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In this thesis the thermal stability of magnetic solitons, beyond skyrmions, in ultrathin tran-
sition metal films and 2D van der Waals magnets is investigated by means of transition state
theory. The basis for this investigation is an extended Heisenberg model, which is parame-
terised from density functional theory and consists of exchange interaction, Dzyaloshinskii-
Moriya interaction and magnetocrystalline anisotropy energy as well as Zeeman energy in
an external magnetic field. Based on this spin model annihilation and nucleation rates for
magnetic solitons are computed, which are then used to investigate the thermal stability of
these topological spin configurations.

Beyond the calculation of soliton lifetimes, the rates for the annihilation and nucleation
of skyrmions in the ultrathin film system Pd/Fe/Ir(111) are used to set up the master equa-
tion, from which the equilibrium distribution between the skyrmion and the field polarised
state is computed. By modeling the magnetoelectric effect in linear response to the magnetic
interactions, the dependency of this distribution on the bias voltage, that is applied in an
scanning tunneling microscopy experiment, is investigated. The distributions obtained from
the simulation reproduce experimental observations. By embedding the equilibrium distri-
bution into a thermodynamic context, it is explained that the electric-field induced changes
to the skyrmion probability can be related to changes in the free energy of the skyrmion with
respect to the field-polarised state, giving insights into the electric field assisted nucleation
of skyrmions.

In the ultrathin film system Rh/Co/Ir(111) the thermal stability of coexisting skyrmions
and antiskyrmions has been investigated. Since antiskyrmions exhibit an additional symme-
try compared to skyrmions, a method for its treatment has been developed here in order to
calculate their lifetime. Beyond that, the effect of the Dzyaloshinskii-Moriya interaction on
the coexistence of skyrmions and antiskyrmions has been studied by means of their equilib-
rium distribution. It is found that skyrmions, in contrast to antiskyrmions, undergo entropic
destabilisation in materials with broken inversion symmetry. This gives rise to the ther-
mally activated nucleation of antiskyrmions over skyrmions by local heating. Further, it is
demonstrated that the methods developed for the treatment of antiskyrmions enable also
the treatment of magnetic solitons with arbitrary topological charges.

The stability of bimerons and antibimerons in the all-magnetic van der Waals heterostruc-
ture FegGeTe, /CroGe,Teg is investigated by means of their energy barrier against a collapse
into the field polarised state. In particular, differences between both solitons that arise from
the competition between easy-plane anisotropy and a magnetic field applied perpendicular
to the surface are examined. It is found that below a certain magnetic field strength, solitons
exhibit a much larger spatial extent than it is known for solitons in magnets with easy-axis
anisotropy, which makes them more pronounced to finite-size effects.

Towards the investigation of stabilisation mechanisms for solitons in 2D materials, which
often lack broken inversion symmetry, the theoretical basis for the implementation of higher-
order exchange interactions into the framework of transition state theory has been developed.
This involves a general scheme for the computation of their derivatives with respect to
deflections of the magnetic soliton as well as the Fourier analysis of these interactions.

1ii



Qoo ooogooood

In dieser Dissertation wird die thermische Stabilitdt magnetischer Solitonen in ultradiin-
nen Ubergangsmetallfilmen und magnetischen van-der-Waals-Materialien im Rahmen der
Theorie der Ubergangszustinde untersucht. Die Untersuchungen basieren auf einem er-
weiterten Heisenbergmodell, das durch Dichtefunktionaltheorie parameterisiert ist und die
Austauschwechselwirkung, die Dzyaloshinkii-Moriya-Wechselwirkung, die magnetokristalline
An-isotropie und die durch ein externes magnetisches Feld hervorgerufene Zeemann-Energie
berticksichtigt. Auf Grundlage dieses Spinmodells werden die Erzeugungs- und Vernichtungs-
raten magnetischer Solitonen berechnet, die dann Aufschluss iiber die thermische Stabilitat
dieser topologischen Spinzustéinde geben.

Uber die blofie Berechnung der Lebenszeiten hinausgehend, wird aus den Erzeugungs- und
Vernichtungsraten fir Skyrmionen im ultradiinnen Filmsystem Pd/Fe/Ir(111) die Master-
gleichung aufgestellt. Aus deren Losung wird die Gleichgewichtsverteilung von Skyrmionen
und ferromagnetischem Grundzustand bestimmt. Die Abhéngigkeit dieser Verteilung von der
in einem Rastertunnelmikroskopie-Experiment angelegten Spannung wird simuliert, indem
die Starke des elektrischen Feldes iiber den magnetoelektrischen Effekt auf die magnetis-
chen Wechselwirkungen Einfluss nimmt. Die so erhaltenen Gleichgewichtsverteilungen sind
in guter Ubereinstimmung mit den experimentellen Beobachtungen. Dariiber hinaus wird
der Zusammenhang zu thermodynamischen Groflen hergestellt und es wird gezeigt, dass die
durch das elektrische Feld hervorgerufenen Anderungen der Skyrmionwahrscheinlichkeit auf
Anderungen in der Freien Energie des Skyrmions zuriickzufiihren sind.

Im ultradiinnen Filmsystem Rh/Co/Ir(111) wird die thermische Stabilitat von koex-
istierenden Skyrmionen und Antiskyrmionen untersucht. Hierfiir wird zunédchst eine Me-
thode fiir die Berticksichtigung einer zusitzlichen Symmetrie des Antiskyrmions entwickelt.
Weiterhin wird der Einfluss der Dzyaloshinskii-Moriya-Wechselwirkung auf die Gleichge-
wichtsverteilung koexistierender Skyrmionen und Antiskyrmionen untersucht. Es wird dabei
gefunden, dass Skyrmionen im Gegensatz zu Antiskyrmionen in Systemen mit gebrochener
Inversionssymmetry durch entropische Effekte destabilisiert werden. Dieser Effekt unter-
streicht die Moglichkeit der thermisch unterstiitzten Erzeugung von Antiskyrmionen durch
raumlich begrenztes Aufheizen eines Materials. Des Weiteren wird gezeigt, dass mit den hier
entwickelten Methoden die thermische Stabilitdt von Solitonen mit beliebiger topologischer
Ladung berechnet werden kann.

In der magnetischen van-der-Waals-Heterostruktur FezGeTe,/CroGe,Teg wird die Sta-
bilitdt von Bimeronen und Antibimeronen im Hinblick auf deren Zerfallsenergiebarrieren
untersucht. Inbesondere werden die Unterschiede zwischen beiden Solitonen analysiert, die
durch die Konkurrenz von DOIDIUIOOO Anisotropie und dazu senkrechtem magnetischen Feld
hervorgehen. Es stellt sich dabei heraus, dass Solitonen unterhalb einer gewissen Magnet-
feldstérke eine groflere rdumliche Ausbreitung aufweisen, als es von Solitonen aus Systemen
mit einer leichten Magnetisierungsachse bisher bekannt ist.

