language

of electron-boson interaction (in this case electron-magnon). Other examples

of such many-body effects are already known for some time. The screening

of the Coulomb potential can be understood as electron-plasmon interaction

[35] while the electron-phonon coupling leads to both the renormalization of

the electronic bands as well as the conventional superconductivity [36]. The

electron-magnon coupling, a subtle and weakly understood but equally impor-

tantmany-body effect, turns out to be themissing, even if not the only, piece of

this puzzle.

The magnons (or spin waves), the collective excitations or a magnetic system,

[C23, 37–42] manifest themselves in collinear magnets as coherent precession

of magnetic moments. In metals, they hybridize with the single electron-hole

pairs of opposite spins (Stoner excitations) which leads to the pronounced decay

of themagnons, called Landau damping, amechanismanalogous to the plasmon

attenuation put forth by Landau [43].

The spinwaves exert a tremendous impact on the properties of functionalmag-

nets. Their interaction with the electrons leads not only to the band-structure

renormalization but also to the shortening of the electronic mean-free path

[44–47]. In addition to phonons, magnons can support the Cooper pair for-

mation in unconventional superconductors [48–51]. The spin excitations drive

the magnetic phase transitions determining the Curie, or Néel, temperatures

[20, 52] and contribute to thematerials specific heat [53]. Unquestionably, their

faithful theory is of much scientific interest.

Historically, the spin-wave inorderedmagnetic systemsweredescribedfirst re-

sorting to the mapping onto the Heisenberg model (adiabatic approximation)

[54–62] This approach yields numerically cheap schemes. However, the map-

ping involves a certain ambiguity and neglects Landau damping as well as the
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correspondingmagnon energy renormalization associated with the latter.

The Landau damping is natively captured when resorting to the linear response

time-dependent density functional theory (LRTDDFT) [63, 64] which allows to

find, in principle exactly, the transverse magnetic susceptibility χ(q,ω). The
poles of this function on the complex plane allow to determine the dispersion

and damping of the magnons. Alternatively, the magnetic susceptibility can be

also computed in the framework of first principles many-body perturbation

theory [65–69]. A more detailed exposition of these formalism is presented in

Sec. 2.

The observations provided above became the motivation for the author to de-

velop the scientific program following his PhD devoted, among others, to the

deeper understanding of the spin dynamics and magnon-electron interaction

in solids taking advantage of the time-dependent density functional theory.

The programbuilds upon the theoretical advancesmade in his PhD thesis. In or-

der to facilitate a cleardivisionbetween the results obtainedduringhisdoctorate

and the content of this treaty, the former are briefly described in the following

subsection alongside the literature review of the state of the art in this field.

1.2 First principles non-adiabatic spin dynamics

The properties of collective modes, including magnons and plasmons, can be

extracted from the density-density response function which in its general form

can be written as [22]

χij(x,x′, t − t′) = −𝔦θ(t − t′)⟨[σ̂i(xt), σ̂j(x′t′)]⟩. (1)

This so called susceptibility describes the linear charge or magnetization density

change δni(x) of a system to the applied external field δV j(x′). σ̂i are charge (i =
0) and magnetization density operators (i = x, y, z), [A, B] ≡ AB − BA, and the

⟨ ̂o⟩ is the expectation value of the operator ̂o for the system without external

perturbation.

Even in the linear regime, the computation of the response for the interact-

ing electron gas is as complex as the solution of the many-body problem itself,

i.e., currently not feasible in the exact manner. There are two lines of the ap-

proximation attack. The first one relies on the linear response time-dependent

density theory (LRTDDFT) and the other resorts to themany-body perturbation

schemes.

1.2.1 Linear response time-dependent density theory

The LRTDDFT allows to find χ from an integral equation formally resembling

the Dyson one [63, 70]:

χ = χKS + χKS(vC + Kxc)χ (2)
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Here, χKS is the susceptibility of the formally non-interaction Kohn-Sham sys-

temof the ground state, vC is theCoulomb interaction (“Hartree response”), and

Kxc is the so called exchange correlation kernel. In the above equation, for simplic-

ity, the spatial, time, and spin arguments were dropped for clarity. Despite the

simple random phase approximation (RPA) appearance, the equation is exact

but, sadly, not easy to solve. It is so because, in most cases, neither the Kohn-

Sham system is known exactly (due to the necessary approximations to the

ground state exchange-correlation potential) nor theKxc is available. Onemight

resort to theestablishedadiabatic local spindensity approximation (ALSDA) [71]

which, however, fails to yield important physical excitonic effects.

However, the ALSDA is less critical in the case of spin-wave description where

the kernel does not diverge in the q → 0 regime. In the case of collinear magnets

and negligible spin-orbit coupling (SOC), the spin-wave signature is given by

the transverse susceptibility (spin-flip propagator)

χ± = χxx ∓ 𝔦χxy (3)

and the susceptibility Dyson equation (2) does not involve the Coulomb interac-

tion.

1.2.2 Many-body perturbation schemes

Another line of attack is facilitated by the time-dependent quantum perturba-

tion theory applied to a many-body electronic Hamiltonian. In an early study,

Callaway andWang [72–74] took a simplified Hubbard-like model as a starting

point. A series of studies concerned with the spin dynamics of ultra-thin mag-

netic films [75–81] appeared along this line as well. In parallel, more faithful

approaches taking advantageof a realistic LSDA-basedground state band struc-

ture and screened Coulomb interaction were developed [66–68].

One anticipates that this formalism will allow in the future for a systematic and

possibly easier incorporation of many-body effects into the description of spin

dynamics. However, the currently available implementations use approxima-

tions making them practically equivalent to the LRTDDFT in the ALSDA. These

are the use of the LSDA for the electronic ground state, local and static approx-

imation to the screened Coulomb interaction W, as well as approximations to

the perturbation terms included, i.e., the choice of Feynman diagrams yield-

ing the RPA-like equation for the dynamics susceptibility resembling formally

the equation (2) of the LRTDDFT. Additionally, unless W is not used to self-

consistentlygenerate thegroundstate itself, themethodsuffers fromaviolation

of the rotational symmetry [69, 82].
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1.2.3 Landau damping of magnons in ordered collinear complex bulkmagnets and

ultra-thin magnetic films

Staunton et al. [83–85] deployed the LRTDDFT to investigate the spin-

fluctuations of (disordered) paramagnets (paramagnons) while Savrasov ad-

dressed [86] the magnons and their Landau damping in elementary magnets.

However, the method turned out to be algorithmically complex and compu-

tationally expensive, especially for complex bulk systems and ultrathin mag-

netic films. In a series of publications following the PhD thesis of the author,

a methodology for treating the spin dynamics of such complex solids films

was developed and applied to a series of ordered collinear ferromagnets. (An

overview of these results relevant to this treaty is given below.) Later, Lou-

nis et al. [81, 87–89] successfully applied the LRTDDFT to adatoms and other

zero-dimensional nanomagnets. In the meantime, the approach has been suc-

cessfully implemented in several further numerical frameworks [90, 91]. Also,

a non-perturbative treatment of spin precession (a full time-dependent den-

sity functional theory (TDDFT) treatment) was reported [92]. Still, studies of

complex systems featuring many non-equivalent atoms are scarce.

At the same time, such calculations are of great interest since they can be re-

lated to experimental results. The measurements of spin waves provide an ex-

tremely valuable insight into the nature of the exchange interaction govern-

ing the formation of the magnetic ground state. The inelastic neutron scatter-

ing (INS) [93–102] and the resonant inelastic X-ray scattering (RIXS) [103–105]

play the pivotal role for the bulk magnets here. However, the corresponding

cross section is often too small to allow for a reliable study ofmagnons in ultra-

thin films. In the latter case, the long wave-length spin waves can be studied

using Brillouin light scattering [106]. Additionally, inelastic scanning tunnel-

ing microscopy can recover the signature of magnetic excitations [C23, 41, 42].

The magnon dispersion and damping in the entire two-dimensional Brillouin

zone can be probed reliably using the spin-polarized electron energy loss spec-

troscopy (SPEELS) [C15, C22, C25, C26, 40, 107–123].

The early theories of Landau damping in ultra-thin magnetic films based on

model Hamiltonians postulated an extremely strong impact of non-magnetic

substrates on the attenuation [75–81]. At the same time, a very strong sensitiv-

ity of the results to the details of orbital parameterization showed that only an

ab initio theory can provide reliable predictions concerning the spin dynamics of

ultra-thin films.

In order to achieve it, a first principles computational scheme for the evalua-

tion of the dynamical transverse susceptibility within LRTDDFT was developed

during the PhD program of the author [124] using the Korringa-Kohn-Rostoker

(KKR) Green’s function (GF) method [88, 125–133]. This approach showed two

decisive advantages. First, the Kohn-Sham susceptibility is evaluated as convo-

lution of the two Kohn-Sham Green’s functions. This can be achieved using a

suitable complex energy integration contour allowing for the evaluation of this
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quantity away from its singularities on the real axis. This improves the conver-

gence of the numerical scheme by orders of magnitude2. Second, the Green’s

functionmethod operates natively in the real space,making it perfectly suitable

for the description of systemswith broken translational symmetry, e.g., featur-

ing surfacesor interfaces. Thedetailed expositionof the formalismwasprovided

in Ref. [134]. With the efficient numerical scheme at hand, complex bulk mag-

nets and ultra-thin films were addressed.

In the case of bulk Heusler phases, the intricate interplay of magnon shapes,

energies, and the Landau damping was unveiled [135, 136]. Many of the phases

are half-metallic [137]meaning that the spectrumof Stoner excitations features

a gap. In the limit of the negligible spin-orbit interaction, the low energy spin

waves are not Landau damped.

