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0. Deutsche Zusammenfassung

In dieser Arbeit geht es hauptsichlich um die Transporteigenschaften von leitenden Mate-
rialien, welche zusétzlich zu den metallischen Eigenschaften auch ferromagnetisch sind und
einen rdumlich und zeitlich variierenden ferromagnetischen Ordnungsparameter aufweisen.

Im ersten Teil dieser Arbeit wird zunédchst eine semi-klassische Transport Gleichung aus einem
mikroskopischen Model im Rahmen der Quantentheorie hergeleitet. Diese Gleichung besitzt
Giltigkeit im Grenzfall mesoskopischer Systeme, in denen die typischen Lingenskalen in der
Grofenordnung von mehr als 10 nm betragen. Im Gegensatz zu herkémmlichen Theorien fiir
Niedrig-Energie Transport ist die hier vorgestellte Theorie fiir beliebige Groéfle des ferroma-
gnetischen Ordnungsparameters giiltig und beschreibt somit experimentell oft verwendete lei-
tendete ferromagnetische Materialien wie Permalloy. Dies muss sich durch die Unterscheidung
von sogenannten hoch- und niedrig-Energie Beitrdgen erkauft werden, was in dieser Arbeit
in konsistenter Weise erfolgt. Mit Hilfe dieser Transportgleichung wird zunéchst der Einfluss
einer ferromagnetischen Doménenwand auf den Widerstand des Metalls untersucht. Es folgt
eine ausfiihrliche Diskussion die Unterschiede zu anderen verdffentlichten Theorien und deren
Probleme ausfiihrlich erldutert. Es wird auf verschiedene Mechanismen eingegangen die zum
Doménenwand-Widerstand fithren, und warum eine Domé&nenwand den Widerstand unter
Umsténden auch verringern kann, was zunéchst der Intuition widerspricht. Es wird auch auf
die Unterschiede eingegangen die von zwei unterschiedlichen Modellen des Ferromagnetismus
herrithren. Im ersten Fall sitzen die fiir den Ferromagnetismus verantwortlichen Elektronen
auf festen Pldtzen im Kristallgitter, und wechselwirken durch die Austauschwechselwirkung
mit den Leitungselektronen. In einem zweiten Modell wird der Ferromagnetismus von den
fiir den Ladungstransport verantwortlichen Elektronen selbst getragen. Schliellich wird auch
die Abhéngigkeit des Doménenwand-Widerstands von magnetischen Verunreinigungen un-
tersucht, die sich experimentell z.B. durch verschiedene Dotierung des Metalls untersuchen
l&sst.

Im weiteren Verlauf wird vor Allem auf die Folgen zeitabhéngiger Magnetisierung eingegan-
gen, die z.B. zu Ladungsstromen im Metall fithren kann, oder die Magnetisierungsdynamik
selbst beeinflusst. Viele in der Literatur bereits verdffentlichen Resultate werden bestétigt
und teilweise durch fehlende Teile ergénzt. Das schone der hier vorgestellten Beschreibung
ist, dass sie samtliche Effekte des Magnetotransports in einer einheitlichen und konsistenten
Beschreibung zusammenfasst und andere, zum Teil phinomenologische Theorien, auf eine
solide Basis stellt.

In dem zweiten Teil dieser Arbeit wird die im ersten Teil erfolgreich angewandte semi-
klassische Beschreibung auf allgemeine Quantensysteme verallgemeinert. Gerade im Hin-
blick auf die vor wenigen Jahren entdeckten topologischen Materialien ist diese Beschrei-
bung niitzlich. Diese zeichnen unter anderem auch dadurch aus, dass beim Transport oder
bei dynamischen Phdnomenen Berry Phasen eine zentrale Rolle spielen. Diese werden in der



semi-klassischen Beschreibung in konsistenter Weise implementiert, so dass Transport im me-
soskopischen Grenzfall beschreiben ldsst, ohne auf die urspriingliche umfassendere Theorie
zuriickgreifen zu miissen. Nicht zuletzt ist die semi-klassische Beschreibung auch deshalb in-
teressant, da sich aus ihr oft anschauliche Erkldrungen ergeben. In diesem Zusammenhang
wird auch ganz allgemein die Struktur, die eine effektive Quantentheorie aufweisen muss um in
sich konsistent zu sein, analysiert. Es wird argumentiert, dass in bestimmten Fallen Zur Illus-
tration verschiedener Aspekte wird dieser Formalismus auf die relativistische Dirac-Gleichung
und ein allgemeines zwei-Bénder Modell angewandt, und dessen Verhalten ausfiihrlich unter-
sucht.

Der dritte und letzte Teil ist schliefflich vollstdndig den topologischen Isolatoren gewidmet, die
sich durch die Existenz metallischer Oberflichenzustdnde auszeichnen, wahrend das Material
im inneren im Idealfall nicht zum Transport beitrigt. Im Gegensatz zu Oberflichenzustdnden
die auch in gewohnlichen Isolatoren auftreten konnen, besitzen die hier untersuchten Zusténde
eine ungewohnliche Spin-Struktur, welche letztlich zu den interessanten topologischen Ei-
genschaften dieser besonderen Isolatoren fiithrt. Aus fundamentaler Sicht interessant ist es,
dass sich Anregungen auf dieser Oberfliche so verhalten wie relativistische Teilchen, so-
genannte Dirac-Fermionen. Um diese Materialien hat sich innerhalb weniger Jahre ein sehr
aktives Forschungsfeld entwickelt, nicht zuletzt da sie eine Reihe von exotischen Anregun-
gen verspricht, die man bereits im Rahmen der Teilchenphysik theoretisch untersucht hat,
nur aber die Moglichkeit sieht diese in Festkorpersystem unter kontrollierten Bedingungen
zu studieren. Ganz speziell fiir Anwendungen interessant ist die Kombination dieser Isola-
toren mit anderen Materialien, die ihrerseits wieder spezielle Eigenschaften verfiigen. Bringt
man z.B. einen isolierenden Ferromagneten in die Nidhe dieser Oberfléiche, so wird dort ein
sogenanntes ferromagnetisches Austauschfeld induziert, das mit dem auf der Oberfliche be-
findlichen Dirac-Fermionen wechselwirkt, was wiederum zu ganz neuem Verhalten und Eigen-
schaften fithrt. Zunéchst werden generelle Eigenschaften und Folgen dieses Zusammenspiels
aus Dirac-Fermionen und Ferromagnetismus untersucht, vor Allem das Auftreten von ge-
bundenen Zustdnden an inhomogenen Magnetisierungsstrukturen wie Domé&nenwénden oder
sogenannter Wirbel.

Schliefllich wird noch ausfiihrlich untersucht, welche Auswirkungen Doménenwénde endlicher
Breite und verschiedener Konfigurationen auf die Oberflichenzustinde haben, und wie sie
den Transport auf der Oberfliche beeinflusst. Fiir die quantentheoretische Beschreibung die-
ses Systems wird dazu die hdufig verwendete effektive Beschreibung der Oberfléchenzustéinde
verwendet, zusammen mit einem analytischen Modell von Doménenwénden, welches schon im
ersten Teil dieser Arbeit Anwendung fand. Der Hamiltonoperator wurde analytisch exakt dia-
gonalisiert, was einem letztlich eine genaue Analyse sdmtlicher Eigenschaften dieses Modells
erlaubt. Daraus lasst sich ableiten, dass an einer Doménenwand endlicher Breite mehrere ge-
bundene Zusténde entstehen kénnen, im Gegensatz zu einer abrupten Domédnenwand, wo man
nur einen solchen Zustand findet. Es wird die Dispersion diese Zusténde bestimmt, wobei zwei
besondere Typen von Doménenwénden unterschieden werden: Im ersten Fall bleibt die Magne-
tisierungsrichtung ausschliefilich in der Ebene der Oberfliche des topologischen Isolators. Im
zweiten Fall steht die Magnetisierungsrichtung senkrecht zur Oberfliche und 6ffnet damit eine
Bandliicke, wodurch die Dirac-Fermionen eine Masse erhalten. Diese fiktiven Massen haben
unterschiedliches Vorzeichen auf beiden Seiten der Wand. Deren unterschiedliches Verhalten
zeigt sich auch besonders deutlich in den Transporteigenschaften, zum Beispiel die hier Un-
tersuchte ballistische Leitfihigkeit. Im Falle der zu einer Bandliicke fiihrenden Doménenwand

VI



zeigt sich das interessante Verhalten, dass bei bestimmten Wandbreiten die Reflektion an der
Wand komplett unterdriickt wird, die Wand aus Sicht der Dirac Fermionen also vollstindig
transparent wird. Das ist zwar auch beim anderen Typ Doménenwand der Fall, allerdings nur
fiir bestimmte Dirac Fermionen, und ist damit in der Leitfdhigkeitsinderung kaum bemerk-
bar. Vermutlich handelt es sich hierbei um einen Interferenzeffekt, der von den besonderen
topologischen Eigenschaften des Isolators herriihrt.
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1. Introduction

Since the very early ages of computer technology, ferromagnetic materials have been very
successfully utilized as magnetic data storage. Its biggest drawback are the large magnetic
fields required to manipulate the magnetization along with the mechanical components part
of this design, making these devices slower and more prone to malfunction, in mobile devices
in particular. Recently, the idea was put forward to combine the advantages of magnetic
data storage and an all-electric read/write scheme, the racetrack memory [I]. The key idea
is to use ferromagnetic metals in a nano-wire geometry where the data is stored by creating
domains of different magnetization which are separated by a domain-wall (DW), a finite region
over which the magnetization rotates its direction to connect the two domains of opposite
magnetization direction. It has been realized that a spin-polarized current flowing through
such a wall interacts with it causing it to move under certain conditions and it is referred to
as domain wall motion. On the other side, a dynamic magnetization like the moving domain
induces a charge- and spin-current that can be used to detect the presence of a domain-wall,
an effect useful for data retrieval in an all-electrical magnetic data-storage. Furthermore,
the generation of spin-currents is of fundamental interest in the field of spintronics and the
experimentally widespread method is to use spin-pumping due to a dynamic magnetization,
especially in non-magnetic materials like semiconductors. This mutual interaction between an
inhomogeneous and time-varying magnetization and the freely movable conduction electrons,
together with the many interesting effects it exhibits, is the central theme of this work.

Ferromagnetic conductors

Microscopically, this interaction between the spin of the conduction electrons and a spatially
or time-varying magnetization is due to the exchange interaction between conduction electron
spin and local magnetization and consequently, it is a genuine quantum mechanical effect.
But not only is the magnetization affected by the current flow or a non-equilibrium spin-
accumulation in the conduction electron system, the reciprocal effect should also exist. This
is for example the domain-wall resistance (DWR) which quantifies the change in resistance due
to the presence of a magnetization structure. In the presence of non-coplanar magnetization
textures, this resistance can even acquire off-diagonal elements giving rise to a transverse Hall
current similar to a metal in an external magnetic field.

In addition to the purely quantum-mechanical exchange interaction, the whole scenario is sig-
nificantly influenced by magnetic and non-magnetic impurities. To this end, we will perform a
theoretical study using a microscopic quantum theory that describes the exchange interaction
along with magnetic and non-magnetic impurities and a simple band structure applicable for
metals. Within this microscopic model and a consistent mathematical framework utilizing
a Boltzmann transport equation, we will derive various results that include the domain-wall
resistance, pumped charge- and spin-currents and the spin torque. All the results emerge



from the same model under the same assumptions and approximations and thus, they are
directly comparable and consistent with each other. Treating two distinct models of ferro-
magnetism, we will thoroughly discuss the behavior of the domain-wall resistance and in the
limiting cases of strongly and weakly ferromagnetically polarized metal, and we will discuss
its underlying mechanisms in order to understand the appearance of positive and negative
domain-wall resistance, since both signs have been also found experimentally. We will also
discuss the major role played by impurity scattering, thus requiring a consistent treatment of
impurities on the Hamiltonian level. Essentially, in the first part of this work, we calculate the
full non-equilibrium behavior in response to an external magnetic field and a dynamic mag-
netization within one coherent framework, and we will discuss other theories and differences
to our treatment.

Effective quantum theories

Having discussed the system of conduction electrons exchange coupled to inhomogeneous and
time-dependent magnetization textures, and we will often distinguish intrisic effects like the
Hall current or charge pumping from extrinsic ones. In literature, there is a trend to formulate
these intrinsic effects in terms of real-space Berry phases and curvatures. On the other side,
there is quite some research activity around the anomalous Hall effect (AHE) which is due
to the interplay of spin-orbit interaction and ferromagnetism. These and related effects can
be formulated in terms of momentum space Berry curvatures. Another development that
underlined the importance of Berry phases was the discovery of Graphene in 2005 and the
Berry phase of m associated with the special electronic band structure which coupled the
momentum linearly to the pseudo-spin [2].

Generally, one has to take into account the spin-orbit interaction which is of particular im-
portance for semiconductors like GaAs. This spin-orbit coupling mechanism gives rise to a
variety of additional effects which are studied extensively in the field named spintronics, and
are sought to be exploited for novel spin-electrical devices [3]. This interaction is described
theoretically in an effective band theory applicable for low-energy excitations in the system.
This is the main driving force that leads us to develop a general formalism suited for sys-
tems that intricately couple the spin-degree of freedom to the momentum p via a spin-orbit
interaction, and to the position operator r via an inhomogeneous magnetization, the latter
possibly also time-varying. In general, this gives rise to a complicated dynamics, and other
common methods like gauge-transformations that attempt to locally diagonalize spin-space
fail to work due to non-commutativity of r and p.

In that respect, we will investigate what an effective quantum theory should look like in the
most general case and how it emerges from a more comprehensive theory. We will see how
Berry curvatures and related quantities arise in the course of this reduction procedure. We
argue that for a complete effective quantum theory, knowing only the Hamiltonian is generally
not enough and one needs to distinguish between canonical and kinetic operators, and only
then can dynamical observables like the current be defined in a gauge-invariant manner. This
is relevant for the non-relativistic Pauli Hamiltonian, but also for the study of spin-orbit
coupled semiconductors.

To this end, we will develop a general consistent and gauge-invariant framework that incorpo-



rates intrinsic effects in terms of Berry curvatures. Subsequently, we consider the two specific
examples of the relativistic Dirac equation and a general two-band model that describes for
example the surface of a topological insulator with proximity induced ferromagnetism. And
finally, the investigation thereof gives some interesting insight into the structure of quantum
mechanics itself and the role that canonical and kinetic operators play in effective quantum
theories.

Topological insulators with proximity induced ferromagnetism

The discovery of topological insulators has recently attracted many researchers and has lead
to a drastic increase of activity in this field. These new materials show good prospects in
regard to both fundamental research and technological applications. For example, due to
the topologically protected surface states and the resulting spin-momentum locking, it shows
great potential for magneto-electronic applications at room temperature. Of course, these
topological materials show their true potential only in combination with additional systems,
like conventional ferromagnetism to which we will devote our work. We study the interplay
of these surface Dirac Fermions with a proximity induced inhomogeneous ferromagnetic order
parameter.

As a direct application of the framework of effective theories derived within this work, we
calculate the topological and non-topological response of this system in the diffusive limit.
We calculate the domain-wall resistance but also the dynamical response of the system that
gives us for example the anisotropic Gilbert damping contribution mediated by the surface
Dirac Fermions.

Furthermore, we will exactly solve the Dirac equation in presence of a finite size domain wall
in two different wall configurations. Finally, we calculate the transport through domain walls
and calculate the change in the ballistic conductance evoked by the presence of the wall.
We find an interesting interference behavior that leads to characteristic oscillations in the
conductance change, and it is related to the topological nature of the surface state.

In summary, the central theme of this work is the study of inhomogeneous and time-dependent
magnetization structures and its interplay with two very different materials: ordinary metals
and topological metals.






2. Electron Transport in Ferromagnetic
Conductors with Inhomogeneous and
Time-dependent Magnetic Order
Parameter

2.1. Introduction

Conducting magnetic materials are an active research topic at present due to promising
applications like magnetic memory storage devices which make use of magnetization reversal
in pillar multilayer nanostructures [4, [5 6 [7, [§] or domain wall motion [9, [10] 11 12} [13]
as proposed for the racetrack memory [I] or the nanowire shift register [I4]. On one hand,
domain wall motion is realized by sending spin-polarized current through the domain wall, so
that the mutual interaction of the electron spin with the ferromagnetic order parameter leads
to a motion of the wall. This is due to the so called spin-torque [15] 16} 17, 14} (18], the transfer
of spin-angular momentum. A number of theoretical works exist that deal with the problem
of magnetization dynamics and spin-transfer torque, or the impact of an inhomogeneous
magnetization on the itinerant electrons [19, 20l 2], 22] 23, 24] 25 26], 27, 28, 29]. Many
other interesting phenomena are predicted for these systems and have been already confirmed
experimentally, like the charge current induced by a moving domain wall [30] which could be
utilized to read the state of a magnetic memory device [31].

On the other hand, the electronic current flow is also affected by the presence of an inho-
mogeneous magnetization. Most prominently, there is a change in the resistance when the
current runs through a domain wall in comparison to the resistance in the absence of the
domain wall. The resistance change can have different origins that can be separated into
the extrinsic and intrinsic domain-wall resistance (DWR). The former includes anisotropic
magneto-resistance. The latter contains the direct influence the domain wall has on the elec-
tronic conduction channels: if the magnetization direction is not homogeneous in space, the
spin majority and minority channels are no longer eigenstates, which in turn changes the
conduction properties and also can have influence on the impurity scattering rates. There
is also spin accumulation in the vicinity of the domain wall which leads to an additional
potential drop. In any case, the extrinsic mechanisms have to be carefully identified in order
to obtain the intrinsic domain-wall resistance from experiment. The DWR has been stud-
ied in a number of works in the past, both theoretically [32, 33, B4, 35, 36, 37, 38, 39 40]
and experimentally [41], [42] [43] [44]. Reviews about DWR in nanowires made from ferromag-
netic transition metals, experimental measurements and details on the treatment of extrinsic
magneto resistance can be found in [45, 46].

We mentioned a large number of theoretical works that deal with the phenomena like DWR,



charge/spin-pumping or spin-torque. They all differ in the microscopic models used and the
regime of validity or other approximations made like employing phenomenological scattering
times. However, we use a model that treats the electrons on a quantum mechanical basis
while impurity scattering is treated on a microscopic level. We will use this theoretical frame-
work to investigate equilibrium properties and the non-equilibrium response of the system.
This allows us to obtain all results within one theoretical framework and consistent approx-
imations. We reproduce many known results but also identify new terms. Primary focus is
also put on the domain wall resistance for walls in the mesoscopic regime, which has been
consistently treated in this work as opposed to other works. This includes the influence of
magnetization corrections to the spectrum, scattering parameters, chemical potential, and the
effective exchange field. We identify different contributions for different wall geometries and
identify some of their origins and the dominant contributions in certain limiting cases. We
also study the influence of the amount of magnetic impurities on the domain wall resistance.

The assumption that the Fermi and exchange energy are much larger than other energies in
the system will play a major role in the calculations performed in this chapter, and it applies
to common ferromagnetic metals like permalloy. However, no assumption on the relative
size between exchange energy and Fermi level is made and they can even be of the same
order allowing us to treat the regime of strong polarization where transport and physical
properties are dominated by the majority spin channel. Essentially, we restrict ourselves to
the limiting case of adiabatically varying magnetization, which means that magnetization
structure is smooth on the scale of the Fermi-wavelength Ar. Furthermore, the length and
time-scales associated with precession are assumed to be much smaller than other scales of
external perturbations, relaxation processes or the magnetization texture. This allows us to
derive a kinetic equation in linear response including a consistent treatment of impurities
within the Boltzmann transport framework by employing a collision integral with gradient
corrections included. In fact, the domain-wall resistance crucially depends on scattering and
in particular, on the asymmetry of the two scattering channels which are intricately modified
in presence of magnetization gradients. This gives rise to important contributions to the
domain-wall resistance that have been neglected so far in other theoretical works.

We will study two models of ferromagnetism, the Stoner model of itinerant ferromagnetism
where the magnetization and transport is carried by the same s-electrons. The other scenario
is the s-d limit where the electrons responsible for the ferromagnetism sit in localized d-
orbitals and are coupled via the exchange interaction with the itinerant s-electrons. Treating
the Stoner model allows us to additionally study the effect of a local reduction in the exchange
field which also strongly affects the domain-wall resistance. In particular, we will find that the
Stoner limit has a stronger tendency to exhibit negative DWR. This and other influences like
magnetic impurity scattering on the DWR will be studied in detail, and mechanisms for the
DWR can be identified in limiting cases of weak and strong polarization of the ferromagnet.
In the general case, it is difficult to isolate various sources since the DWR has contributions
from s, p and d-wave components which are mixed in a complicated manner due to impurity
scattering described by the collision integral. The importance of the d-wave component has
been also overlooked in studies utilizing the Boltzmann transport equation. Furthermore,
we will illuminate the role played by spin-flip scattering, which also has significance for the
DWR since the non-equilibrium spin-accumulation that exists in the vicinity of the domain-
wall requires spin-flip scattering to relax towards the equilibrium value. Spin-flip scattering
has not been discussed in connection with the DWR before.



In addition to the DWR, more complex two- or three-dimensional magnetization structures
can exhibit a transverse current similar to the Hall effect. This behavior is studied explicitly
in the case of a vortex domain wall in thin nanowires.

Within our theoretical description, it is also possible to treat time-dependent magnetization
and we discuss the charge and spin-pumping effects due to time-dependent magnetization.
The spin-currents will exert a spin-torque on the magnetization which is studied in There,
we will identify all contributions to the spin-torque that appear up to order 9;82m and Ed,1m
(E is the external electric field) and obtain known expressions for the Gilbert damping con-
stant o and the non-adiabatic coefficient 5. Furthermore, we obtain non-local damping terms
and various non-local corrections to the other adiabatic and non-adiabatic terms. These terms
will be relevant for short walls where magnetization gradients give important corrections. We
will compare our results to other theories available and discuss the differences.

2.2. Quantum Transport Equation for Ferromagnetic Conductors

In this section, we will derive a quantum transport equation from a model Hamiltonian that
describes the kinetics of conduction electrons in ferromagnetic materials with inhomogeneous
magnetization profile. We use a non-equilibrium approach in order to treat the influence of
an external electric field, and the description includes time-dependent phenomena as well.
The resulting quantum kinetic equation will serve as a basis for all subsequent sections.

2.2.1. Model and Hamiltonian

The single particle Hamiltonian for the system of non-interacting electronic quasi-particle
excitations, coupled to the ferromagnetic order parameter, reads

A~

H = H-— egp(r)i + f)imp
~ A —=0A(r,
= (e ol t) — eplr)) 1 - 2020

The convention in this chapter is that vectors in spin space are denoted by an arrow while
vector quantities in real-space are printed boldface. The first term is the spin-independent
part of the Hamiltonian and ¢ is the usual parabolic approximation for the energy of the
quasi-particles with the dispersion relation ¢, = g%f, effective mass m., and k = —iV,.
Further contributions in our model are the external electric potential ¢(r) felt by the quasi-
particles of charge —e, while du constitutes the additional screening potential in the presence
of a magnetization gradient 8,7, which later turns out to be of order du = O(8,1)? and is

determined in section by enforcing local charge neutrality.

(r, )& + Vim (2.1)

In a mean-field approximation, the second term describes the coupling of the electron spin
to the exchange field, the latter consisting of constant magnitude A, and the time and space
dependent local magnetization direction denoted by the unit vector m(r,t). It turns out that
in the presence of a magnetization gradient, the magnitude is reduced by §A = O(8,1m)? due
to the hybridization between non-collinear spin-states [47]. The 2 x 2 matrix spin structure is
denoted by " and ¢ = (01, G2,03) is the vector of Pauli matrices, such that the electron spin
operator is given by S = 20 The unit matrix in that space is denoted as 1.



In accordance with the mean-field approach, the variations in time and space are taken to
be much larger than the relevant atomic scales. More specifically, the conditions for the
smoothness of the exchange field m read

‘Brﬂ_:b‘ < kg ,
h|oym| < Er | (2.2)

where kp is the Fermi wave-vector and Er denotes the Fermi-energy in the system. The
exchange field is created by electrons that align their spin preferably in the same direction due
to the (here ferromagnetic) exchange interaction. In conducting ferromagnets, the electrons
contributing to the local magnetization can either be localized and, thus, do not participate in
transport (d-electron character) or delocalized and, hence, are subject to electronic transport
phenomena (dominant s-electron character). These extreme cases constitute two distinct
models with the major difference being the way in which the self-consistency condition for
the exchange-field is employed and which is explained in section[2.2.5] These two limiting cases
are known as s-d model and itinerant Stoner model, the latter one describing a system in which
transport and magnetism arise in fact both from the same delocalized electrons. However, in
real physical systems, one always deals with something in between, but usually one orbital
character dominates, so it is interesting to look at these two limiting cases. Furthermore,
fluctuations in the order parameter (e.g. due to temperature), are neglected.

Finally, the impurity scattering potential has two contributions,
Vimp = Vil + Vinag - (2.3)

Vi describes scattering from randomly distributed impurities which, for point-like scatterers,
has the property '
(Vi) Vi imap = X6 (r —17) (2.4)

equivalent to the treatment of V; as a delta-correlated fluctuating Gaussian field. x(® is the
strength of the impurity scattering potential and ()imp denotes the averaging over all impurity
configurations.

In a similar way, scattering at impurities that have internal spin-degrees of freedom makes
the scattering vertex spin-dependent, such that

3
(Vinag (1) X Viaag (r Vimp = > xIV8:X6,6(r —17) | (2.5)

i,j=1

where X is an arbitrary disorder independent spin-matrix. Therefore, magnetic impurity scat-
tering in the point-like limit can be treated as delta-correlated fluctuating Gaussian magnetic
field which couples to the electron spin by the usual Zeeman term. The size of these spatial
fluctuations can generally be spin-anisotropic, which manifests itself in the tensor structure

of Xz(;l).
Usually, in the ferromagnetic conductors under investigation, there is also the presence spin-
orbit coupling which leads to effects like the anisotropic magneto-resistance (AMR) or the
anomalous Hall effect (AHE) [48],[49]. The AMR leads to a resistance depending on the angle

between magnetization and current direction and the AHE leads to a finite transverse Hall



conductivity in ferromagnetic materials, but in absence of an external magnetic field. Instead,
it is due to the interplay of the ferromagnetic exchange field and the spin-orbit interaction.