In Hinblick auf die Untersuchung der Stabilisierung magnetischer Solitonen in 2D-Materi-
alien, die haufig keine gebrochene Inversionssymmetrie aufweisen, wurden die theoretischen
Grundlagen fiir die Implementierung von Austauschwechselwirkungen hoherer Ordnung in
die Theorie der Ubergangszustinde entwickelt. Dies beinhaltet zum einen die Berechnung
von Ableitungen der Wechselwirkungen im Raum der Auslenkungen von Solitonen und zum
anderen deren Behandlung im Rahmen der Fourier-Analyse.
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Introduction

The field of spintronics spans both, fundamental research and engineering, which focus on
the utilisation of the electron spin for the development of novel information technologies.
To the present day spintronic applications are mostly restricted to magnetoresistive effects,
which are e.g. used for data storage in magnetic hard disk drives. While hard disk drives
have been around for a long time, their improvement got accelerated by the discovery of
the 00000 CO00000 0OOIOOODOO (GMR) [1, 2]. This effect allowed for a significant increase
in the density of magnetically stored bits and subsequently to A. Fert and P. Griinberg
being awarded with the Nobel Prize in Physics in 2007 [3]. Since then new magnetoresitive
technologies emerged, e.g. the UOIOINIDOOIDO000N000 CJOOOOIOODODODIOD ODOODOO DOODOD OO00Oo00
(STT-MRAM) [4], which is an example for the usage of magnetic tunnel junctions in general.

As a non-volatile memory the MRAM technology marks a huge steps towards overcom-
ing the von Neumann bottleneck, which is also referred to as the O0OO00 OO0 [5, 6]. This
bottleneck arises due to the separation of memory and processing units in conventional com-
puting systems. The communication between both units usually reduces the computational
efficiency significantly due to a limited bandwidth for the transfer of information and the
requirement of additional resources. This underlines the necessity for new, unconventional
computing approaches beyond von Neumann architectures [5], especially nowadays facing the
persistently growing demand on processing large amounts of data. As illustrated in Fig. 1.1
there are several candidates for future computation architectures, but all of them raise high
challenges on a suitable platform for their realisation.

An early discussed approach was the 00000000 000000000 000000000 [7, 8], pioneered by S.
Parkin. The basic idea behind this concept is, that information is encoded in a sequence of
magnetic domains along a track, which are collectively moved by an applied spin-polarised
electric current. However this approach requires a high quality of the magnetic material
in order to avoid pinning effects [9, 10] and has thus not been competitive to state-of-the-
art hard disk drive or silicon-based devices. To overcome this issue it was suggested to use
topological protected solitons instead of domain walls [11], which are much more resilient
against pinning at defects [12, 13]. This pushed the interest in 0000000 000000000

Magnetic skyrmions belong to the group of topological solitons, which resemble topolog-
ically non-trivial configurations of the magnetisation of a material. Solitons themselves have
first been introduced in 1895 as solutions to the O00I00000000CCIOC DOOOMCO [14, 15] in order
to explain why water waves in a flat canal come out of a collision by keeping their shape
and velocity. The concept of topological solitons arose 1961 when T. Skyrme showed, that
a topological charge - throughout this thesis referred to by Q - can be assigned to soliton
solutions of the non-linear 0-model from quantum field theory [16, 17].

The connection to magnetism was drawn after topological phases of matter gained in-
creasing attention through theoretical works, because of which D. Thouless, F. Haldane and
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J. Kosterlitz later were awarded the Nobel Prize in Physics in 2016 [18]. In particular, it
was shown by A. Belavin and A. Polyakov in 1975, that topologically distinct solutions can
be obtained in the micromagnetic model of a two-dimensional ferromagnet [19]. These so-
lutions are metastable and bound in energy depending on their topological charge. In this
sense A. Bogdanov [0 0 later found that vortex-like configurations can be stabilised in two-
dimensional (2D) magnets [20-22]. If described by a magnetisation m : R?  S? where
magnetic moments are constraint to the unit sphere S?, an integer topological charge of the
well known form »

1 Bm Bm 2
Q AM Re m Bx By ar
can be assigned to such configurations, which is why they are referred to as magnetic skyr-
mions. These configurations were found to be stabilised by an antisymmetric exchange inter-
action, the Dzyaloshinskii-Moriya interaction (DMI) [23, 24]. Since this interaction, which is
mediated by heavy elements with large spin-orbit coupling, arises in materials with broken
inversion symmetry it was predicted, that skyrmions could be found in this class of materials.
Matching this prediction, the first experimental observation of magnetic skyrmions has
been reported in the non-centrosymmetric B20 crystal MnSi [25] in 2009, where they exist
within a narrow range of temperatures and applied magnetic fields. The first observation
of skyrmions in an ultrathin film was reported for an monoatomic layer of Fe, which was
pseudomorphically grown on an Ir(111) surface [26], where the skyrmions appeared in form
of a periodic nanoskyrmion lattice. Isolated skyrmions, on the other hand, have been found
to exist in a similar system consisting of a Pd/Fe layer on the Ir(111) surface [27].



Interestingly it was shown by density functional theory (DFT) calculations [26], that the
non-collinear skyrmion configuration in Fe/Ir(111) was stabilised by a 4-spin-4-site exchange
interaction, a higher-order exchange interaction [28], in interplay with DMI and frustrated
exchange. The stabilisation of magnetic solitons by higher-order exchange interactions is
especially interesting for another class of materials: 2D van der Waals magnets. These mate-
rials often lack broken inversion symmetry and can therefore not rely on soliton stabilisation
by DMI. Despite the Mermin-Wagner theorem, which states the absence of magnetism in
2D, ferromagnetic order has been found in a monolayer of Crlz [29] and in a monolayer of
CryGeyTeg [30] in 2017. Since these materials can in general be manufactured in a higher
quality than ultrathin films and, in addition to that, also the existence of skyrmions in 2D
materials has been reported [31-33], they are promising candidates for future spintronic
devices.

Closing therefore the loop, we see that from a material perspective there are plenty of pos-
sible platforms for skyrmion based spintronic devices. Moreover, due to them being solitons,
their particle-like behaviour can theoretically be exploited in applications beyond racetrack
memories, e.g. in skyrmion transistors [34, 35|, skyrmion diodes [36, 37] or logic gates [38-43].
A skyrmion based computing scheme is especially desirable because of its reversibility [44],
which can undercut the fundamental lower bound for the energy consumption of present
irreversible binary logic devices, as stated by 0000000000 O0000010 [45].