A careful critical analysis of spin dynamics and its damping in magnetic films

supported on non-magnetic substrates was carried out as well. Among the key

results, the applicability of standing spin waves for spintronic applications was

appraised [138] alongside with the detailed analysis of the impact of the elec-

tronic structure at the film-substrate interface on the Landau damping [115,

139]. In the latter case, one of the central observations was that the electronic

states of the substrate localized at the surface (“surface states”) [140] can hy-

bridize strongly with themagnetic states of the film leading to the formation of

so called interface complexes inducing the enhanced Landau damping. However,

interestingly, the transitionbetween theparentbulk andanda two-dimensional

magnet supported on a non-magnetic surface does not automatically involve

theenhancementof theLandaudamping.As shownon theexampleofFe,Ni, and

Co, the relationship is strongly system and geometry dependent [134], paving

the way for the engineering of magnon life-time in nanostructures.

1.3 Overview

The treatise is organized as follows. Sec. 2 presents further developments in the

description of spin dynamics in solids using LRTDDFT going beyond the ferro-

magnetic spin-wave description. First, the application of the method to ferri-

and antiferromagnets is presented. Following this, the studies of paramagnons

and longitudinal spin excitations are outlined. It is shownhow the paramagnons

can lead to unconventional Cooper-paring being an example of the magnon-

electron interaction. The non-Landau magnon decay channels constitute the

topic of section 3. Here, the hierarchy of the spin dynamics attenuation is es-

tablished taking into account the disorder and multi-magnon processes. Sec-

tion 4 outlines the studies performed on several families of complex functional

magnetic materials. The investigations of the corresponding ground states are

included as well as they are the indispensable basis for the spin dynamics in-

vestigations which, in some cases, are not yet completed at the time of writing.

2However, at the price of necessary careful analytic continuation.
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The theory of magnon-electron interaction based on the TDDFT is presented

in section 5 and applied to a range of magnetic systems. This interaction leads

to a range of measurable and important phenomena, including band structure

renormalization, the emergence of non-quasiparticle states, and the impact on

the spin dynamics itself, which are addressed from an ab initio perspective. The

final section 6 provides a summary and a overview of ongoing scientific activi-

ties.

U

Scientific and human motivation remain two different reasons to embark on a

scholar career and let us carry out a brief investigation into the latter. In “The

Collected Poems of Dylan Thomas”, the poet’s own foreword contains the fol-

lowing passage:

I read somewhere of a shepherd who, when asked why hemade, from

within fairy rings, ritual observances to themoon toprotecthisflocks,

replied: “I’d be a damn’ fool if I didn’t!” These poems, with all their

crudities, doubts, and confusions, are written for the love of Man and

in praise of God, and I’d be a damn’ fool if they weren’t.

Scientistsmightmention social good, grants, fame, drive for understanding out

of curiosity, or cold buffets at conferences but, at the end, they are blessed with

having no choice.
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2. Developments in the ab initio description of spin excitations

2.1 Ferri-and antiferromagnetic magnons

Figure 1: The energies and FWHMs

of magnon peaks in AF (up-

per panel) and FM (lower

panel) phases obtained from

LRTDDFT (dots • and error

bars) compared to the exper-

imental data (⧫) from [141].

The figure is reproduced from

[C29].

In two publications [C24, C29], the

LRTDDFT methodology described

in the preceding section was ap-

plied to ferri- and antiferromagnetic

magnons for the first time. Here, the

major findings are reported on.

A particularly interesting system in

this context is the FeRh which can

feature, at varying external condi-

tions, both the FM and AF phases

[142–145], allowing to contrast eas-

ily the spin dynamics of these or-

derings. Fig. 1 presents the disper-

sions and FWHMs of spin waves in

these two cases. One observes that

the magnons are well defined in the

entire Brillouin zone, their Landau

damping remainingmoderate for all

momenta. (No other decay chan-

nels are considered.) As expected,

the damping vanishes in the cen-

ter of the Brillouin zone for acoustic

magnons in both phases, but, in the

case of the FM ordering, in contrast

to the AF one, there is a critical mo-

mentumbelowwhich the damping is

practically inoperative. On the other

hand, the weakly dispersive optical

magnons at energy of around 750meV (not shown) are substantially stronger

Landau damped. They are separated from the acoustic magnons by a gap and

arise due to the twomagnetic Fe atoms in the primitive cell of the compound3.

These results illuminate the complexity of the interactions between the Stoner

and spin-wave spectrum.We refer to Fig. 2 now. In the FM case, the intensity of

low energy Stoner excitations is small, since they arise mostly from the transi-

tions between bands of the same spatial character but separated by the Stoner

splitting (“intraband transitions”). In general, the “interband transitions”, be-

tween energetically close, or overlapping, bands yield Stoner excitations of van-

ishing activation energy. These transitions, however, have typically a low inten-

3This makes FeRh, strictly speaking, an example of magnonic crystal, an interesting concept

which we will, however, not follow any further here.
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Figure 2: Spin polarized electronic band structures and corresponding Stoner

spectra shown schematically for FM (left panel) and AF phases (right

panel). The figure is reproduced from [C29].

sity due to the small spatial overlap ofwave functions in these bands of different

character. This explains why the acoustic spin waves can be practically Landau

undamped below certain energy and why higher energy magnons, in particu-

lar the optical ones, engage in this hybridization. The up and down spin bands

of an AF system are degenerate and of the same spatial character, except that

the up and down orbitals are more strongly localized on two different atomic

sites. This leads to relatively weak overlap between the two bands and results

in small intensity of Stoner excitations, even though the AFmagnons involve in

the hybridization with them at any energy. In short, these are the details of the

band structures and the hybridizationmatrix elements which finally govern the

magnon attenuation. Therefore, realistic ab initio calculations are indispensable

here.

Magnons feature an additional degree of freedom, the chirality. It determines the

polarization, or angular momentum, associated with a magnon. In FM phases,

there is only one type of magnons corresponding to an effective “up-to-down”

spin spin-flip. However, in systems composed of magnetic moments pointing

in different directions, even in the collinear case, there appear also magnons of

“down-to-up” spin spin-flip signature precessing in the opposite sense [146,

147].

Remarkably, the chirality can be used to control the Landau damping [C24]. In

the compensated ferrimagnet CrMnSb, the Cr andMn atoms are opposite spin-

polarized but the half-metallicity of the systems forces the equalmagnitudes of
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Figure 3: Spin waves of CrMnSb. The diamonds and error bars are positions and

FWHMs of the magnon peaks while the solid lines depict the adiabatic

calculations. The inset shows an example ofmagnons forming outside

orwithin the Stoner continuumbasedon themagnonpolarization. The

figure is reproduced from [C24].

their magnetic moments. Still, the atoms are not identical and the two AF-like

magnon branches are not of the same frequencies, cf. Fig. 3. More remarkably,

however, thedampingsignatureof these twomagnonmodes is qualitativelydif-

ferent. The counterclockwise precessing magnon is not damped, as it emerges

in the Stoner spectrumgap caused by the system’s half-metallicity. On the other

hand, the clockwise magnon can hybridize with the Stoner excitations and un-

dergo the attenuation.

2.2 Paramagnons in unconventional superconductors

Up to now, the LRTDDFT studies were devoted to the faithful description of the

Landau damping. The qualitative picture of magnons in FM and AF phases can,

however, be obtained in the adiabatic mapping of the magnetic system onto

Heisenberg Hamiltonian. Nevertheless, there are magnetic excitations of the

electron gas which cannot be grasped in the latter model: the paramagnons and

longitudinal spin excitationswhich are addressed in the following two sections.

Theparamagnons are the spin-flip excitationsofnon-magnetic solids. They in-

volve the dynamic emergence of local fluctuatingmagnetization and are partic-

ularly pronounced when a system is in the proximity of its magnetic phase. A

prototypical example of such phase is Pd [148, 149].

Interestingly, strong paramagnon-like excitations were reported in the large

class of unconventional superconductors including FeSe [150–153] and we in-
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vestigated those fluctuations using LRTDDFT [C27]. Experimentally, at ambient

pressure, FeSe is non-magnetic but the proximity of themagnetic phase mani-

fests itself in the sensitivityof thegroundstateordering to thepositionsof theSe

atoms with respect to the Fe-plane. Below the critical value of zcSe ≈ 1.18, which
can be regarded as the onset of a quantum phase transitions, the system does

not spin-polarize but still shows strong paramagnon excitations which inten-

sify upon approaching zcSe, cf. Fig. 5. (Above z
c
Se, FeSe features the so called stripe

AF phase.) One observes that the magnetic response of the system is strongly

enhanced by the exchange interactions leading, close to the critical point, to the

paramagnon excitations of clear dispersion becoming almost linear for the low

energy excitations which resembles strongly the spin-flip picture of the proxi-

mal AF ordering. As discussed in Sec. 5.5, these intense paramagnon excitations

can provide strong enough electron-electron pairing for the superconducting

state to form.

2.3 Magnetic second sound

Within the ALSDA, in collinear magnets, and upon neglecting the SOC, the re-

sponse to the scalar and magnetic fields along different directions is given by

the matrix of the following structure

χKS =
⎛⎜⎜⎜⎜⎜
⎝

χxx
KS χxy

KS 0 0
−χxy

KS χxx
KS 0 0

0 0 χ00
KS χ0z

KS

0 0 χ0z
KS χ00

KS

⎞⎟⎟⎟⎟⎟
⎠

. (4)

(Themagnetization is assumed to point along the z direction.) The x and y chan-
nels describe the transverse response including the magnons (spin waves and

Stoner states).Wehave already encountered them in thepreceding sections. De-

coupled from them are the longitudinal and charge excitations in the charge (0)
and z channels [154]. The charge fluctuations are typically dominated by plas-

mons [155–164] but in magnetically ordered systems they couple, at least for-

mally, to the fluctuations of the longitudinal magnetization.