Spin-orbit effects like AMR or AHE are effects of zeroth order in magnetization gradients,
but here, we are primarily interested in the effects like change in conductivity imposed by
the presence of magnetization textures. To leading order in magnetization gradients, they
are simply additive, while in higher order, the effects of a magnetization gradient and the
spin-orbit mechanism underlying the AMR interfere and a more general description is neces-
sary. Note that in addition, the anomalous Hall effect (AHE) comes into play in higher order.
In following, we focus on the effects which are due to time-dependence and spatial inhomo-
geneity in the magnetization 7 (r,t), and note that we can either neglect AMR and AHE
effects, or they can be simply added to the contributions of the present study or distinguished
experimentally.

2.2.2. Keldysh Technique

The standard way to proceed in non-equilibrium many-particle physics is to set up the kinetic
equation for the Keldysh Greens function. For the remaining part of this chapter, we set A = 1
and only restore it in the final results.

The further treatment is done in the Wigner representation which is obtained from usual
spatio-temporal representation via the transformation

Glk,e,rit)= [ d% [ dre®=tierge+ 2 4 Do ~ 24 2 Ty (2.6)
2 2 2 2
where now, operator multiplication has to be carried out by applying the Moyal product x*.
Explicitly, this product is defined as

C(k,e,r,t) = A(k,e,r,t) * B(k,e,r,t) = A(k, e, 7, 1) eaaa_aa_aa&ﬁa) B(k,e,r,t) ,

(2.7)
where <5and 3denote derivatives acting only to the left and right, respectively. The trans-
formation introduces center of mass coordinates 7, ¢t and Fourier transformed relative
coordinates that are, respectively, k and €. For a short summary of useful properties of the
Wigner transformation, see Appendix [A]

The Greens function G is defined as expectation value of the field operators, time ordered
along the Keldysh contour [50]. The ordering along back and forward time Keldysh contour
gives rise to an additional 2 x 2 matrix structure (denoted by ) which in an appropriate
basis takes the convenient form [51]

- GR G<

GR and G* are the retarded and advanced Greens functions, well known from equilibrium
theory and carry information about the spectrum of the system, in particular, one obtains
the spectral density simply from

A=i(GR* - G* = —2ImG? | (2.9)



which generally obeys the normalization condition

/ Efl(k,e,r,t):i.

oo 27

The lesser component @<(k, €,7,t) describes the occupation of states of the many particle
system and is given in terms of electron field operators by

Gl v ) =i (Wb ) (1)) (2.10)

where the grand canonical average is taken and the indices «, 8 are one of 1, |. In equilibrium,
it takes the form

G<(k,e,7) = iA(k,e,7) fo(€) (2.11)

with the Fermi-Dirac distribution function
1

fD(E) = eBle—Er) 41

9

where 5 = 1/kgT denotes the inverse temperature.

With the knowledge of G< at hand, one can easily obtain various physical quantities of interest
such as the quasi-particle spin-charge density

R 3 0o €
N(r,t) :/(;1:;)3/ d—, G<(k,e,r ), (2.12)

oo 2T

and spin-charge current density

R 3 00 € .
J(r,t) :/((217:;3/ de vi.G<(k,e, 7 1) , (2.13)

0o 2T

with the quasi-particle group velocity given by vy = e, = k/m.

The spin-charge density N is a 2 x 2 matrix in spin space and its trace yields the charge-
density N. = —eTrN, while the spin-density is given by S = %Tr(&’N ). In a similar manner,
we obtain the charge current j. = —e'Ir J and the spin-k current jj, = %Tr(&;gj)

In order to find G for our specific physical system, we need an equation of motion, called the
Dyson equation

M«
—

(e ep(m)i— ) 1-5] « G =

~ ~

G * [((e+ ep(r))l — H)

)

=<
=

- E] ~1i, (2.14)

where 1 is the unit matrix in spin and Keldysh space.

Impurity scattering due to f/imp is described in terms of the self-energy f], and is to be
discussed in a moment. In Keldysh space, ¥ possesses the same structure as the Greens

function G,
B R <
S = < X2 ) . (2.15)

0 A

10



We assume throughout the rest of this article that scattering is weak such that
Y<K Ep, (2.16)

where Ep is the Fermi-level for the conduction electrons, and which will allow us later to take
advantage of the quasi-particle approximation.

Spectral Density

First, we have a look at equilibrium properties of the system by calculating the retarded
Greens function, from which we readily obtain the spectral density A using Eq. . Essen-
tially, we do this by first solving for the retarded Greens function and taking the imaginary
part thereafter. The starting point is the Dyson equation for the Greens function and taking
the retarded component of , we explicitly obtain

A —0A

([e—ek+5u(r,t)]i+ 5, t)é)*éR/A:i. (2.17)

GR/A only differs by the boundary condition which can be simply incorporated by substituting
e — e+i0" in Eq. . Furthermore, since ¥ < Ep, we will not include self-energy
corrections to the spectrum, i.e. we neglect the line broadening and assume a delta-peaked
spectrum, commonly referred to as quasi-particle approximation. Also, the external electric
field affects the spectrum only in second order of the field [51].

To proceed, we expand the Moyal product
e — —
fal Z(a O — 0,0, — O+ 0.3)+... (2.18)

commonly referred to as gradient expansion, and iteratively determine GR/A in orders of
gradients, whereas, for our purpose, we need only up to order 82. The zeroth order term of
the spectral density A = Ag+ A; + ... is readily found to be

Ao = 21 [P@(e —el)+ Po(e— et)} , (2.19)

and for higher order terms we refer to Eq. in the Appendix. Here, we defined the

projectors in spm—space 77¢ 1= (1 + ma) that prOJect on the local spin up/down direction,

™=

and €, F2 5 is the dispersion relation for majority and minority spin bands (see Fig. |2

The k-integration of the spectral function yields the density of states, here defined as number
of states per unit energy and volume,

3 ~
/ ((217:)63 A(k,e,r t) =2nmv(e,r,t) . (2.20)

The matrix density of states in zeroth order correction or without magnetization gradient
present is due to Ay, .
o = Pry + Py = wo(1 + P m(r,1)d) (2.21)
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Figure 2.1.: The parabolic band structure for the spin-up and down bands is split by the
ferromagnetic exchange field A. The Fermi level Er is measured with respect to
the mid-point of the two band-edges.

where we have introduced the polarization of the Fermi surface

p="" (2.22)
v+ v

and vy = %(VT + 1)) denotes the average density of states. The density of states for majority
and minority spin bands are

dk 1
vy (e) = an) d(e—¢€.7). (2.23)
v4,| without energy argument denotes the density of states at the Fermi-level Fr. For smooth
m(r,t), the density of states adiabatically follows the variations of the magnetization, and
higher order terms Aj, Ao, ... constitute corrections due to non-adiabaticities.

The polarization parameter at the Fermi level explicitly reads

A

QEF+\/4E1%—A2

and, in place of A will be used as a fundamental parameter in the subsequent investigations.
For A — 0, the polarization vanishes, and in the opposite limiting case when A — 2Fp, the
Fermi-level reaches the band edge of the spin-down band and the system is fully polarized, i.e.
the half-metallic regime with P = 1. Ey is measured with respect to the mid-point between
the two band-edges (zero on the energy axis). The situation is depicted in Figure

(2.24)

2.2.3. Impurity Scattering
The self-energy by incorporates scattering by magnetic and non-magnetic impurities, com-

monly calculated in the self-consistent Born approximation which truncates the series of
irreducible diagrams due to multiple scattering after the first one:

12



In physical terms, this means that all kinds of interference effects like weak localization are
dropped from the theory. In this approximation, the self-energy for spin-independent impurity
scattering takes the form

. 4 Bk .
Y o= @ 2.2
O [ G 6 (2.25)
and likewise for magnetic impurity scattering,
3 3
SR SN &k . s
Ymag = ij:1xij /(27T)3 5:Go; . (2.26)

The tensorial structure of l(m) accounts for situations in which scattering is non-isotropic
in spin space. We note that the impurity concentration has been incorporated into ¥ and
l(m), which then simply scales linearly with the density of impurities. We can rewrite the
magnetic self-energy using simple algebra and the properties of the Pauli matrices

3
S xMeiGe; = Y xMai(gol + §5)3;
i,j=1 ij

ap

9

= G try™ - 2T {56} (itr;(m) _ l(m))

(m).

where Tr takes the trace over the spin degrees of freedom, while trl(m) = Z§:1 Xii
The explicit structure of l(m) to be used throughout this chapter is motivated in the fol-
lowing. If there exists a ferromagnetic exchange coupling between the internal impurity spin
and the ferromagnetic order parameter, the spin is preferably aligned along this direction.
Consequently, the impurity will scatter the electron with a different magnitude depending on
its spin. In the case of uniaxial symmetry (the symmetry axis is denoted by 77),
X5 = X (8 = many) + " man;

For the above example of ferromagnetic interaction between impurity spins and order parame-
ter, the unit vector 77 actually corresponds to the local magnetization direction, m = 7. In the
Born approximation and restricting ourselves to this special case of uniaxial symmetry, the
self-energy for both spin-isotropic and magnetic impurity scattering is written in the compact
notation

e Bk

where the operation y on a general spin-matrix X is defined as

. . X . . 1 (X z¢ ne
X = (X9 + try™) (X — T%@& - Txm&) = ( L7 W) , (228)

T1 - 2 140
where we write for the longitudinal component &, = %Tr{ﬁic?f( }m, the transverse spin part

T = %Tr{ff)? } — 27 and the charge component z. = TrX. Furthermore, we define the
spin-1 and | channels as z,, = %xc + .
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Our model of impurities introduces various types of relaxation which are summarized in the
table below along with the explicit expressions in terms of the parameters of our model.

(m) (m)

Momentum relaxation in Spin-1,| channel | 1/7,, = 27TX(Z')1/:|F +27m(x v +2x lm V)
Transverse momentum relaxation /1 = 2m(xD + try(™)

Longitudinal, spin-flip 1/Tv = 4my QXJ(_m)

Transverse, spin-dephasing 1/Ty  =dnyy (Xu(m) + xj(_m))

Transverse spin excitations are also subject to momentum relaxation, albeit with the elastic
mean-free time 7 which is different from the elastic mean-free time 7, , in the spin-1,| con-
duction channels. The longitudinal, or spin-flip relaxation time 7 describes the time it takes
for a non-equilibrium magnetization in the direction of m to relax to its equilibrium value.
The transverse, or spin-dephasing time 75 describes the decay of transverse spin-excitations.
Mathematically, this behavior is already evident from the specific form of the self energy
which is essentially given by . We will see this more explicitly later, when we derive the

extended Bloch equation (2.121)) along with the scattering term (2.129)).
(m)

Our specific model of impurity scattering has three independent parameters x®, y 1 and
XH(m), therefore, we take 7, 71 and T as independent parameters of our system. Then the
momentum relaxation time, or the elastic mean-free time for the spin-up and down conduction
channels can be expressed as

I 1+Py

TrL T

; (2.29)

where we defined the scattering asymmetry v = (1 — Til) and we see that % = % + %, even

though ~ is not an independent parameter in our model.

Before continuing, let us inspect the range of possible values for our parameters. First, 7 is
dominated by ¥ when magnetic scattering is weak, and essentially can be chosen arbitrarily.
Ty and T, are of course not affected by non-magnetic impurities, and from their explicit
expression, we see that the spin-flip time 77 is only affected by the transverse fluctuating

field X”(m), while for the spin-dephasing time 75, both components Xu(m) and Xim) contribute

equally. For the spin-isotropic situation Xu(m) = J(_m), both times are equal T} = T3, and

for a vanishing perpendicular component, we have of course T} = oo. On the other side, a
vanishing longitudinal fluctuating field Xu(m) = 0 leads to Ty = T»/2, so that in general, one

has the condition
2T > 15 (2.30)

which is a well known inequality in the field of nuclear spin dynamics [52]. In addition,
non-magnetic impurities always contribute to momentum relaxation, so one is not free in the
choice of 7 with respect to T5 und usually, non-magnetic scatterers are dominant, so that
7 < Ty. Even in the best case scenario (¥ = 0, the momentum relaxation time 7 ranges from
T to 275, so in order to cover all situations, we keep 7 < 15, T7.

14



2.2.4. Kinetic Equation in Linear Response

In the following, we derive a transport equation for the low energy dynamics including gradient
corrections to the collision integral and to first order in external perturbations, i.e. in linear
response. This kinetic equation will be the foundation of our subsequent investigations, and
we will use it to study different aspects involving various magnetization structures. We need
to use the full non-equilibrium apparatus, since we have in mind to also study time-dependent
phenomena.

Full guantum kinetic equation

To obtain a kinetic equation for the non-equilibrium distribution function [50], we subtract
the left- and right-conjugated Dyson equations (2.14)),

(e + ep(r))i — H) i—i;f(;} =0 (2.31)

and write down the equation for the lesser component G<(k,w, r,t)

—i[(6—6k+5u+eg0)i+A_26Arﬁ3”,‘@<]

1
2

The (anti-)commutators are defined by {A * B} = Ax B+ B« Aand [A* Bl = AxB—BxA.

[dr5<) _%{ffff} —i[ReSR 1G] +i[ReGR S| . (232)

Taking a suitable combination of the retarded and advanced components of (2.31)), a similar
equation can be found for the spectral density A(k,w,r,t),

. A—G6A - N o
—i[(e—ek+<m+e¢)1+;mﬁ—RezfA]—i[rfReG}zo. (2.33)

Between the spectral density A and Re GR, there exists a Kramers-Kronig relation,

. 1, - R 1 [ , Al
Re GR(E) = §(GR + GA) = 27TP/_OO dEI 6£62 s (234)

where P denotes the principal value of the integral. The imaginary part of the self-energy
= —2Im &R = (BR — 54 (2.35)

describes relaxation due to impurity scattering, while the real part is responsible for changes
in the dispersion relation for the quasi-particle excitations. Likewise, there exists a Kramers-
Kronig relation between real and imaginary parts of the self-energy

(2.36)

However, as can be seen from the integral representation in this formula, the real part depends
on the complete electronic spectrum of the system, since the scattering rate is directly related
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to the density of states, I'(¢) = 2wxi(e) according to (2.20) and (2.27). Considering that
the dynamics accompanied by a rotation of the magnetization direction, be it in time or
space, is affecting only an energy region of the order of A, these changes constitute only a
tiny fraction of the whole energy range. Thus, corrections due to magnetization dynamics to
the real part can be neglected when compared to the whole background contribution, which
then is just a constant (however formally diverging due to the assumption of k-independent
impurity scattering) and merely renormalizes the electronic spectrum. In fact, the only reason
to include impurity scattering is to add momentum and spin relaxation to the conduction
electron system, as contained in the imaginary part of the self-energy, [. The real part
can however become significant if one goes beyond the self-consistent Born approximation.
Important contributions from higher order diagrams are relevant for skew and side-jump
scattering which give rise to the anomalous Hall effect [48, [49]. In our case, we assume that
scattering is weak and thus, there is no necessity to go beyond the first order diagram for our
study. Therefore, the two commutators involving real parts can be dropped from equation
(12.32]).

Kinetic equation for the low-energy dynamics

Generally, we can distinguish the contributions appearing in the kinetic equation as emerging
from two regions in energy. The electronic states deep inside the Fermi sea are affected by an
inhomogeneous exchange splitting Am(r). The fraction of the Fermi sea that contributes is
given by A/FEp and not necessarily small. However, due to the Pauli principle, these states
are fully occupied for all reasonable temperatures and the change in the spectrum does not
affect the dynamics of the mobile electrons close to the Fermi surface. These are responsible
for the dynamics in the quantum kinetic equation, since the electrons in an energy window
given by the temperature, voltage or other low-energy scales have the freedom to move. These
differences can be used to eliminate the high-energy contribution from our quantum kinetic
equation. Possible high-energy contribution can be simply added later, once the low-energy
result has been obtained. Essentially, the high-energy contributions can be interpreted in
terms of Berry phases, which is treated in depth in chapter Furthermore, a change in
the spectrum due to magnetization structures modifies the Berry curvature, which therefore
can affect the intrinsic AHE contribution. The AHE however, is beyond the scope of this
work as discussed previously. To conclude, it is therefore important to carefully check for
contributions from the Fermi sea and it is in particular important for the investigations
in sections [2.4] and where we calculate non-diagonal resistivities for 2 or 3-dimensional
magnetization structures, for example.

As a reference, let us summarize the present version of our kinetic equations we are going to
work with. Dropping the terms involving real parts, the Eq. 1) for G=(k,w, r,t) becomes

A — A

—i[(e—ek+6u+e@)i+ 5

me * é<} = 1.]G<]. (2.37)
The right-hand side of this equation is the collision integral 7., and takes the explicit form

zié) - | (d;f)/g B [SG( 1)t Akern)} — o {ZAW,er.0) GA(k,e,r,t)}} ,
(2.38)
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where the operation y is defined by equation and the index € indicates that the collision
integral still carries the full energy dependence, and is used to distinguish it later from the
collision integral for low-energy excitations around Ep. Z, is a linear functional, Z.[B + C] =
1.[B] +Z.[C] and, as required by the form of G< in equilibrium (see Eq. ), we also have
the property Z. [/1 k,e,r,t)] = 0. Therefore, the spectral density A(k?, w, 7, t) also satisfies the
kinetic equation , since by substituting A for G<, we essentially obtain

—i[(e—ek—i-éu—i-ecp)i—i—A;;Aﬁi&ffl} =0, (2.39)
which is just without the real part. Mathematically, this kinetic equation for the
spectral density is not necessarily the best way to determine A due to the delta function type
boundary condition. We will however use during the following derivation.

The goal now is to separate the high-energy dynamics from the low-energy dynamics, where
the latter describes processes taking place at the surface of the Fermi sea. Firstly, we eliminate
the electric potential by the substitution w = e+ey which transforms the derivatives according
to

Oc — Oy 0, — 0, —eEd, ,

with the electric field E = —8,¢. Accordingly, the Moyal product (2.7) has to take into
account this transformation and we instead write

~ % <(5w3ncq7(5ncq3w>

¥ = oe , (2.40)
where o denotes the Moyal product in 7, k space. Furthermore, we define
Oneq = 0y — eEOy, (2.41)

which combines the two external driving forces that turn the system into a non-equilibrium
state: electric field and time-dependent magnetization. Therefore, in our kinetic equation,
non-equilibrium effects are essentially reduced to the differential operator Oneq. Thus, we will
only include terms linear in Oyeq in the following, which is equivalent to the linear response
regime.

Generally, the transformation includes the difficulty that 8, also acts on FE, but here, we
assumed that F is uniform, despite the situation of inhomogeneous magnetization which will
modify the local electric field thus, making it spatially dependent. However, these corrections
to the field are of order (8,17)2, therefore of maximum order to be considered in this work.
Any additional derivative as in 8, F, would yield terms beyond the regime of our investigation.
Thus, we can treat the local electric field as being quasi-homogeneous, as long as the external
electric field is constant, which we assume to be the case.

Secondly, we divide the lesser Greens function into equilibrium and non-equilibrium contri-
butions by making the ansatz

G<(k,w,r,t) = iA(k,w,7,t) fo(w)+ G (k,w,T,t) . (2.42)

We substitute this ansatz into the kinetic equation ([2.37)), and the first term essentially drops
out by virtue of 1} except for terms proportional to ‘%}D@neq(. ..) which become source

terms in the kinetic equation. In particular, we obtain an expression that does no longer
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contain any terms proportional to fp, but only to 6f D and higher order derivatives which are
non-zero only in the vicinity of the Fermi-energy, prov1ded the temperatures are sufficiently
low. In fact, we use the zero-temperature approximation % df D — —§(w — Ep) throughout this
work.

Concerning the second term in , the non-equilibrium part 6G has two very practical
properties. It is proportional to the electric field E or time-gradients of the magnetization
Oym, which allows us to drop terms that are of quadratic order in either of the two sources
of non-equilibrium excitations. More specifically, we keep terms of linear order in Oyeq, since
we are interested only in linear response to an external perturbation. Furthermore, 6@ is
peaked around the Fermi-level, reflecting the fact that physical processes take place only in
the vicinity of Er for low-energy processes and low enough temperatures.

Consequently, we set w = E¥ in all prefactors to §G in the collision integral on the right-hand
side of equation , more specifically, the spectral densities in the collision integral become
/l(k, Ep,r,t). In other words, we neglect the energy-dependence of the scattering rates when
it comes to non-equilibrium excitations in the distribution function, since the energy range
these excitations span is sharply peaked around Er and is much smaller than typical scales of
variation in the scattering rates. As shown in Appendix [B] this is compatible with the linear
response regime.

The third and final step consists of integrating the kinetic equation (2 over energy, i.e.

we take [° OOOO 517‘;’1 of this kinetic equation and arrive at a simpler equatlon for the quantity

g(k, 1) :/;1” 5G(k,w,r,t) . (2.43)

i
Performing all these steps, we eventually find the kinetic equation,
0B+ o (A~ 5A)E S ] + (B:6)8kd = Jo+ Je+ T0g] (2.44)

where v, = Oer, = k/m is the quasi-particle velocity and the collision integral takes the form

- 1 3K - .
700 = 5 [ o ({800 r.0 Atk Ber) |~ {240 Beor 2 a0} ) L 245)
. X X
and the spatial Moyal product o acts on r and k only, but does not act on k’. Additionally,
external perturbations due to time-dependence or electric field gives rise to the following two
source terms,

. dw [, & Ao s Ly ;

Ty = / Tu;z [(wl —H)* ’LA(k?,CU)fD(W)} e {A(k»EF,"“at) S aneqH} (2.46)
31./

jc = / 2dw Z, [ZAfD( aneq/ ‘ k 1 XA(k/ Ep,r, t) ’ A(k’EF’nt)} ’ (2.47)

where J; appears as a direct driving force in the kinetic equation, while J, describes non-
equilibrium corrections to the collision integral that appear as a result of the ansatz . T
and J, are additional contributions from the high-energy term that enter the equation for the
low-energy dynamics. Egs. — constitute a linear integro-differential equation for §
and serve as the basis for our further analytical treatment. These equations provide a rather
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general framework to investigate a large variety of transport problems and time-dependent
phenomena like spin/charge pumping.

Provided we have found a solution for g(k,r,t), a task postponed to subsequent sections, we
can finally determine the physical observables of interest by simply substituting the ansatz
(2.42)) into (2.12). In this way, we find for the quasi-particle spin-charge density

~ ~ w 3
N(r,t) = Ny(r,t) + n(r,t) = /;fD(w)/ ((217: A(k,w,,t) 4+ n(r,t) (2.48)

with the low-energy spin/ charge density excitations n(r,t) = [ (gﬂk?) g(k,r,t). The analogous

expression for the current (| is obtained in a straightforward manner.

On length scales much larger than the Thomas-Fermi screening length, which is of atomic
order in metallic materials, local charge neutrality is fulfilled. We also assume that timescales
of external perturbations are sufficiently small for screening to be instantaneous. This allows
us to easily specify a condition for the chemical potential shift oy (7, ¢), which has to be chosen
such that the following relation holds,

— eTrN(7,t) + Qon = 0 . (2.49)

This implies that the total quasi-particle charge density (2.12)) is constant throughout the
ferromagnet and neutralizes the ionic background of charge density Qron.

Feasibility of the gradient expansion for arbitrary A - separation of time-scales

One important remark about the validity of the derivation of the kinetic equation is
in order. Strictly speaking, we are allowed to make the gradient expansion only when the
derivatives act on quantities which are smooth on the respective Fermi-scales. However, we
put no restrictions on the value of the exchange field A and it can even be close to the
Fermi level Er, which implies that the precession length is of the order of the Fermi-wave
length. This gives rise to fast oscillations, with gradients acting on these terms not necessarily
small. A solution is to average out the rapid transverse precession, which leads to an effective
equation for the averaged quantity (g), which is formally identical to Eqgs. —.
However, when solving our kinetic equations, it has to be kept in mind that derivatives do
not act on fast precession terms, only on the slow envelope functions. This is also the reason
why we could drop the term 0§ in Eq. for the low-energy dynamics, because this term
would be of second order in external perturbation and thus, beyond linear response.

To mathematically concretize this, we go back to the very beginning and consider the full
kinetic equation for the Keldysh Greens function before introducing impurity self-energies,

[ei - 7—[] sG=1, (2.50)

where the Hamiltonian H is introduced in Eq. 1.} This equation constitutes a differential
equation for G, where the term %m(r t)a gives rise to rapid precession in time and space.
The main idea is to obtain an effective equation for the averaged propagator <G >, eliminating
the fast oscillations due to A. It turns out that we obtain an effective equation for <G >, which
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is formally identical to the original kinetic equation. However, care has to be taken concerning
A

the term m(r, t)(:f which would normally give rise to fast oscillations. The important aspect
is that the derivatives in the effective equation act only on the slow dynamics and consequently,
only the behavior of the envelope function <G’> is well described.

From there on, all the derivations and definitions still apply, including the introduction of
the self-energy f], just with all quantities G,A, etc. replaced by averaged quantities. The
benefit is clearly the feasibility of the gradient expansion in temporal and spatial coordinates
which, in the case A ~ Ey, would not be possible to truncate before, since then gradients to

all orders would be important.

Another way to explain what happens is the following. The truncation of the gradient series
leads to an incorrect description of the fast time-scale dynamics, however, the slow
dynamics imposed by the external driving is still well described. Of course, the truncated
equations still exhibit fast time-scale dynamics in an uncontrolled approximation, but this is
not a big problem, since we are not interested in these rapid oscillations, only in the envelope
function obtained after averaging. And the latter one is well described in the sense of the
usual gradient expansion. In the end, this is possible due to a separation of time scales,
since in our regime, the precession length/time is the smallest length/time-scale besides the
respective Fermi-scales, so we implicitly keep in mind the averaging procedure outlined above.

In the limit A < EF, our equations are valid without the need for some averaging procedure,
so also the dynamics imposed by A is correctly described. Later in section [2.4.3] we will
explicitly perform such an averaging procedure, and the steps leading to equation
illustrate the ideas discussed above.

2.2.5. Self-consistency Condition — from s-d Model to Stoner Model

Using functional Keldysh theory [24], one can derive an effective Hamiltonian

. . A .
"= Hol — Zms5 — %mdﬁ , (2.51)

together with the self-consistency condition for the conduction electrons
U - U_ ~-
5 <w(r,t)5¢(r,t)> = S TroN(r,) = Aui (2.52)

where Hg describes the spin-independent part of the Hamiltonian for our ferromagnetic
conductor. Here, Aymy describes the effective field due to the localized d-electrons and like-
wise for the itinerant s-electrons. U is the exchange coupling between the itinerant electrons
and the self-consistency condition remains the same in both cases, s-d and Stoner
limit. The only difference is the Hamiltonian, to which we have to add an additional term
Hy = %Adﬁid(:f in the s-d case. This latter term vanishes in the Stoner limit, as opposed to
the s-d model, where Ay is the dominant term as compared to the mean-field contribution
from the itinerant electrons described by the A4 term, i.e. Ag > Ay in the s-d limit.