Regarding the pathways shown in Fig. 1.1 skyrmion-based approaches for reservoir com-
puting [46], stochastic computing [47, 48] and neuromorphic computing [49-51] have been
suggested and partially realised in experiments. It was even demonstrated that [0U0 0000
000 DOOO00 0000000000 can be built by exploiting the Brownian motion of skyrmions [52],
which arises due to their particle-like behaviour. Another theoretically proposed application
for skyrmions, which can built upon the stochastic approaches mentioned above [5] is their
utilisation as qubits for quantum computing [53-55]. In this approach an internal degree of
freedom, which is referred to as the helicity of a skyrmion [56, 57], serves as the observable
for encoding the information. Since this helicity determines the emergent electric dipole of
a skyrmion [58], such qubits can be probed by electric fields.

All these novel approaches to skyrmion-based computing have in common, that they rely
on stochastic properties of an ensemble of topological solitons rather than on the stability of
single solitons. Addressing this demand for future technologies, not only the thermal stability
of magnetic solitons, in form of their average lifetime T [59, 60], is analysed in this PhD thesis,
but also stochastic aspects such as probability dynamics and equilibrium distributions. The

lifetime

1 rI:IEI
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of a state A is computed from transition rates ™ " to all adjacent states X, which in
this thesis are determined in the framework of transition state theory [61, 62]. Further the
collection of these states, together with the transitions between them, allow the construction
of a OJO00O0 0000 model [63]. Building upon this model the soliton probabilities can be
computed as the solutions of the emergent equation of motion, which is the OUIIO0 D00O0IOO.
These solutions thereby allow the stochastic analysis of ensembles of distinct magnetic states
as it is employed in this thesis.

In this regard the thermal stability and probability of topological solitons beyond skyrmi-
ons is investigated. In particular, close attention is paid to coexisting complementary pairs
of particles and antiparticles, which possess opposite topological charges. The approach in
this PhD thesis relies on an atomistic spin model, which is parameterised from DFT in order
to simulate different material systems, including ultrathin films and van der Waals magnets.
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All of these materials have in common, that they can host metastable topological solitons in
two dimensions with sizes on the sub-10 nm scale.

The minimum energy path for transitions between states is computed using the 00OUO0ID
000000 0000000 0000 00000 (GNEB) [64] and based on this path the transition rates are
calculated [62]. From these rates subsequently the stability and the probabilities of topo-
logical solitons can be determined. Based on the results it is proposed how the composition
of different particles can be influenced by external stimuli including temperature as well as
magnetic and electric fields. Therefore this thesis is structured as follows.

The atomistic spin model, including all relevant magnetic interactions, is introduced in
chapter 2. It forms the basis for all further simulations. Here close attention is paid to the
Fourier representation of the model, since it is important for understanding non-collinear
magnetic order on a fundamental level. Regarding the stabilisation of magnetic solitons
away from DMI this framework is expanded to higher-order exchange interactions.

In chapter 3 topological concepts in magnetism are introduced. This includes the intro-
duction of skyrmions, the analysis of their geometry as well as the concept of topological
charge and topological protection. In particular their interplay with the magnetic interac-
tions contained in the spin model are discussed.

In chapter 4 the framework of transition state theory for magnetic degrees of freedom is
introduced, as well as the connection to Markov chains and the master equation. Besides a
general review on the theory the treatment of special symmetries, which relate to additional
zero modes of skyrmions, is emphasised. In addition to that the theoretical basis for dealing
with higher-order exchange interactions in this framework is presented.

Based on previously calculated transition rates for skyrmions in Pd/Fe/Ir(111), in chap-
ter 5 electric field dependent equilibrium distributions of skyrmions are computed and com-
pared to experimental results. In addition to that the connection of this distribution to the
free energy of skyrmions is established in order to give a more general understanding on
electric field assisted nucleation and annihilation processes.

The investigation is then extended to skyrmions and antiskyrmions with topological
charges of Q 1 in chapter 6. In the highly exchange frustrated ultrathin film system
Rh/Co/Ir(111) the lifetimes of both solitons are presented. This involves the previously
mentioned treatment of additional zero modes. Further a systematical study of their re-
sponse to DMI is conducted and the effect on their equilibrium distribution is determined
in order to reveal access to its manipulation.

In chapter 7 the existence of topological solitons in the all-magnetic van der Waals het-
erostructure FezGeTe,/CryGeyTeg is discussed. In particular the stability of bimerons and
antibimerons in the magnetic layer Cr,Ge,Teg with an easy-plane anisotropy is investigated.
Based on a magnetic field induced transformation between bimerons (antibimerons) and
skyrmions (antiskyrmions) major differences between solitons in in-plane and out-of-plane
ferromagnetic backgrounds are emphasised.

This thesis is concluded in chapter 8 with a summary and an outlook.



Chapter

Al The atomistic spin model
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"2 b?QrM B NX®B ; X

6Q° M BHHmbi® iBQM Q7 i?2 2M2 ;v QIcH TBMQMBI 7Hs QHAR + M b
M/ pBbm HBb2 i?2 2t+? M;2 2M2 :v kBEIvJQpRB QM BTO® 4 [KX T +2X h?
#22M /IQM2 BXT®B;iR2 mHi~ i?BM }HK bvbi2Kb S/f62fA" URRRV rBi? 7+
Q7 i?2 S/I@H v2  mbBM; +QMbd XM Z 20K :27BKET2 bBQM BM "2+BT
7Q° #Qi? bvbi2Kb Bb p2'v bBKBH " /2bTBi2 bQK2 /Bz2 2M+2b QM i7
XQM2X L2p2 i?2H2bb i?2 BMi2  +iBQM +QMbi Mibi?2Kb2Hp2b /Bz2"
TT QtBK i2Hv /2b+ " B# #H2 rBi?BM +2°i BM 7 KBHv Q7 7TmM+iBQN
h?2b2 7mM+iBQMb "2 # b2/ QM i?2 bQ + HEHDY r 2EBERP BMH 2 B BIE M(
2t+? M;2 BMi2' +iBQM BM K2i Hb K2/B i2/ #v i?2 TQH 'Bb iBQM Q7
"2pT2+iBp2 BM~m2M+2 QM i?2 2t+? M:2 BMI  +iBQM +QMbi Mib "2

J Eedq %pcos sin q; 2K of UkXkkV
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kKXkX h?2 2ti2M/2/ >2Bb2M#2";