Little is knownabout thenatureof the excitations in this longitudinal spin chan-

nel, and we investigated them in Ref. [C16] for elementary and 3d transition

metals andmagnetically ordered FeSe. The results for the latter are presented in

Fig. 4. In thework citedwe showed that the excitations correspond to thefluctu-

ationsof theorderparameter andare thusakin to second sound in liquidHe [165–

167]. Furthermore, they bear a resemblance to the paramagnons, corresponding

to the exchange-correlation (xc)-enhancement of single electron-hole pair ex-

citations. Interestingly, the magnetization fluctuations in the z channel are ef-
fectively decoupled from the charge excitations (plasmons). The reason for that

is the large difference between the energy scales onwhich these two types of ex-

citations form.This situationmight change in twodimensional structureswhere
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Figure 4: The energies and FWHMs of longitudinal spin excitations (magnetic

second sound) in FeSe along different crystallographic directions com-

pared to the energies of the transverse AF magnons. The figure is re-

produced from [C16].

plasmons do not feature the activation energy and could hybridize with these

longitudinal fluctuations.
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Figure 5: The paramagnons of FeSe approaching its quantum critical point.

Shown are the intensities of spin-flip excitations of the formally non-

interacting KS system (left figures) and those associated with the full

susceptibility (right figures). The numbers in Å correspond to the po-

sitions of the Se atoms, zSe, with respect to the Fe-plane, gradually ap-
proaching the onset of themagnetic ordering, from top to bottom. The

figure is reproduced from [C27].
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3. Non-Landaumagnon decay channels

As argued in the introduction, the damping of themagnetization dynamics is of

paramount importance in the applied field of spintronics. Moreover, the phe-

nomenon allows an insight into themicroscopic nature of interactions between

spin and other degrees of freedom in solids.

What are the conceivable decay channels? We have already encountered the in-

teraction of collective spin wave modes with the single electron spin-flips in

Sec. 1.2, the Landau damping. Further effects includemagnon-magnon scatter-

ing [168] appearing, among others, in the non-linear regime of large magnetic

precession, spin-orbit coupling [169, 170] and scattering off lattice imperfec-

tions [171]. They are depicted schematically in Fig. 6. Other degrees of freedom,

e.g., phonons [172], couple tomagnons aswell and open further decay channels.

The list is hardly an exclusive one.

Figure 6: Several spinwave decay chan-

nels: (a) Landau mechanism,

(b) scattering off lattice im-

perfections (disorder induced

damping), (c) non-linear

four-magnon process, (d)

SOC mediated magnon-to-

two-magnon decay. The

figure is reproduced from

[C3].

Ageneralheuristic theoryof“damp-

ing”, or, equivalently, “friction”, is

constructible following Boltzmann

treatment allowing for the micro-

scopic irreversibility [173]. As a re-

sult, a set of few empirical damping

parameters enters the Landau–Lif-

shitz–Gilbert equation [174, 175] al-

lowing to investigate the effect of the

attenuation [C11]. However, another

ambitious goal is to compute these

parameters ab initio.

Often, such direct calculations are

unfeasible, especially when the mi-

croscopic mechanism of the friction

is not fully known. The numerical

aspects turn out to be challenging,

too, since the figures to be deter-

mined are small and thus prone to

numerical errors.

Luckily, in many cases, there are

available models allowing us to

tackle the damping from first prin-

ciples. The Landau damping arises naturally in the LRTDDFT. The magnon-

magnon scattering, absent in the linear response regime, is accessible from the

Heisenberg Hamiltonian analysis using higher term of the Holstein-Primakoff

transformation. The disorder can be treated on the level of the linearized

Heisenberg Hamiltonian or using the disordered ground state in the LRTDDFT

directly. In the following sections, the contribution of the author to the quan-
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tification of these effects are outlined.

3.1 The inclusion of disorder effects

The magnets feature often structural imperfections being result of the devia-

tion fromperfect stoichiometry causedbyalloying, doping, diffusion (intermix-

ing) processes, the presence of contaminants during the preparation, andmany

more. All these effects break the translational invariance. Amagnonwith awell-

defined crystalmomentum (Blochwave) ceases to be an eigenstate of the disor-

dered Hamiltonian. Pictorially, it collides with the impurities and gets scattered

in other eigenstateswhile the quasi-momentumconservation is provided by the

crystal, cf. Fig. 6b. In the limit of small scattering, the Bloch states can still be

seen as approximate solutions but of a finite lifetime due to the scattering now.

There is no conceptual difficulty in incorporating the structural disorder into

the LRTDDFT. Starting from the disordered ground state, e.g., described within

a large supercell, onemight attempt to compute theKS ground state and, subse-

quently, themagnetic susceptibility. However, the approach is computationally

unfeasible as one would have to use prohibitively extensive supercells in order

to describe the impact of disorder on larger length scales. Luckily, the descrip-

tion of the electronic disorder can be achieved using computationally realistic

coherent potential approximation (CPA). Alas, it comes at a cost of algorithmic

complexity and up to now, in the context of LRTDDFT, it has been applied to

study paramagnons only [84, 85, 176] but not the spin excitations of ordered

magnets yet.

In a series of publications, we provided the description of the disorder-induced

magnon-damping within the Heisenberg model built upon the disordered

ground state described within the CPA [C13, C14, C20] capable of treating com-

plex lattice geometries and arbitrary mixtures of magnetic and non-magnetic

atoms. We will expose the formalism now.

The simplest model of a disordered magnetism arises from the consideration

of dilution, cf. Fig. 7 for a two-dimensional example of simple lattice with va-

cancy concentration evolving across the percolation threshold [177–179]. Cer-

tain magnetic atoms are removed together with the magnetic couplings (ex-

change integrals) originating from them.We note that this gives rise not only to

the substitutional disorder (an atom replaced, possibly by a vacancy) but also to

the off-diagonal one (disordered couplings between the magnetic atoms). The

latter constitutes a serious challenge in the CPA-treatment of the problem. The

generalization of the description to arbitrary mixtures of magnetic and non-

magnetic atoms and lattices with complex bases is tedious but we gave it in the

works cited.

The original CPA description of the Heisenberg model with the proper treat-

ment of the off-diagonal disorder was given by Yonezawa and Matsubara [180,

181] and used in subsequent studies of simple systems [171, 182, 183]. In short,
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Figure 7: Examples of disordered two-dimensional magnetic structures at dif-

ferent concentrations of defects: (a) ζ = 0.15, (b) ζ = 0.85 (the vicinity of
the percolation threshold), (c) ζ = 0.59. There are no correlations be-
tween occupation of sites. The figure is reproduced from [C20].

it relies on, at this state exact, the development of the disordered Heisenberg

model’s GF in cumulant series. Now, CPA chooses the set of non-crossing cumu-

lants and sums themup self-consistently, cf. Fig. 8, yielding the best single-site

approximation to themagnon self-energy arising from the scattering off impu-

rities. Even simplest approximation emerges in the virtual crystal approxima-

tion (VCA), which includes only disconnected cumulants, but we will see that it

is, in general, a qualitatively poor model.

A numerically exact treatment of the disordered Heisenberg model arises from

direct averaging of the magnetic susceptibility over different configurations of

the disorder (Monte Carlo treatment) [C20]. At this level, with modern super-

computers, this direct line of attack is possible but still costly. (It continues to be

impractical on the level of the electronic structure.) Thus, it is of interest to in-

quire howdoe the CPAperforms compared to this exact solution. The agreement

is mostly satisfactory, especially in higher dimensions, cf. Fig. 9. The CPA gives

a faithful account of the magnon dynamics away from the percolation thresh-

old for the diluted magnets, with the agreement being better in three than in

two dimensions, as expected considering the mean-field nature of the approx-

imation. In one dimension, not shown, CPA tends to fail qualitatively. Still, the

approximation “senses” the vicinity of percolation threshold and correctly re-

produces the dimensionality trends for both the energy and the FWHM of the

magnon peak, the latter being proportional to the inverse lifetime of the collec-

tive mode. For non-diluted magnets the agreement tends to be even better. On

the other hand, the VCA fails qualitatively. It is unable to differentiate between

dimensions and predicts exclusively magnons of infinite lifetimes.

For non-diluted magnets and moderate regime of disorder, the almost free

Bloch wave picture works well, cf. Fig. 10. The disorder induced damping is pro-

nounced only at elevated energywhere the density of states amagnon can decay

into is substantial.

Is is relatively easy to include the impact of the temperature on the magnon
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Figure 8: The diagrammatic expansion of the Dyson series corresponding to the

magnetic susceptibility of the disordered Heisenberg model on the

example of: (a) second and (b) fourth order average. An infinite se-

ries of such averages much be summed up self-consistently to ob-

tain the full spin-flip propagator. The CPA corresponds to neglect-

ing “crossed” cumulants, marked with dagger (†). The VCA keeps only

the disconnected cumulants in the expansion. The figure is reproduced

from [C20].

spectra on the level of the RPA [C14, 52]. The latter predicts the magnon soft-

ening as the temperature rises (with their energy vanishing at the critical tem-

perature) but fails to yield the magnon peak broadening due to the temperature

effects.

3.2 Magnon-magnon collisions

The SPEELS experiments we are concerned in are performed at very low tem-

peratures compared with the Curie one. Thismeans that there are practically no

thermally excitedmagnons the one we consider can interact with. However, the

SPEELS process itself continuously excites the magnons (although at presum-

ably low rate) by the constant bombardment of the sample with spin polarized

electrons. A magnon can interact with the bath which facilitates its decay.

When the SOC is neglected, the conservation of the angular momentum re-

quires that two colliding (incoming) magnons must produce a pair of outgoing

magnons, cf. Fig. 6c. With SOC operative, the excessive angular momentum can

be absorbed by the lattice. In the latter case, amagnon can decay into two, as de-

picted in Fig. 6d. (A magnon could also collide with a partner from the SPEELS-

bath but such process is much less probable.) Of course, there are also higher
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Figure 9: The dependence of the spin dynamics on the concentration of mag-

netic atoms c (c = 1 being perfect magnet) in two (three) dimensions

for simple quadratic (cubic) latticewith nearest neighbor interactions.