If we assume that time scales of external perturbations are much larger than the time scales
of the spin dynamics of both s and d-electrons, we have m; = my incase of a ferromagnetic
coupling between the two types of electrons. Then the two magnitudes Ag and Ay simply

20



add, and the situation intermediate between s-d and Stoner limit is no different to treat
in our mathematical formalism than the two limiting cases. If the separation of timescales
is not possible, the intermediate scenario is difficult due to the fact that m,; and mgy are
not necessarily parallel and thus, adding up the contributions yields a strong variation of
the magnitude of the total exchange field. Consequently, one has to relax the condition of
constant A already to lowest order which then would yield terms due to gradients in the
magnitude A not treated in the present work.

At any rate, in the present work we assume external perturbations to be much slower than
any internal time-scales, so our calculations include also the intermediate situation. However,
the two extreme cases of s-d and Stoner limit are interesting enough, and in the intermediate
regime nothing qualitatively new is expected, so in the following we will mainly treat these
two limiting cases.

Stoner limit

Let us first treat the Stoner limit, where we can write for the self-consistency condition for
the magnetization of the conduction electrons

U (50 + 5*2) — (A — GA(r)) i+ W, (r) (2.53)

where U is the effective exchange coupling energy between electrons and —3A ()i + §W, (r)
are anticipated corrections to the self-consistent exchange field in presence of magnetization
gradients. The density is obtained from Eq. as N = %i + 5'5', where N, is the charge
component and S = Sy + S, the spin density as a series in gradients. To zeroth order, the
spin density is Sy = ps with pg = %(1 + %PQ), and the correction second order in spatial
gradients reads explicitly

G P o 1 o5 1 P2 -
Sy = 1 (—§5A +op)l + (—§5A + P5,u)ma] + 370 (1 + 3> W, &
QP (P PLOLPY Y
T o \ 12! go  0)+ o, (254)

where 5’27 | is the transverse spin component not needed at present. In the Stoner limit of
itinerant ferromagnetism, U is fixed by the equilibrium magnetization U = % = m and
is immediately obtained by solving Eq. (2.53)) for the homogeneous case.

Solving 1D along with the local charge-neutrality condition 1} ie. TrSy =0 yields

15 — P2 (9,m)?

(St)
o>t (r) 20 2m, (2.55)
5+ 3P? (9,m)?
dA(r) = S0P ( 5 ) ) (2.56)

while (WTG_ exactly drops out from the equation, meaning that in principle it can be any
value. However, adding a transverse part §W, would yield modified equations, which however
describe the same physics. In fact, we obtain the original equations by simply renormalizing
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the magnetization Am — Am + (Wf/l (to leading order, since corrections to the magnitude
would be of oder 5Wf which is of 4th order in gradients and thus beyond our treatment).
Physically speaking, there should be no transverse corrections 517[5_, only the magnitude of the
magnetization attains corrections 0A(r). Thus, setting §W, = 0 and satisfying the transverse
part of Eq. , amounts to SZ, 1 = 0 which, as we will see in section corresponds
to 7_21 = 0 and leads to the Landau-Lifshitz-Gilbert equation describing the magnetization
dynamics. In fact, this corresponds to the zero-torque theorem [53] which in the Stoner limit
emerges from the self-consistency condition for the transverse magnetization, and simply
states that the itinerant electron system cannot exert a torque on itself.

Furthermore, in the limit A — 0 viz. P — 0, the correction dA also drops out from the
self-consistency equation to leading order in P. This means that in the limit of weak
itinerant ferromagnetism, a small correction dA to the self-consistent field induces a polar-
ization in the electron gas, which in turn corresponds to a small additional effective field
and exactly compensates the original perturbation dA in the field. Thus, longitudinal spin-
perturbations in the itinerant electron gas cannot be screened efficiently in this limit and
therefore, the screening field dA from Eq. is inversely proportional to P, so that it is
greatly enhanced in the limit P — 0. Note that this is true also for additional small trans-
verse fields, however for arbitrary strength of the itinerant field A, so transverse perturbations
cannot be screened, and instead give rise to the magnetization dynamics mentioned above.

s-d limit

In the s-d limit, the effective exchange field Ani(r,t) entering the equation for the itinerant
electrons is simply given by the magnetization of the localized d-electrons, since we neglect
the contribution from the itinerant electrons to the total magnetization, as it is assumed
to be much smaller. Thus, we merely have to fulfill the charge neutrality condition for the
conduction electrons, which yields

P (@i
12 2me

5V (r) = (2.57)

and of course (5Wl =0 and 0A = 0.

To summarize, we have derived a fully microscopic equation for the spin transport in non-
collinear magnetization textures. Our approach takes impurity scattering and spin-flip scat-
tering into account on the Hamiltonian level. This paves the way to treat complex magnetic
textures and derive microscopic expression for the domain-wall-induced resistance.
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2.3. Diffusive Transport in Quasi-1-Dimensional Systems —
Domain-wall Resistance

In this section, we will mainly focus on static magnetotransport and domain-wall resistance.
We present a method of solving our kinetic equations using a truncated hierarchy of equations,
and which will give us some insight into the structure of our equations. First, let us begin with
a short review of work related to the domain-wall resistance (DWR) that has been published
in literature.

On the theoretical side, two major research lines to magnetotransport have been followed
in the last years. One line is a numerical approach using atomistic so-called first principle
calculation to treat relatively small systems. The second line of research applicable to larger
systems, in which structural details due to a microscopic disorder averages out, is based on
analytical kinetic equation derived from field theoretical methods. We now briefly summarize
a few main results obtained with both approaches.

Using numerical methods based on ab-initio approaches in combination with tight-binding
transport calculations, detailed predictions for the linear conductance of multilayers have
been made [54] [55], [56]. These include in particular all effects of the complex band structure
and can also take into account the effect of disorder. The effects of a finite cross section
were explored in Ref. [57] and an inhomogeneous magnetization has been accounted for in
Ref. [58]. A method to overcome the linear response limit of these calculations have been
recently proposed for non-magnetic materials [59]. These approaches are well suitable and
very successful to describe multilayers and atomic size domain walls. The main disadvantage
is that the computational effort limits the system size rather drastically and typical mesoscale
domain walls with dimensions of the order of 10nm cannot be described. Furthermore, spin-
flip scattering by magnetic impurities or disordered spin-orbit scattering are difficult to take
into account by the microscopic tight-binding simulations. Since the latter mentioned systems
will be the main focus of our work, we will therefore choose a different approach, based on
analytical transport equations using non-equilibrium Green’s function methods.

Using analytical methods, several limiting cases of the domain wall resistance have been
investigated using a variety of theoretical approaches. The works [33, [34], 35] perform a dia-
grammatic evaluation of the Kubo-formula introducing scattering in the unperturbed Greens
functions by two phenomenological parameters 7, , the momentum scattering times for spin
up and down channels. In this calculation, spin-flip processes are not included. As we will
discuss later, this leads to a spin accumulation that does not decay even arbitrarily far from
the domain wall. Hence, this neglect of spin-flip is only possible, if the distance between the
domain wall and leads is much smaller than the spin-diffusion length. In a complementary
approach, Levy and Zhang [32] use a linearized Boltzmann equation. They do not consider
changes in the electronic spectrum, i.e. they assume spin-independence of the wave vector
ky = k,, restricting the validity to the regime of small exchange splitting. Their analytical
calculation is done in a basis that diagonalizes the Hamiltonian, which is possible incase of a
constant magnetization gradient, known as spin-spiral. Thus, they cannot take into account
a finite contact geometry and finite domain wall length, but have to consider an infinitely
extended spin-spiral for which they calculate the conductivity. Spin-flip processes are absent,
so, again, the above statement concerning spin accumulation applies. Furthermore, they per-
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form a multi-pole expansion of the distribution function but only include terms up to the
p-wave component. However, as we will see during our calculation, this is not sufficient in
general. Lastly, we believe the Boltzmann equation, they use, lacks terms that should appear
as a result of the gauge transformation. Bergeret et al. use the Keldysh technique to derive
a quasiclassical equation valid in the diffusive limit [38]. However, they consider a different
regime of validity, in which the scattering mean free path ls is the smallest length scale in
the system (besides the Fermi-length), and not the precession length as will be the case in
our treatment. Likewise, they do not consider spin-flip processes, even though during their
calculation, they perform steps which implicitly require longitudinal spin excitations to relax.
Finally, Simanek et al. [39,40] used equations of motion for the quantum distribution function
in Wigner space, which however contain a term that we cannot reproduce. Before, Bergeret
et al. noted that this term violates particle conservation [38]. Nevertheless, this term does
not affect the statement of Simanek et al. that there is quenching of the spin-accumulation
due to rapid transverse precession. This also emerges from our theory and we will make use
of it later (see the discussion around Eq. (2.89)).

In this section, we pursue a fully microscopical theoretical approach to the DWR in the limit
of wide domain walls, so that quantum mechanical electron reflection at the domain wall
can be neglected. This allows us to use a our semi-classical approximation and neglect spin-
dependent scattering due to abrupt potential changes [60] 611 [62, [63]. We employ our model
of quasi-free electrons with parabolic dispersion instead of a realistic band structure, since we
are mainly interested in linear response properties, which limit the relevant energy scales to a
small band around the Fermi level. Furthermore, we assume a width of the system larger than
the mean free path, so that quantization effects due to a finite cross section do not interfere
with the intrinsic DWR. Furthermore, we assume that the precession length should be much
smaller than other typical lengths of the system. As opposed to other works, our approach
includes spin-flip scattering, which is needed for a decay of the spin-accumulation away from
the domain wall. Finally, scattering is included on a microscopic level and we include gradient
corrections to the collision integral, which is required for a consistent description up to second
order in spatial gradients of the magnetization.

We begin by introducing our transport setup and the model description of the domain wall,
to which we apply the kinetic equation derived in the previous section. Then we solve these
resulting equations analytically in the regime of small precession lengths, and finally discuss
certain limiting cases and relate our results to existing theoretical works we are aware of
dealing with the issue of DWR [32], 33, 34} [35, 36}, 37, 38 [39] [40].

2.3.1. Model of the Contact

We treat a ferromagnet in a quasi one-dimensional geometry such that there are only gradients
of the magnetization in the z direction, while in the y- and z-directions the system is homo-
geneous. Furthermore, we assume a coplanar magnetization which allows us to parameterize
the magnetization direction by a single angle 6(x), defined as

0
m(z) = [ sinf(z) | . (2.58)
cosf(x)
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Figure 2.2.: (a) Contact of length L with a Bloch domain wall of characteristic size w situated
in between. The domain wall is described by the magnetization gradient g(x) =
0,0(z). The plot in (b) shows my(z) = —¢(x) and m,(z) according to equation
(2.61)).

Current flow perpendicular to the domain wall implies that the direction of j is along the
x-axis, so that the problem becomes effectively one-dimensional. Therefore, every quantity
of interest only depends on x, so we can set J, = 0, = 0. The contact of length L contains a
domain wall of characteristic width w. The left- and rightmost parts have opposite magneti-
zation directions and a so far arbitrary magnetization profile f(x) connects the two magnetic
domains. The situation is sketched in Fig.

It is then convenient to perform a local SU(2) gauge transformation in order to rotate the
coordinate system, used to represent the spin-orientation, such that its z-axis is always aligned
to the local magnetization direction 7. The unitary operator (Ut =~1)

U = e300 (2.59)
exactly performs this rotation in spin-space using the previously introduced angle 6, so that
Umd U =6,. As 0 is spatially dependent, the derivative obtains an additional term after
the transformation,

Uuo, Ut =10, + %q(m)&x =9, . (2.60)

Henceforth, we have to deal with the gradient g(x) = 9,0 in our equations and which fully
parameterizes the domain wall. Essentially, ¢(z) can be interpreted as a Berry phase due to
adiabatic transport in the domain wall profile 7i(z) and is the covariant derivative.
The gauge transformation rotates the orthonormal basis system (vxmi, v,m) such that
it becomes the canonical set of basis vectors, (e, ey, e.). The unit vector v points in the
direction of change of the magnetization m, i.e. 9,m = qv. Note that v is perpendicular to
m, since m is a unit vector.

An analytical form of the domain wall profile can be derived in the context of minimizing the
free energy of the ferromagnetic material, commonly a compromise between exchange and
anisotropy energy. Typically, one finds

cosf(z) = tanh() , (2.61)

so that . w
2 — - — h 2.62
(@) w2cosh?(L)  wdx tanh(y;) (2:62)
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where w constitutes a typical length scale over which the domain wall extends.

Theoretically, as well as experimentally, contributions arising from spin-orbit coupling, such
as the AMR which leads to a resistance depending on the angle between magnetization and
current directions, can be separated from the true DWR and therefore are not included the
following calculation. For the Bloch wall and the CPW-geometry (current perpendicular to
wall) employed in our model (see FIG. , the AMR plays no role, since the magnetization
direction is always perpendicular to the current direction. For other walls like Néel walls, the
spin direction within the wall attains a component parallel to the current and the AMR has
to be carefully distinguished from the DWR. As discussed above, the AMR contribution can
simply be added to the DWR to leading order.

2.3.2. Kinetic Equation - Boundary Condition versus Source Terms

In the present investigation, we restrict ourselves to the s-d limiting case, so that dA = 0.
Furthermore, since we are dealing with a stationary problem (i.e. d; = 0), we can reformulate
the external electric driving in terms of appropriate boundary conditions to be specified below.
Mathematically, this is equivalent to the formulation as source terms for our kinetic equation,

as it is the case in Eq. (2.44)).
We want to eliminate the source terms J;, J. due to the electric potential o(r) in (2.44)),

which is achieved by a redefinition of g as,

(&

§— g+ 27rg0(r) A(k, Ep,r) . (2.63)

Therefore, we have to solve the kinetic equation

VAN N L A
v,8rg — i [ma S g] + (0,01)0rg = Z[g] , (2.64)
together with the collision integral from Eq. (2.45) and the shift in the chemical potential
given by Eq. (2.57)). Now instead, the external electric potential enters as boundary condition
for g, which is seen by writing the density (2.48|) for the redefined g and considering local
charge neutrality (2.49). This brings us directly to the condition

3 ~
—eTrn(r) = ezgo(r);ﬂ/(;f)gTrA(k,EF,r) , (2.65)

since the charge component of the first term Nh(r) of 1} corresponds to the equilibrium
density which is constant by definition of the chemical potential shift du(r) and exactly
neutralizes the material. Therefore, Trn(r) is directly related to the local electric potential,
or screening potential, and thus, the local electric field E(r) = —8,¢(r) in the system, which
is a benefit of the above transformation. Essentially, the transformation introduces
unscreened quantities, whereas the original definition of § used in Eq. incorporates
charge screening effects.

Now, we consider a region far from any inhomogeneities in the magnetization for which we
want to specify an appropriate boundary condition. In the absence of a magnetization gradient
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and non-equilibrium spin-excitations in the conduction electron system, instead of (2.65) a
less strict equality holds,

3 A
A(r) = —ego(r)lﬂ_/ CE ke, Bpr) | (2.66)

In a simple one-dimensional geometry and for the left and right terminals at x1, r, the bound-
ary condition simply becomes

i(zLR) = —ep(zLR)V0 (i n Pmé) . (2.67)

For the present quasi-one dimensional situation of the DWR, it turns out that there are no
additional high-energy contributions induced by the electric field, so we can fully concentrate
on the low-energy part g. Furthermore, the leading order contribution to the domain-wall
resistance is of second order in gradients, so in the following treatment, we will include only
terms up to order 92.

2.3.3. A Hierarchy of Equations

In light of the solution procedure that is to come, it is convenient to use a 4-component
vector representation (which is denoted by an arrow to distinguish it from the 3-component
real-space vectors set in boldface), in which the spin-charge density excitations and current
density take the form, respectively,

= (n4,n_,ny, ni)

= (.7+7 7.]T ji)

Sy S

Starting from the 2 x 2-matrix representation after the gauge transformation, n = %i +
NyGyz + NyGy + 1.6, we define the spin-up/down densities ny,| = % £ n.. Additionally,
the transverse spin degrees of freedom are transformed according to n+ = n, %+ in, which
correspond to circularly polarized transverse spin excitations. This basis is convenient because
it diagonalizes the equations of motion for the transverse dynamics in absence of magnetization
gradients, see Eq. and following.

The full kinetic equation for g is still very involved, so we need to perform additional simpli-
fying steps. Therefore, we multiply Eq. (2.64) with v?' (n > 0) and afterwards, we integrate
over the whole k-space. This involves evaluating terms of the form

n 4’k V"7 § m 4’k ~am,n
<U 8kz > / 3 Vg km (_1) /(27‘_)398}%1;3;

(= 1)m nl _ ~(n—m) >
R (e ifn2m (2.68)
0 ifn<m
and defining moments of the Greens function g
d3k
5 — n; 9
J / (27T>3%9- (2.69)
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The first two moments are §(%) = 7 and §) = J, obviously. The kinetic equation turns
into an infinite hierarchy of equations relating these moments. It is nevertheless possible to
find an analytical solution to these equations in form of a systematic series expansion in the
function ¢(x). As we will show below, it is then possible to truncate the hierarchy by setting
G = 0 in the calculation of the domain-wall resistance. The first two of these equations are
reminiscent of spin-charge continuity and diffusion equations and take the explicit form

Li+d.j = O(q), (2.70)
(j+Doi) = 0, (2.71)
where we defined the covariant derivative J, in accordance to Eqn. ([2.60)),
0 O 1 -1
i 0o 0 -1

1
2 1 -1 0 O
-1 1 0 0

(2.72)

The right-hand sides of these equations include important contributions that are due to
modification of various transport properties in presence of a magnetization gradient, like the
change in the density of states which enters the collision integrals. Thus, the right-hand side
vanishes as ¢ — 0. Their explicit form along with the equations for §(2), etc. are rather
lengthy and not needed for our following discussion. Further details can be found in the

Appendix in equations ((C.12)-(C.20)).

The various scattering rates associated with momentum relaxation are combined in the tensor

. 1 1 11
II = diag ( + 1A, — —iA, —, > , (2.73)
- T T TT TJ'
while spin-flip and dephasing processes are due to the tensor
+ 1A 0 0 0
. 0 =—iA 0 0
I'= 2 1 1 . (2.74)
= 0 0 T T
1 1
o0 4
T 1

We introduced the spin-flip relaxation times for spin-up/down electrons T} | = QVETI and the
structure of F has the correct form such that it relaxes any non-equilibrium excitation towards
the equlhbrlum magnetization value of the system. Note that spin precession is incorporated

as well, and manifests itself as an imaginary part in the entries of the transverse subspace of
I' and II.

Furthermore, the matrix of diffusion constants is diagonal and reads

D, D,
D = dia 5 D 7D ’ 2.75
= g<1+im1 AT ¢> (275)
where we introduced the transverse diffusion constant D| = gffr = év%v' and the diffusion
constant for spin-up/-down channels Dy | = 2€FiA T;,,- Transverse spin excitations are also

subject to precession as they diffuse, which results in the complex values of the effective
transverse diffusion constants found in (2.75)).
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2.3.4. Solving the Hierarchy of Equations
We eliminate the higher order moments §("=1) by iteratively substituting the equations into
each other, carefully keeping terms that contribute up to order ¢>. We find a differential
equation for the vector of quasi-particle excitations 7 of the form

L-DR)7 = W(ri, (2.76)

where the differential operator W (q) vanishes for ¢ — 0 and contains all possible terms up
to order ¢2. In the homogeneous (¢ = 0) and collinear case, Eq. (2.76)) corresponds to the
transport equation used by Valet and Fert [64].

Generally, W (q) contains terms of the form ija;qa;qa;;, L,-j(“);q(‘)% and Y;0!, where the
position of g and 9, is crucial, since 0, acts on everything to its right. The constant matrices Y.
that depend on our set of parameters P, 7,717, T> can be obtained in a straightforward manner
from equations — by collecting all terms associated with the corresponding factor
0Lqd.qOF. Restricted to terms that contribute to DWR, its explicit form (see Eq. ) is
given in Appendix [C]

Since we have a perturbative treatment in ¢ in mind, we determine the Greens function of

Eq. (2.76),
(L — D) G(x) = 16(x) . (2.77)

Separated into longitudinal (1) and transverse (t) subspace, the Greens function is

G(x) = <Gtt)(x) Gno(a:)>’

Gu(z) = He ¥ +K‘”;|, (2.78)
Gul(x) = (f E)x) f*?@)’ (2.79)
fla) = S et
> . .
¢ = (o) (75) (-2s)

VR

and the precession length is defined as lprec = 27 . Matrices in the 2 x 2 subspaces are

denoted by a single underbar as compared to the double underbar which indicates a 4 x4
matrix. The index 1 and t refers to longitudinal and transverse components, respectively, so

that for example
Wit th)
W = )
- <Wlt Wy

The longitudinal component Gy consists of two contributions. The first term of Gy describes
spatial damping of spin-up/down non-equilibrium excitations which manifests itself in the
characteristic exponential decay on the spin-diffusion length,

(2.80)



The second term of Gy describes the linear behavior of the chemical potential in a homoge-
neous system in the absence of a magnetization gradient. The two tensors

1 1
23 DT — DD T,
H = > P Dbty (2.81)
2\ p 1 D+T DIT,
1N (o7
K = —3 [ (2.82)
2 DyDy (n T
obey the useful identities
Kk = 0, (2.83)
1
(Fn - )\QDH) H = 0, (2.84)
2
L (H-K) = 1, (2.85)

which can be invoked to easily verify that the longitudinal Greens function Gj(z) in fact
fulfills equation . The real part of the complex wave-vector k describes the precession
of transverse non-equilibrium spin excitations, while its imaginary part is the damping due to
dephasing mechanisms. Therefore, the root of k£ has to be chosen such that is has a positive
imaginary part in order to obtain physical damping.

In the following, we restrict ourselves to the regime 7A > 1, viz. a momentum relaxation
rate much smaller than the exchange splitting. Again, since the leading order correction term
turns out to be of order ¢, we drop any terms of higher order than that. Later, we will see
that this restricts the validity of the result for the DWR to domain wall lengths larger than
the spin-precession length [rec.

In this regime, the transverse oscillations are very rapid on the scale of the magnetization
gradient. Therefore, it is suitable to eliminate the transverse degrees of freedom by first
splitting the equation of motion (2.76]) for 77 into transverse and longitudinal parts,

(L —Da2), ity = Wil + Wi, (2.86)
(£ — Qai)n n = Wi + Wy , (2.87)
and writing down the formal solution for the transverse component
o
m@g:/‘dyaﬂx—ﬂ)mmm@q+whm@ﬂ. (2.88)
—o

In the limit 7TA > 1, G(2) varies on a scale determined by 2?” = lprec, and is much smaller
than other length scales of interest, which are variation of m and the external electric field.
In particular, for the length of the domain wall, w > [rec. Thus, to leading order in 1/7A,
we can consider Gyt as a representation of the Dirac §-function and perform the integration.
We obtain

fiv(x) = F (Wi (x) + Wity (x)] . (2.89)

Here we introduced the spatially integrated transverse Greens function,

f:/ZMGﬂ@z(ﬁ ;), (2.90)
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where . .
F=——~—i—. (2.91)
1 B
5 + 1A A
Note that F simply corresponds to the inverse of the transverse part of i, a fact which
becomes clear by noting that our approximation corresponds to the neglect of the transverse

diffusion term.

Additionally, we only need to keep the first term of (2.89)), since the backaction on the
transverse dynamics, represented by the second term, appears only in higher orders in ¢ and
1/7A. Explicitly, this is expressed by the fact that to leading order in ¢, Wy vanishes, so
that

iy(z) = FEWaii(z)+FE WuF Waii(z) + ...
= FWain(z) +0 (%) . (2.92)

Putting this result back into the equation for the longitudinal dynamics yields the formal
solution,

m(r) = / da’ Gu(2' — z) [Waiii(2') + Wi E Wai(z')] .

—0o0

The boundary condition (2.67)) for the left and right side of the contact reads
i(+L) = —ep(£L) (0,0,14,v)) . (2.93)

With externally applied bias voltage V', the zeroth order solution that satisfies this boundary
condition is simply found to be

ﬁ(O) (I‘) =ekbx (O>O7 Uy, Vi) 5 (294)
where F = % is the constant external electric field in absence of the wall.

Substituting 7(?) () into the right-hand side of the solution yields the second order
correction in ¢, 7(? (). Due to charge-current conservation, the current flowing through the
contact is still determined by 7(?) because 9,7 () is taken to vanish at the boundaries by
assuming that the contact is long enough for any finite size effects to become negligible, i.e.
L > A. In this regime, the exponential term in the longitudinal Greens function can
be neglected, which means that spin-accumulation has faded near the reservoirs. Then the
current can be deduced directly from Eqgs. , unaffected by the correction 7(?). Explicitly,
this current reads

j = D0, = —~(0,0,01,0) E , (2.95)

1
e
where the spin-resolved Drude conductivity of majority and minority spin channels is given
as usually by o4 | = €2VT7 1 D1, Note that the additional factor —1/e is due to our definition
of 7 and ; as particle densities, since they constitute a combined vector of spin- and charge
degrees.

However, 77 (z) has an additional potential drop that is extracted from the asymptotic
behavior and that stems from the second term in Gy (z),

—edVyy = nP(x = +o00) —nP(z = —0) = 20 (z — o) . (2.96)
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Here, we used that the charge component is n. = n4 + ny and the second equality is due to
symmetry of the contact. Keeping the current constant, the presence of the wall implies a
change in the externally applied potential, which directly translates into a relative change in
resistance. Hence, we define the DWR

— oV 2 n£2) T — 00
Po Vi nd(+L/2) = ne(-L/2)

Of course, due to the perturbative nature of our treatment, the correction n(® has to be
always smaller than n(?). Since it turns out that

i (z — +00) = dppw A0 (£L) (2.98)

this condition is equivalent to dppw < 1, which is always the case in the regime considered
here.

Finally, let us stress that the reason for the inclusion of the moments up to ¢ lies in the
fact that in our regime of investigation, the precession length lyec = 27 \}%FA is, besides the

Fermi-length, the smallest length scale in the system. As can be seen from the equation
, lprec describes the period of oscillation of transverse spin excitations. In the diffusive
approximation, as for example used by Bergeret et al. [38], the scattering mean free path
ls is the smallest length scale in the system (besides the Fermi wave length) and not lprec.
Hence, it is possible to truncate the hierarchy of equations already by §( = 0, which results
in only two equations that are just the spin-charge continuity and diffusion equation. In
our treatment, the diffusion equation is obtained by plugging the equation for §?) into the
equation for M) (see also Appendix |C| for more details).