6B;m 2 kXjtk&? M;2 BMi2® +iBQM BM S/f6DfA BRRRVX2bQHp2/ 2t+
BMi2® +iBQM J4QFIQi Wb @S/f62fA"URRRV M/ U#V 78 mBHIi@ S/f
TH v2/ Qp2° i?2 "2bT2+iBp2 b?2HH®6b /Bbi M+2 7°QK i?2 +2Mi2"
#v }iiBM; i?72 EEU@KQ/2HXKNRQK 1P2 UQBMib "2bmHiIiBM; BM i?2
Ke; o P2763837Q i?2 7++@bipxFRINME MY i?2 ?2+T@bi +tFBM;X h
T K2i29 ? b #22M //2/ b T? b2 iQ i?2 i'B;QMQK2i' B+ 7TmM+iBQ
i?72 2t+? M;2 BMi2" +iBQM Qp2 '2+BT Q+ HbT +2- "2bmHIiIiBM;
b?QrMX

r?2kBbi?2 #bQHmMi2 p HM2 Q7 i?2 6X K@K 2p2Q@ABiQMiNMKE?Bb BMi2
i?mb Bb K2+? MBbKi? i+ M H2 /iQ 2t+? M;2 BMi2  +iBQMb #2vQ
MQi?2 BKTQ'i Mi bT2+i7Q i?22K2 ;2M+2 Q7 MOQM@ +QHHBM?
2°'BM; 2t+? M;2 BMi2  +iBQM #2vQM/ M2 "2bi NM2B7?Mm7 bmBb i 7R Q
de3y3RX aBM+2 i?2 2t+? M;2 BMi2  +iBQM + M Aip@ Q@BiIM2M@r
iBT ° PIH2HOQ HB;MK2Mi Q7 MQKRIWiE?2 2 + M 2tBbl b2Qb QRmMHIiB
2t+? M;2 bvbi2K r?B+? H2 / iQ BM+QKT iB#BHBiv Q7 i?2 "2bT2+iE
rvM2Bi?2' 72 QK ;M2iB+ MQ' M MiB72 'QK ;M2iB+ HB;MK2N
iBQMb- MQM@+QHHBM2 Q' /2 + M 'Bb2X aQKHM2t/RNMH2Q QA+ 2
bBim iBQMb "2/ kMOBWBBPRPHHMbI™ i2/i? i2t+? M;2 7 mbi® iBQM
7TmH 72 im2bBMi?22M2 ;vH M/b+ T27Q K ;M2iB+ +QM};m” iBC
bi i2b HBF2IBXMAG6AKQ "QréedrBBZX2 BM U#V X hQ ;2.2 H@h? BMb FB |
JQ Bv BMi2U3ABQM?’B+? BbBMi Q/m+2/ BM i?2 M2ti b2+iBQM- i?2
Bb H2 /BM; K2+? MBbK 7Q"  i?2 bi #BHBb iBQM Q7 MQM@ +QHHBI

Dzyaloshinkii-Moriya interaction

h?2 .xv HQb?BMbFBB@JQ .BAV BMPD i?BOM K Q7 M bvKK2i B+ ¢
BMi2' +iBQM

Eja  Dp: pmy mMuq: UkXkjV
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kX h?2 iQKBbiB+ bTBM KQ/2H

6B;m 2 kXX, TH2b 7Q" 2t+? M;2 7 mbi+ABWQRMEAM2 ;v BM 2+BT Q+ H
70" +QK#BM iBQMHEIQT,9QMbQ Mif2 22t :QM HH iiB+2i? iH2 /iQ |
rv7 ' QKi?272 QK ;M2iBO®gX¥AtTHB+BiHV Birt #2052 U V
U#V1l 1,1,0u M/ Ut+Y;, 1;1;0uX 1p2 v +QMbi Mi Bb ;Bp2M BM mMBib Q7

Ai7 pQm'b M?2MHtHE,Q7 {2 rBi?BM i?2 TH M2 T2 T2MIBHPRHIQIiQ i?2
Dm:X h?Bb BMi2® +iBQM "Bb2b 7°QK # QF2MjbvEKM Zli "B BB BM + 7V Qi
# QF2M BMp2 'bBQM bvKK2i'v- M/ Bb # b2/ QM knB " 222 T "N b2 BIM 22
Q7 bTBM@Q #BRPMQKIMBIM] Hv MOQM@K ;MRKBMAQKD '2[mB 2K2Mi C
# QF2M BMp2'bBQM bvKK2i'vBi? b#22M 7QmM/iQ bi #BHBb2 MQN
#mHF + vbi Hb rBi? MQM@+2Mi QBVIK2i B mMMBb«R2HBMAR 7 +2b (

g?BH2 i?2 2t+? M;2 BMi2  +iBQM Bb BMp B Mi mM/2 p "B iBQM
Q7 bTBM bTB™ Hb- r?B+? Bb bT RIMRA #viil?@d ' @2+2@ bM/ BMi2 7 +2b
JAT7 pQ'b bQ + HH2/ +v+HQB/ H bTBMWXG@™ PBRpH KhiR7bTBM |
Bi HbQ HB7ib i?2 /2;2M2" iBQM #2ir22M /Bz2 2Mi "Qi iBQM H b2M
E;adgd E jap dq7Q bTBM bTB™ Hb rBOXrh@Bp2+iD #2 b22M r?2M r2 r°
i?72JABM i2 Kb Q7 "2+BT ' Q+ H 2T 2b2Mi iBQM Q7 i?2 K ;M2iBb iBQ
BMi2  +iBQMKBMW BQUI? i r2 BMb2 i i?72 6Qm B2m,2 M@ap2BN iBQM (
1[XkX K] M/ ;2i

5 5 H 5

E.Ja (D Ccpeder Cpu€piint
nnt P pt UkXk9V

Cp Cpl émn qnlqn Dnnléqplgnl fnd

p;pl n nl

r?2°2r2 2+ bi2/i?22tT 2bbBQM #v //IBM; x2 QiQi?22tTQM2Mi-D
BMi2"° +iBQMX 6m i?2 rdADPR+FBHID|R2 Doy rng 2X h?Bb HHQrb

mb iQ r'Bi2 i?2 2tT ' 2bbBQM BMYR gkbb+@ X LRI BKARHBHD b?2HH "2bQHp
+QMbIiDMIiND M/ +QMb2[m2MiHVMb2i?2Q i?Q;QM HBikXRMXRBQM 7

5 5 5

E ja Cp Cp D r zcgiqpf : dPn 9q1Fn
-pl
" N . UkXk8V
N ¢ ¢, D o 2w
p rPYp q
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kKXkX h?2 2ti2M/2/ >2Bb2M#2";