The performance of the VCA, CPA, andMonte Carlo approach (MCA) is

compared concerning (a) the normalized spin wave stiffness and (b)

the FWHMof the spin wave peak. The figure is reproduced from [C20].

order processes but they become less probable with the increasing number of

magnons involved.

The observations can bemathematically formulated in an effectiveHamiltonian

H = ∑
kij

a†
i (k)Tij(k)aj(k) + H4 +HSOC (5)

The first sum represents free magnons. The term H4 arises from the considera-

tion of higher terms in the Holstein-Primakoff transformation. It corresponds

to the non-linearity of the underlying dynamical equations or, equivalently, to

the increased precession amplitude associated with the increased number of

magnon states. Finally, HSOC describes the SOCmediated 3-magnon decay pro-

cess. Again, it appearsnaturally in theHeisenbergHamiltonianwhenanisotropy

terms or the Dzyaloshinskii–Moriya interaction (DMI) are considered.
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Figure 10: The spectral power of magnon excitations in Fe0.8Co0.2 at T = 0 (up-
per panel) and T ≈ 1200K (lower panel). The figure is reproduced from

[C14].

H4 and HSOC appear to be small and can be treated as perturbations. The life-

time of a magnon state can be obtained from the Fermi golden rule upon the

evaluation of the matrix element of the perturbing term on initial and final

magnon states. (Note that these are many-magnon states involving the inves-

tigated state and the magnons from the SPEELS-bath.)

For the specific example of 3 monolayer (ML) of Co/Ir(001) considered in

Ref. [C3], themagnon-magnon-inducedattenuation rate is orders ofmagnitude

smaller than the Landau damping: Γ4 < 5meV and ΓSOC < 1meV. No other sys-

tematic ab initio studies of these effects in magnetic nanostructures are known

to the author.

3.3 The hierarchy of spin dynamics attenuationmechanisms

The results reported in the preceding sections allowus to establish thehierarchy

of magnon decay channels in the metallic nanostructures. Unless the systems

are half-metallic [135, 136], which happens rarely for ultrathin magnetic films,

the Landau damping is expected to be the dominating attenuation mechanism.

However, the impact of disorder must not be neglected. In general, its role will

strongly vary depending on the concentration and the type of impurities. On the

other hand, themulti-magnon processes in the low temperature regime appear

to be of practically no importance compared with the two others mechanisms.

Further effects, like magnon-phonon interaction [172, 184], may be of impor-

tance as well and require further studies.
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Figure 11: The comparison of the experimental data and the theoretical predic-

tion of damping for 3 ML of Co/Ir(001). The inclusion of disorder im-

proves the description of the spin wave decay rates at elevated ener-

gies. Themulti-magnon processes are found to be irrelevant. The fig-

ure is reproduced from [C3].

In any case, the actual magnitude of the attenuation and the ratio of different

processes will necessarily be strongly material specific. Therefore, let us con-

sider the example of 3ML of Co/Ir(001). It is an ultrathinmetallic magnetic film

and itsmagnondampingwascharacterizedbymeansofSPEELS [C3].The results

are presented in Fig. 11. While the damping of low energy magnon branches can

be fully explained through the Landau damping, the neglecting of other decay

channels clearly underestimates the attenuation of the optical magnons above

350meV. The gap can be partially closed by considering the disorder induced

damping. However, a certain disagreement persists, and it cannot be explained

byminusculemagnon-magnon interaction. The role ofmagnon-phonon inter-

action, or other, in this system has not been investigated so far.
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4. Complex oxides and other functional magnets

4.1 The structure andmagnetic properties of complex oxides

The fascinating interplay between the structural, electronic, magnetic proper-

ties of insulating perovskites has gained a substantial attention in recent years

[185–190]. In a series of publications [C6, C8–C10, C12], we have contributed to

the understanding of the electronic structure and magnetism in these systems.

In this section, a short discussion concerning the tunable two-dimensional

electron gas (2DEG) is given.

Figure 12: The density of states calculated for LaAlO3/Li1.17NbO3. (a) large en-
ergy scale showing the band gap. (b) zoom around the Fermi level

showing the clear appearance of the spin polarized 2DEG. The figure

is reproduced from [C12].

The possibility of the formation of the latter is a particularly striking feature of

the interfaces in the perovskite heterostructures. Initially observed beneath po-

lar LaAlO3 (LAO) grown on TiO2-terminated SrTiO3(001), it was suggested by us

to take advantage of a solid electrolyte LiNbO3 (LiNO) instead of SrTiO3 to in-

duce a robust and switchablemagnetic 2DEG in LAO/LiNO. Our strategy is based

on the controlled introductionof defects (simulated ab initiousing theCPA)pro-

viding the necessary charge accumulation at the interface. Furthermore, it can

be demonstrated that the application of an electric field can dynamically charge
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anddischarge theLiNO layers influencing themagnetoelectric properties via the

Rashba-Edelstein effect.

4.2 Themagnetism of digital alloys in two and three dimensions

In several papers [C28, C30, C31] we analyzed systematically a family of so

called digital alloys, an example of 12-ML-thick Si/Mn superlattice is shown in

Fig. 13. We resorted to the ab initio calculations of the electronic structure and

the exchange interactions and focused particularly on the the dependence of

magnetic properties on the morphology of the Mn monolayer. Subsequently,

the Heisenberg model was deployed to determine the magnetic stability of the

collinear FM phase and determine the energies and shapes of the magnonic

modes. The critical temperatures of the magnetic phase transitions were cal-

culated using theMonte Carlo simulations taking into account the SOC-induced

anisotropy, strongly influencing it in two dimensions following the Mermin-

Wagner-theorem [191].

Figure 13: 12-ML-thick Si/Mn superlattices, with the substitutionalMnS (a) and

interstitialMnS (b) or both (c). The figure is reproduced from [C31].

In general, the magnetic properties of the digital magnetic alloy are decisively

governed by the structural properties of the underlying crystal. Furthermore,

stable ferromagnets and non-collinear structures coexist in the same parent

material phases. The critical temperatures vary sensitively following the vari-

ations of the exchange parameters and anisotropy constants between 150K and

the room temperature.

4.3 Altermagnetic phases

Let us conclude this section with a brief account of our studies [C1] concerning

thenovelmagneticphases termedaltermagnets [192, 193]. Altermagnets areakin
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to AFMs but the Kramers degeneracy of their band structure is lifted, and the

staggering of the magnetization takes place both in momentum and real space.

The discovery of new functional materials in this class, microscopic electronic

details of AFM ordering, its coupled charge and spin dynamics, as well asmeans

of engineering and controllable switching the phases of these exotic materials

are far from full explanation and pose an exciting emerging research field.

Figure 14: Top view of themagnetic unit cell of orthorhombic LaTiO3. The figure

is reproduced from [C1].

Resorting to ab initio calculations, we predicted that the Mott insulator LaTiO3
(LTO), not known previously as an altermagnetic material, shows the charac-

teristic features of these phases, in particular, the fully compensated antiferro-

magnetism and k-dependent spin-split electron bands in the absence of SOC.

The altermagnetism occurs when Ti become occupied by single electrons with

rotated orbitals, cf. Fig. 14. In this case, the system develops the band structure

with the characteristic altermagnetic symmetry, i.e., involving the joint spin-

inversion and crystal rotation, cf. Fig. 15.
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Figure 15: Total and spin-resolved Bloch spectral functions of altermagnetic

LaTiO3. The figure is reproduced from [C1].
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5. Magnon-electron scattering

5.1 The physical picture and themany-bodymathematical description of

the interaction

The long-range magnetic order emerges as a genuine many-body quantum ef-

fect but, remarkably, our primary understanding of it is facilitated by the mean

field treatment, the Slater-Stoner theory formulated first for ferromagnetic

metals [20, 194–196]. In short, in itinerantmagnets, the electronic bandsmag-

netically split, or spin-polarize, despite the associated gain of their kinetic en-

ergy because the symmetry break lowers their mutual interaction arising from

the Coulomb repulsion. In the Hartree-Fock approximation, the magnetization

gives rise to the effective magnetic field which self-consistently stabilizes the

spin-polarization. This picture echoes in the LSDA of the DFT where the spin

density induces thexcmagneticfield [24, 197].Necessarily, thedescriptionmust

be complemented with a careful treatment of higher-order many-body effects

[27, 29, 31, 32]. Nevertheless, for the sake of initial understanding, it pays off to

bear with the mean-field concept for a second.

Can it give us a hint on how to construct the electron-magnon coupling the-

ory? The answer turns out to be yes. The mean field fluctuates following the

oscillations of the magnetization. The elementary excitations of the latter are

magnons. Thus, the electrons can be imagined interacting with magnons by

following the dynamic field induced by them. An equivalent interpretation of

electron-photon scattering in the quantum electrodynamics provided by Feyn-

man involves the interaction of the electron with the electromagnetic field cor-

responding to the photon [198]. The magnons are bosons and carry the angu-

lar momentum of 2μB which must be conserved in the electron-magnon colli-

sion. Thus, the initial and final electron state must be of opposite spins when

the magnon is absorbed or emitted. Furthermore, this implies that the xc-field

associatedwithmagnons is orthogonal to thegroundstatemagnetizationdirec-

tion in the collinear magnets, as only such a field is capable of flipping ground

state electron spins. This is consistent with the fact that magnons are trans-

verse fluctuations of the ground statemagnetization. In ALSDA, they induce the

transverse xc-field given by the xc-kernel Kxc, cf. Sec. 1.2.1:

δB⟂
xc = KxcδB⟂

magnon. (6)

So emerges an intuitive physical picture of the interaction and, actually, the only

formal treatment the solid-state physics can currently propose essentiallymir-

rors it. Nevertheless, it cannot be the final one, at least because magnons and

electrons are not separate entities like electrons and photons: magnons emerge

as collective excitations of the electron gas.