Screened versus unscreened spin-charge density excitations

We mentioned before that the transformation (2.63)) introduces unscreened quantities. To
illustrate this more explicitly, let 77 represent the unscreened spin-charge density excitations,
while the true, screened quantity () is (see also Eq. (2.63))
2
- en%si(m) = —eny | (x) — vy (z)ep(x) . (2.99)
Here, only charge-excitations are assumed to be screened while spin-excitations remain un-
screened since our model does not include a spin-dependent interaction. The former charge
screening is implicitly incorporated by enforcing local charge neutrality, while physically, it
is a result of the Coulomb interaction not explicitly included in our work. For reasons of
simplicity, we only consider the homogeneous case ¢ = 0. Charge neutrality then dictates
that
n (@) +n (@) =0, (2.100)
so that n® (x) = n%s) (x) — nis) (x) = 2n%s) () = —2n
to the screened density by

i (). The chemical potential is related

o~

-1 s

" Dy s
eviy !

1(m) =—e—"n;

)(2) (2.101)
op

firy(z) =

)
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where we made use of the Einstein relation oy, = 62147 1D4.y. Analogously, we introduce the
electrochemical potential which is linked to the unscreened density via

—1 Dry —1 -
pr(z) = ——npy(x) = —e—=ng  (2) = ——nq | (2) — ep(a) = fig () — ep(z) . (2.102)
evt,l ot e, T
Therefore, the diffusion equation becomes
: oy,
gty = Ziaxum ) (2.103)
and since
1 1 v, (s) Uy (s) vy ) (s)
e — —p = — =+ 2.104
TT nT T¢ " 2VOT1 nT 21/0T1 \ni , 21/0T1 * 2VOT1 nT7¢ ’ ( )
a®
b
the continuity equation simply becomes
, L (s)
19) =——ny . 2.105
zJ1,) T, " ( )

When using the electrochemical potential or the unscreened density, one has access to the local
screening potential which is directly related to nq | by virtue of relation . Then, knowing
ny,y and ¢(z), one can readily obtain the screened density n(Tsi(x) However, the latter is the
physically relevant quantity, while the local screening potential and the unscreened density
are not directly seen in experiment.

Note that the spin-chemical potential is

. - 1 /1 1
i) = (o) = ) = (o) = a(o) = =5 (- + - ) b9
e\ v
and finally, the magnetic susceptibility x relates us and the induced magnetization éM =

,uBngS) (x) via

(—e) oM
—e)pis = pB—
’ X
so that we obtain the Pauli susceptibility (ug = 22’20)
2urv
2 ™y
= . 2.106
X B v+, ( )

2.3.5. Results and Discussion of the Domain-wall Resistance

Up to order ¢? = (9,7mi(x))? and neglecting terms of order ﬁ, the domain-wall resistance

PDW — 0 A T T
o =——=F — = = 2.107
PDW 20 WC<2EF7T17T2> ) ( )
where the function ¢ will be discussed in a moment and analogously to Ref. [34], we introduce
the domain wall energy

takes the form

dz = — 2.108
L (2.108)

h2 1 /+L/2 ) h2 C
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which here is dimensionless by defining it in units of the Fermi energy Er. The constant C
of order unity depends on the specific form of the wall and we find the geometric scaling to
be 1/wL. For the domain wall profile of Eq. , we obtain C' = 2. The scaling with 1/wL
can be easily understood by realizing that corrections to the resistance arising from a gradient
q yield the behavior dppw o< ¢ o ﬁ Due to physical reasons there cannot be a correction
linear in ¢ since the result should not depend on the sign of ¢, i.e. the sense of rotation of
m. Since the total length of the contact is L and the domain wall constitutes only a fraction
w/ L, the correction for the whole contact should indeed be dg x 1/wL.

A thorough investigation of the whole hierarchy of equations reveals that the result obtained
for dppw is valid for wall lengths much larger than the spin-precession length, w > ljec. The
mathematical reason for this condition is that, even though in the vicinity of the domain wall
the detailed profile of the quasi-particle excitations n(? (z) depends on the whole hierarchy
of equations (unless w > lyq, with the transverse spin-diffusion length ls2d = T3D, ), the
asymptotic behavior of the correction n(? (x), is not affected by higher order contributions
of the multipole expansion. And in situations, in which finite size effects from the contact
geometry are negligible, dppw is solely determined by these asymptotics. In short, to obtain
the asymptotics, and thus the desired result valid up to order ¢?, we need to take into account
contributions only up to g¥.

We note that our model of impurity scattering has 3 independent parameters, however, in
the limit A7 > 1, we find that result depends only on the two combinations Tll and
TLQ, so effectively, one has to deal with only 2 parameters. The situations changes in higher
orders of i, which however is not subject of the present work.

Before continuing with the discussion, let us reconsider the assumptions made during the
derivation of result , TA > 1 and w > lprec along with . The former can be
rewritten as s > lrec Where [y denotes the scattering mean free path. This in fact implies
that [,rec is, besides the Fermi-length, the smallest length scale in the system. Note that no
assumption was made on the relation between lg and the length of the domain wall. However,
we made the assumption of a diffusive contact which implies that L > [.

Quasiclassical Regime A <« Ep

Let us first investigate the limit A < Ep viz. P < 1, commonly referred to as the quasi-
classical regime. Note that for ﬁ, P <« 1, we have the simple relation P = ﬁ + O(EAF)S.
However, due to the restrictions imposed upon lpe. and discussed above, A cannot become
arbitrarily small. In this regime, corrections to the electron density of states play no role and
the density of states can be considered constant. Also, it turns out that gradient corrections to
the self-energies play no role so that only the contribution from impurity scattering remains.

We find in this limiting case

2
T T\ P<1 & 1
P — — é —_— 2.1
C( ’Tl’T2> 1—5215P2 (2.109)

with the scattering asymmetry parameter ¥ = P(1 — 7/7171). We dropped a correction term
of order 7/T5 due to spin-dephasing, and here, we only refer to the complete result in the
limit P — 0 in equation ([2.149)) along with a discussion in section At the moment, we
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have in mind to compare our result with other existing theoretical works that generally do
not treat spin-dependent scattering explicitly.

This result shows the strong enhancement by scattering asymmetry 7 as already noted in
previous works [34]. It also displays the same A-dependence already found in various other
works. Clearly, this result is due to different conductivities in the two spin channels which
are mixed in regions of non-vanishing magnetization gradient q. A spin-up electron incident
on a domain wall attains a spin-down component since electron spin direction does not in-
stantaneously follow the local magnetization direction m (known as spin mistracking). Since
the electronic spectrum plays no role in this limit, any asymmetry in the conductivity of the
two channels is due to the scattering asymmetry 4, thus, there is no DWR as ¥ — 0.

Note that the scattering asymmetry parameter in the works [33], 34 [35] is phenomenological,
and thus does not vanish as A, P — 0. This is contrary to our study, where our scattering
asymmetry is 7 = P instead, which exactly cancels the diverging 1/P? in expression ,
and thus, our result remains finite in the limit A, P — 0. This remains a problem in the
work of Brataas and coworkers [34], since there the impurity scattering times are introduced
phenomenologically and thus, in their scenario no constriction is placed upon 4.

Comparing this result with the works [33] 34 [35], we find in this limit a different numerical
prefactor and adopting to our notation, the authors mentioned found é Rpw = %%ﬁﬂv.
To fathom this discrepancy, we stress that the specific form of the longitudinal Greens function
Ghi(z) is a result of the presence of spin-flip processes. In absence on these processes (which

is the case in aforementioned works), the spin-diffusion length diverges, so that properly

|z
performing this limit yields the longitudinal Greens function Gy (z) = He™ x + K B}\‘ — (K-
H )%, which produces qualitatively different results. This additional contribution persists
arbitrarily far away from the domain wall and leads to a different result for dppw. Then
calculating the DWR in the quasiclassical limit, we find that it is still smaller by a factor
of 2 as compared to the result in [34]. Nevertheless, this shows that spin-flip processes are
crucial and cannot be ignored, since the absence of the latter leads to spin accumulation that
does not decay even infinitely far away from the domain wall and thus yields an additional
contribution to the DWR.

Concerning the work of [32], the main critic has been mentioned in the introduction. Even
restricting ourselves to the quasiclassical regime, the use of a system consisting of an infinite
spin-spiral, the inclusion of only up to p-wave component and the lack of terms due to gauge
transformation can be invoked to explain the discrepancy to our fully microscopic results.

Arbitrary exchange splitting A < 2FEp

Let us now have a closer look at the behavior in the whole range of valid values for A. In
this regime, the gradient corrections in the collision integral become important, and so is the
influence of the magnetization gradient on the electronic structure, viz., the density of states.

In the half metallic limit, the spin-flip length becomes arbitrarily small, since A — 0 as
A — 2Fg, or equivalently, P — 1. Writing A = 2FEr — € and owing to the condition
that no length should exceed the precession length I, < A, we obtain the requirement that
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T T
"Ti T
of exchange splitting A for the CPW geometry and for different values of spin-
dephasing time T5. The spin-flip time is linked to T3 as follows: T} = oo (dashed),

Ty =Ty (dotted), T = 22 (solid).

Figure 2.3.: Domain-wall resistance dppw = Fyw ( (ﬁ ) in the s-d limit as a function

% > T—ITI However, this is not a big restriction considering our assumption that scattering
is weak, so that 7, 71,7y > 1/EF.

For various values of T7 and 75, the DWR is shown in figure [2.3| as a function of exchange
splitting. Note that this plot is identical to figure [2.5(a)| with the only different that the
diagram shown there is plotted as a function of P, the polarization of the density of states.

We can see that the DWR does not vary strongly with A when this parameter is small
and decreases monotonously as A increases even to the point where the DWR can become
negative as one approaches the half metallic regime. The latter happens only in the case of
non-vanishing spin-flip scattering between the two bands.

This clearly is a band structure effect and we find that this also requires the inclusion of
corrections to the collision integral. It turns out that the presence of a magnetization gradient
modifies the density of states so that there are corrections of order ¢? to the scattering rates
that decrease the momentum relaxation rate and thus, a reduction in resistivity. Furthermore,
we find that the neglect of said corrections leads to a monotonic increase of the DWR with
increasing A as opposed to the present result. As a side note, we remark that it is important
to include corrections to the collision integral up to the same order as in the approximation
of the transport part of the kinetic equation in order for the calculation to be consistent.
However, predictions for a given material would require realistic band structure calculations,
but the present calculation demonstrates the possibility to have a negative DWR.

Let us finally compare our approach to the one of Brataas et al. [34] by temporarily excluding
spin-flip processes. In that case, we obtain for the domain wall resistance a strictly monotonic
increase with A compatible to the findings of Brataas et al., in particular, there is no negative
DWR.
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Summary and conclusions

All previous works dealing with DWR in the limit of wide walls obtain results that depend in
a similar way on the microscopic parameters, that is, the DWR is essentially given by Ca/?,
where C is a dimensionless prefactor and o = ZLUF) is the spin mistracking angle. Hence, every
theory predicts this sort of dependence, but with different proportionality factors, both in
value and sign. This factor C' however contains information about the scattering and DOS of
the two spin channels and can depend in a complex manner on these properties. The most
simple one is due to a model by Levy and Zhang [32], where C' simply depends on the ratio

of resistivities for spin up and down channels.

We did not take into account the possibility of magnetic moment softening, i.e. the reduction
of the magnetic moment within the domain wall. This effect is most prominent in very sharp
domain walls where canting of adjacent spin is large so that the non collinear spin states
hybridize, which in turn leads to a reduction in the absolute value of the magnetic moment.
As shown in [35], a reduction of the magnetic moment can lead to a negative DWR. In the
next section, we will explicitly investigate this effect by also studying the Stoner model of
itinerant ferromagnetism, in addition to the s-d model treated in this section. Furthermore, in
the next section, we will pursue a slightly different approach to solve our kinetic equation and
we will have the ability to study more complex magnetic textures, including the domain-wall
resistance thereof, along with other interesting effects.

Finally, effects due to geometric confinement have not been considered, for example, surface
scattering might become important. Also, the magnetization profile can be more complicated
and might lead to eddy currents in the vicinity of the domain wall which might be relevant
for interpretation of experimental results on the DWR in thin nanowires.

Having discussed our result in relation to other existing calculations of the DWR, we refer
to section for a more general and more detailed discussion of the DWR, including the
current-in-wall (CIW) geometry and the treatment of the Stoner model.
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2.4. Electron Transport in Presence of Inhomogeneous and
Time-dependent Magnetization

Here, we present an alternative solution of the kinetic equations, which is mathematically
compatible to the solution method and approximations of the previous section. However, the
treatment in this section is extended to include time-dependent situations and also general
magnetization textures which can vary in all directions of space. Nevertheless, the previous
method enlightened some other aspects ignored in the following, like spin-diffusion. Thus,
both treatments complement one another.

In order to deal with Eqgs. (2.44)-(2.47), we introduce the moments of the Greens function g,

3
) = [ (gﬂ’;g(k,r,t}a@

g(r,t) = (vg)
T(r,t) = <(vk o vy, —1;1),%) §/> : (2.110)

where the second moment Z is defined such that the isotropic part is projected out. Note
that the definitions represent quasi-particle densities, so in order to obtain the respective
charge-densities, we simply have to multiply by the factor (—e). We do not need more
than the first three moments for the present study up to second order spatial magnetization
gradients. More details are presented in Appendix @], and the resulting equations —
can then be solved analytically by expanding into gradients of the magnetization and
assuming rapid transverse precession as well as a sufficiently small spin-diffusion length, so
that spin-accumulation plays no role on average. Note that for certain quantities averaged
over the whole magnetization structure, like for the domain-wall resistance treated in section
[2.3] it turns out that the condition of small spin-diffusion length can be relaxed by saying that
any spin-accumulation due to the DW has decayed at the leads. This amounts to saying that
the leads have to be much farer away from the domain-wall as compared to the spin-diffusion
length. In the present study however, we neglect the spin-diffusion which would lead to a
smearing of the spin-accumulation on the length scale of the spin-diffusion length.

2.4.1. Magnetization Gradient Corrections in Equilibrium

Let us first investigate the implications of an inhomogeneous magnetization in the absence of
external perturbations so that the system is in equilibrium. For the gradient corrections 0 ps
to the equilibrium magnetization density of the conduction electrons p,, = ps — dps, we find

2
spsd) — wP (5 +3P7%) (8,m)% = gyspgA 7

5 60me
2 2
(St) _ 1/0(3—|—P )(5—|—3P ) o 2: (5A
opy 210m.P (Orm) PsA (2.111)

ie. pgf) =(1- %)pS and the spin-density of states is vy = Pry. Of course, the result for the
itinerant Stoner model is not surprising, since according to section A = Ups and the

proportionality remains when ps; becomes spatially dependent, i.e. A, = A — §A, = Upg?ﬁ).
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Furthermore, magnetization gradients induce a transverse equilibrium spin density which to
leading order gradient correction reads
A (Bpm) G P(B-PY) A

Nee =107—=5 - TN

m), & (2.112)

and constitutes the exchange interaction contribution of the conduction electrons, as will
become apparent in section A corresponds to the exchange constant calculated within
the Stoner model. The spin-charge current reads to leading order correction

Jee = —A(M x V)& | (2.113)

which is a pure spin current transverse to the local magnetization direction m and constitutes
the spin-exchange current which transfers spin-angular momentum such that it tends to ho-
mogenize the magnetization texture. This interpretation is also supported by the common
prefactor A, the exchange constant. From result , it is obvious that A vanishes as A2
for A — 0.

In the third order correction, it is interesting to note that the equilibrium current not only
constitutes a spin-current, but also a persistent charge current,

V0P3
60m?2

(¢]

Joge = Trd (D) = d, [m- (Vi x 8,m)] | (2.114)

where the prefactor vanishes as A% for A — 0, a dependence which was also found by Tatara
et al. in Refs [65,[66]. In this and the following expressions, our convention is that gradients 8,
appear pairwise and should be contracted like in 8,7-0,m = 0, M0y + Oy1m-0ym + 0, m-0,m,
while the expression inherits its vector character from the single V. As it should be, this
term does not violate charge conservation, since V-Jeqc = 0 and Jgqc is non-vanishing only
in more complex magnetization structures like in vortices. This term can also be rewritten
in terms of the fictitious magnetic field due to the Berry curvature, B; = “2%m}- (9 x 9;17)

2
(c.f. Eq. (2.154)), so that

V x B =0, [m-(0,m x V)] , (2.115)

and thus, up to a prefactor, coinciding with the expression Jeq.. This persistent charge
current is such that the magnetic field it creates by virtue of pgpdeqc = V x B, screens
part of the fictitious magnetic field it originates from. Translated back into the picture
of the original magnetization profile, this diamagnetic current attempts to homogenize the
magnetization structure. On the other side, we can also argue that the fictitious magnetic
field or Berry curvature gives rise to a Lorentz force leading to curved orbits of the
conduction electrons, which correspond to real diamagnetic currents. One can also motivate
the persistent spin and charge currents by breaking of the time-reversal symmetry due to the
non-commutativity of the SU(2) spin-algebra [67, [65]. The equilibrium currents derived in
Ref. [68] are obtained in the limit A — 0 and are compatible with our expressions.

2.4.2. Spin-Charge Continuity and Diffusion Equation

In this part, we will investigate the kinetic equations in some more detail, since they are
underlying the results to be presented in the remaining part of this chapter. We will explore
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some implications of these equations, to which we will refer back in the discussions of the
subsequent sections. Also, we will be able to compare our kinetic equation to other theories
available in literature.

In this part of our work, high energy terms give important contributions to the results. In an
attempt to include the high-energy part into our equations, let us write the equation ([2.39))
for the spectral density to leading order in time-gradients and electric field,

o N 1 ~ N
OncaA+vi(8; — eEO)A+ o [Arm& A} (8,00) 8 A + - {@H B A} (2.116)

where A, = A — §A denotes the magnitude of the exchange field with gradient-corrections
included and H is the Hamilton Operator defined in Eq. 1' Using vy, = e, = OpH and
the definition Oneq = 0y — ey, we can also write

N o 1 N 1 ~ o
OneaA+vr0, A+ o [Arﬁﬁ o A] (9,01 A + 5 {aH o awA} ~0. (2.117)

The high energy contribution is simply given by g, = [ g—;fl fo(w), so that the total Gr?ens
function is G(k,r,t) = gn(k,r,t) + §(k,r,t). Therefore, we multiply the equation for A by
fo, integrate over w and partially integrate the derivate in the last term

dw DA dw [ Ofp(w)) » 1 »
et =[] —|-———L|A=—Ak,FE t
/27Tf( )8w /27r( ow s (k, B, 7, )
invoking the zero-temperature approximation. We immediately see that the last term exactly
corresponds to the source term J; in Eq. 1’ thus yielding

Oncqlin + VRDrin + - [A e gh} 4 (8,000) O = T - (2.118)

Adding the two equations for low- and high-energy dynamics (effectively restoring the dpeq
term in Eq. 1) the term J; cancels, leavmg only the contribution Jo. We explicitly
write the kinetic equation for the total quantity g(k:, r,t) =gy + 9,

~

OneaG + 106G + = [A mo 9 g} + (8,06 = Je + (3] = ZIG) + Jest (2.119)
where we used the linearity of the collision integral 7 and we introduced

G =do- Tl = [ 52 LA -2 | [ Fifw] . 1
Here, 7Z,, is the fully energy dependent colhs1on mtegral from Eq. , while Z describes
only low-energy collisions and is defined in Joft comprises 1mp0rtant high-energy
contributions to the collision integral and appears as a source term. Essentially, Jofi defines
a quasi-equilibrium distribution which takes into account situations of external perturbations
like time-dependence and external electric field described by Oneq. We will better understand
what it represents, when deriving continuity and diffusion equations in a moment.

Formally, this equation corresponds to the previous equation for the low-energy dynamics, Eq.
(2.44), except that the low-energy Greens function g is replaced by the total Greens function
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G , while instead of the two sources Ji and jc, we have J.¢. Note that now, we cannot neglect
the term OneqG = Oneqgn- So in effect, we have to make the following adjustments to Eqgs.
1) in order to obtain the new set of equations for the total quantities: replace the

low energy densities by their total density counterparts, ie. n — N, 3 — J, T — Ty,
replace the source terms J; + J. by Jex and add the term OneqlV, Oneqd, €tc.

Applying this procedure to the spin-charge continuity equation (D.4]), we obtain

A A A A A ~ A o A
0N +LIN+ == [ﬁﬁ, N] +8,J = Neg = TV + TNy, (2.121)

where the source term explicitly reads

Negr, 1 = [BA(BZ), + (aups + Sav )it x Oyt
BT x 9,021 + Lol (B D) Mx By | &, (2.122)

which are the correct expressions up to order O(8,17)2. The so-called non-adiabatic coefficient
8= ﬁ will be recurring throughout the following sections. Furthermore, we will later find

that o = 222 corresponds to the Gilbert damping constant and ;. = O(8,.171)?

60275 are gradient
corrections thereof, which however will be not important in this work, since they turn out to
be of higher order in -, while the dominant term comes from the current and is proportional
to o¢ (see result 2.175) ). arll}gc constitute non-local diffusive type corrections to the Gilbert

damping,

P3
nloc o
= — 2.123
@2 20meA ( )
8 5T:
nloc nloc 2
— - _ Tz 2.124
Qq Q9 ( 3 3T1> ) ( )

The action of the scattering term i will be specified explicitly in a moment.

Similarly, for the spin-charge diffusion equation (D.5]), we get

VAN A . . 1 - . . E .
O + 1L + 22 [1i, | + 0, T + Ty = 5 {a®, 30} + €%+ dur - 2N, (2125
= 21 = 2 = Me
where Jog = J S) +gj — % {d(l), XNh} — ég\l,i is the source term which incorporates a high-
energy part of the complicated dynamics described by the collision integral. For a definition
of the various quantities, see Appendix

Corrections to the scattering rates

Now, we want to discuss the relaxation described by i and E, and in particular, we are
interested in gradient corrections to the various scattering times. For illustration, let us first
have a look at transverse spin-dephasing which is explicitly given by

PN = 5 {5a®, 8} - 2 {500 = Ta® 1 o1

— — N, ,(2.126
drgTy — To(140Th) + 7 T, Lo )
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where we can see that only the charge component of a(9) plays a role. T is the spin-dephasing
time of the homogeneous system, while T5 ,, = T»(1+407%) incorporates magnetization gradient
corrections, which is indicated by the subindex 7.

The change in the local density of states is parametrized by the quantity

(14 P?) | P? s-d model
_g 2.127
e " 6(1 — P2?) 111)2270*15 itinerant Stoner model ( )
so that
i > (1FP) v P? o\ &
a0 = %: {,,0(1 + P)Py, £ VOTWPN — 6meA(83m)N , (2.128)

2 -2
U GO |

where we introduced the dimensionless energy of magnetization gradients, F, = SmeEp

e = Nk

The corrections to all the remaining scattering times are summarized in the following, and it
turns out that all can be reduced to n;., which seems reasonable since in the end, the scattering
rates are essentially given by the density of states. The action of the spin relaxation tensor I

includes gradient corrections and is defined as (N = %1 + 73)

i le—mp s l—mp a1 14+ P2 \ ne - P? ne,oo . o
I'N = —_— - — P+ — — —— (0
r T 5,0+ T s Mo T + 5p ) 5 mo + ST 2( “m), &
(2.129)
and likewise, the momentum relaxation tensor E performs the following action
A A~ 1— S 1—67_,A 1_57—.A
0F = =05 5+ == 05 P+ =45,y
T T,
1 1 P? (3 X .
=== Z(92m), 0 + (§,-02m)1 2.130
(2-2) s (F@tmns+ Goozmi) . 10
where the corrections to the scattering times for the spin-up/down channels read
1Ty 55
0Tyy =M — ilj}; (2.131)

The definitions for the various spin components s, , s, j;,, are found near Eq. (2.28).

Furthermore, we can see a channel mixing in the presence of magnetization gradients, for
example, a transverse spin-current j; has a finite contribution relaxing into the charge channel.

Current in the presence of non-equilibrium excitations

Let us now derive a diffusion equation in the regime where the elastic mean-free time is much
shorter than the precession time, i.e. A7 < 1. In this limit, gradient corrections to the
collision integral and the d-wave contribution 8T£tot become irrelevant and, as it is the case
usually in diffusive transport, we need to take into account only s- and p-wave components

42



for sufficiently weak perturbations so that the distribution function is nearly isotropic. This
is contrary to the other sections, where we assumed that the precession time is shorter than 7
which implies that precession due to A induces additional anisotropy in the spin-component
of the distribution function, which requires us to also include the d-wave contribution.

Making use of all the simplifications allowed in the regime A7 < 1, in particular J.g = 0,
the neglect of precession % ﬁi&, JA} and additional terms due to high energy contributions
Jn, we can reduce Eq. (2.125) to

2_ . . E
(dV{EF, Y — {VEF,ﬁ}> + %n ~0, (2.132)

(<]

AAS 1
8t ¥ + EJ +
2Me
where the spin-resolved Fermi-energy is defined as Er = Epl + %ﬁi3 and d = 3 is the
dimensionality of the system. Defining ¢4 = 1 — %, we can rewrite this equation as (n =
e 4 §3)

0,5 + 1 + —— [ErVne + AmVF + ;A5 Vi) 1

1
dme
+

A A A FE .
QERVE+ SiVing + —eqneVim| 6+ =N =0. (2.133)
dme 2 2 Me

Note that for a two-dimensional electron gas d = 2, the gradient terms Vi vanish, which is
related to the fact that the density of states is a constant in that case.

We now assume a stationary situation, and by inverting E and ignoring gradient corrections
to the scattering, we can straightforwardly solve for the charge and spin-currents (note that
now, there is an additional factor (—e) included in j and 7),

~ 1 ~
§ =5 (0B — DyVne — 2Py Doiii V5 — 2D.5 Vi) 1
1 . . .
+ 5 [ProcE — 2Dy V5 — PyDyVine — 2D3 Viii] i — D, (V)5 — Dync Vs =0.

(2.134)

2
dme

channels, its average Doy = %(DT + D)) and the polarization of the diffusion constants P; =
_ 0p—0y
D++Dy T optoy
properties of transverse spin-excitations are summarized in the transverse diffusion constant
D, = 2Er+ We furthermore defined the off-diagonal diffusion constants D, /s = %(7} +7)

T dme

Here, we defined the diffusion constants Dj | = (Ep + %)Tm 1 for the spin-up and down

. We also introduce the polarization of the conductivity, P, . The transport

and D| = ;;TﬁeT that appear as a result of gradient corrections to the spectrum and promote
conversion between the spin-degree and the charge-degree of freedom. The latter coupling

terms vanish as Vim = 0.