; BMr2Db22i? i QMHva, pRIb B+ mMTH2iQ 2 +? Qi?2 -DmbiHBF2 7C
BMi2" +iBQMX h?2°27Q 2r2bi vrBi?i?2/2b+ BTiRQNMQ7?BFBMbT
H2 /bcpQc, 2R, 1, X aBM+2i?22M2 ;v Bib2H7 ? biQ #2 "2 Hr2 2N\

Eja 2N 1, R, D ~ @ 2gsinmrq: UkXkeV
p rPYp q

6°QK i?Bb 2tT 2bbBQM r2 + M /B 2+iHUA OMMHID Bibh?bBiRM2mM/2°
i Mb7Q KgiBIQMj,- r?B+? K2 Mb i? i QMHvV bT2+B}+ Qi iBQM H |
/2T2M/BM: QM i?R KXB/WBBIQM HHvV QM2 + M 2tT2+i QMHvV +QMi’
BMi2  +iBQMRB7p 29 07Q b@®XKA?Bb K2 Mbi? i 7Q 2t KTH2 BM i-
BM@TH M2 Qi iBM; bIFBR,EEFBMQH+BMI " B#miBQM + M #2 2tT2+i2/
Q7JA+QMDbB/2 2/ BM i?Bb b2+iBQMX

Magnetocrystalline anisotropy energy

h?2 K ;M2iQ+ vbi HHBM2 MBbOIQV QQV iZB& MWK bvbi2Kb Bb KQ/2F
MMB tB H 7Q K iKQi700/Q@" /Bb7KQMVU?2 HB;MK2Mi Q7 bTBMb I
bm'7 +2 MQ K Hr?B+? BM Qm2®& bR BHIBRKI i?2

N

5

= K™ pn, 2o : UkXkdV

n 1

AM i?2 + K2jQ7i?Bb H2 /b iQ i?2 7TQ'K iBQM Q7 M 2 bvk®d tBb MB
07 pQm b i?2 HB;MK2Mi Q7 bTBMb rBi?BM M 2Xbh @2TH MBRTTQ +TE
2T 2b2Mi iBQM @hid2bi™ B;?2i7Q°r "/ bi?2.28XK?hP220QHV /Bz2 2M
Bbi? ir2? p2iQ/2 HrBi? b[m '2Q7 bmK-r?B+& 7@ /bM "#Bi

N N N N i
a; ag a 2 aq : UkXk3V
i1 i 1j 1 i1 i 1j 1
*QMbB/2 BM; i?Bb r2 BMb2 i i?2 6Qm B2 2T 2b2Mi iBQMWR7 i?2
BMiQ i?2 2tT 2bbBQ@Mi@Q@Q2i?2

= K 2 g

K T @ cqp cpgee B
nl pipti1
N N N p
K’ > |Cé|2é'2qprn 7 Cf,cf,leipqp dp1dn

nl pl p 1p! 1

N N _ N p N _
K™ |gPp" €% 2K G’ @ G
p 1 n 1 p 1p! 1 n 1

UKXKkNV

5

g2 MQi2 i? i /m2 iQ i?2 :2M2" HBb2/ Q' i?Q:QM HBKXRHRIBQM 7
}'bi i2 K rBHH Hr vb #2 x2°Q 2t+2Ti 7Q  + b2b BM r?B+? 2tTQM2M
2t +iHV irQ ¢,b Db Mpr, X g2 rBHH 272 iQi?2 +Q2{+B2Mib Q7 i?:
?B+?2 Q7 +Qm b2 +Q " 2b TEIMMIGH BMIRQDT2+IEmMKL X 6Q° i?2
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kX h?2 iQKBbiB+ bTBM KQ/2H

6B:m 2 kX8XTH2b Q7 bTBM bTBaFHBOM bTR| HrBAQM 22t :QM H
H iiB+2 FEQE:2+iBQM M/|dJ#% {Ri?HQMJ /B 2+iBQMa F2MQi2b
i72 H iiB+2 +QMbi MiXRAM2# QiRkig #2p2 #22M +?2Qb2MX h?2 MmK2"
Q#i BM2/ bTBM bi mepighb? @rbii®2 HQ+ iBQM Q7 i?2 bvKK2i B+ HH
+Q2{+B2Mib rBi?BM i?2 }'bi ""BHHQMBM xQM2 Q7 i?2 22t :QM H H

b2+QM/i2°Kr2+ MbBKTHv TTHvVi?2 :2M2" HBb2/ Q i?Q:QM HBiv "
iQ

N
({5 UkXjyV

p 1
r22°2 7 +iQ Q7 k? b #22M //2/iQ i?2 +QHHBM2 ~ +QMi ' B#miBQM|
biBHHIiQ Q#2M#QBM Q /2 iQ "2T°Q/m+2 "2 Hp Hm2/ KkXRIEb iB Q|
AM i?2 +QHHBM2 * + b2IBJr M/+®] - 221221 KOQmMIiBE,iQ KN
r?BH2 7Q° +v+HQB/ H b MIREB"® HA-i?2212rBHH i F2 "2/m+2/p Hm
QE; , KN{2X h?Bb BM 7 +i Bb M BKTQ i M1 7[2BiM+2 Bi7TB®MZm+2/ N
2M2:v; T #2ir22M +QHHBM2 ° M/ MQM@+QHHBM2 K :M2iB+ +QM

E,, 2KN |G)* | &?

Spin spirals

h?2 2z2+i Q7 i?2 K ;M2iB+ BMi2  +iBQMb rBi?BM i?2 2ti2M/2/ >2Bb:
+QM};m" iBQMb + M #2 bvbi2K iB+ HHv mM/2 biQQ/ r?2M +QMbB/2"
i?2 K ;M2iBb iBQM rBi? /BbiBM+i 6Qm B2" 2T 2b2Mi iBQMb- b b?
T "iB+mH - bBM+2 HH bTBMb "2 2T 2b2Mi2/ #v "2 Hp Hm2/ p2+ic
bmT2 ' TQbBIiBQMb Q7 "2+BT ' Q+ H p2+iQ'b 'Qb2 7°QK i?Bb /2b+ BT

Re



kXjX aTBM bTB" |

.2}MBiBQM kXjpBRV bT\B" H

G234 PR #2 p2+iQ° "2T 2b2MiBM; 2+BT'Q+ H TQbBIiBQM rBi?
XxQM2-R il p2+iQ Q7 6Qm B2 +QREHBRMULR rBIR K | X
K ;M2iB+ +QM}Mp +i@@M m+i2/ b bvKK2i'B+ bmT2 TQbBiBQM

mpg cdd’ celd” 2pRcogy rg |sinpg rqg

Bb+ HHZBM bTMB/ BT 2b2Mib +QMiBMmQmbHV "Qi iBM; K ;M2iE
TH M2 bT MRI2M#X am+? +QM};m" iBQM QEpgb Ep® Q2 | v
i 2p2°'vH iiB+2 bBi2-r?B+? Bb ;Bp2M #v