A mathematical description of the phenomenon may be formulated on the

ground of the many-body perturbation theory [199–201]. The influence of
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magnon scattering on the electronic quasiparticles is quantified by the self-

energy. Since it cannot be computed in its full complexity, a set or relevant Feyn-

man diagrams is chosen in order to approximate it. In metals, following Hedin

[35, 202], the expansion is developed in the screened Coulomb interaction W.

Since the latter, following the manner of the bare Coulomb interaction itself,

cannot mediate spin-flip, the simplest term in the expansion, GW, cannot ac-

count for the electron-magnon collisions, cf. Fig. 16a.

(a) (b)

Figure 16: (a) The general formof the electronic self-energyΣ followingHedin’s
theory, following [C7]. The wavy line denotes the screened Coulomb

interactionWwhile i is the vertex. (b) A selected set of Feynman dia-

grams in the expansion of the latter gives rise to the simplest possible

electron-magnon interaction theory. The figure is reproduced from

[C7].

Figure 17: The contribution to the electronic self-energy arising from the

magnon-electron scattering approximated using numerically cheap

ab initio quantities obtainable from the LRTDDFT. The solid line per-

tains to the electron (electronic Green’s function) while the wiggly

one denotesmagnon (spin-flip propagator). They couple bymeans of

the exchange-correlation kernel Kxc.

The magnon electron-interaction is recovered upon choosing a suitable set of

Feynman diagrams in the expansion of the vertex in the self-energy [82, 203,
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204], cf. Fig. 16. It turns out that this set of diagrams can be related to the trans-

verse magnetic susceptibility expansion which is readily obtainable from the

LRTDDFT [65, 66, 201].

We leveraged this observation to evaluate the strength of the electron-magnon

coupling in solids [C7, 205]. The corresponding self-energy attains the structure

depicted in Fig. 17. A down electron couples to the up electron in a process me-

diated by magnon (the dominating process in strong ferromagnets) described

using the spin-flip propagator.

Since the LRTDDFT susceptibility is numerically cheaper than the correspond-

ing quantities ofmany-body perturbation theory (MBPT) and,with our scheme,

obtainable even for complex magnetic structures, the resulting novel formal-

ism opened the possibility for evaluating the magnon-electron coupling even

in these intricate cases. The remaining part of this section describes the results

obtained.

5.2 Correlations effects in elementary and complex ferromagnetic phases

Figure 18: The decay rate of majority

and minority electrons in the

the first image-potential-

state band of 3ML Fe/Cu(100)

film. Thefigure is reproduced

from [C32].

In [C7], we applied the formalism

outlined in the preceding to study

the electron-magnon interaction in

several bulk systems. The results for

bcc Fe and face centered cubic (fcc)

Ni are summarized in Fig. 19. The

coupling leads to a sizable renor-

malization of the electronic band

structure: the broadening of the

electron peaks, their shift, and the

appearance of additional (satellite)

states. For Fe, our result compares

favorably to existingMBPT [82, 203,

204] and the DMFT [27, 31–34] re-

sults. In Ni, contrary to the DMFT

approach, we are able to account for

the nonlocality of the self-energy

which appears to be important for

achieving a better agreement with

experiments concerning the value

of k-dependent exchange splitting

[29].

The relatively moderate numerical

costs of our scheme allow to address

also complex bulk materials as shown on the example of the weak itinerant

ferromagnet LaCo2P2 [C5] where we were able to address both the impact on
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Fe

Ni

Figure 19: Effect of the magnon-electron interaction on the band structure of

bcc Fe and fcc Ni for themajority (left) andminority (right) spin elec-

trons. The red dots represent the electronic dispersion within ALSDA

while the blue density plot is the spectral density renormalized due to

the interaction of electrons with the virtual gas of magnons. The fig-

ure is reproduced from [C7].

phonons and magnons on the electronic structure of this compound, cf. Fig. 20.

One of the central results obtained is the observation that phonons and elec-

trons tend to affect the band structure in two largely distinct ways. The phonons

lead to the emergence of “kinks” in the energy window around the Fermi level

EF corresponding to the approximate 50meVphononbandwidth. This strong in-

teraction leads, in a multitude of other systems, to the emergence of supercon-

ductivity. On the other hand, the magnons do not seem to induce such strik-

ing energy-localized features. Their influence causes a strong renormalization

of the entire band. Interestingly, in LaCo2P2, these are predominantly major-

ity spin holes engaging in the interactions with the virtual magnon gas which

is a consequence of the enhanced number of final minority states below EF. As
evident from Fig. 20b, this leads to the sizable life-times shortening below the

Fermi level. We see that the majority spin electrons (above EF) do not decay but
their energy is re-normalized. (By the virtue of the Kramers-Kronig relations,
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the imaginary part of the self-energy below below EF leads to the real part ob-
servable above it.) On the other hand, the minority spin particles practically do

not couple to magnons, cf. Fig. 20c.

Figure 20: The electron-boson interaction in weak itinerant ferromagnet

LaCo2P2. (a) The band renormalization (“kinks”) due to the electron-

phonon scattering. (b) and (c) The band structure renormalization

due to the magnon induced self-energy, respectively majority and

minority bands. The figure is reproduced from [C5].

Let us conclude this section bynoting that themagnon-assisted decay of excited

electrons can be directly experimentally observed as we showed in our earlier

study of 3ML Fe/Cu(100) film [C32], cf. also Fig. 18. In the two-photon photoe-

mission experiments, an electron is excited into an image-potential-state band

and subsequently its lifetime can be measured. It turns out that the decay rate

of the minority electrons exceeds strongly the one of minority ones. A careful

theoretical analysis reveals that in this system the only process capable of selec-

tively affecting spin channels is the magnon assisted electron decay, operative

primarily for the minority electrons above the Fermi level.

5.3 Non-quasiparticle states of half-metals

The half-metals constitute an intriguing family of magnets [136, 206–210]. One

of its spin channels (theminority one in the case of NiMnSb which we will focus

on) shows the semi-conducting behavior while the second one remains metal-

lic. This makes half-metals exciting candidates for spintronic applications and

renders the Landau damping, of at least low energy magnons, strictly inopera-

tive in the absence of SOC [135, 211].

Another intriguing effect observable inhalf-metals is the emergence of thenon-

quasiparticles states [212, 213]. It pertains to the superposition of electron and
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Figure 21: The electron-magnon interaction in NiMnSb. (a) Density of states in

LSDA and under the influence of the electron-magnon scattering. (b)

Bloch spectral function of theminority spin channel. The figure is re-

produced from [C7].

virtual magnon particles, the “spin polaron”. As a consequence, electron states

(minority in the case of NiMnSb) emerge in the half-metallic gap in which they

otherwise are absent. They can be described theoretically using the DMFT [214]

or our approach to study electron-magnon interaction, cf. Fig. 21. One clearly

notices the appearance of electronic states in the half-metallic gap. These states

do not emerge as a perturbative evolution of the KS bands but form as a bound

state of a majority electron and magnons, a genuine many-body phenomenon.

Note theconservationof theangularmomentumgivenby thesumof theupelec-

tron spin and −2μB one of themagnon yielding effectively a down electron spin.

5.4 Magnon-electron scattering in antiferromagnets

Our studies couldnotbe completewithout consideringanother important family

ofmagnets, the antiferromagnets [C4]. In collinearmagnets, there are four con-

ceivable scatteringprocessesof this type, depicted inFig. 22,whenoneconsiders

the low temperature regime in which there are no thermally excited magnons

such that only their generation, but not absorption, is possible. Up hole (below

the Fermi level) and down electron (above the Fermi level) generate magnons

lowering the system’smagnetization in the 𝒞+-type process dominating in fer-

romagnets. Down holes and up electrons could generate amagnonwhich would

effectively increase the system’smagnetization. This anti-Stoner scattering (𝒞−)

is strictly absent in strong ferromagnets but emerges in the weak ones (like Ni)

and in the antiferromagnets.

It turns out that in AF systems themagnon-electron interaction is governed not

only by the density of available final particle states but also by the shapes of

the magnon modes influenced by their chirality, cf. Fig. 23, where we consider

specifically the example of CrSb. We observe that electrons as well as holes in

all spin channels engage in the magnon scattering since both 𝒞+ and 𝒞− Stoner
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Figure 22: Stoner (𝒞+) and anti-Stoner (𝒞−) electron-magnon scattering pro-

cesses. The figure is reproduced from [C4].

Figure 23: (left) The imaginary part of the up particle self-energy on up (⇑⇑)
and down (⇓⇓) Cr sites. (right) Corresponding electron-magnon pro-

cesses. The figure is reproduced from [C4].

processes are equally available. An up hole decays by emitting a Stoner-type

magnon which occurs primarily on the Cr⇑ sites owing to the large amplitude

for these magnons there. An up electron couples to an anti-Stoner magnons,

featured primarily on the Cr⇑ atoms.

5.5 Paramagnon-driven superconductivity

In [C21] we investigated whether the electron-paramagnon coupling emerg-

ing from our theory is capable to drive superconducting phase transitions in

the pnictide family [51, 151, 215–218], taking FeSe as a representative example.

The coupling can hardly originate from the very weak electron-phonon cou-

pling [219]. A challenge in the description of FeSe is the sensitivity of its elec-

tronic structure and magnetism to the position of Se, zSe. Standard functionals
of the DFT are unable to predict the position correctly from the total energy cal-

culations. The missing ingredient is believed to be the spin fluctuations them-
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selves [216] but no detailed calculations seem to be available for FeSe. In order to

overcome this difficulty, we investigated different zSe < zcSe, cf. Sec. 2.2. It turns
out that the transition temperature Tc(zSe) saturates before zcSe is reached. In this
regime, the large paramagnon fluctuations described in Sec. 2.2 yield Tc = 32K
which is reduced to Tc = 24K by including detrimental effects as Coulomb re-

pulsion. Thus, it turns out that the spin-fluctuation mediated paring is capable

of inducing the superconducting order. However, the predicted value is higher

than the experimental one of 8Kwhich shows that the full understanding of this

material family is yet to be achieved, in particular concerning the faithful de-

scription of its ground state.