Finally, in the case of a homogeneous ferromagnet, Zhang et al. phenomenologically derived a
set equations describing transport in ferromagnetic conductors in the diffusive limit A7 < 1
[69]. Thus, for the homogeneous ferromagnet (Vm = 0), we can compare our result for the
current with the expression derived by Zhang et al., and find agreement except for a different
transverse diffusion constant D .
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Finally, let us stress that in the opposite limit of rapid precession, A7 > 1, we still obtain
an expression for the current like in , but with the d-wave term included along with
some additional terms and renormalized transport parameters due to gradient corrections to
the collision integral.

2.4.3. Transverse Spin-dynamics in a System with Rapid Precession

To illustrate the basic idea of how we solve the equations of motion in the following sections,
let us consider a system that can attain a non-equilibrium spin-excitation like our system of
conduction electrons. Let us assume that the dynamics of such a system is described by the
simple Bloch equation for the spin §

—

015+ Am(t) x 5+ BAF =T (1) , (2.135)

which also includes relaxation of spin-excitations given by the damping parameter SA = 1/T5
and a general torque ’71(15) acting on the system. This essentially corresponds to our kinetic
equation , with 77 = T5 and all other terms combined into the torque, T = ]\765 -V Js.
It is assumed that the time-scales defined by m(t) and ’71(t) are much slower than the period of
oscillations due to the precession term A. We are now interested in the steady state dynamics
for arbitrary m(t) and ’f'(t) with the rapid oscillations averaged out, in particular we do not
need the transient behavior arising from arbitrary initial conditions.

Assuming 7} to be constant or smoothly varying as compared to A, we anticipate a solution
of the form § = &(t) + a@(t) cos At + b(t) sin At, where the coefficients @, b, are smooth in
time as compared to oscillations defined by A. Introducing the averaged solution (5) = &(t),
the oscillatory terms drop out, but the differential equation for (3) is formally identical. It is
then possible to iteratively solve for the transverse part of the equation by simply rewriting

(12.135) as
1 1 1

$) = ——— (B—mx)|T-0 ] ~ _*x[*—a } . (2136
5) = xipp@ -0 [T o] ~ 56 -m0)[T-am] . (213)
where we assume also that < 1, which simply means that spin-dephasing is much slower
than precession and we can drop terms of order 2. We denote (...), as taking the spin-
component transverse to the direction of the exchange field 7. For completeness, we also
specify the longitudinal component, which however is left unaffected by precession, m -5 =

Ty (- T (t) — 171+ 0,5)

In the following, we are only interested in the transverse component and we iteratively solve
by starting from the zeroth order, or equilibrium solution §y = psm. Therefore, in the
case of adiabatic variation of 1, we obtain to leading order in time-gradients and dropping
terms of order /32,

(51) = 5 (B 1x) i~ purg (8 1) B

—%LOﬂMXf+%mx@f—mx&%xfﬂ. (2.137)
A2 i

We thus can see that by mere increase of the spin-relaxation mechanism, we can increase
the non-equilibrium spin-excitation in the electron gas proportional to 5 and this additional
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component is aligned along 7_1, while the much larger component attained by A is perpen-
dicular to it. Note that the latter term gives rise to the Hall-conductivity while only the
former component x 3 gives a contribution to the domain-wall resistance, more specifically,
it corresponds to the function g, in Eqn. which is for example relevant for the CPW
DWR.

Finally, the torque acting on 7 is immediately obtained as

S L1 S S
i x (5)) = T, + Bt x T + om0 x 4T 2% [atTL — poBut — psBiTt X Byt

1 -
= Ly (2.138)
guB
and which enters the equation for the magnetization dynamics, MOy + - - - = To. However,

this is subject of section

The derivation of the other quantities like the current goes along the same lines. Essentially,
we apply this iterative procedure to the hierarchy of equations until we obtain the desired
order which in this work is O(829;) and O(E8?).

2.4.4. Change in the Conductivity due to Magnetization Gradients
Before discussing the results, let us first introduce some quantities for the trivial homogeneous

case. The charge current in spin-up/spin-down channels is simply j; | = o, F, where

_ €2TMNN — 2T 2Br1y (1+ P)°
Me me 3 14+ P?

Oty

(2.139)

are simply the Drude conductivities and N3 | is the equilibrium particle density for spin-
up/spin-down bands. The charge current is derived from j. = j; + j, = o.E, so that
oc = 0, + 0,. Likewise, current of spin-angular momentum pointing along direction m, the
longitudinal spin-current, is js = _z%(jT —Jy) = osE, so that o5 = —%(aT —0,). Thus, in a
homogeneous system, the spin-charge current simply takes the form j = (%i — %as(n_ié)) E.
Let us now turn to the much more interesting situation of inhomogeneous and time-dependent
magnetization.

We first discuss the scenario of a static magnetization profile m(r). For the gradient correc-
tions to the conductivity (g¢)ij = 0cdij + (dac)ij, we obtain up to order (8,1m)?
h2o.
2me By

Sao)i; = Ca(@iT-8;11) + G (8,)2 65| — R T (G x ), (2.140
=CJ/1) J J

2me

so that one has to solve the equations j = g.FE and V-3 = 0 in order to obtain the current
distribution and electric field for a given magnetization structure mi(r). The first two terms
in Eq. give rise to the domain-wall resistance, while the last term yields a transverse
conductivity due to the Berry curvature. The anisotropic (a) term 0;m-0;mi is relevant only
when there is a magnetization gradient in the direction of current flow like in the current
perpendicular-to-wall geometry (CPW), while the isotropic (i) term (8,&%)2 is always present
whenever there is a magnetization gradient. The constants (,, ¢; depend on the parameters
of our microscopic model and are discussed below.
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Figure 2.4.: Bloch wall of thickness w with current flowing perpendicular to the domain wall
(CPW) and in the domain wall (CIW). The shading indicates the magnitude of
the out-of-plane component of the magnetization.

In the general time-dependent situation, the charge current obtains two additional terms to
first order in time-gradients,

o = 0 E — o[- (Vi x 9yit) + BVim-0ym] (2.141)

while in our linear response treatment, the correction to the conductivity doc(r,t) simply
inherits its time-dependence from 7i(r,t), thus adiabatically following changes in time. In
our case of a totally incompressible Fermi-liquid, i.e. perfect screening, Eq. has to
be solved together with charge current conservation V-j. = 0. In the more general case,
we have to solve Eq. together with the continuity equation din. + V-j. = 0 and
the Poisson equation in order to obtain the charge-density, charge-current and electric field
distributions. In the opposite limiting case of a totally compressible Fermi-liquid, one has the
current directly given by (2.141]), but then we would have unscreened charge excitations n.
required to satisfy the continuity equation.

The time-gradient terms in Eq. describe charge pumping and are non-vanishing in
presence of spatial variations, in addition to the time-dependence. Of course, in a homoge-
neous system but with time-dependent magnetization, no charge can be pumped. The first
term is due to the electromotive force given by the time derivative of the Berry phase acquired
by the electron spin in the magnetization structure and is discussed in Ref. [70]. The second
term proportional to 5 has been first discussed by Duine [71] [72] and is only non-vanishing
in presence of mechanisms that do not conserve the spin. 8 = TQ% denotes dephasing due to
spin mistracking, and within our theory, it turns out to be equal to the non-adiabatic coef-
ficient 8 which appears in the LLG equation (see section . However, in obtaining the
expression for the average current, Duine does not solve the continuity equation. In a simple
effective 1 dimensional geometry, incorporation of charge current conservation is trivial and
the expressions coincide. For more complex geometries, the result of Duine corresponds to
our expression for the current density simply averaged over the system volume V.

2.4.5. Domain-wall Resistance in Diffusive Wires for CPW and CIW Geometry

Let us study the effect of a static magnetization profile on the resistivity by calculating the
domain wall resistance from Eq. (2.140) for a Bloch wall of thickness w in a wire with suf-
ficiently large diameter, so that the problem becomes effectively one-dimensional (Fig. [2.4).
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The CPW geometry has been treated in section with details on the approximations per-
formed. Here, we will reproduce the result obtained there and extend it to the current-in-wall
(CIW) geometry and also discuss the difference between Stoner and s-d model.

Compatible to (2.97)), the domain-wall resistance is defined as

Rpw — Ro
SRpw = ————
DW Ry
and we straightforwardly obtain  Rcrw = Eyw( for the CIW geometry and d Repw = Ew((a+
(i) CPW geometry, where

K2 1 +L/2 K2 92
Ey = / dx(axﬁi)Q = —
2meEr L —L/2 2meFEr wL

constitutes an average over the magnetization profile and has been already introduced in

[-108).

In fact, we find that the results obtained in this section perfectly agree with result for
the DWR found the in the previous section. We have discussed the validity of the expression
for the domain-wall in depth in section [2.3.5] and found that for a localized magnetization
structure such as the domain wall, and the voltage probes much farer away from the wall
than the spin-diffusion length, the result is valid for wall widths w much larger than the
spin-precession length [prec.

Let us first discuss the limiting case of a strong ferromagnet 7A > 1.

Results for 7A > 1

In order to shed some more light on the origin of the domain wall resistance, let us separate
the pure spin-dephasing part by rewriting (,; as

T T T T T
Ca <T2 T1) = fa <T1) + o 9 <T1> , (2.142)
(St/sd) [ T (St/sd) [ T
G <T1> fi (T1> : (2.143)

where the functions f,g depend only on Tll, the ratio of elastic mean-free time and spin-

flip time T7. (, is the same in both s-d and Stoner limiting cases, in fact only (; shows
a dependence on the specific model of ferromagnetism, which is not surprising as the only
source of difference are the corrections 6 and §A, both proportional to (8,7)?, and thus
can contribute only to ¢;. One can clearly see that (,, and thus only d Rcpw, contains a
term originating from spin-dephasing, and this term is strongly related to the non-adiabatic
current-induced torque. Such contributions do not appear for the in-wall geometry where
there is no magnetization gradient along the current-direction, only perpendicular to it. We

el 2me2F 2
explicitly find for g, = ="==F ﬁ%

and writing the full expression for this term, we get

28 o2, .
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which interestingly corresponds exactly to the lower bound for the domain-wall resistivity
Tserkovnyak et al. obtain in a hypothetical regime, where the electron flow through the
domain wall is ballistic, albeit with spin-dephasing present. They obtain this bound by
enforcing the positivity of the dissipated power, for realistic scenarios however, this lower
bound plays no role. The value of this lower bound is directly related to the non-adiabatic spin-
transfer torque which corresponds to the term proportional to the S-term in equation ,
5 = x(B—mx) 7. +.... In fact, an external electric field gives rise to the longitudinal
spin-current j; = o.F, and enters the spin-continuity equation through the torque T =
—0s(Ed,)m. Therefore, this gives rise to the non-equilibrium spin-excitation
.1 . -
§=3 (=8 +mx) (csEB,)m

which acts back on the current via the spin-diffusion equation 12.125:. It is exactly the
term oc 3 that gives rise to the conductivity change 7 ga(7), (2.144) and thus, it arises
due to spin-dephasing of the non-equilibrium spin induced by the spin-current j;. On a side
note, the second term o mx (Ed,)m, which as a consequence of precession is non-dissipative
in nature, constitutes the transverse Hall conductivity found in the third term of .
Thus an increase in spin-dephasing rate, for example by adding magnetic impurities, would
also increase the non-equilibrium spin-excitation in regions of non-vanishing magnetization
gradient, which in turn would reduce the charge current flow, resulting in an increase of the
DWRH However, adding magnetic impurities modifies the spin-flip 7} time which affects also
the other contributions to the DWR.

For the other contributions to the DWR, it is not straightforward to track different origins,
since there are many different sources which includes for example changes to the spectrum,
and thus modified transport parameters like scattering rates. Furthermore, to second spatial
gradient of the magnetization considered here, the collision integral involves relaxation of
s, p and d k-space moments in spin-space, giving rise to complicated dynamics. Although
analytical expressions for fi, f, exist, they are quite lengthy and inconvenient, so we restrict
ourselves to limiting cases, and only show plots of the full results.

The domain-wall resistance for both the CPW and CIW geometry, and thus also the functions
Ca, ¢; are depicted in Fig. as a function of the polarization P and for various scattering
parameters. The values of the spin-flip time 7T} and the spin-dephasing time 75 are measured
in units of the momentum relaxation time 7. The plots for the Stoner limiting case covering
the same parameter values are shown in Fig.[2.7] As an overall tendency, one can see that the
in-plane domain wall resistance (CIW) is smaller than the resistance for the CPW geometry.
Furthermore, one can see that the DWR can be both positive or negative, depending on the
magnitude of the exchange-splitting A wviz. polarization P, and this switching of the sign
can be ultimately traced back to a band-structure effect which obviously appears in the limit
of strong polarization P — 1. Also, in the case of the s-d model, a negative DWR appears
only in the presence of spin-flip relaxation. Concerning the overall tendency of the DWR, the
situation for the s-d model and the Stoner model is quite opposite. For small P, the s-d model
favors positive DWR, while for P — 1, it tends to become negative. This is contrary to the
Stoner limit, where for small P we have a stronger tendency for negative DWR, which however

1See result ((2.134)), even though d-wave terms and gradient corrections are missing, but it does not affect the
statement concerning the spin-dephasing term
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Figure 2.5.: (a) Domain-wall resistance d Rpw in the s-d limit as a function of the polarization
of the Fermi surface P = % for the CPW geometry and for various values of
spin-dephasing time T5. The spin-flip time is linked to 75 as follows: T} = oo
(dashed), T1 = T, (dotted), T} = % (solid). (b) DWR for the CIW geometry for

the same parameter values as in (a).

becomes reversed as P — 1. The behavior will be further illuminated in a moment, when
we treat the two limiting cases of weak and strong polarization P analytically. In the limit
of small exchange splitting A or polarization P, the DWR. does not depend very strongly
on P, A, whereas other calculations found a A~2 scaling [34, [35]. As discussed in section
this difference arises from the phenomenological origin of the scattering parameters 7, ;
in these works. The dependence on the domain-wall thickness is w™! as opposed to other
calculations that consider for example infinite spin-spirals [32].

In Fig. we show the dependence of the DWR within the s-d model as one increases
the magnetic impurity concentration, and with it the spin relaxation rates 1/73, 1/T>. The
analogue plots for the Stoner limiting case are shown in Fig. We can see a general
increase of the DWR with the impurity concentration, except for the CIW geometry in the
s-d model, where we find a decrease or no change at all (see Fig. . Especially curves
with high polarization P tend to decrease.

Interestingly, in the case of vanishing spin-flip one obtains relatively simple expressions in
terms of the polarization P,

(sd)  Tizoo E N\ — Ly 1— 1P2 T 2.14
ORcpw w(a+G) 15 ( o T 5T2 ’ (2145)
S| oo EW 1

for the s-d limiting case in which the contributions of the conduction electrons to the magne-
tization is negligible. Likewise, we obtain for the Stoner limit

o0 Ey
SRS, 2% By(Ga+G) = o <—7 —13P% 4 40%2) : (2.147)
SRSV 2™ g = % (=9 —7P%) . (2.148)
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(a) Current perpendicular to wall, s-d model (b) Current in wall geometry, s-d model

Figure 2.6.: (a) DWR in the s-d limit as a function of spin-dephasing rate 1/T5 in units of
the momentum relaxation rate 1/7 for the CPW geometry and for various values
of polarization: P = 0.1 (solid lines), P = 0.5 (dashed lines) and P = 0.8 (dotted
lines). For each curve, we keep the ratio of T3 /T fixed, so that the spin-flip rate
1/T} also increases linearly with 1/75. This has the underlying assumption that
an increase of a specific type of magnetic impurities in the sample changes the
overall spin-relaxation, but not the ratio 77 /7. (b) DWR for the CIW geometry
for the same parameter values as in (a). For 17 — oo, we see straight lines with
the slope given by g, and the vertical shift by f., fi.

Obviously, in the latter Stoner case, the DWR is negative, but 5Rg§)w can turn positive for a

sufficiently large ratio le Negative domain-wall resistance in the Stoner limit has been also
found by Gorkom et al. in Ref. [35].

Limit of weak polarization, P — 0

Let us also investigate the limiting case A — 0 viz. P — 0, or the quasiclassical limit, this
time for general T7. In the s-d-limit, we get

E \? E.r 7\ 2
SREY P20 B, )= (1L V24 — 2.149
CPW Gra=7m"7) ten\®ty) > @19
i E \?> E
(SR(Sd) P=0 EnG = A B [ = w2 2.150
CIw ¢ 20 Ty 20 | ( )

and in the Stoner limit

S P—0 by, T T By, T 1\ 2
ORGPy = BulGatG) = 90 (7 T (1 - 2311)) TR (2 + T1> (2.151)

(St) P20 N T
SRGw = EwG 40( 3t 7 <1+7T1>). (2.152)

In the quasiclassical limit, there are no gradient corrections to the collision integral and no
changes in the spectrum, so the result essentially depends on scattering asymmetry parameter
y=1- TTI introduced in 1) which essentially depends on the ratio of elastic mean-free
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Figure 2.7.: (a) DWR in the Stoner limit as a function of the polarization P for the CPW
geometry and for various values of spin-dephasing time T5. The spin-flip time
is linked to T3 as follows T} = oo (dashed), 77 = T5 (dotted), 71 = % (solid).
(b) DWR for the CIW geometry for the same parameter values as in (a). The
parameters used in these figures are identical to Fig. (2.5)).

time to spin-flip time 77. In the case of the s-d model, the DWR vanishes as v — 0 leaving
only the spin-dephasing contribution (see Eq. and ) As discussed before, this
suggests that the DWR arises from the different conductivities in the two spin-channels, which
in the quasiclassical limit is solely due to 7, ;. Inside the domain wall, the spin is misaligned
with respect to the local magnetization direction, thus slightly redistributing the current flow
among the two channels, which ultimately gives rise to the DWR as discussed in section [2.3.5
On the other hand, the situation is different for the Stoner limiting case, where the DWR
does not vanish when we remove the scattering asymmetry, i.e. v — 0. The reason can be
found from , from which we find that the reduction of the exchange splitting becomes
strongly enhanced in the quasiclassical limit, 2& = O(1/A2?). In the end, this reduction of
the magnetization from the itinerant electron due to hybridization leads to a decrease in the
domain wall resistance. The reason can be seen from equation 1) Ty = 1£7Pw which
implies that a reduction of A, (and thus also P) increases 7, (and decreases 7,), and which in
turn increases the local Drude conductivity of the majority spin-channel o, in areas
of non-vanishing magnetization gradients. Therefore, we see a reduction in resistance. If we
reduce the scattering asymmetry parameter to the point where it becomes zero v = 0, the
DWR still does not vanish, as opposed to the s-d limiting case. However, despite 7, =7, = 7,

we find from Eqns. (2.131) and (2.127) that 67 = —%EW for v = 0, so that the scattering

times 7, = 7, = 7(1 4 7) increase locally in the domain wall, giving rise to the positive
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(a) Current perpendicular to wall, Stoner model (b) Current in wall geometry, Stoner model

Figure 2.8.: (a) DWR in the Stoner limit as a function of spin-dephasing rate 7/7% in units of
the momentum relaxation rate 1/7 for the CPW geometry and for various values
of polarization: P = 0.1 (solid lines), P = 0.5 (dashed lines) and P = 0.8 (dotted
lines). For each curve, we keep the ratio of T /T fixed. (b) DWR for the CIW
geometry for the same parameter values as in (a). For T} — oo, we see straight
lines with the slope given by ¢, and the vertical shift by f,, fi. The parameters
used in these figures are identical to Fig. .

Limit of strong polarization, P — 1

In the limit P — 1, we find that the DWR is dominated by the gradient corrections to elastic
mean-free time for the scattering up channel,

Gi

(2.153)

E.  301—P) 2T, — 1

Pl 0Ty P—1 1 T —5 s-d model
1 itinerant Stoner model

where we used results and , and which is diverging as P — 1, while the
anisotropic contribution to the DWR (, yields a finite value in that limit. This change in
the scattering times arises from a modification of the density-of-states in the presence of a
magnetization gradient, so it ultimately is a band structure effect. This divergent behavior
is inherited by the DWR in all possible configurations, since it arises from the isotropic
contribution ¢;. In particular, for the CIW and CPW geometries in the s-d limit shown in
Figure we can clearly recognize this singularity towards negative values of the DWR, as
predicted by . In the Stoner limit however, we see from this expression that it goes
towards positive values, albeit smaller by a factor 5 relative to the s-d model, so that this
behavior becomes relevant only for larger values of P. This is exactly what we also find in the
plots for the Stoner model in Fig. where the singularity appears sharper towards positive
values of the DWR, as P — 1. Finally, for 77 — o0, i.e. in the absence of spin-flip scattering,
the leading order asymptotic term vanishes and 7, attains a finite value in the limit
P — 1, so that also the divergence in Figures and disappears for this case.

This concludes the discussion of the regime A7 > 1, but before we leave the subject of the
domain-wall resistance, we will have a quick look at what is expected to happen in the regime
of intermediate impurity scattering strength.
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(a) Current perpendicular to wall, s-d model (b) Current in wall geometry, s-d model

Figure 2.9.: DWR in the regime of intermediate impurity scattering, 7A = 1 in the s-d-limit
and as a function of spin-dephasing rate 7/T5. The parameters are the same as
in Fig. i.e. we vary the polarization: P = 0.1 (solid lines), P = 0.5 (dashed
lines) and P = 0.8 (dotted lines). For each curve, we keep the ratio of 17/T5
fixed.

Results for intermediate impurity scattering 7A =1

We can also treat the limiting case of intermediate impurity scattering, 7A = 1, in the sense
of an extrapolation, since we neglect the broading of the spectrum and we also dropped the
real parts from the kinetic equation, an approximation which can be doubted in the limit
of intermediate or strong impurity scattering. Plots of the DWR as a function of the spin-
dephasing time T, are shown in Fig. 2.9 for the s-d case and in Fig. for the Stoner limit.
The situation looks quite different as compared to the previous regime. In the Stoner limit
in particular, we find minima of the DWR for a certain magnetic impurity concentration (see
Fig. . For the s-d limit, curves with high polarization decrease strongly from positive to
negative DWR as we increase the impurity concentration.

2.4.6. Transverse Conductivity

In more complex magnetization structures, in which the magnetization gradients in different
directions are not collinear such that the vector product oc 7i-(9;m x 9;m) in ([2.140)) does not
vanish, there is a transverse current (or voltage drop depending on the experimental setup).

This transverse force on the electrons can be understood in terms of the Berry curvature or

fictitious electromagnetic field which, in the limit of large exchange splitting, has the form
=3

B = eg’“m-(akmxaj@ (2.154)
£ = 1 (0uh x Vi) | (2.155)

so that the spin-dependent force on an electron is Fy | = :l:%(é' + v x B) with the effective
charge :tg for spin-up/down channels. Therefore, the fictitious fields act with opposite sign
on the spin-up and down channels. It is interesting to note that the fictitious fields obey the
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Figure 2.10.: DWR in the regime of intermediate impurity scattering, 7A = 1 in the Stoner
limit and as a function of spin-dephasing rate 7/75. The parameters are the
same as in Fig. i.e. we vary the polarization: P = 0.1 (solid lines), P = 0.5

(dashed lines) and P = 0.8 (dotted lines). For each curve, we keep the ratio of
TI/TQ fixed.

Maxwell relations

vV-B = 0
V><8+(’9tB = 0,

which is not surprising in the spirit of chapter [3[ and result (3.64)).
<wv4 |, where we

In the relaxation time approximation, we simply have F} | = meOvr | + %

can set 0yv3 | = 0 since it would be of higher order in external perturbations (the same reason

why we omit 0;¢ in Eq. (2.44)). Since we are interested in the current, we multiply this
equation with the particle density n4 | and average over the whole Fermi-sea of electrons:

. h 1 . h h .
=+——=(— E B) = E+ — B 2.156
Jro=Hg = (ment &+ gy X B) = Fooon &+ 5 g x B (2.156)
and we immediately arrive at the charge current
jc:jT+jJ,:0'sg+2m (UTTT—O'\LTUEXB. (2.157)
(&
Using the identity
(E X B)Z = —Ej ﬁi(@m_i X 8]7%) s (2.158)

we find equality to the Hall conductivity of the result (2.140f) obtained within our model for
AT > 1. The first term of Eq. (2.157)) corresponds to the time-gradient o os.

Tserkovnyak et al. [74] find compatible expressions for the transverse conductivity, which
they treat in the half-metallic limit where only one spin-channel exists. In [65] [66], this
so-called chirality-induced Hall effect can be also derived by considering two time-reversed
paths of electrons which yield unequal contributions for a non-vanishing spin-chirality (non-
coplanarity of the spin-structure), and corresponds to a Berry phase for the electron spin.
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Figure 2.11.: Contact of length L containing a Bloch wall with Néel flux-closure caps (cor-
responds to a vortex wall). The characteristic width of the wall is w, and the
transverse voltage drop is V,. The shading indicates the magnitude of the out-
of-plane component of the magnetization.

Transverse voltage across a domain wall

Let us investigate a transport experiment in which the transverse conductivity gives rise to
a non-vanishing Hall voltage. As we mentioned, the term - (09pni x 0;m) can only be finite
when the magnetization rotates around different axis as one goes along different directions in
space. This situation is for example realized in a Bloch wall with Néel flux-closure caps and
is illustrated in Fig. We apply a voltage V, at a thin film, so that there is a current flow
perpendicular to the domain wall (CPW geometry). Within the wall, the Hall conductivity is
non-zero and one expects a transverse current which can be measured by detecting a voltage
drop V. at the ends of the domain-wall. Of course, this voltage drop appears only in the
vicinity of the wall, and should be maximal at its center. A related effect has been found
in frustrated ferromagnets [75] and also is known in literature as topological Hall effect [76],
which is a result of the Berry phase picked up by the electrons as they adiabatically follow the
magnetization. This Hall effect has been measured in a lattice of so-called Skyrmions which
are topologically stable knots in the spin structure [77].