Emg ~J ~ cosgrg 22 R D @ 2gsinpg rq >

rPYp g rPYp q

r222;D "2b?2HH "2bQHp2/23AZQNMDIiKWIB2 1 +QMbi Mi| M/
YpgBbi?2b2i Q7 H iiB+2 bBi2b #2HQM: BML QQ2i P2 i?2HBHIQ 7 BM/
i?722M2°;v ++QmMib iQ bHBM;bI-Br?2BH2BIi2Z +QHHBM2 ~ +QM};m"’
M/i?2°27Q 2 ; BM M K{BBRIQMXH

hrQ 2t KTH2b Q7 bTBM bTB- H +QM}:m" i®E@BVRi? 2B BQ Hb BN 52
i72 22t QM HH iiB+2 #mi T QT ; i2 BMiQ /Bz2 2Mi H iiB+2 /B 2+il
/IBbiBM+i T2 FObBM i?2 bTBM bi mkX\BV 2°2 Hi®@2 K2 /MB HIBEM Q /2"
iQ BM/B+ i2 i?2 bvKK2i'v Q7 i?2 bT2+i'mKX LQi2 i? i BM i?Bb r v
bTBM bTB  Hb + M MQi #2 iQH/ T i 7°'QK 2 +?2 Qi?2  7°QK i?2bTB
cpgqq cq H27i M/ B:;?i "Qi iBM; bTBM bTB" Hb /Bz2  BM i?2B" BK

"2vQM/ i?Bb M BMi2 2biBM; 72 im 2 Q7 bTBM bTB" Hb Bb2b /
Q#2virQ "2+BT Q+ HegOQW/iyB#RBAMDI?Bb K F2bi?2K Q i?QMQ &
h?Bb + M #2 b22M r?2M +QMDbB/2 ' BM; i?2 6Qm B2  i° Mb7Q K Q7
Mq +QMbi*m+i2/ b bi i2/ BMi?2 /2}MBiBQM #Qp2

FMq Cq pO;:::;O;CX;Cy;CZ;O;:::;O;CX;Cy;CZ;O;::::qT UKXjRV
rBi? 2Mi B2b ii?2 TQbBiBQMy Y qXbAZTBW/BKITH@2b i?72 Q i?Q;Ql
CqCq 2emaf ¢; gt g o UkXjkV

r?2M r2 B2 R2 12 1 ++Q ' /BM; iQX2XR W?Bb K2 Mb i? i iZ2b2i Q7
7Q°Kb # bBb7Q 6Qm B2 i° Mb7Q K2/ +QM};m  iBQMbOXiBBDHi?2" -
BKTHB2b i? i MvK ;M2iBM+QM},2mbiBQ®tT 2bb2/ b HBM2 ° +QK
"2 HbT +2 bTBM bTB" Hb

N N N
1° 5 1 5
M F qu pF CQD qu
p1 p1 p1

h?2 HBKBi NBDHRKR Mib 22 2#v "Bb2b #2+ mb2 /BbbB22D HMijiB2 H+
M/ 2+BT Q+ H 2T 2b2Mi iBQM ? p2iQ ? p2b K2 + /BM HBivX F
"2bT2+iiQi?2MQ K HBb iBQM #v +2 DRM BMB H227-QQ ME p@ M + QM } ;1
M BiBb+H2 i? ii?2 +QMbi Mib "2 /2i2 ' KBM2/ 7°QK i?2 #bQHmi2
bb2 iBKXWMVIRI 2?2 BMp2 b2 +QMbi"m+iBQM 7°QK Db2i Q7 bTBM bTE
#2+ mb2 i?2 +Qrivipi 1M iQ #2 TmHIHH2/ i 2p2kKegXH iiB+2 bBi2 (

UkXjjV

p
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kX h?2 iQKBbiB+ bTBM KQ/2H

h?Bb /2+QKTQDbBIiBQM ?2Qr2p2  iQ;2i?2 rBi? i?27 +i-i? i2p2°'vb
2M2EMM N Epgg- K F2b i?2K M 2z2+iBp2 iQQH 7Q" i?2 BMp2biB; i
Q' /2 X AM i?2 M2ti b2+iBQM r2 rBHH b?BM2 HB:?i QM ?Qr bTBM b
2B;2M7mM+iBQMb iQ i?2 #BHBM2 * 2t+? M;2 BMi2  +iBQM M/ HbC
/2bi*Qv2/ ; BM BM i?2 T°2b2M+2 Q7 ?B:?22° Q /2" 2t+? M;2 BMi2  +i

Higher order exchange interaction

b K2MiBQM2/ BNKMPR+XBHBM2 ~ 2t+? M;2 BMi"Q/m+2/ i?2 2 Bb # b2
S 1 KQ/2HX b b?QrMKBM?227QXMbB/2" iBQM Q7 bmT2 2t+? M;2 BM i
iQ M //BiBQM H 2t+? M:2 BMpQHpBM: 9 9 @BFRMW@I2O®b P2 BM+2 HH

EopMQg  Jjg PEnim;genym;g pm;mg@nym;q pm;m,qpn; m;qq UkXjoV
ikl
r?22 @i klqBM/2t2b /B KOQM/ Q' "?2QK#mb b? T2/ :°QmTb Q7 H iiB+2
b:kq Qhilg "2 b2+QM/ M2 “2bi M2B:?#Qm'b M/ HH Qi?2° T B b M2t]
6mM i?2° +QMISE/2HBM/b iQ i?2 TT2 > M+2 Q7 KQ 2 2t+? M;2 BMi2  +]
9@bTBM@j@bBiMBENGBETBVMB@QWB[B 2 BBI+2° +iBQM

Ej@pMq 2’ Jijk pmim; gm; myq UkXj8V
ijk
EseMq , Jij#Bﬂniquz UkXjeV
1)

Ai ? b #22M b?QrM i? i i?2b2 BMi2®° +iBQMb TH v + m+B H "QH2 7
T2 BQ/B+bTBMad8tBd3BRAg M/ i? ii?22v z2+ii?2 bi #BHBivQ7 K ;M2iE
(NyNRX h?2 H i2° K F2b i?2b2 BMi2' +iBQMb 2bT2+B HHv "2H2p Mi 7
iQ i?72H +F Q7 BMp2 'bBQM bvKK2i'v + MMQi "2Hv QMJA&2 BM#BHBGE
T "iB+mH " i?72 BK Q7 i?Bb b2+iBQM Bb iQ b?Qr-i? ii?72 6Qm B2°
H2 /v? b#22M BMi"Q/m+2/7Q 2tTH BMBM; i?2 z2+i Q7 BMi2" +iB
7Q0°i?2B° M HvbBb BM i2'Kb Q7 i?2bTBM bi'm+im 27 +iQ -Bb Hb
i?72b2 ?B;?2° Q' /2  2t+? M;2 BMi2® +iBQM QM 7mM/ K2Mi H H2p2H>