5.6 The impact of magnon-electron scattering on spin dynamics

In the preceding sections we have seen that the coupling of magnons to elec-

trons clearly renormalizes the properties of the latter. On the other hand, we

can legitimately ask whether the coupling memorializes the magnon proper-

ties as well. We already considered the first obvious consequence at length, the

Landau damping. Here, the single particle Stoner excitations couple tomagnons

augmenting them with a self-energy which leads to the damping and the en-

ergy renormalization. However, there is one further, more subtle influence of

the electron-magnon coupling on the spin dynamics. Indirectly, the magnon-

induced renormalization of the electronic bands self-consistently impacts the

spin-wave spectrum as well and focused on this issue in our recent paper [C3].

Figure 24: 3 ML Co/Cu(100). (left) The majority spin carrier band structure

renormalizationdue to themagnon-electron interaction.The red line

denotes the LSDA d-band and the red arrows its shift following the

inclusion of the magnon-electron interaction. (right) The resulting

softening of the magnon modes. The figures are reproduced from

[C3].

Themagnons affect primarily themajority spin holes and lead to the sizable re-

duction of the Stoner splitting, as evident from Fig. 24a. In turn, this leads to

the softening of the magnons modes, bringing them into much better agree-
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ment with the existing SPEELS data, Fig. 24b. In short, this is a result of self-

consistency. Themagnons affect the electronswhich in turnmodify themagnon

spectrum, etc.

5.7 Towards the ab initio theory of SPEELS

Figure 25: The SPEELS process and its

characteristic energy scales,

from [205]. Of interest here

are processes in which the

outgoing SPEELS electron is

of spin opposite to the in-

coming one, as only those

lead to the magnon excita-

tions in the sample.

As discussed in the introduction sec-

tion 1.2.3, the magnons of ultra-thin

films cannot be efficiently inves-

tigated using INS. However, the

magnetic scattering of electrons

(SPEELS) allows to probe them in

the entire two-dimensional Bril-

louin zone [C22]. As carefully dis-

cussed by Hong and Mills [220] this

arises due to the different nature

of the interaction of neutrons and

SPEELS electrons with the sample.

The long-ranged dipolar interac-

tion of neutrons makes themmostly

sensitive to spin-wave excitations.

On the other hand, the electrons

can uncover the signature of the

Stoner excitations as well [221]. In

short, this arises due to the strong

Coulomb nature of the scattering

between impinging electrons and

the ones residing in the sample. As

a consequence, the energy and mo-

mentum dependence of the cross-

section in the INS is given (up to

several factors) by the imaginary

part of the transverse susceptibility

χ±(q,ω) while in the case of SPEELS it involves substantially altered response

function χSPEELS(q,ω).

Since the Coulomb interaction conserves the spin, the SPEELS process is neces-

sarily of exchange character [108, 222, 223], cf. Fig. 25. A high-energy incom-

ing SPEELS electron occupies a free state sample state above the Fermi level ex-

pelling an electron from below. The sample is left in an excited state with en-

ergy and momentum given by the corresponding losses of the SPEELS beam.

The electron-hole undergoes repeated scattering leading to the formation of

magnons. The ground state of the system must be understood as a true man-

body wave function involving single electron states in a possibly broad energy

window around the Fermi level EF. However, it is assumed that both the incom-
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ing and outgoing SPEELS electrons dwell above the cut-off energy EC being in

essentially free single particle states (plane-waves) and not contributing the

ground state of the sample. The last assumption allows to an easier perturba-

tive treatment of the scattering processes.

The evaluation of χSPEELS involves thus not only the repeated scattering of elec-
tron and hole of opposite spins, the physical content of χ±, but also the Coulomb

interaction of electrons in the sample and those in the beam. The evaluation of

χSPEELS has been performed on themodel level by Hong andMills and the corre-

sponding ab initio formulation within the KKR GF formalism has been given in

[205]. The actual implementation is formidable due to the complicated form of

the KKR GF and the convergence issues has not been fully solved so far. Thus,

the first principles description of SPEELS process remains a work in progress.
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6. Summary and outlook

This habilitation treatise exposed the author’s works in several areas of con-

temporary theoretical solid-state physics. Advances in the ab initio description

of spin excitations were presented concerning the ferri- and antiferromagnetic

magnons [C24, C29], paramagnons [C27], themagnetic second sound (longitu-

dinal spin excitations) [C16], and skyrmionic structures [C11, C18]. The descrip-

tion of non-Landau spin-wave damping was given [C3, C19, C20], in particu-

lar involving disorder and multi-magnon processes, establishing the hierarchy

of the spin dynamics attenuation in conducting magnets. Next, the magnetic

ground state and spin excitations of diverse functionalmaterials were discussed

[C6, C8–C10, C12, C15, C17, C21–C23, C25, C28, C30, C31], including altermag-

nets [C1]. Finally, an extended ab initio theory of the magnon-electron scatter-

ingwas exposed [C3–C5, C7, C32]. Here, it is shownhow the spin excitations can

lead to the unconventional Cooper-paring, the spin-dependent band structure

renormalization, the emergence of non-quasiparticle states, and the renormal-

ization of the spin dynamics.

Thefield of ab initiodescriptionof spin dynamics hasnot reached its boundaries.

The current goals of the theory are two-fold. On one hand, one strives to pro-

vide a faithful description of excitations in materials where the local spin den-

sity approximation fails. A prominent example here is provided by exotic su-

perconductors, e.g., cuprates [153]. To achieve it, one must take into account

a wide range of correlations effects both in the picture of the ground state as

well as in the exchange correlation kernel. Especially the second task is far from

its completion formagnets in contrast to themoremature approaches available

for charge excitations [71]. One believes that the inclusion of correlations aris-

ing from electron-magnon coupling constitutes an important puzzle piece here

[C3, 91].

On the other hand, there is an important physics waiting to be uncovered even

upon staying with the local spin density approximation. Here, the spin dynam-

ics of non-collinear magnets remains far from being fully charted. The ground

state of such systems is relatively well understood [55, 58, 197] but much less is

known about their spin excitations. At the same these excitations are believed to

beof pronounced topological character [224–227] and likely to set new trends in

the spintronics [10]. Closely related is the impact of relativistic corrections [89,

176, 228]. In particular, the SOC allows for a coupling of transverse magnons

to the low-energy charge fluctuations, giving rise to the SOC-induced Landau

damping. The magnitude of this effect is in general unknown and likely to bear

strong material dependence. Last but not least, the magnons can interact with

further quasiparticles and collective modes in solids which opens new decay

channels for them. Currently, an actively investigated example is their coupling

to phonons [184, 229, 230]. Last but not least, the description of the spin dy-

namics in themagnetic but atomically disordered systemshasnot beenachieved

within the LRTDDFT yet. (This is in in contrary to the paramagnetic case [84,
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85].) Thus, the interplay between the disorder-induced and Landau damping is

still not well understood. The methodology outlined in this treatise is currently

being extended to account for all the aforementioned effects.

Ultimately, the quest for faithful description of yet a broader class of materi-

als brings one to the realm of quantum chemistry. The electronic structure of

molecules can hardly be realized using the methods developed for close packed

solids. For this purpose, an implementation of the linear combination of atomic

orbitals (LCAO) approach is currently being pursued [231–233]. To provide spe-

cific examples, this method paves the way to describe molecules absorbed on

surfaces [234] and understand complex chemical processes, e.g., the photocat-

alytic water splitting [235].

Let us finally mention the extraordinary chance for the ab initiomagnetism as-

sociatedwith the advent of quantum computing. The new paradigmpromises to

decisively alleviate the exponential algorithmic complexity associated with the

exact solution of the electronic many-body problem [236–240]. With the true

correlatedmany-bodywave-functions at hand, the spectrumand further prop-

erties of spin excitations of a system can be extracted exactly. Alas, the dawn-

ing noisy intermediate-scale quantum (NISQ) era [241, 242] will hardly be able

to treat the electronic system of solids in its full complexity. Nevertheless, the

field of magnetism has already embraced the quantum computers and actively

investigates complex correlated magnetic textures using them [243–245].
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DMI Dzyaloshinskii–Moriya interaction

fcc face centered cubic

FM ferromagnetic

FWHM full-width at half-maximum

GF Green’s function

INS inelastic neutron scattering

KS Kohn-Sham

KKR Korringa-Kohn-Rostoker

LRTDDFT linear response time-dependent density functional theory

LSDA local spin density approximation

MBPT many-body perturbation theory

ML monolayer

RIXS resonant inelastic X-ray scattering

RPA random phase approximation

SOC spin-orbit coupling

SPEELS spin-polarized electron energy loss spectroscopy

TDDFT time-dependent density functional theory

VCA virtual crystal approximation

xc exchange-correlation





Acknowledgements 73

Acknowledgements

I would not have been able to complete this work without the unexhausted

selfless support of my beloved wife Nadine Buczek née Geyer. I also thank my

daughter Pauline and my father Henryk for their constant encouragement and

critical remarks.

The Johannes Kepler University Linz has provided me with generous patron-

age for the last decade, and I have come to perceive the Institute for Theoretical

Physics and itsmembers asmy scientific home. Thiswasmade possible through

the unceasing commitment of Arthur Ernst. I will always cherish our deep dis-

cussions and companionship. Johannes Rosina und Felix Ruhaltinger enabled

many of the numerical studies constituting the content of this work. Further-

more, I want to cordially thank the students of this group as well, in particu-

lar Sebastian Paischer, Patrick Franz Perndorfer, and David Eilmsteiner for the

exciting work we undertook together. Furthermore, it was David who made the

seamless submission of this work possible.