Let us now explicitly calculate this voltage drop for the geometry depicted in Fig.
According to (2.140)), the current j = gF is given by

Jz = UC(E + 5Ex)
o = 06 E, — KooE (0,7 X 0yi) |

O4+T+—0 | T. .
where K = h% We assume a general spin structure
evYcC

m = (sin # cos ¢, sin 6 sin ¢, cos )

varying only in two dimensions, 6(x, z) and ¢(x, z), so that the expression corresponds to the
determinant of the Jacobian m-(9,m x 9;m) = (05 cos 0)(0,¢) — (0 cos 0)(0z¢) = %
Of course, the spin-structure has to be non-coplanar in order for K to be non-zero, like the
one depicted in Fig. Employing the continuity equation V-3 = 0, we arrive at the
equation

d(cos b, ¢)

2 2 — _EKO,
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where we assume for simplicity that variation of the induced potential dp(x,z) in the -
direction is smaller than in the z-direction, so that we can neglect the derivative with respect
to x, and taking into account boundary conditions leads to

(cos b, @)
Z)

The induced potential gives rise to the electric fields 6F, = —0,0p and 0F, = —0,6p. We
are interested in the voltage drop V, across the width w of the domain wall, which we obtain
from

+w/2 +w/2 d(cos b, ¢)
V., = / p(x, +00) — p(z, —o0)|dz = —FK — / / dz ’
w/2 ) 80( )] w/2 8(3}72)

= —EK/dcosG/dgb,
w

and for the geometry depicted in Fig. we have ¢(z = w/2) — ¢(z = —w/2) = 7 (in the
center of the wall) and cosf(z — +00) — cosf(z — —o0) = 2, so that we finally obtain for
the voltage drop in the limit 7A > 1

dp(z,2) = —EK/d/

2K 2rh oy — o7
V)0)=—7—V,= Ve 2.159
V| wL " wL  2meoe ( )
which for T7 — oo turns into
h
V.| — 4ﬂij72A V. (2.160)
($]

Finally, let us stress that the integration performed in (2.159)) essentially corresponds to the
Skyrmion number

1
Nsymmion = 3 [ da [ d (@117 x 0,1 (2.161)

and is a topological number characterizing the spin structure [78].

2.4.7. Spin-current in Presence of Inhomogeneous Magnetization

The generation of spin-currents is of fundamental interest in the field of spintronics and the
experimentally widespread method is to use spin-pumping due to a dynamic magnetization,
especially in non-magnetic materials like semiconductors. Takeuchi et al. [68] calculated
charge and spin-currents in presence of s-d exchange coupling and spin-orbit interaction due
to an inhomogeneous scalar potential. However, they consider the dirty limit A7 <« 1 and
make a perturbation expansion in A and the spin-orbit interaction coupling. The spin-currents
in the presence of magnetization dynamics have been investigated in Ref. [79], while they
focus on the influence of spin-orbit interaction, which is not part of our study.

In contrast to the charge current, the spin-current can be directly obtained from a given mag-
netization profile without having to solve a differential equation. As discussed in the previous
sections, the charge current has to be determined together with the electric field by solving
the charge continuity equation and the Poisson equation. The reason for this difference is
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the following: for the charge current, we have to satisfy the local charge neutrality condition
in our case of an incompressible Fermi-liquid. This condition stems from the treatment of
Coulomb interaction between electrons in the limiting case of small screening length. How-
ever, since we did not take into account any comparable interaction for the spin-degree of
freedom, there is no analogue screening effect for the spin, and thus, what matters are the
unscreened quantities. With respect to the spin-degree, the Fermi-liquid behaves as being
totally compressible.

For the longitudinal spin-current, we obtain to leading order in 1/7A

h2

A
— 3oa 0 (V17 x 0pit) + VT 0uit] + 1 Vmh-Oy (2.162)

js = gsE
where A is the exchange constant defined in formula (2.112)), and for the correction to the
spin-conductivity (gs)ij = 0s6i; + (6a5)ij, We obtain up to order (8,17)?
hQO'S (S)

= b S (Guri-0y77) + ¢ (8,17)” 3] +h?% (O x O;171) , (2.163)

<5QS)ij

with a structure analogue to do, from Eq. . The prefactor (—%)2 of o, is due to the
different units of charge- and spin-currents. Let us note that m-(Vm x 0ym) constitutes
a dissipative term while Vi -9;m is reactive, in particular, the latter persists even in the
absence of dissipative processes due to the intrinsic contribution %Vﬁi-(‘)ﬂﬁ. Interestingly,

the prefactor of this intrinsic term is essentially the same as for the exchange current and
spin-density, Eqgs. (2.113]) and (2.112)).

Again, the spin-Hall term and the reactive time-gradient m-(Vm x 9;m) can be reproduced
using the notion of the fictitious electric (2.155)) and magnetic field (2.154]),

h

h\? h2
jo=——(j+— ) = | — & — FE , 2.164
7 % (_h Ji) <2e> 0.& A (UTTT + O-U—i) x B ( 6 )

which was done completely along the same lines as the derivation of (2.157)) and in the regime
TA > 1.

We can introduce the spin-chemical potential induced by a time-dependent magnetization,
fip, = 1 x Oym which gives rise to an effective spin-electric field acting on each spin component.
In fact, we immediately recover the fictitious electric field € = — [V[ip]u = —ni[V[ip]. Taking
the gradient of [i,, yields a tensor containing the various spin-electric fields as components
and which describe effects like spin-pumping due to a time-dependent magnetization. The
idea of the spin-chemical potential is analogue to the description of spin-accumulation due to
pumping in magnetic multi-layers discussed in Ref. [I8]. Then, we can simply write for the
pumped charge and spin-currents (ignoring the S-term for the moment)

Je = —0s [Vﬂp]”
) h?
Js = —@Uc [Vﬂp]” .

The difference to the usual electric field is that the spin-electric field yields forces on spin-
up/down channels of opposite sign. Therefore, in a non-magnetic medium where transport
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quantities do not depend on the spin direction, i.e. o5 = 0, there is no charge current however,
a spin-current o< o. which is a direct consequence of the above relations.

It is also interesting to note that we can incorporate the S-term into the spin-chemical po-
tential by defining instead ﬁ; =m X Oym — SOy, so that

£ =~ [Vii], = m-(9uh x Vi) — BV- Oy

Il
completely reproduces all the time-dependent terms in j., however, in the longitudinal spin-
current j; we do not get the intrinsic contribution %Vﬁi-@ﬂﬁ. In summary, the complete
equations for the charge- and longitudinal spin-current can be compactly written as

je=oE — 05 [Vi], (2.165)
. H? / Ao o
Js = o B — 50 (Vi) + X V- (2.166)

Transverse spin currents

As we will find out later, the spin-current gives rise to a spin-torque and thus directly affects
the magnetization dynamics. Therefore, it is also interesting to look at the transverse spin-
current which is induced by a time-dependent magnetization, and in the limit 7A > 1 has
the form

3= —04L (Viip), G+ 0,10 x V6 = —0quifi x (9, Vi), G — 0,1 (0, Vi), G , (2.167)

Note that here we are omitting the additional transverse spin-current contribution induced
by the electric field. Also, we did not explicitly write the exchange current , although
it has to be added here in order to obtain the complete expression. We defined the transverse
spin conductivity with the dissipative part o4, and the reactive part o, ,

Vo 1-pP* 1 P23+P?
- S A ) 2.168
gdL 12m.PA ( - Tt ’ (2.168)
vo (5 + 5P? +2P%)
_ . 2.169
ord 60m. P (2.169)

The reactive part is due to precession in the exchange field A, while the dissipative part is
due to momentum and spin-relaxation and vanishes in the absence of scattering mechanisms,
7,71,T5 — 00, so that in our case AT > 1, we have 04, < o,,. In a fully polarized
ferromagnet P = 1, we find that o4, vanishes unless in the presence of spin-relaxation.

Tserkovnyak et al. derived expressions for the dissipative transverse conductivity by calculat-
ing the linear spin-density response to a transverse magnetic field [80]. Additionally evaluating
the auto-correlator for the transverse spin-currents (the Kubo formula), they arrive at an ex-
pression which exactly corresponds to our result of o4, in the absence of spin-relaxation
11,75 — oo. They also noted that, formally, there is no difference between Stoner and s-d
model, except for the different microscopic origin of the exchange field A, a result which we
also find.
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Finally, using the extended spin-chemical potential ﬁ;) = m X Oym — POy, we can also rewrite
the transverse spin-current

jL = —04. (Vil,), &+ oy x Vii,d (2.170)

so that here, the transverse conductivities are related to the previous ones by ofi | = 041—Bo1
and o/ | = 0, , dropping corrections of order 52

This concludes our investigations on the influence of an inhomogeneous and time-dependent
magnetization structure mi(r,t) on the conduction electrons inside the ferromagnetic metal.
In particular, we studied the implications on current-flow, also in the presence of an external
electric field which gives rise to the domain-wall resistance, and in more complex 2-dimensional
magnetization textures like a vortex, it leads to a transverse Hall conductivity.

2.5. Magnetization Dynamics

We will now switch sides and consider the system from the point of view of the magnetization
dynamics and study the additional contributions from the conduction electrons which are
intimately coupled to the magnetization through the exchange interaction, thus, giving rise
to a spin-torque exerted on the magnetization . The concept of spin-torque is at the heart
of magnetization dynamics described by the famous Landau-Lifshitz-Gilbert (LLG) equation.
It is a widely used kinetic equation for the magnetization dynamics, and is used for example
to the study domain-wall motion which is of fundamental interest for a new generation of
magnetic data storage devices [I]. To this end, let us give a brief review of the existing
studies and calculations of spin-torques and domain wall motion.

Theoretical spin-torque calculation have been performed by various groups [19} 22, 23] 26, 27,
28, 29] along with a gauge field formulation of adiabatic spin torques [25], using functional
Keldysh theory [24], and the influence of momentum transfer has been investigated in Ref
[20]. Xiao et al. argue that the non-adiabatic term cannot be due to spin-flip scattering
since the non-equilibrium spin should be aligned along an effective field incorporating the
magnetization gradient [2I]. In fact, we find that the appearance of the non-adiabatic S-term
requires a dissipative spin-dephasing mechanism, expressed by 75 within our model. The spin-
wave contributions to the damping are found to obey agy, = 85y [81] and many-body effects
like electron-electron interaction on the Gilbert Damping constant have been considered in
Refs [82] [83], 84 [85].

The theoretical study of domain-wall motion has been first carried out without the non-
adiabatic coefficient 8 [86, 87], and later including the effect of the S-term which acts as an
additional force on the magnetization structure [88] 89 90, OI]. The influence of extrinsic
pinning is considered in works [20], 92, [03]. Shibata et al. investigated the vortex wall motion
driven by the current-induced spin-transfer torque [94] and the influence of eddy currents
of a moving domain-wall has been studied in Ref [95]. A recent review of domain wall
motion can be found in Ref [29]. A numerical investigation of domain-wall motion using a
simple spin-conserving lattice Hamiltonian indicates a depinning below the critical current
due to an emission of spin-waves in the case of short domain walls [96]. The non-adiabatic
term is crucial for domain-wall motion in nanowires, or the current-in-plane geometry (CIP)
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in magnetic multilayers. However, as described by Khvalkovskiy in Ref [97], much higher
domain-wall velocities can be achieved in magnetic multilayers in the current perpendicular
to plane geometry (CPP), in which case the larger (by a factor 1/3) adiabatic spin-torque
term drives the wall. The influence of finite temperature on the current-driven and field-
driven domain wall motion has been investigated theoretically [98][99], and the authors found
a reduction of the depinning times due to the non-equilibrium fluctuations. An exact solution
for the domain wall dynamics within the framework of the LL.G equations is discussed in Ref
[100].

In a slightly different line of research, Culcer et al. theoretically investigated the magnetization
dynamics in ferromagnetic semiconductors and find to leading order an expression for the
spin-torque which is not rotationally invariant [I0I]. The reason is that in semiconductors
the intrinsic spin-orbit coupling is the dominant mechanism, while in ferromagnetic metals
the intrinsic spin-orbit contribution is usually neglected and extrinsic contributions add only
to spin-dephasing. This is compatible with Ref [102], who find an enhanced domain-wall
mobility in (Ga,Mn)As materials along with a significant hole reflection at domain-walls
which persists even in the adiabatic limit. All these effects are a result of the dominant
spin-orbit mechanism while scattering mechanisms are secondary, which is in contrast to our
study of metallic systems.

Experimentally, current-driven domain wall motion in metallic nanowires has been studied in
Refs [10, 111, [12], thermally activated domain wall motion has been used to measure § [103]
and NiggFegy nanowires with low depinning fields have been utilized to obtain lower critical
velocities [104].

Before we will investigate the spin-torque and its implications within our model, we first cover
some basics by taking a look at the simple phenomenological Bloch equations.

2.5.1. From Non-equilibrium Spin-excitations to Spin Torque

The treatment will be similar as in section though, we will be more specific here. In
order to obtain the spin-torque, we need to find the transverse non-equilibrium spin-excitation
in the system which we denote as 5. This quantity of interest is obtained by considering just
the transverse part of the spin-continuity equation ,

—

(8t§)J_+ArTﬁX§J_+(V'is)L: eff, L —

5L, (2.171)

along with ]\7937 1 given in Eq. (2.122)) and (...), indicates that we take the vector com-
ponent perpendicular to 7. The spin-dephasing time T, = (1 + 7,)T> has gradient cor-
rections included with 7, defined in (2.127)). Furthermore, we introduce the spin-current

tensor (Js);;
(V-Js) ;= 0, (JLs); ; 1s the divergence thereof”| In the preceding sections, we already inves-

tigated the spin-currents in presence of time-dependent 1 and external electric field, so the
spin-current tensor is explicitly given by Egs. (2.162)), (2.167) and (2.113]).

= %Tr%ﬂjz which contains the spin-currents for the 3 spin-components and

2Here, the spin-current is defined with the usual factor g in order to obtain the current of angluar momentum.
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We can solve this equation for the transverse dynamics iteratively by first solving for ),

5, = AL(BT —mx) (—(&@L —(V-Jo), + Neff,i_) ; (2.172)

where here, the non-adiabatic coefficient £, = ﬁ incorporates gradient-corrections and
RaYd

we drop terms of order 2. We now start from the zeroth order solution which corresponds to
the spin-density of the equilibrium system, 55 = ps »m + NXC, and consists of the equilibrium
spin-density ps,» = ps — 0ps including gradient corrections, Eq. , and the transverse
spin-excitation due to the exchange current, respectively. Compatible to a linear response
treatment, we then plug Sy into the right-hand side of expression . Finally, the cor-
responding spin-torque is given by 7161 = —gupA,m x §, where g =~ 2 is the g-factor and

— |€ejh

/B = 5, is the Bohr magneton [66]. Explicitly, we then obtain for the spin-torque

%7@1 = Apiii X § = (1 + Bpmx) (—ps,ratm — (O Nxe), — (V-Ls), + ﬁeﬂ,L) . (2.173)

The time-derivative of the exchange term (2.113]) becomes

N A . A S - S
(8tNxC)J_ = Z (8t(8r2m)J_)L = Z [(Brm)28tm + (8t(9?m)J_] 5

but there are two more contributions related to exchange currents, the obvious one arising
from J,, and the other one a result of the distinction of high- and low-energy scattering,
the former expressed in Neg, 1. In fact, we find that it is exactly this term oc SA that is
responsible for the cancelation of a ”dissipative exchange torque” and that would otherwise
appear due to the spin-mistracking originating from Nee. Physically speaking, this is good
news, as an intrinsic contribution like the exchange current should not be subject to
any dissipative mechanism like spin relaxation.

Explicitly writing all the exchange-related terms, we can rewrite the spin-torque in the formE|

— ——Ta=—(1+Binix) (V-Js),| — psrOyit — aps it x Oy
guB
+ a‘iﬂoc X 0 0Pm+ A1 - ﬁ@f; + lﬁb X Oy ) ox OZm| , (2.174)
AT A N

where now, J, only contains true non-equilibrium contributions and thus, vanishes in absence
of time-dependence and an external electric field.

We note that the Gilbert damping constant « emerges from ]\7857 . Furthermore, in this
and the following results, we can drop all gradient corrections which would only renormalize
the Gilbert damping constant «, since the dominant term arises from V-J and is given
by % (see result ), while all other corrections would be smaller by a factor ﬁ,
and thus negligible in our regime of investigation. This is also the reason why we made the
replacements 3, — 3 and in the prefactor of a, ps, — ps.

The last term on the right-hand side resembles the result of (2.138)) with the exchange torque
given by T = Am x 9?2, except for a factor of 2 whose origin hes in the term Neﬁ‘ 1 and was

3We make use of the vector identities 0y x 82|, = M x 82m + (8,-1m)21 x Oy
and 17 x Oy (M x B2m) = —(0,82m), — (8-11)*0m
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discussed above. The term %ﬁi x O¢T can be understood as the precession correction and the

term —%(8{71) | as the respective dissipative correction due to spin-dephasing.

Result lets us identify the contributions to the non-local exchange (dynamic exchange)
which do not directly originate from the non-equilibrium spin-currents Js induced by an
external electric field or by the magnetization dynamics. However, in order to study all
the terms explicitly appearing in the expression for the spin-torque, we substitute the spin

currents using results (2.162), (2.167), and dropping terms of order 82, we readily obtainﬁ

1 - A
— —Ta=—(1+ pmx)(js0)m — (psﬂ, + — (arm)“‘) O — aps M X Oy
guB A

h2o.
4e2

h2o.
4e2

+ o x 9,82 + ol [8,(8,),], . (2.175)

r

+ A x 82+ 3 (8,11) Oy — (8, (0 x D)),

where the spin-current due to the external electric field is js = osE (the current in units
of spin-angular momentum) as introduced in section The terms of first order in time-
gradients and second order in spatial gradients include non-local contribution to various terms
like Gilbert damping, and will be relevant for magnetization structures varying strongly in
space, like short walls.

Taking into account spatial gradient corrections, the effective conduction electron magne-
tization density appearing in the LLG equation gets renormalized by the reduction of the
spin-density §ps determined in , which is different for Stoner and s-d models. How-
ever, in addition to this straightforward term, we also have a renormalization due to the
exchange current.

The non-local dissipative (Gilbert damping) and reactive (x fo.) terms proportional to o

have also been found by Wong et al. in Ref [74]. Essentially, the reactive term renormalizes
hoe
4e2

above. Due to (9, (9ym x BTT?L))J_ = (8TT?L)2 m X Oym — (Oym-8ym)m x 8,m, the dissipative

term enhances the Gilbert damping constant o by an isotropic contribution %(&m—’i)? The

second term essentially modifies the non-adiabatic spin-torque due to the current js, giving

) o . 2 S
rise to a fictitious spin-current oc Ze"; (O Opm1).

the effective electron spin-density by 3 (Brﬁi)z, in addition to the corrections discussed

The last two terms are identical for both Stoner and s-d model, namely the dissipative term

agﬂ) =041+ B0, +padlc -3 % and the reactive term afnnl) =0, — g. The dissipative term

a&nl)m x 9,021 has contributions from Nefﬁ 1 but also from the divergence of the spin-current,
where the latter give rise to 041 + 80,1 . This term describes additional dissipation mediated
by the conduction electrons due to dynamical exchange and has been discussed in Ref. [80],
however, there only the link to the transverse spin diffusion coefficient 4, was established. In
the end, this term can be interpreted as an anisotropic Gilbert damping contribution, which
can be seen experimentally using microwave radiation to excite magnetization dynamics, and
performing a wave-vector dependent measurement of the Gilbert damping constant «(q).

The Gilbert damping is related to the broadening of the absorption line. Finally, a&nl) is an

-\ - —

4We use the identities (8, (9ym x 0ymi)), = — [ (8rmi x Oymi] Brmii = (8,171)2 17 X 8,17 — (Dy1Te-Or M) 1 X BT
and [8,(0:0,m), |, = (0:0711), + (D1 By171) il



additional reactive term due to the transverse conductivity o, and the exchange interaction.
In the experiment just mentioned, it would for example lead to a wave-vector dependent shift
in the excitation frequency.

Note that we can identify dissipative terms in the torque by looking for terms which are
odd under time-reversal, i.e. 9; — —3d, m — —m and js — —js. The terms even under
this transformation are denoted as reactive. It is clear that the dissipative terms vanish in
absence of any time-reversal breaking mechanism, but is not true for all of the reactive terms,
since they contain intrinsic contributions, like a,(ﬂnl). These contributions are reminiscent
to the intrinsic contributions of the anomalous Hall effect originating from the spin-orbit
interaction. However, we did not include any spin-orbit term in the usual sense in our model,
but we have the Zeeman term coupling the electron spin to an inhomogeneous exchange
field which actually does couple spin and orbital degrees of freedom, thus acting like a spin-
orbit interaction. In fact, for the spatially homogenous case, only the usual Gilbert damping
constant « remains, and this term vanishes as T — oc.

The expression is the main result of this section and constitutes the complete torque
due to the conduction electrons acting on the magnetization m. It emerges from a treatment
that is consistent up to order Ot(am_i)z and E8,m and is derived in the regime where pre-
cession dominates over other time-scales in the system, i.e. A7 > 1. In this case, § is much
smaller than unity and we can neglect terms of order O(/3?).

2.5.2. Spin Torque and Landau-Lifshitz-Gilbert Equation

In this section, we will study the implications of the spin-torque derived in the previous section
on the magnetization dynamics for the two limiting cases of the s-d model and the Stoner
model.

However, let us first remark on the exchange interaction term, usually treated on the level
of the free energy F[m(r)] which is a functional of the magnetization m. Here, it explicitly
appears in the spin-torque , and constitutes the contribution mediated by the itinerant
electrons, which in the Stoner model is already the total exchange interaction, while in the
case of the s-d model, there are additional (larger) contributions from direct exchange between
localized spins. The exchange term corresponds to an effective magnetic field Hy = A

which in turn corresponds to a free energy term Fy[mi(r)] = % J d3r (&nﬁi)Q, so that I:_ixc(r) =

_ O0F
om[r]”

Stoner model

In the Stoner limit of itinerant ferromagnetism, the self-consistency condition dictates T =0
(see Eq. ), and we readily obtain the LLG equation including the effective field term that
incorporates the exchange interaction. Of course, other contributions to the effective field, like
anisotropy or dipole-dipole interaction is not present in our microscopic Hamiltonian and thus
do not emerge in , but they can be added by hand. In this limit, we can also directly
specify the Gilbert damping (excluding other contributions to the damping like coupling to
phonons) and which reads a = 5%—. The ratio 8/a = 25 = (1+ P?/3) is not necessarily

2T2ps i
one, except for the case of small polarization P < 1. For non-negligible polarization, o < 8

63



which is in agreement with experimental findings [103] 10, 12} [105], but the measured ratio
B/a is much higher, which indicates that additional mechanisms contribute to 8. This result
has been also found by Tatara and coworkers [22] 29 [66], however, they found a dependence
on the anisotropy of magnetic impurity scattering (x (m) defined sectlon which our result
does not exhibit. We believe the difference is due to different treatment of the anisotropy axis
which in our case adiabatically follows 11, while Tatara et al. used the fixed z-axis and then
considered small transverse fluctuations around this axis to obtain the torques. This is also
the reason why in Ref. [22| 29] they find a correction o j. in the current induced spin-torque
which does not emerge in our result.

Finally, Burrowes et al. measured the non-adiabatic coefficient § in narrow domain walls
(1 — 10 nm) and they find o &~ § and suggest magnetic dissipation to be the universal origin
of both coefficients [106].

s-d model

In the case of the s-d model, the Landau-Lifshitz-Gilbert equation for the magnetization
dynamics of the d-electrons reads

Ma(0ym + agm X Oym) = —gup Mgm X ﬁeff + 7161 , (2.176)
where M, is the magnetization of the d-electrons and we denote My = —gupps as the mag-
netization of the conduction electrons. According to Tatara and coworkers [66], one has
My = —guBa%S , where S is the effective spin of a unit cell and a? is its volume.

ag contains any other damping contributions to the d-electron magnetization dynamics which
do not originate from the conduction electron system, like interaction with nuclear spins or
with the lattice (relaxation due to phonons). Heg is an effective magnetic field that describes
the exchange interaction, anisotropy and dipole-dipole interaction. One can readily identify
the different contributions to the spin-torque . The term M0ym simply renormalizes
the magnetization magnitude in the LLG equation to be that of the total magnetization

Miot = Mg+ Mg = —guppiot, the term o< m x 9y yields the conduction electron contribution
to the Gilbert damping constant ae = ﬁ which, when compared to « for the Stoner

limit is essentially reduced by the fraction of conduction electron magnetization to total
magnetization.

In our regime 7A > 1, the dominating contribution to the non-local Gilbert damping terms
comes from the terms o< o.. But when A is small, and thus also P is small, the other terms can
also become relevant since they are oc 1/P. These damping terms of order (8,1)? correspond
to the continuous version of the Gilbert damping enhancement which also exists as a discrete
version in multilayers. A simple example is a magnetic layer, whose damping in one layer is
influenced by the mere presence of another layer due to the exchange of spin-torque [I8}, [80].
Using simple vector-algebra, one can show that said terms proportional to o, also appear in
the theory of Tserkovnyak et al. [74] except for the B2-term which are beyond our regime.
However, they do not get the other two intrinsic terms independent of impurity scattering
(and thus arising purely from band-structure or Berry phase effects). This gives for example
rise to the additional term [8,(0;8,11), ], which cannot be absorbed into the already existing
ones.
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2.5.3. Force on the Magnetization in the s-d Model

In order to further understand the implications of a non-equilibrium spin excitation in the
conduction electron system, we use the concept of a force in this section. In the s-d model,
we can calculate the force that is exerted on the d-electron magnetization structure by the
itinerant electrons, and it explicitly reads

F,, = —-A(Vm)-§ (2.177)
and with § obtained from result (2.175)), we obtain
F,, = —psmi-(0pm X Vi) + aps(Vm-0pm)
+ Bos(Vm)-(Ed,m) + ogmi-(Vm x EQ.m) , (2.178)

where we kept only the leading order terms in spatial gradients. Before investigating the
dissipative terms, we note that we can once more derive the reactive force terms from the
concept of the fictitious fields introduced in Egs. (2.154) and (2.155). We find the averaged
forces exerted by the magnetization structure on the spin-up/spin-down electrons

Me Jt,| h 1.
F ) = e E— - x B, 2.179
(Fp) e 5 (”m It (2.179)
where we used expression (2.156)) in the second step. Thus, we readily obtain for the force
acting on the itinerant electrons

F.= (F) + (F)) = hp,€ + 0,E x B, (2.180)

so that the force(-density) acting on the magnetization structure due to the conduction elec-
tron gas is simply given by F,, = —F,. Comparing —F, and Eq. , we can indeed
find equality between the two reactive terms, the latter representing the Hall-force due to the
fictitious magnetic field.