;2M2° H TT Q +?27Q /2 HBM; rBi? i?2b2 KmHIB@bTBME@BMIi2 +
6Q i?2/Bb+mbbBQM Q7 i?2 "2H2p M+2 Q7 KmHIB@bTBM 2t+? M;2 Bl
M2iB+Q /2 BMi?2KQbi;2M2 Hr v-r2i F2BMiQ ++QmMi2p2 v TQI
#2ir22M bTBMb QM H iiB+2 bBKBH " iQk?HIPDM;>BiBBb RPMRrM i?
/Im2iQ HBKBiiQi?2 i®i 1 BMBAMMQ@QTM 2H2K2Mib- QMHvV ?B;?2  Q /2
BMpQHpBM; }MBi2 MmK#2 Q7 bTBMb + M 2tBbiX h?2 BMi2"  +iBQN
T°Q/m+ib Q7 bTBMbX h?2 +QK#BM iBQM Q7 b+ H T Q/m+ib + M #2
+ MBMT BM+BTH2 #2 "#Bi° 'v7  rv7 QK2 +?2Qi?2 XAiBb HbQ
bBi2 TT2 "b KmHIBTH2 iBK2b BM bBM;H2 BMi2  +iBQM- HBF2 7Q"
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kX9X >B:?22° Q /2  2t+? M;2 BMi

BMi2" +iBQMX h?Bb H2 /biQ “#Bi ' "BHvV +QKTH2t BMi2  +iBQMb-
r'Bi2 i?2 :2M2° H 2M2 ;v 2tT 2bbBQM 2+m bBp2Hv

5

Eots Jnlnimnl Mp1

nl
[66d@00000000M0OO000000000N
2 bTBM

Jnlninzn% Mp, mn% My, mn%

%6&)%&000000000000000000000m0OOOOOOOOOOOOOOOOOOOOOOOOO0I’l

4 bTBM kaJdV

Jnln%nzngngn% Mp, Myt Mp, Mpz Mg, mn%

5 5 5

nl n1 nl
(630 60B363©00000000000000000000000000000000MOOOO0000000000000000000000000
6 bTBM

5

Mp, Mpt Ji, Mp, Mpt Ji, Mp, Myt Jis

ni;ni nz;n3 nainj
#Qp2 r2 BMi Q/m+2/ i?2IKm®Pi B BIMBZBiv- r?B+? Bb /2}M2/ b

l; tt nynjufle n;nie Nu
|, ttt ngni;nznsuufle ng;;ni;ny;nie Nu

% UKkXj3V
B
lg tng;nj|1e ng;nje Nu
d 1

>2°2 i?2 H bi HBM2 /2MQi2b i?2 mMBQM Q7 “#Bi' "BHrg;K;Mv b2i
+Q "2bTQM/biQ T B Q7 bTBMb- 7Q  r?B+? +QKKQM b+ H ~ T
7mM+iBQMX h?2 H bk X@MQP2BM 1B th+im 2 i? i + M #2 ;2M2" i2/
bBp2 b2°B2b BM r?B+? ?B;?2° Q'/2° 2t+? M;2 BMi2" +iBQMb "2 i’
BMi2® +iBQM +QMbi Mi
Ee  rd, Ejism, mpy: UkXjNV
nni

AM i?Bbr vi?2iQi H2t+? M;2 2M2My MORKTHW#2 r' Bii2M #v b i
2H2KRMi E r?B+? +QMi BMb HH Qi?2° "2+m ' bBQM H2p2HBRLQi2 i
i?2 bTBMBM 1 KKMbBM+2 2p2°v bmK "mMb Qp2° HH TQbbB#H2 +Q
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6B:m 2 KXBXT2 bBQM Q7 bTBM bTB  Hb HQM: ?B:? bvKK2i v T i? I
HQmMBM XQM®BB bi ""BHHQMBM xQM2 Q7 i?2 22t ;QM H H iiB+2 rB
U#HmM2VX *? ° +i2 BbiB+ +QM};:m" iBQMb 6UQMi?iZ2@®T QBMimi?2 b
LG2H bi i2 E@ZQBMi Q i?26Qr@PRb@ TQBMiX HHBK :2b "2b2K#H
ivT2 +v+HQB/ HbTBM bTB" Hb "2T 2bXMiR/ MVIRiRB P OD:HAqH p2+iQ"
MA HQM: i?2 HQ+ H /B 2+iBQM Q7 i?2 ?B:? bvKK2i'v T i?X U#V
T2'bBQM Q7 7++@ UbQHB/ HBM2V M/ ?+T@S/f62fA"URRRV U/ b?
T i?X h?2 BMi2" +iBQM +QMbi MiXRIBX BD228B BMhb#X? Qr xQQKb
i72 @TQBMiX h?2 HQr2" T .NMIRRM2QvhbiZR ~ i2HvX

h?Bb HB7i2//2:2M2° +v #2ir22MbTBMbTB> Hb M/i?2B bmT2 TQt
bTBM BMi2  +iBQMb + M ;Bp2 'Bb2iQ 2K2 :2M+2 Q7 2tQiB+ bTBM i2t
BiviQBM~m2M+2i?27Q K M/ bi #BHBiv Q7 +QKTH2tK ;M2iB+ +QM)]
U+7X XX Ai + M HbQ #2 2tTHQBI2/iQ "2p2 Hi?2 K ;MBim/2 Q7 ?B
i2° +iBQMb BMMAERIBE2i2 Bb iBQM Q7 K i2°'B HbX

Ab initio parameterisation of realistic materials

AM i?Bb b2+iBQM r2 # B2~v BMi'Q/m+2 i?2 # bB+b #2?BM/ i?2 T °
Ki2'B HméBM;Hi?Qm :BMQH+mH iBQMb ? p2 #22M T2 7Q K2/ rBi?E
i?72 T > K2i2'Bb iBQM Q7 i?2 >2Bb2M#2"; KQ/2H mb2/iQ /2b+ " B#2 i-
bBKmH i2/ B MIdBKb # b2/ QM i?2b2 + H+mH iBQMbX