Iwould like to thankmycolleagues inother countries aswell. I greatly appreciate

the scientific exchange with Giovanni Vignale at University of Columbia, Mis-

souri, USA, andMikhail Katsnelson of Radboud Universiteit, Nijmegen, Nether-

lands. InGermany, atHamburgUniversity of Applied Sciences (HAWHamburg),

I am indebted to Lutz Leutelt and Robert Fitz for their generous collegial com-

pensation of my teaching duties which continues to make my research possi-

ble in the first place, and Karl-Ragmar Riemschneider for his scientific guid-

ance. I express my gratitude to Jan-Gerd Meß and Frank Dannemann at Ger-

man Aerospace Center (DLR) in Bremen for an opportunity to join their exciting

projects. In Halle and Karlsruhe, I acknowledge the stimulating and enlighten-

ing discussions with Leonid Sandratskii, Jürgen Kirschner, Khalil Zakeri Lori,

andWulf Wulfhekel.

Finally, many thanks to Thore Posske from Hamburg University and Marcel

Völschow of HAW Hamburg for setting sail of my scientific program for the

quantum computing era.





Eidesstattliche Erklärung 75

Eidesstattliche Erklärung

Hiermit erkläre ich, dass ich die Habilitationsschrift selbstständig und ohne

fremde Hilfe verfasst und andere als die angegebenen Quellen und Hilfsmit-

tel nicht benutzt und die den benutzten Werken wörtlich oder inhaltlich ent-

nommenen Stellen als solche kenntlich gemacht habe.

Linz, 17. Juni 2025

Dr. Paweł Adam Buczek





Appendix: Own works 77

Appendix: Ownworks

This appendix contains the cumulative list of author’s works accrued after the

completion of his doctorate and constituting this habilitation treatise.

[C1] I. V. Maznichenko, A. Ernst, D. Maryenko, V. K. Dugaev, E. Ya. Sherman,

P. Buczek, S. S. P. Parkin, and S. Ostanin. 2024. Fragile altermagnetism

and orbital disorder in Mott insulator LaTiO3. Phys. Rev. Materials, 8, 6,

(June 2024), 064403. ISSN: 2475-9953. DOI: 10.1103/physrevmaterials

.8.064403.

[C2] I. V. Maznichenko, S. Ostanin, D. Maryenko, V. K. Dugaev, E. Ya. Sher-

man, P. Buczek, I. Mertig, M. Kawasaki, and A. Ernst. 2024. Emerging

Two-Dimensional Conductivity at the Interface betweenMott and Band

Insulators. Phys. Rev. Lett., 132, 21, (May 2024), 216201. ISSN: 1079-7114.

DOI: 10.1103/physrevlett.132.216201.

[C3] Sebastian Paischer, David Eilmsteiner, Igor Maznichenko, Nadine

Buczek, Khalil Zakeri, Arthur Ernst, and Paweł A. Buczek. 2024. Cor-

relations, disorder, and multimagnon processes in terahertz spin dy-

namics of magnetic nanostructures: A first-principles investigation.

Phys. Rev. B, 109, 22, (June 2024), l220405. ISSN: 2469-9969. DOI:

10.1103/physrevb.109.l220405.

[C4] Sebastian Paischer, David Eilmsteiner, Mikhail I. Katsnelson, Arthur

Ernst, and Paweł A. Buczek. 2024. Electronic correlations arising from

anti-Stoner spin excitations: An ab initio study of itinerant ferro- and

antiferromagnets. Phys. Rev. B, 110, 16, (October 2024), 165121. ISSN:

2469-9969. DOI: 10.1103/physrevb.110.165121.

[C5] D. Yu. Usachov, K. Ali, G. Poelchen, M. Mende, S. Schulz, M. Peters, K.

Bokai, I. Yu. Sklyadneva, V. Stolyarov, E. V. Chulkov, K. Kliemt, S. Pais-

cher, P. A. Buczek, R. Heid, F. Hempel, M. Ruesing, A. Ernst, C. Krell-

ner, S. V. Eremeev, and D. V. Vyalikh. 2024. Unveiling Electron-Phonon

and Electron-Magnon Interactions in the Weak Itinerant Ferromagnet

LaCo2P2. Advanced Physics Research, (November 2024). ISSN: 2751-1200.

DOI: 10.1002/apxr.202400137.

[C6] Igor V. Maznichenko, Pawel Buczek, Ingrid Mertig, and Sergey Ostanin.

2023. Spin textures induced in the n-doped solid electrolytes. Journal of
Physics D: Applied Physics, (June 2023). DOI: 10.1088/1361-6463/ace2cf.

[C7] Sebastian Paischer, Giovanni Vignale, Mikhail I. Katsnelson, Arthur

Ernst, andPaweł A. Buczek. 2023.Nonlocal correlation effects due to vir-

tual spin-flip processes in itinerant electron ferromagnets. Phys. Rev. B,

107, 13, (April 2023), 134410. DOI: 10.1103/physrevb.107.134410.

https://doi.org/10.1103/physrevmaterials.8.064403
https://doi.org/10.1103/physrevmaterials.8.064403
https://doi.org/10.1103/physrevlett.132.216201
https://doi.org/10.1103/physrevb.109.l220405
https://doi.org/10.1103/physrevb.110.165121
https://doi.org/10.1002/apxr.202400137
https://doi.org/10.1088/1361-6463/ace2cf
https://doi.org/10.1103/physrevb.107.134410


78 Magnon-electron scattering and non-Landau magnon decay…

[C8] Dae-Sung Park, Aurora Diana Rata, Rasmus Tindal Dahm, Kanghyun

Chu, Yulin Gan, Igor V. Maznichenko, Sergey Ostanin, Felix Trier, Hion-

suck Baik, Woo Seok Choi, Chel-Jong Choi, Young Heon Kim, Gregory J.

Rees, Hafliði Pétur Gíslason, Paweł Adam Buczek, Ingrid Mertig, Mihai

Adrian Ionescu, Arthur Ernst, Kathrin Dörr, PaulMuralt, andNini Pryds.

2023. Controlled Electronic and Magnetic Landscape in Self-Assembled

Complex Oxide Heterostructures. Advanced Materials, (May 2023). DOI:

10.1002/adma.202300200.

[C9] I. V. Maznichenko, P. Buczek, I. Mertig, and S. Ostanin. 2022. Charge-

to-spin conversion in the quasi-two-dimensional electron gas emerg-

ing at the hydrogen-doped interface between LiNbO3 and LaAlO3. Phys.

Rev. Materials, 6, 6, (June 2022), 064001. DOI: 10.1103/physrevmaterials

.6.064001.

[C10] A. D. Rata, J. Herrero-Martin, I. V. Maznichenko, F. M. Chiabrera, R. T.

Dahm, S. Ostanin, D. Lee, B. Jalan, P. Buczek, I. Mertig, A. Ernst, A. M.

Ionescu, K. Dörr, N. Pryds, and D.-S. Park. 2022. Defect-induced mag-

netism in homoepitaxial SrTiO3. APL Materials, 10, 9, (September 2022),

091108. DOI: 10.1063/5.0101411. https://doi.org/10.1063/5.0101411.

[C11] David Eilmsteiner, Xi-guang Wang, Levan L Chotorlishvili, Sebastian

Paischer, Martin Hoffmann, Paweł Buczek, and Arthur Ernst. 2021.

Asymmetry in the propagation of vortex domainwall artificial skyrmion

composite system. J. Phys.: Condens. Matter, (March 2021). DOI: 10.1088/1

361-648x/abee39.

[C12] I. V. Maznichenko, S. Ostanin, I. Mertig, and P. Buczek. 2021. Emer-

gent quasi-two-dimensional electrongasbetweenLi1±xNbO3 andLaAlO3
and its prospectively switchable magnetism. Phys. Rev. Materials, 5, 11,

(November 2021), 114001. DOI: 10.1103/physrevmaterials.5.114001.

[C13] Sebastian Paischer, Pawel Buczek, Nadine Buczek, David Eilmsteiner,

and Arthur Ernst. 2021. Eigenmodes of a disordered FeCo magnonic

crystal at finite temperatures. J. Phys.: Condens. Matter, (June 2021). DOI:

10.1088/1361-648x/ac0939.

[C14] Sebastian Paischer, Paweł A. Buczek, Nadine Buczek, David Eilmsteiner,

and Arthur Ernst. 2021. Spin waves in alloys at finite temperatures: Ap-

plication to the FeCo magnonic crystal. Phys. Rev. B, 104, 2, (July 2021),

024403. DOI: 10.1103/PhysRevB.104.024403. https://link.aps.org/doi/10

.1103/PhysRevB.104.024403.

[C15] Kh. Zakeri, A. Hjelt, I. V. Maznichenko, P. Buczek, and A. Ernst. 2021.

Nonlinear Decay of QuantumConfinedMagnons in Itinerant Ferromag-

nets. Phys. Rev. Lett., 126, 17, (April 2021), 177203. DOI: 10.1103/PhysRev

Lett.126.177203. https://link.aps.org/doi/10.1103/PhysRevLett.126.1772

03.

https://doi.org/10.1002/adma.202300200
https://doi.org/10.1103/physrevmaterials.6.064001
https://doi.org/10.1103/physrevmaterials.6.064001
https://doi.org/10.1063/5.0101411
https://doi.org/10.1063/5.0101411
https://doi.org/10.1088/1361-648x/abee39
https://doi.org/10.1088/1361-648x/abee39
https://doi.org/10.1103/physrevmaterials.5.114001
https://doi.org/10.1088/1361-648x/ac0939
https://doi.org/10.1103/PhysRevB.104.024403
https://link.aps.org/doi/10.1103/PhysRevB.104.024403
https://link.aps.org/doi/10.1103/PhysRevB.104.024403
https://doi.org/10.1103/PhysRevLett.126.177203
https://doi.org/10.1103/PhysRevLett.126.177203
https://link.aps.org/doi/10.1103/PhysRevLett.126.177203
https://link.aps.org/doi/10.1103/PhysRevLett.126.177203


Appendix: Own works 79

[C16] Paweł Buczek,NadineBuczek, Giovanni Vignale, andArthur Ernst. 2020.