The dissipative terms can be illustrated by considering a simple quasi one-dimensional magne-
tization structure which only varies with a constant gradient along the z-direction, a so called
spin spiral, so that 0.m = ké,. We first consider a rotation of the magnetization around the
z-axis with constant angular frequency 0y = wé,, so that effectively it looks as if the whole
magnetization structure is moving to the left (see Fig. . Calculating the respective
force on the electrons due to the a-term, we obtain F, = —psa(0,m-0ym) = —psakw, so that
electrons are dragged along with the magnetization due to the dissipative Gilbert damping
term. This electron drag gives rise to a charge current (flowing into the opposite direction,
i.e. to the right in Fig. and should correspond to the one derived in , which for
the given magnetization dynamics reads j. = |os|8kw. This shows that there is an intrinsic
relation between a and [, even though the factor of proportionality depends on the specific
band structure.

On the other side, applying an electric field leads to a spin current js = o4 E (here opposite to
the direction of F since o5 < 0), i.e. electrons are moving to the left (see Fig.|[2.12(b)|). The
corresponding dissipative force on the magnetization due to this current is in our scenario
F,, = B(0,m)-(js0.m) = —|os| Ek?, so that the electrons drag the magnetization in the same
direction due to the dissipative spin-torque.
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(a) Electron drag due to the a-term b) Magnetization drag due to the S-term

Figure 2.12.: (a) Hlustration of the electron drag due to the a-term in the force for a rotating
magnetization with angular frequency w around the z-axis. The upper row with
the red spheres denotes the electrons and its spin, while the lower row depicts
the magnetization 7 (r). Note the mistracking between electron spin and m(r)
induced by the dynamics. (b) Dragging of the magnetization due to the S-term
of the force F), in the presence of moving electrons due to an applied electric
field F.

Note that in the adiabatic limit, there is no simple correspondence between force and resistiv-
ity in the diffusive case. The equality derived by Tatara et al. [29] 66] relates the resistivity
due to electron reflection at the domain wall to the force driven by the same reflection pro-
cesses, but the probability of reflection vanishes exponentially in the adiabatic limit.

The force relates to the torque by F = W%Vﬁ”’r (m x ’7_21), so that in the s-d model, we can
rewrite the LLG equation (2.176|) in term of the force,

- (V17 x Opit) + ag Vs 0yt = —gup Vit Hop — QMEF
d
— a3
= —gup Vi -Heg + = F . (2.181)

When a4 = S, the left-hand side would formally correspond to the charge current induced
by a dynamic magnetization (up to prefactors). Note that the first term on the left side
represents the time-derivative of the Berry phase [70)].

In the Stoner limit, the magnetization arises from the itinerant electrons itself and conse-
quently, we cannot define a force this way. Therefore, we will continue with the study of a
moving domain wall which according to the insight gained in this section is expected to drag
electrons along with it and thus, it produces a charge current that we will calculate in the
next section.

2.5.4. Charge Current Induced by a Moving Domain-wall

It is interesting to study the charge current induced by a field driven domain-wall due to
the possible experimental determination of 8 [71] [72]. The electromotive force induced by a
moving vortex wall has been measured by Yang and coworkers [30].

Let us first consider the case in which a = 3, although this is generally not the case [23| 22} 24].
In this scenario, we can recast the LLG-equation (2.176|) into

(14 Bmx) (Oym + v,8,) M = —m x H |, (2.182)

66



where vy = j5/M and H = g,LLBﬁeﬂ‘ is the effective field acting on the magnetization which
in a straightforward case takes the form

Hm) = J8*m — K| (€,m)éx + K. (2.m)¢, + gupB = Hy + gupB . (2.183)

Here, the various terms are exchange interaction, y-z easy-plane anisotropy with constant
K, easy axis anisotropy along the z direction with K, and externally applied magnetic field
g, respectively. Note that in equilibrium, a domain-wall solution is obtained by virtue of
the condition Ho[i]|, = 0, i.e. the absence of any torques which would otherwise induce
time-dependent dynamics. We then cast the expression for the charge current into
the following form,

jo = oE — ogit-V it x (1+ Brivx) 9]
= oE +ogn'V |—H|, +mx (1+ ﬂmx)vsarm} (2.184)

where in the second step we used the LLG-equation for a = 8 to eliminate the time-gradients
of m. In the absence of external currents, vs = 0 and the equation simplifies to

jo = oE+o-V(—H), =cE+0,(Vm)-H , (2.185)

where now, there is no longer any explicit dependence on the dissipative term 3. When we
further assume a rigid domain wall structure, for example one that is characterized by the
two collective coordinates domain-wall position X (t) and chirality ¢(t) [20], any additional
dissipation due to emission of spin-waves is absent and the final result should not depend
on a = 8 and thus yields a scenario equivalent to @ = 8 = 0 which has been considered by
Barnes et al. in Ref. [70]. In fact, we can make use of the condition Hy[]|, = 0 valid for a
rigid domain-wall structurd’] so that in the case of a field driven domain-wall with constant
external magnetic field B , we have

jo = o0E+osgusV(mB), (2.186)

where JF is the induced electric field which is determined from the continuity equation
V:j. = 0. Introducing the potential 6E = —Vp, we can write j. = —o.Vp with ¢(r) =
dp(r) — %gMBmE, where 6 has to be determined from the Poisson equation VZp = 0
together with appropriate boundary conditions. In the simple 1-dimensional scenario with a
contact of length L containing a field driven magnetic domain wall, we easily find as solution
for the Poisson equation ¢(x) = —FEx + ¢ which together with vanishing potential at the
boundaries, 5(,0(:!:%) =0 yields F = g—ZQ,uB%B. The current thus obtained is j. = as%guBB
which is identical to what Duine finds in Ref. [71].

More generally with o # [, we can also specify the pumped charge current due to a
rigidly moving domain wall in one dimension, where we can parametrize the domain wall
as m = (sin 0 cos ¢, sin  sin ¢, cos #) with ¢(t) being spatially constant and cosf = tanh(%)
describing a rigidly moving Bloch domain wall at position X (t) with width w. We then have

je = 00FE — oy (d) sin 00,0 + 598930) = 0.0F + 05¢*w <¢ + Bw) , (2.187)

5Tt is a bit more tricky if ¢(t) # 0, then there will be additional terms due to ﬁo, however the overall
contributions of these terms along the whole domain-wall structure vanishes if we consider the pumped
charge current far away from the inhomogenity
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where ¢ = (0,0)% = %&E cosf = —19,0sin6. Using 9,j. = 0 and vanishing electric poten-

tials at the end of the contacts, dp(£L/2) = 0 where 6 E = —Vdp, we eventually get
, X\ w [TE2 . X\ 2
Je(t) = o5 ((b + 6w> T /_L/2 Px)de =0y | 6+ BE I- (2.188)

We note that our results are compatible with the work of Duine [71]. From the same author,
Ref. [72] also deals with the issue of spin-pumping due to a moving domain wall but uses
a different approach than in Ref. [71]. However, the result of the pumped charge current
in Ref. [72] shows the opposite sign of the S-term as compared to Ref. [71] and our result

E15).

Let us briefly consider the kinetic equation for the force applied to this specific problem of
a moving domain-wall. We straightforwardly obtain from Eq. (2.181)), assuming a constant
external magnetic field Bext = Bext€s,

. X a3 .
—wg* (¢ + o) = —gupBexwd® + 4 Bs (2.189)
or . 5
. X a3
¢+ a— = gupBext — < —BJs (2.190)
w Sw

which is one of the well known equations for the two collective coordinates representing
chirality ¢ and domain wall position X [29] [66]. We again recover the result j. = O'S% gusB
by comparing the last expression with the pumped charge current in Eq. (2.187]) and assuming
a=0.

2.6. Conclusions and Outlook

We studied electronic transport in the presence of an inhomogeneous magnetization in fer-
romagnetic conductors by deriving a quantum kinetic equation for the low energy dynamics
including gradient corrections to the collision integral and in linear response. Our method
allows us to obtain various results for charge- and spin-transport and the magnetization
dynamics within one microscopic model, mathematical framework and compatible approxi-
mations.

This equation has been first employed to calculate the domain-wall resistance for current
perpendicular to wall (CPW) and current in-wall (CIW) geometries for a simple Bloch wall
we found positive or negative values for the DWR. As opposed to previous studies of the
DWR, dissipative spin-flip is taken into account and it gives rise to qualitatively different
behavior, since in the absence of spin-flip processes, non-equilibrium spin-excitations do not
relax, even infinitely far away from the domain wall which yields an additional potential
drop at the domain-wall. Essentially, our treatment assumes that any spin-accumulation has
decayed at the contact ends and thus, we neglect any finite size effects due to the contact
geometry.

We have performed a detailed analysis of the domain-wall resistance in ferromagnetic conduc-
tors and identified important mechanisms. Our results differ in various aspects from other
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theories and we extend the description by including magnetic impurity scattering which leads
to dissipative spin-flip scattering and spin-dephasing. The difference to other theories has
been discussed at length and originates mostly from an inconsistent treatment in these works
like disregarding the d-wave component, the neglect of spin-flip processes and different ap-
proaches to include impurity scattering. While we use a fully microscopic approach for scat-
tering, reflected in the full form of the collision integral with gradient corrections and
modification of the electronic structure properly taken into account, other works introduced
momentum scattering rates phenomenologically.

We identified two distinct contributions to the DWR: the isotropic contribution that is always
present in regions of non-vanishing magnetization gradient and an anisotropic term that
contributes only when there is a magnetization gradient along the current flow. We found
that transverse spin-dephasing contributes only to the anisotropic contribution, while the
isotropic contribution does not depend on T5. Also, the anisotropic component is identical
for s-d and itinerant Stoner models. In the limit A7 > 1 mainly studied here, we found the
general trend that the domain-wall resistance increases as we increase the magnetic impurity
scattering strength.

In the limit of weak polarization, we find that the behavior of the DWR is dominated by the
scattering asymmetry of 7, |, i.e. the difference of the momentum relaxation rate in the spin-
up and down channel. In the opposite limit of strong polarization, the behavior of the DWR
is dominated by the gradient corrections to 7;. In the intermediate regime of P, it is difficult
to isolate the various contributions to the DWR, especially since in our regime A7 > 1 we
need to include the d-wave moment of the spin-charge distribution function, which gives rise
to complicated scattering, and is consistently described in terms of the complete collision
integral with gradient correction included to second order in spatial magnetization gradients.
Other contributions arise from changes in the spectrum, the shift in the chemical potential,
or local screening potential dy, and the reduction of the magnetic moment JA.

Contrary to the s-d model, we found that the Stoner limit has an overall stronger tendency to
exhibit negative domain-wall resistance in the regime of small to intermediate polarizations
P, which has its origin in the local reduction of the exchange field in areas of non-vanishing
magnetization gradient. The situation is opposite in the limit of strong polarization, where
the behavior is dominated by the magnetization gradient corrections to the scattering time
Ty, so that the DWR increases, eventually becoming positive again.

More complex domain-walls give rise to a transverse voltage due to the Berry curvature and
we investigated this effect by calculating the transverse voltage drop induced by a charge
current flowing through a vortex wall.

Employing our kinetic equation, we also have derived extended spin-charge continuity and
diffusion equations which can be utilized to study magnetotransport and spin-transport in
presence of an inhomogeneous magnetization in the mesoscopic limit. We calculated the full
charge- and spin-current response due to the two sources of external perturbations: external
electric field and a time-varying magnetization which least to charge- and spin-pumping. As
application, we calculated the induced charge current by a moving domain wall. The results
for the spin-current can then be directly used to obtain the spin-torque which affects the
magnetization dynamics described in the framework of the Landau-Lifshitz-Gilbert equation,
widely utilized to study for example domain-wall motion.
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Finally, we have also illustrated the effects of the two dissipative terms, Gilbert damping
and non-adiabatic spin-torque, which can be also understood in terms of friction between the
electron system and the magnetization. On one hand, we saw that the Gilbert damping «
leads to a electron drag and consequently, a charge current due to a dynamic magnetization.
On the other hand, we directly calculated the pumped charge current (see Eq. ) with a
contribution proportional to 5. In the end, both pictures should yield the same current, so this
suggests a deep connection between the Gilbert damping constant o and the non-adiabatic
coefficient 5.

In summary, the kinetic equation derived in the first part of this work allows for a unified
treatment of the complete response of a ferromagnetic conductor with an inhomogeneous and
time-dependent magnetization structure in the regime where the magnetization 7 is smooth
on the scale of the Fermi-wavelength Ar and the precession length l,rec. Aside from the
thorough investigation of the domain wall resistance, we are able to confirm many findings
published in literature using different methods and models, some of them of phenomenological
nature, thus putting them on a solid ground. We also find new terms that have not been
discussed before, in particular non-local corrections to various terms in the LLG equation
that describe corrections relevant for strongly varying magnetization structures.
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3. Effective Quantum Theories for Transport
in Inhomogeneous Systems with Non-trivial
Band Structure

3.1. Effective Quantum Theories and Berry Curvatures

In the previous chapter, we studied the electron dynamics in the presence of an arbitrary
inhomogeneous and time-dependent exchange field using semiclassical transport equations
and saw the emergence of many interesting phenomena. Now, one can make various gen-
eralizations like adding a spin-orbit coupling term, which would give rise to new effects as
the anomalous Hall effect, and the latter would be additionally modified by the inhomo-
geneous magnetization. Furthermore, in the next chapter, we are going to study so-called
topological insulators, in which the quasi-particle momentum is intimately coupled to the
spin-degree of freedom and thus behaves similar to a Dirac Fermion. It is clear that the full
quantum mechanical problem of the Dirac particles coupled to a general inhomogeneous and
time-dependent magnetization texture will in general be very complex due to the locking of
spin and momentum. This is different than the case of semiconductors, where the spin-orbit
interaction can for example be treated as a small perturbation due to the presence of the dom-
inant quadratic spin-independent dispersion. Contrary to the previous situation of quasi-free
electrons without the spin-orbit term, we cannot perform a gauge transformation along the
lines of the work from Tserkovnyak and Wong [73], since the spin o couples strongly to both
a spatially /time-dependent field M (r,t) and momentum p, which we consequently cannot
easily diagonalize due to non-commutation of » and p. If we construct the gauge transforma-
tion such that it diagonalizes just the spatial part M (r)-o, we get a term that is in general
no less difficult to treat. It is clear that if one wants to diagonalize spin space, the unitary
transformation has to involve the pair of canonical operators r and p. Of course, if » and p
are classical variables, such a unitary transformation is straightforward to find, and then one
could resort to quantum corrections which are of the order 4. In this chapter however, we go
one step further and study the dynamics of general Hamiltonians in the semiclassical limit.
In fact, the initial idea is similar to the Foldy-Wouthuysen transformation in the case of the
relativistic Dirac equation [I07]. In principle, our approach here is a generalization to an
arbitrary Hamiltonian and to transformations that require the use of p and r simultaneously,
and is achieved by using the phase space or Wigner representation of quantum theory [108].
In our treatment, we will find that corrections due to non-adiabaticities will emerge very
naturally in the shape of Berry phases.

The importance of Berry phases in condensed matter physics is beyond question [109] 110,
I11]. For example, not long ago was it realized that the electric polarizability of a crystal can
only be consistently formulated in terms of a Berry curvature [112]. Furthermore, magnetic
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monopoles that appear in the definition of a momentum space effective magnetic field are
found to give important modifications to universal conductance fluctuations [I11]. Further-
more, the whole development in the field of the anomalous Hall effect (AHE) has shown that
the intrinsic contribution is related to a Berry-curvature, which is a quantum mechanical
property of a perfect crystal [I13]. Finally, topological interference effects arise from spin
Berry phases [114].

There are different ways to obtain semiclassical equations ([I09, [110] and references therein),
like wave-packet analysis [I15], or, the rather formal diagonalization method of Gosselin
and coworkers [116]. We are however presenting our own self-contained derivation of the
semiclassical dynamics, which is rather naturally based on the Wigner representation or phase-
space representation of quantum mechanics and is inspired by the work done in previous
chapters, where such a representation showed its power for a semiclassical analysis. The big
advantage is that one can obtain corrections systematically to arbitrary order in A and it is
pretty straightforward to use. Also, a re-quantization of the effective theory is not necessary,
which is a big drawback of the wave-packet analysis which derives the Lagrangian from the
equations of motion for the wave-packet center of mass coordinates, and it is not always
clear what the canonical conjugate variables are. The relation between canonical and kinetic
pairs of conjugate variables, however, emerges naturally in our formalism. Furthermore, the
techniques used by Gosselin are rather formal and, in fact, we reproduce some of their results
by using the Wigner picture, but without any need to develop special mathematical tools.
Our technique provides physical insight and it also extends some aspects to include hierarchies
of effective theories and it addresses the important question of gauge invariance. The Lowdin
partitioning, or quasi-degenerate perturbation theory, used in the book of Winkler [I17] to
derive effective models for certain bands in spin-orbit coupled semiconductors can also be
related to our semiclassical treatment, however, there focus is only put on the Hamiltonian,
not on the dynamical variables or other aspects of the system.

Our derivation also allows us to treat time-dependent phenomena using 4-vector notation,
and thus incorporates time and energy on an equivalent basis with position and momentum
parameters. Furthermore, in the course of our treatment, we will find how vector potentials
or magnetic fields (real space or reciprocal space) appear in effective theories. In that respect,
we will also investigate the difference between a physical magnetic field that already exists at
the beginning as a gaugeﬁeldﬂ and the coupling to an inhomogeneous exchange field, whose
effects could also be expressed in terms of fictitious electric and magnetic fields, as discussed
in the previous chapter. It is clear that both inhomogeneous exchange field and magnetic field
cannot be treated on the same level, as the latter does not change the dynamical variables
while the former does so by the well known Peierls substitution p — p — ¢A.

Despite the fact that we are performing formally an expansion in A, it does not necessarily
need to be restricted to the semiclassical regime. In fact, as pointed out later, our actual
expansion parameter might be a different one, depending on the physical system and the
regime under investigation. In certain systems, it will be formally equivalent to an expansion
in inter-band couplings which would be more accurate for larger band separations (or weaker
coupling). In the case of the Dirac theory, as we will discuss thoroughly later in this chapter,

las we will see, it can be thought of as a Berry phase arising from the coupling to the electromagnetic field

and which has been already eliminated by a suitable diagonalization scheme to obtain the effective theory
we are starting from
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the actual scale relevant for our expansion is the Compton wavelength A\, = % so, despite
the fact we are formally expanding in A, we are still completely in the quantum mechanical
regime. To emphasize this fact, we will introduce the notation of % in this chapter to indicate
that the expansion is not necessarily a semi-classical one.

We will now present the diagonalization scheme for a general Hamiltonian that consists of a
N dimensional spinor structure (bands) and the goal is to obtain an effective theory for the
description of the physics restricted to specific sub-bands.

The outline of this chapter is as follows: First, we will introduce the transformation that
rotates the basis such that the Hamiltonian becomes band-diagonal and we will specify how
observables change under this rotation. Since this transformation is not uniquely defined,
we will discuss the implications of this additional gauge degree of freedom. This motivates
a description in terms of kinetic variables which is manifestly gauge invariant. We will then
thoroughly discuss what an effective description of the physical system restricted to a certain
band looks like, i.e. we seek a projected theory without the necessity to refer back to the
original Hamiltonian. To this end, we find equations of motion for the quasi-probability den-
sity, essentially a quantum Boltzmann equation applicable to a non-equilibrium description.
For this description, we also find a conservation law corresponding to Liouville’s theorem in
classical mechanics. Furthermore, in order to calculate expectation values for physical ob-
servables, we need a suitable representation in the rotated frame. To that end, we obtain an
expression that formally is analogous to the equations of motion for the center-of-mass motion
of a wave-packet and in fact, the latter is just a special case of our formulation. Subsequently,
we illustrate how to treat the external electromagnetic field. This can be done in the spirit of
a hierarchy of effective theories, and we will find rules of how to simply incorporate the ex-
ternal fields into our formalism. After concluding the discussion of general systems, we apply
the apparatus developed to the Dirac equation and readily find a relativistic version of the
Pauli-Hamiltonian, thereby gaining some interesting insights into the structure of the Dirac
equation. We briefly discuss the anomalous velocity of a relativistic electron and the notion of
Zitterbewegung. Subsequently, we study the related model of the surface Dirac Fermions on a
topological insulator with proximity induced ferromagnetic exchange field which can be both
spatially and time-varying. We are able to relate a charging effect in the Fermi Sea due to
magnetization gradients to a Berry curvature. Furthermore, we calculate the non-equilibrium
current and spin-excitation, and reproduce known results in literature along with new terms
and some generalizations.

3.1.1. The Wigner Representation and the Systematic Diagonalization Scheme

The Hamiltonian H will not be further specified at this point, except that it is written in its
canonical representation using the operators [r;, p;| = th and additionally carries the N x N
dimensional matrix structure. The diagonal elements describe intra-band physics while the
off-diagonal elements describe inter-band transitions. We now transform everything into the
familiar Wigner representation so that our Hamiltonian and our observables are a function
of the variables 7, p and time t. Multiplication of operators is now performed by the Moyal
product [118],

ih
* = exp %A , (3.1)
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where for the most general scenario of spatio-temporal dependency the differential operator
A is given by

< — = < e R

A=8,8p— 0,8, — 0y Oy + 0.0, = — 9y O + O By (3.2)
where we introduced the compact 4-component vector notation = (¢,r) and w = (¢, —p).
Note that we always use ®, 0, = (04,0r) and Ay = (A4, Ay) in contravariant notation
whereas we implicitly assume covariant notation for the symbols 7, 0 = (0., —0p) and

Ar = (Ae, —Ap). Since contraction will always be between pairs of & and 7, there is no
need to indicate covariant vectors. In the operator representation of quantum mechanics, we
can write the canonical commutation relation (quantities with hats indicate operators in this
chapter),

(7o, 7] = ihd,” . (3.3)
The Wigner transformation explicitly reads in 4-component notation

4 izw/h z R —
/dze A<w+2,w 2) Az, ) (3.4)

and the Moyal product obeys the axiom of associativity,
AxBxC=Ax(BxC)=(AxB)xC, (3.5)
and also
(A% B)l = BT« AT | (3.6)

however, the Moyal product is non-commutative, i.e. AxB % BxA. In fact, the latter property
encodes the non-commutativity of operators in quantum theory which one can explicitly see
by considering the commutator of two general observables dependent on & and 7 and which
are band-diagonal,

[A(x,m) ¥ B(x,m)] = 2iA(x,7) sinh(hA/2) B(x,w)
= ihA(x,w) A B(z,m) + O(h*) = ih{A, B}, + O(h°) . (3.7)

It becomes essentially an extended Poisson bracket in the semiclassical limit which reduces
to the normal Poisson bracket when neither A nor B explicitly depend on e which is usually
the case.

At this point, an important remark is in order, and which is relevant for diagonalization
matrixes U explicitly depending on time. Since then the energy parameter is affected as well
by the transformation and thus, treating H alone is insufficient and one has to diagonalize
the more fundamental object

E=cly—H (3.8)

instead. The reason is that only = represents the complete equation of motion, i.e. all
kinetic equations involve this operator, and not H alone. For diagonalizations that do not
require explicit dependency on the time parameter, treating A and = is equivalent, and in
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the following, we will use the term Hamiltonian equally for both objects. Essentially, = is the
inverse of the single-particle Greens function which for € — € + i0 becomes the retarded one,
and it can be explicitly calculated from = x G = 1 as has been done in section

We are now looking for a unitary matrix U(x, ) that transforms our initial Hamiltonian

E(x, m) into a band-diagonal Hamiltonian, denoted by Z(x, ) in the following, i.e.

UsUT=UT+U =1 (3.9)
UxZxUT =2 . (3.10)

Note that = does now explicitly depend on the energy operator (which is the variable € in
the Wigner picture), so that we write 7 as argument, but it also provides a symmetric and
compact notation in the following treatment. In addition, the transformation is generic,
as E can in turn be any other operator that might depend on € explicitly (for example anything
involving the Fermi distribution function). We also see that, upon transformation, U * € % ut
can acquire off-diagonal elements when U depends on time, thus requiring the diagonalization
of the proper combination =.

Of course, finding the exact matrix U (x, ) is in general not always possible, but we can do
it systematically order by order in & by doing a gradient expansion. To zeroth order in /&, one
usually finds the matrix Uy

[1]1

Uy EUS =

[1]

0 & UO/HU(]; = 7'_[0 (3.11)

by diagonalization of the N x N matrix H, and subsequent construction of Uy from the
eigenvalues. At any rate, we assume from now on that we know the diagonalization matrix
Up analytically. Note that all our matrixes parametrically depend on @ and 7, so we essentially
diagonalize locally at every point in 2 x (34 1)-dimensional parameter space, which is possible,
as position r, momentum p, time ¢ and energy € become well-defined in the semiclassical limit.
Furthermore, if the inter-band matrix elements only depend on either « or 7, then we already
obtained the exact expression U = Uy. For example, in the previous chapter treating metallic
ferromagnets, it just necessary to just diagonalize m(r)o, since the energy dispersion was
diagonal in spin-space. As we have seen, the effect of I/ is that p acquires an additional gauge
potential: p — p — iAlUOUT. In the general situation treated in following, & and p will be
transformed simultaneously and we will study its implications.

In order to proceed, we perform the gradient expansion on (for brevity we write V = i)
ik
u*a*vzeXp{;(AME+AEV+AW)}L{EV, (3.12)

where we defined
Ay = =050 + 050 05”

—

to act only on one of U, V or = as denoted by the superscript on the derivatives. Now, all
we have to do is to expand the exponential and collect terms of the same order in gradients
(which in fact is the same as an expansion in h). However, in the end, we want to express
everything in the transformed basis, i.e. we want to write = instead of =, so we have to
rewrite terms of the form

(Orat) (9) (9pu) . (3.13)
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which, by inserting unities L[gl/{o = 1 between each operator, turns into

(ott') " [051,2) (0ptt) = (Opop’) By 2] (Gptt) . 319)

where we introduced the commutator notation [6{5}, E] to formally restrict the action of the
derivatives to = alone, thus making the transformation straightforward. We introduced

Z/_[:Z/{Z/{g:ﬂ+1/_{1+2/_{2+...
U =udt =1+U +Uj + ..., (3.15)

which describes the matrix that diagonizes our Hamiltonian = to all order of f. Uy is x ki
and will be specified explicitly later.