AM T'BM+BTH2-i?2'2 "2 KmHiBBMRIi B2 7QBb?PBQM Q7 K ;M2iB+
i2°B Hb- 7Q " 2t KHBM?®EQ?MIG2iQONIRP Q" K +?BM2 H2 "MBM; # |
TT Q +ABX ?2 K2i?Q/ 2KTHQV2/7Q i?2 T * K2i2'Bb iBQMb mb2/B
Bb# b2/ QM i?2 mb2 Q7 bTBM bTB" HbX

++Q /BM; iQi?2 >Q?2M#2"; QNRQ?2M,; i DMOM2 K i( i E2 MErhpmrgs
BM MK i2’B HBb 7mM+iBQM H Q7 i?2 ; QuutyX Ah2+ZH2bib@M? 2 Mt
b6G1lle3Ny- r?B+? ? b #22M mb2/7Q  i?2 T ~ K2i2'Bb iBQM Q7 bTBM
i?72 2MEmpqgsBb Bi2" iBp2Hv KBMBKBb2/ BM Q /2  iQ}M/i?2;"QmM/ b

/IBiBQM HHv Bi Bb TQbbB#H2 iQ +QMbi° BM i?2 HQ+ H K ;M2iBt
iQK- r?B+? 2M7Q +2b i?2 /B 2+iBQM Q7 i?2 bTBM /2MbBiv TQH "Bl
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+QM};m  iBQM+ M#2 +QMbi m+i2/Xh? MFbiQi?2;2M2" HBb2/"H
M2iB+ i2tim 2b-i?2 +QKTmi iBQM + M#2 + B2/ Qmi QMHv BM i?2
i?72 +QKTmi iBQM Q7 bTBM bTB™ Hb rBi? " i?2 H ;2 r p2 H2M;i?l
rQmH/ +QK2 HQM; rBi? ?B;? +QKTmi iBQM H +QbibX

QQ/ T " K2i2'Bb iBQMQ7i?22M2 ;vH M/b+ T2/2T2M/b QM b
bTB™ Hb M/ +QMb2[m2MiHvV Q7 i?2 b KTHBM; Q7 i?2 "" BHHQmMBM
Bb i?2 2#v i?2 b KTHBM; Q7 i?2 B "2/m+B#H2NIBXiAM ERAXV BHHQ
+QHH2+iBQM Q7 bTBM bTB" H+QM};m”  iBQMb Bb b?QrM HQM; i?
2/;2Q71i?2B "2/m+B#H2T "'iQ7i?2 7?2t ;QM H" BHHQmMBM xQM2X
i?Bb T i? "2 M@BMi-r?B+? "2bBRABMD2AERbT M TODBMi- "2b2K#H
i?72 "Qr@r8bDM i?2 ?2t ;QM H H iiE@TQWBM?>2r?B+? Bb HbQ FMQ
LO2H bi i2X

HQM; i?Bb T i?2i?22M2 ;v 7TmMXiK@MM7#QRp2HNK W2/ QM ;Bp2M
h?Bb "2bmHib BM 2M2 ;v +m p2bXu# VW2 QIM BWMBBBHOT2 bBQM 7Q°
?+T@S/f62fA"URRRV "2 b?QrM b M2t KTH2X h?2b2 /BbT2 bBQN
BMbB;?ib QM i?2 2M2 ;v H M/b+ T2 Q7 i?2 K i2 ' B HX 6Q 2t KTH:
XQQKb QM i?2 "2;BQM@TQWBNWiX?@BM+2 i?2 2M2 ;v Bb ;Bp2M rBi? "2
Q7 i®2 Bi + M #2 b22M ?2°2-i? i BM 7++@S/f62fA"URRRV i?2 ;°Q
Bb bTBM bTB™ H-r?BH2 BM ?+@J0BX ie2f AQMIRRVIBPQM r?B+? Bb
2M2 ;vX "2vQM/ i?Bb 1?22z 2H2+@Ki2ZR+H2 - bBM+2 Bi Bb "2bTQME
QR{2 #2ir22M632M/ bTBM bTB" HbX h?Bb "Bb2b /m2iQi?22M2 ;v /
M/ MQM@+QHHBM2 ~ +QM};m  iBQWhb /Bb+mbb2/ BM 1[X U

A7 i?72 BMRIBB ;v Q7 b2i Q7 bTBM bTB™ Hb ? b i?m®h#22M + QK
KQ/2H 7 QK X2%RM ++Q /BM;Hv #2 }ii2/iQ i?2/ i -rBi? i?2 BMi2 -
#2BM; i?2 }iiBM; T ~ K2i2 bXAMi?Bbrv T K2i2 ' Bb iBQMQ7i?2
i? 0 2T Q/m+2b i?2 2M2 ;v Q7 bTBM bTB™ Hb iQ bQK2 2ti2M/X h?|
#v i?2 7 +i-i? ibTBMbTB" Hbb2'p2 b # bBb7Q " "#Bi "vK ;M2il
BM 1[KXM- b HQM; b MQ ?B;?2 Q /2 2t+? M;2 BMi2 +iBQMb 2
+QMTHBM; 2M2 ;v Ukb/H¥X KD 2biBRIM2 HB7i12/ /2;2M2° +v #2ir22M b
i?72°2bmT2 TQbBIiBQMbX AM 7 +i i?Bb 2z2+i + M #2 mb2/ 7Q  i?2
Q /2 2t+? M;2BMi2 +iBQMbX 6Q" ?22t ;QM HH iiB+XBi?ib 2X;X
i?72 T K2i2'b+ M#2 /2i2 " KBM2/ bi?2bQHmMIBQMiQ bvbi2K Q7 ¢
i?72 +QmMTHBM; 2M2 ;v #2ir22M +2°i BM bTBM bTB™ Hb M/ i?2B" bn
QMHV i?2 +QKTmi iBQM QBbhH®HBNM HMTBIBREMBMY i?2B bmT2 TQbBI

"2bB/2b i?2 2t+? M;2 BMi2 +iBQMbIbim+NM/BIMie?BHBQMbDE 7 QK
aP*? p2iQ #2 /2i2 KBM2/ br2HHX b BBINNBMEPBM+t QR/2XER *
+ M#2i 2 i2/BM} bi M/ ?B;?2 Q /2 T2 im # iBQMi?2Q vX h?2 2z
QM i?22M2 ;v Q7 bTBM bTB" Hb + Mi?2M ; BM #2 [m MiB}2/ M/ i’
Q#i BM2/ #v }iiBM;- bBKBH " iQi?2 2t+? M;2 BMi2 +iBQMbX
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Chapter

3 Topological concepts In
magnetism

h?2 +QM+2Ti Q7 iQTQHQ;v "Bb2b BM K ;M2iBbK #2+ mb2 +2°i B
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