First-principles perspective onmagnetic second sound. Phys. Rev. B, 101,

21, (June 2020), 214420. DOI: 10.1103/physrevb.101.214420.

[C17] Holger L. Meyerheim, Arthur Ernst, Katayoon Mohseni, Andrey

Polyakov, Igor V. Maznichenko, Paweł A. Buczek, Alessandro Coati,

and Stuart S. P. Parkin. 2020. Structure and Magnetism of EuS on

Bi2Se3(0001). physica status solidi (b), (August 2020), 2000290. DOI:

10.1002/pssb.202000290.

[C18] X.-G. Wang, L. Chotorlishvili, N. Arnold, V. K. Dugaev, I. Maznichenko,

J. Barnaś, P. A. Buczek, S. S. P. Parkin, and A. Ernst. 2020. Plasmonic

Skyrmion Lattice Based on the Magnetoelectric Effect. Phys. Rev. Lett.,

125, 22, (November 2020). DOI: 10.1103/physrevlett.125.227201.

[C19] Paweł Buczek, Stefan Thomas, AlbertoMarmodoro, Nadine Buczek, Xa-

bier Zubizarreta, Martin Hoffmann, Timofey Balashov, Wulf Wulfhekel,

Khalil Zakeri, and Arthur Ernst. 2018. Spin waves in disordered materi-

als. J. Phys.: Condens. Matter, 30, 42, 423001–. ISSN: 0953-8984. http://s

tacks.iop.org/0953-8984/30/i=42/a=423001.

[C20] Paweł Buczek, Leonid M. Sandratskii, Nadine Buczek, Stefan Thomas,

Giovanni Vignale, and Arthur Ernst. 2016. Magnons in disordered non-

stoichiometric low-dimensional magnets. Phys. Rev. B, 94, 5, (August

2016), 054407–. https://link.aps.org/doi/10.1103/PhysRevB.94.054407.

[C21] F. Essenberger, A. Sanna, P. Buczek, A. Ernst, L. Sandratskii, and E. K. U.

Gross. 2016. Ab initio theory of iron-based superconductors. Phys. Rev. B,

94, 1, (July 2016), 014503–. DOI: 10.1103/PhysRevB.94.014503. https://li

nk.aps.org/doi/10.1103/PhysRevB.94.014503.

[C22] H. J. Qin,Kh. Zakeri, A. Ernst, L.M. Sandratskii, P. Buczek,A.Marmodoro,

T. H. Chuang, Y. Zhang, and J. Kirschner. 2015. Long-living terahertz

magnons in ultrathin metallic ferromagnets. Nature Communications, 6,

(January 2015), 6126–. http://dx.doi.org/10.1038/ncomms7126.

[C23] T. Balashov, P. Buczek, L. Sandratskii, A. Ernst, and W. Wulfhekel. 2014.

Magnon dispersion in thin magnetic films. J. Phys.: Condens. Matter, 26,

39, 394007–. ISSN: 0953-8984. http://stacks.iop.org/0953-8984/26/i

=39/a=394007.

[C24] MarianaM. Odashima, AlbertoMarmodoro, Paweł Buczek, Arthur Ernst,

and Leonid Sandratskii. 2013. Chirality-dependent magnon lifetime in a

compensated half-metallic ferrimagnet. Phys. Rev. B, 87, 17, (May 2013),

174420–. https://link.aps.org/doi/10.1103/PhysRevB.87.174420.

[C25] Kh. Zakeri, T.-H. Chuang, A. Ernst, L. Sandratskii, P. Buczek, J.-H. Qin, Y.

Zhang, and J. Kirschner. 2013. Direct probing of the exchange interaction

atburied interfaces.NatureNano, 8, 11, (November2013), 853–858. ISSN:

1748-3387. http://dx.doi.org/10.1038/nnano.2013.188.

https://doi.org/10.1103/physrevb.101.214420
https://doi.org/10.1002/pssb.202000290
https://doi.org/10.1103/physrevlett.125.227201
http://stacks.iop.org/0953-8984/30/i=42/a=423001
http://stacks.iop.org/0953-8984/30/i=42/a=423001
https://link.aps.org/doi/10.1103/PhysRevB.94.054407
https://doi.org/10.1103/PhysRevB.94.014503
https://link.aps.org/doi/10.1103/PhysRevB.94.014503
https://link.aps.org/doi/10.1103/PhysRevB.94.014503
http://dx.doi.org/10.1038/ncomms7126
http://stacks.iop.org/0953-8984/26/i=39/a=394007
http://stacks.iop.org/0953-8984/26/i=39/a=394007
https://link.aps.org/doi/10.1103/PhysRevB.87.174420
http://dx.doi.org/10.1038/nnano.2013.188


80 Magnon-electron scattering and non-Landau magnon decay…

[C26] T.-H.Chuang,Kh. Zakeri, A. Ernst, L.M. Sandratskii, P. Buczek, Y. Zhang,

H. J. Qin, W. Adeagbo, W. Hergert, and J. Kirschner. 2012. Impact of

Atomic Structure on theMagnonDispersionRelation: AComparisonBe-

tween Fe(111)/Au/W(110) and Fe(110)/W(110). Phys. Rev. Lett., 109, 20,

(November 2012), 207201–. http://link.aps.org/doi/10.1103/PhysRev

Lett.109.207201.

[C27] F. Essenberger, P. Buczek, A. Ernst, L. Sandratskii, and E. K. U. Gross.

2012. Paramagnons in FeSe close to a magnetic quantum phase transi-

tion: Ab initio study. Phys. Rev. B, 86, 6, (August 2012), 060412–. http://l

ink.aps.org/doi/10.1103/PhysRevB.86.060412.

[C28] M. M. Otrokov, G. Fischer, P. Buczek, A. Ernst, and E. V. Chulkov. 2012.

Search for stable ferromagnets among AIV/Fe digital alloys (AIV= Si, Ge)

usingfirst-principles calculations.Phys. Rev. B, 86, 18, (November 2012),

184418–. http://link.aps.org/doi/10.1103/PhysRevB.86.184418.

[C29] LeonidM. Sandratskii and Paweł Buczek. 2012. Lifetimes and chirality of

spin waves in antiferromagnetic and ferromagnetic FeRh from the per-

spective of time-dependent density functional theory. Phys. Rev. B, 85, 2,

(January 2012), 020406–. http://link.aps.org/doi/10.1103/PhysRevB.85

.020406.

[C30] M. M. Otrokov, A. Ernst, S. Ostanin, G. Fischer, P. Buczek, L. M. San-

dratskii, W. Hergert, I. Mertig, V. M. Kuznetsov, and E. V. Chulkov. 2011.

Intralayermagnetic ordering in Ge/Mn digital alloys. Phys. Rev. B, 83, 15,

(April 2011), 155203–. http://link.aps.org/doi/10.1103/PhysRevB.83.1552

03.

[C31] M.M. Otrokov, A. Ernst, V. V. Tugushev, S. Ostanin, P. Buczek, L. M. San-

dratskii, G. Fischer, W. Hergert, I. Mertig, V. M. Kuznetsov, and E. V.

Chulkov. 2011. Ab initio study of the magnetic ordering in Si/Mn digital

alloys. Phys. Rev. B, 84, 14, (October 2011), 144431–. http://link.aps.org

/doi/10.1103/PhysRevB.84.144431.

[C32] A. B. Schmidt, M. Pickel, M. Donath, P. Buczek, A. Ernst, V. P. Zhukov,

P. M. Echenique, L. M. Sandratskii, E. V. Chulkov, and M. Weinelt. 2010.

Ultrafast Magnon Generation in an Fe Film on Cu(100). Phys. Rev. Lett.,

105, 19, (November 2010), 197401–. http://link.aps.org/doi/10.1103/Phy

sRevLett.105.197401.

http://link.aps.org/doi/10.1103/PhysRevLett.109.207201
http://link.aps.org/doi/10.1103/PhysRevLett.109.207201
http://link.aps.org/doi/10.1103/PhysRevB.86.060412
http://link.aps.org/doi/10.1103/PhysRevB.86.060412
http://link.aps.org/doi/10.1103/PhysRevB.86.184418
http://link.aps.org/doi/10.1103/PhysRevB.85.020406
http://link.aps.org/doi/10.1103/PhysRevB.85.020406
http://link.aps.org/doi/10.1103/PhysRevB.83.155203
http://link.aps.org/doi/10.1103/PhysRevB.83.155203
http://link.aps.org/doi/10.1103/PhysRevB.84.144431
http://link.aps.org/doi/10.1103/PhysRevB.84.144431
http://link.aps.org/doi/10.1103/PhysRevLett.105.197401
http://link.aps.org/doi/10.1103/PhysRevLett.105.197401

	Contents
	Abstract
	Context and motivation
	Introduction
	First principles non-adiabatic spin dynamics
	Linear response time-dependent density theory
	Many-body perturbation schemes
	Landau damping of magnons in ordered collinear complex bulk magnets and ultra-thin magnetic films

	Overview

	Developments in the ab initio description of spin excitations
	Ferri- and antiferromagnetic magnons
	Paramagnons in unconventional superconductors
	Magnetic second sound

	Non-Landau magnon decay channels
	The inclusion of disorder effects
	Magnon-magnon collisions
	The hierarchy of spin dynamics attenuation mechanisms

	Complex oxides and other functional magnets
	The structure and magnetic properties of complex oxides
	The magnetism of digital alloys in two and three dimensions
	Altermagnetic phases

	Magnon-electron scattering
	The physical picture and the many-body mathematical description of the interaction
	Correlations effects in elementary and complex ferromagnetic phases
	Non-quasiparticle states of half-metals
	Magnon-electron scattering in antiferromagnets
	Paramagnon-driven superconductivity
	The impact of magnon-electron scattering on spin dynamics
	Towards the ab initio theory of SPEELS

	Summary and outlook
	References
	List of Acronyms
	Acknowledgements
	Eidesstattliche Erklärung
	Appendix: Own works