Upon transformation, we obtain the covariant derivatives
3; = UpdU) = 9; — i A; (3.16)
which acquire Berry phases
A = itdpdilh] (3.17)

where ¢ is a placeholder for any of the possible derivatives 0,0, 0, and 0p. Berry phases,
or often called geometric phases, are omnipresent in modern physics, and describe phases
picked up along a trajectory in curved geometries. Note that A; is a N x N matrix which is
Hermitian

Al = —iUod Ul = —i (0l U = iUd UL = A; | (3.18)

where the last step is due to 0 = 0; (uoug )= (&Z/{O)Ug + Uy ((%US ) and the diagonal elements
of A; describe the usual berry phases arising from transport within a certain band. The
off-diagonal elements mix contributions from two bands and thus describe effects due to
inter-band coupling during transport in a certain band. As we will see later, these inter-band
transitions will give rise to important corrections for example the correction to the energy
that appears to leading order in . Transforming higher order derivatives is straightforward,
except for the additional freedom of exchanging partial derivatives, which leads to a general
relation between Berry phase matrices A;. Starting from

Uod;0U) = 0;0; = (8; — i A}) (85 — i A) (3.19)
and likewise,
UoDi0UY = 3:0; = (8 — 1A (0) — i A;) (3.20)

and, if we assume symmetry of second derivatives 0;0; = 9;0;, the following relation should
hold

DA — 0, A; = i [Ai, Ay . (3.21)

In fact, this identity can be directly shown by using the definition of A (3.17)) and the exchange
of partial derivatives. For this to be true, we assume our unitary transformation Uy to be
single valued.

76



Now we have everything at hand to systematically calculate = = 29+ =21 +Z5 ... to arbitrary
order in J E| and to first order, we explicitly obtain the following result for the transformed
expression,

[I]\

= Uy Zo + Soll] — {Am 9x=0} + g {Az,0:50} + % (AxZ0As — AzZoAz) . (3.22)

We obtain an additional constraint for U, from the condition of unitarity (3.9, which to first
order in Jr reads

_ . ih
U+ U] + 5 [Am, Az 20, (3.23)

and is obtained by simply substituting 1 for = into the transformation relation Eq. .
It fixes the diagonal part of U, or more specifically the real part thereof, but without loss
of generality, we can set the imaginary part to zero. A non-zero imaginary diagonal part
corresponds to the gauge freedom and can be thought of as the linear order expansion of
the gauge phase factors eX(*™) and will be elaborated upon later. In fact, the same is true
for any order in /i, so that these kinds of constraints completely fix the diagonal part of the
matrices U,. As we will see in a moment, the non-diagonal elements of these matrices are
fixed by the condition that = should be diagonal to all orders in fi. We call this part ), and
equally distribute the diagonal part amongst i, and L_{Z, so that we explicitly have

_ ik
U = —ZZ [Ar, Az] + 1
_ ih

Uf = == Mn Aol + Y]

and it is obvious that }; = —le has to be anti-Hermitian. Plugging I/; back into Eq. 1)
yields 2 =g+ Z; +... with

élz[yl,éo]—g{/tﬂ,[m e Zo]} 4 o (e, [0n — 5AR D)} HO0)  (324)

which displays anti-symmetry with respect to exchange of & and 7, a property inherited from
the Moyal product (3.1).

Once ); has been determined, Eq. (3.24]) constitutes the general expression for the transfor-
mation of any operator O with respect to our unitary matrix U,

L _ h , _ h . _

O = OO + [yla OO] - 5 {Aﬂ'v [am - %AMOO]} + 5 {Am7 [aﬂ' - %ATHOO] } + O(ﬁ2) ) (325)
and the back transformation is simply given by E|

UoOUS = Up(UT % O x LU = O — 1 [0, 0] + g {Ax, [0z — A2, 0] }

- g {As, [0n — 54, 0]} +O(2) , (3.26)

?Basically, ¥ emerges when terms like AA appear during the expansion in f.
3which can be easily obtained from equation (3.25) with the substitutions A — —UJ AUy and Y1 — Ul Vithy =
~UI Uy and i — —i
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which can be readily checked by plugging Eqn (3.25]) into the back transformation (3.26]) and
dropping terms of order A?.

[371, Eo] is completely off-diagonal and )); is chosen such that = becomes diagonal (or block-
diagonal). In order to do that, we define the matrix Py that projects on the diagonal subspace
which can also be block-diagonal to describe for example degenerate or nearly degenerate
bands, while its counterpart P, = 1 — P, projects onto the remaining off-diagonal elements
which describe the inter-band transitions. Thus, P; defines the bands that, in the end, we
want use for our effective theory. Of course, P; has to be specified together with Uy, since
the unitary transformation has a freedom of how we distribute the bands amongst the entries
of our matrix. A natural choice would be to sort the bands with respect to their energies.

We now write 350) for the off-diagonal terms appearing to linear order in % on the right-hand

side of equation ([3.24]), so that the condition for ) reads
[yla 7:[0] = POEEO)PO = EgO) . (327)

If we assume the most general case where Hg can be also block-diagonal, we can write an
explicit solution using a description analogous to the superoperator formulation of the von
Neumann equation for the density matrix [I19]. In fact, the commutator on the left side with
the Hamiltonian #q is exactly what also appears in the von Neumann equation suggesting
further that this term describes corrections due to inter-band dynamics. More specifically,
introducing the ”superoperator” £ = Ho ® 1y — Iy ® Ho (it corresponds actually to the
Liouvillian to zeroth order in & and ® denotes the Kronecker product) and rewriting ); and

Ego) as a vector (indicated by boldface letters), we can write the general solution

Vi =P.LT'PEVP, (3.28)

which reduces to

[1]1

( 50))2']'

= i =5,
i j

(3.29)

for the case of a completely diagonalized Hy and which is, as it should be, manifest anti-
Hermitian. Note that £7! is singular, so we have to take the pseudo-inverse, nevertheless,
the inverse restricted to the off-diagonal subspace PL7IP, is mathematically well-defined.
Here we also see that corrections due to ) are inversely proportional to the separation between
bands, and thus, the expansion becomes better, the farer the bands are apart. In fact )-terms
appear as corrections due to inter-band coupling.

At this point, we should point out that the difference between the diagonalization of = and
‘H is merely the modification of }; by that it acquires an additional contribution from the
off-diagonal elements of the Berry phase A;. However, this term will become important, when
we transform observables with non-trivial matrix structure into the rotated frame, since it
incorporates the dynamical aspect of the transformation. As we will find out later, only then
will the formalism yield consistent results.

Finally, introducing the projected Berry phases Agﬁi ) = PyArPy, we can write for the Hami-
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tonian that is diagonalized up to first order in A,

H=Ho— h.Ag:l)aw?‘_[o + h.A(md)aﬂ—?'_lo + %'Pd ({Aﬂ-, [.Aw, 7‘20] } - {Aw, [.Aﬂ,?'_[o] }) Pg -
(3.30)

As compared to expression (3.22)), we can drop the two anti-commutators here, since after
truncation, A@ and H, commute. As discussed more thoroughly below, this is even the case
when either Hy is block-diagonal and/or the projected Berry connections are non-Abelian.

Apart from the obvious term # which can be understood as the classical energy, the first
two terms appear to be Berry phase corrections to this energy. The meaning will become
more apparent later, but before, we address the question of gauge invariance of the effective

Hamiltonian (3.30). The last term of (3.30) can be thought of as correction to the energy due
to inter-band transitions and gives for example rise to the magnetic Zeeman energy.

3.1.2. Gauge Invariance

We mentioned previously that there is an additional degree of freedom in the choice of unitary
transformations Uy and U} which all yield the same diagonal Hamiltonian, = = Z/{OEZ/{(;' =
L{(’]EL{()T. These different unitary transformations are related by local phase factors in 2x (3+1)-

dimensional parameter space, so that we can formally connect two unitary transformations
U and U’ by the (block-)diagonal N x N phase matrix

e (@) 0 0
0 eix2(@m) 0 ...
@(a},ﬂ') = 0 0 6ixg(m,ﬂ') s (331)

where x,, (2, ) are arbitrary functions in our parameter space, which are appropriately termed
gauge fields. In fact, U} = ®Uy describes a gauge transformation and can be thought of as a
local phase transformation in an extended phase space which includes time and energy. This
gauge transformation changes the Berry connection matrices according to

' = iUORUYT = DALDT 4+ 8, DT = dALDT + Ay (3.32)

where the field &), = i®9,®' = Jpdiag(x1, X2, - - ., X~) is a (block-)diagonal matrix containing
the partial derivatives of the phases. ®.4;®' modifies the off-diagonal elements by giving them
additional phase-factors, while the change in diagonal elements is due to Xj. In principle,
we have to distinguish three different cases here, the first one being that =g is completely
diagonalized with non-degenerate bands which corresponds to the situation just described.
However, when we keep part of Zg block-diagonal because bands are (nearly) degenerate
and we can distinguish the bands, i.e. they have a physical meaning that we want to retain
(for example we have spin-degenerate bands but want to describe spin-dependent physics)
then we have only a U(1) gauge freedom within this sub-block. Third and last, if we have
M degenerate bands, i.e. there is a M-dimensional sub block in Zg that is proportional
to the unit matrix, and furthermore, we cannot or do not want to distinguish between the
degenerate bands, we have the additional degree of freedom to rotate within this degenerate
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space giving us an additional SU(M) gauge invariance. Contrary to the first two cases, this
last one describes a situation with the effective description of this M-dimensional subspace
being a non-Abelian gauge theory with the symmetry group U(1) x SU(M) and consequently,
X} constitutes a non-Abelian field. We do not differentiate between these cases explicitly in
the following because they are straightforwardly treated in our formulas, thus requiring us
only to comment in situations where special care is required.

According to the preceding discussion, the projected Berry phase matrix is only modified due
to X,

AL = pyA Py = AD + x, (3.33)

and the alternative transformation due to LI[’) leads to the Hamiltonian

[111

U xE2xUT =2 - g { %d),améo} + g {_A;gd),aﬂ.éo}

- %Pd ({Ar, [Az, Z0] } — {As, [Ax, Z0]}) Pa+ O0F) . (3.34)

The last term, representing the inter-band transition corrections to the energy, does not
change, since the additional terms due to X, X are projected out by P; and thus, as a
consequence, are absorbed by )| wviz. U] which of course does not need to coincide with U;.

However, the other two terms linear in z do explicitly depend on the gauge, and therefore
change the effective Hamiltonian. Clearly, this shows that the effective Hamiltonian alone is an
incomplete description as it directly depends on this additional degree of freedom. Therefore,
in order to make any sense out of this, we have to identify our physical observables, because in
the end, the physical results from our effective theory should not depend on a specific gauge.

3.1.3. Canonical versus Kinetic Variables and Gauge Invariant Description

The previous section showed us that there is still an ingredient missing in our effective theories.
In order to investigate this matter, let us study the dynamics of our system, and construct
the effective theory such that the results obtained within this description are consistent with
what one would obtain in the original frame.

The question is now, whether one can find a manifest gauge invariant formulation and clearly,
the answer is yes, but first, let us review some basics. We can generally write quantum kinetic
equations in the compact form

=, D=0, (3.35)

where Z = € — H and D represents any dynamical variable in the Schrodinger picture like the
usual retarded or Keldysh Greens functions, density of states or the density matrix for which
(13.35)) reduces to the well-known von Neumann equation

where we used that € = i0;. The properties of D (the type of Greens function, etc.) enter
through appropriate boundary conditions in our parameter space. For the example just given,
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we simply need to fix our density matrix at some initial time p(tp) = po. In the case of Greens
functions it is trickier, for example the retarded Greens function is required to have certain
properties in the complex energy plane (all poles should have a positive imaginary part). At
any rate, expression might not be the best formulation to start from when actually
doing explicit calculations. Nevertheless, it is well suited to make our point.

On the other hand, in the Heisenberg picture, we have for the Heisenberg operator SH) the
equation of motion

=.80] = g, +% (s 3] . (3.37)

dt ~ ih

ds#) 1 [

Of course, in the end, both Schrodinger and Heisenberg description should yield the same
result which we briefly verify by considering the time-evolution of the expectation value of
the observable S in both pictures (p(H ) does not depend on time in the Heisenberg picture)

d d 1

1@ (S) = ETT{PS} = Tr{p0,S} + %TT{S [H, pl} (3.38)
d d dS(H) 1
Bl - = (H)gH) | _ (H) — (H) 9, 5(H) il (H) | g(H)
S =g {/st} = {p at } T {0} + it {0 [s10.] }

(3.39)

where we made use of the cyclic property of the trace, and that we use once more to show
Tr{S [H, p]} = Tr{p[S,H]} and which establishes the final equality.

Parameter transformation to kinetic variables

Let us now perform the chain of transformations that brings us to our effective theory. First,
the Wigner representation turns  and 7 into normal parameters on which our observables
depend, i.e. E = E(x, ), but operator multiplication is now due to the Moyal product .
Let us consider the operator S that describes some physical observable of our system and,
in performing the rotation that brings our Hamiltonian H into diagonal form, it transforms
our observable S along with it. The observable in the rotated frame S is then related to the
original operator S by virtue of relation (3.25).

Lastly, we consider the projected system, i.e. we now have in mind to develop an effective, yet
exhaustive description of the physics taking place within a certain band that is sufficiently
well separated from all other bands in order to treat this band independently to a good
approximation. For the moment, let us assume that our observable S is band-diagonal, i.e.
it is simply a scalar function of  and p, so that the last term in relation vanishes and
we simply have

h - h -
8 = Solw,m) - 5 { AL, 0uSo} + 5 { AL, 0nS0 } + OGP (3.40)

where Sy = MOSZ/IOT. Later, we will lift this restriction and consider a matrix O with general
structure in band space, so that we will also get this additional term, giving rise to important
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contributions. However for the moment, (3.40)) is nothing but a Taylor expansion of Sy to
first order in A,

S=3Sy(x — hAY, 7+ 1AY) + O(H) | (3.41)

suggesting the parameter transformation to kinetic variables X and II

X =z hAY (3.42)
I =+ hAY (3.43)

so that we can simply write
S =S8y(X,II) + O(}?) . (3.44)

The basis of all calculations within the Wigner representation of quantum theory is the Moyal
bracket [5’ * ’7_'] between two matrices S and 7 in the diagonal frame which we now want to
rewrite in terms of kinetic variables only. Of course, the Moyal product has to be adjusted to
account for the parameter transformation, which can be obtained by using the transformed
derivatives

Op = Ox + P = Ox + 05" — (O A 0x, + M0 AL On, (3.45)
On = O + P = O + 00 + h(0x A0, — N(0x AD) 0y, (3.46)

where 9 acts only on the Berry connections A4 that appear as a result of the transforma-
tion, i.e. 9 explicitly acts only on the last two terms of and . This is necessary
since, generally, we are dealing with terms like 92S. The reason for writing the derivatives is
that we can split the action of d, = 0x + J into two contributions. dx now acts only on
the operators like S(X,II) as derivative with respect to kinetic variables, while the second
partial @5 only creates Berry connection terms that appear due to the transformation in the
rotated frame, i.e. the terms that @ generates are of order & Then using

= < R
A= (B + Ba)(Oxc + 2o) — (O + 22)(Frx + Br) (3.47)
the Moyal product becomes to leading order correction in &
R4 = — ==
= (1 + 2 (Onn 2+ B Ox — Ox B — T Ot + O(ﬁ2)> , (3.48)

where we defined the Moyal product x now with respect to kinetic variables X and P.

In the case of block-diagonalization, we can have non-commutativity within such a sub-block,
SO we assume [3 , T] # 0 to treat the most general scenario. Now using , taking some
care of possibly non-Abelian Berry connections, we straightforwardly arrive at the transformed
expressions for operator multiplication

- ce L e (L OS L OT O\ 1f0S , 0T
[S1T] = [S3T] +ih67 (2{3Xj’ani} Q{aﬂi’axj})

L owml [0S 0T Lol [0S 0T
+m®”2{81’[i ’81'1]} + ihO7; 2{8X¢ ; an}—i—O(}iB), (3.49)
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where we defined

0Ag) W -
o = (e - O [ (330)
() J B -
0AY) AP -
@g:h< 87:7 - (,;lrf —i | ALY A (3.51)
) J - -
oA oAD -
1 7 - -

which are just Berry curvatures for non-Abelian Berry connections. A more compact way to
write the Berry curvatures is to use the covariant derivative (3.16f), for example

07 = 1 (D0, AL) — 00, ALY ) (3.53)

It is easily shown that the Berry curvatures are invariant with respect to gauge transfor-
mations, and the commutator is essential as it provides the full SU(M) gauge invariance in
the non-Abelian case. Note that incase we retain the full N-dimensional matrix structure
of the Berry connections (that is, before the projection), the Berry curvatures identically
vanish according to relation , and it is actually not surprising, since then our unitary
Uy is connected by SU(N) gauge invariance to the identity transformation which clearly has
vanishing Berry curvature. Or in other words, when we are just thinking about the N x N
Berry phase matrix structure and forgetting about the underlying Hamiltonian and variables
of the actual system (or assuming their structure is trivial), Uy then constitutes nothing but
a SU(N) gauge transformation and the Berry curvature is SU(N) gauge invariant.

We note that to leading order in J, we can equally write A(x, ) = A(X,II) + O(k), since
Berry phase terms are already linear in /. Similarly, we can substitute (x,7) with (X, II)
to leading order in & in the arguments of the Berry curvatures ©, so our expression for the
Moyal bracket can now be easily given completely in terms of kinetic variables.

Up to now, we still use the full 4-component notation for our canonical or kinetic variables
X = (T,R) and II = (E,—P) and, after splitting spatial and temporal components again,
we can for example write explicitly

gAY 9 A
w _ P ri [ ad) 4(d)

and we can write for the commutators of our kinetic pairs
(R Pj] =ih (62-]- + Q}?)
[R; * R;] = ihe;jx B (3.55)
[P; 3 Pj] = iheijil3;

which attains the additional Berry curvature terms as compared to the canonical commutator
relations [r; ¥ p;| = ihd;; and [r; ¥ r;] = 0 = [p; ¥ p;]. Here, we introduced

BM =h (ar X A,(f”> ik (A&d) X A,(f’l>> (3.56)
B — 1 (9p x A ) i (A x AGY) (3.57)
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which can be considered a generalized magnetic field in real space and reciprocal (or momen-
tum) space. Such a field did we already encounter earlier in the form of a fictitious magnetic
and electric field . These non-Abelian Berry curvatures are well known from
Yang-Mills theories.

Let us have a closer look at our kinetic variables. P = p — hA, is of course well known
in the Hamilton formulation of particles in an electromagnetic field. In an analogous way,
the position R = r + hAp, acquires an additional Berry phase with its corresponding Berry
curvature, or momentum space magnetic field that gives rise to the so called anomalous
velocity term. Furthermore, £ = ¢ + hA; attains a contribution which gives rise to an
electromotive force and that we already encountered earlier in the form of an effective electric
field (see section and [70]). The same is true for the electromagnetic field, where the
electric field can be also rewritten in terms of a time-dependent phase, effectively changing
the gauge. Finally, for reasons of symmetry, one would also have T' = t — hA. but, at least in
non-interacting Hamiltonian systems, A, is zero, since the energy-dependency in Z is trivial
and there is no reason, why Uy should explicitly depend on e.

In the case when the spinor structure of S and 7 is trivial such that they commute, we can
simply write in usual 3-component notation of R and P (and the aforementioned absence of
energy-dependence in the Berry curvatures),
5.7 oS 0T 09SoT oT oS oS _oT
[537] =1 <aE T — T 8E> <aP*ZaR aP*ZaR>
oS 0T 9S8 oT oS 0T oS oT
He(r), _ihE®).

g (8E aP  oP aE> ihe <8E 9R  OR aE)

08 6T> B, (as oT

; . = -
+ihB (8RXE)R oP * 0P

where, J = 1+ 0" and thus, the dimensionless tensor ©' describes the change in the metric
of the phase-space due to the parameter transformation from canonical to kinetic variables
(3.42). We can make this more apparent by relating it to the change in differentials

dR; = ((513 + h@TjA l) d?"j (3.59)
dPZ = (513 - hﬁp].An) dpj 5 (3.60)

) +O0(R?) (3.58)

so that

dR-dP = dTZ‘ (5zk + ham.Apk) ((5@ — haijrk) dpj
= dr; (0i + hor, Ay, — hdy, Ay,) dpj + O(I)
=dr(1+07™)dp+ O} = drJdp + O(?) (3.61)

and in the same way, dr-dp = dR (1 — ©"7)dP = dRJ 'dP. For the non-Abelian case, we
just need to use the covariant derivative ak, = Ok — 3 A, and arrive at the same result.

In accordance with the effective magnetic fields (3.56)) and (3.57)), we introduced the effective
electric fields

£ —p (arAg‘” WO [A@, A(d)D (3.62)
E® — (apA§d> — 9 A [A C )D , (3.63)
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which shows us indeed that A; appears in the role of a generalized electric potential, however,
it can also depend on momentum P. In the Abelian case (for non-Abelian fields, it works if
we take Trps€ and Trp/B or when we take the covariant derivatives (3.16) along with the full
matrix structure of the Berry connections), these fictitious fields obey homogeneous Maxwell
equations

8,5 BTP =0
B, /p X ET/P L OB =, (3.64)

however, in order to determine these fields independently as in classical electrodynamics, we
need two additional equations containing (effective) source terms as inhomogenities. Note
that in the equations , we have to treat the momentum P as an additional parameter
in £, B™ and vice versa. As in (3.55), the effective magnetic fields can be also defined in

terms of commutator relations

EM =_[E*P]
e
ih

EP = __[E*R] . (3.65)

There exists a sum rule for the fictitious fields

TeyB® =0, TeyB™ =0, Try®@®=0,
TInE® =0, TrnED =0, (3.66)

which can be found by taking the trace over all bands (we denote this sum over bands as Try
here and throughout this chapter) and making use of the identity . This means that all
the effective forces for each band balance each other in total, or in other words, an excitation
that is equally spit amongst all bands (and thus, the density operator p is band diagonal)
does not experience any net force.

Finally, we can interpret the appearance of the fictitious fields completely as a consequence
of the metric of our 2 x (34 1) dimensional parameter space, which becomes non-trivial after
the parameter transformation, which itself is a consequence of the diagonalization.

Expectation values in the rotated frame

Let us now go back to the initial question of the dynamics of our system within the effective
theory by studying the expectation values of physical observables, which can be obtained in
the Wigner representation simply by the integration over the complete phase space,

3
(S) = / EN / (;g)g Trn {p(e, 7) + S(a, )} | (3.67)

and the trace is with respect to the matrix structure. Note that the factor 1/(27h)% = 1/h3
describes the proper quantization of the phase space volume and thus is directly obtained by
transforming quantum averages into the Wigner representation.

If we assume the integration over the whole phase space to be unbounded and any surface
contribution from the integrand at infinity to vanish, we can perform partial integrations to
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show that all the partial derivatives in the Moyal product * cancel each other, so that we can

equally write
= [ d
/ T/ (2mh)?

The expression in the rotated frame is straightforwardly obtained by using

<0>:/MﬁN{O*UT*”}:/MT&w{u(mzﬂ)}

Try {p(x, ®)S(x,7)} . (3.68)

(2mh)3 (2mh)3
:/m Toy U 0xutl = (0) (3.69)

where in the second step we used the property that one Moyal product can be made trivial
by partial integration (however, we cannot remove both Moyal products in this manner) and
then we used the cyclic property of the trace to move the factor U to the left, so that in the
third step, we can reintroduce the Moyal product. Therefore, we can write

:/dgr/@ D

Henceforth, our formulation will be solely in the Heisenberg picture, so that in equilibrium,
the density operator is simply obtained from

p(x, m) = fo(€) 6(Z) = fole) d(e — H(z,m)) (3.71)

or, if we do not want our results to be energy resolved, we use directly

Try {p(x, 7)S(z, )} . (3.70)

pla.p) = [ de fole)ile ~ Ala,m)) (3.72)

which gives us simply the density in phase space and, as we will discuss later however, it is to
be interpreted as a quasi-probability. Since we are using the Heisenberg picture, an explicitly
time-dependent Hamiltonian H(x, ) has to be treated using instead. If a band is
completely filled, it becomes 1 at the diagonal element corresponding to that band. If energies
are well separated, and we assume excitations localized in energy space, we can assume any
off-diagonal elements in the density operator to vanish. In fact, those off-diagonal entries
correspond to coherent excitations that are split amongst several bands, for example the
transverse spin excitations discussed in are rapidly oscillating due to their large energy
splitting, so that on larger scales we only see the envelope which, in the present formulation,
is described by Berry phase terms due to adiabatic transport. If all bands are completely
filled, p(x, ) = 1y, i.e. it is simply the unit matrix. Then the total number of electrons is

V
dr 5 T =N [ d / :
/ / rynp(x, ) / 2mh) Vg (3.73)

where V is the volume of the system and Vpz is the volume of the Brillouin zone and thus
gives the correct number of particles. In the end, the projection operation defined by Py is
essentially enforced by the diagonal representation of the Hamiltonian =, and by the density
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matrix p which gives us only those states that have coherences within bands (or nearly
degenerate bands so that, again, the energy argument applies). In particular, this is certainly
true for low energy transport, where physics takes place only in the vicinity of the Fermi level.
Note that the ”high energy” contributions we needed to take into account in previous chapters
(c.f. section , are in the present description replaced by Berry phase contributions.

In order to proceed, let us transform the integration variables to kinetic ones, and in doing
so, we also have to take into account how the volume element in phase space changes, which
is given by the determinant of the Jacobian

B (R, P) a(AL, —AlD)
1 = _— ' 7 — p—
b=t a(r,p) det (1 o o(r,p)
@ 4@
— 1+hTrM+O(ﬁ2) —1+TO™ + 0%,  (3.74)

o(r,p)

or D(X,II) = 1 — Tr@™ + O(h?) and therefore is also gauge invariant. In non-Abelian
situations the non-trivial matrix structure of the Berry curvature will be inherited by D which
will be accounted for by performing the integration before taking the trace, thus yielding

3p 43
(S) =Try {/deP D(X,1II) ﬁ(X,H)S(X,H)} . (3.75)
(2mh)3

As we will see later, D describes for example charge accumulation in the case of a topological
insulator with a exchange induced magnetization structure. This effect of the Berry curvature
on the density of states has been already discovered by Xiao and coworkers [120]. The
consequences of D will become clearer in the following sections, and we will give an example
of this induced charge in section [3.4

Let us look at this in another way, by transforming the observable O back into the original

frame (using result (3.26)),

UoOUS = O~ D1, 0] + 5 {Ar, 0,0} — T { s 220}
N % ({A‘"’ ['Am’@]} - {‘Ama [Aﬂ'a @] }) + O(ﬁQ) (3.76)

and let S be a general observable that can posses an arbitrary matrix structure, so that
contrary to relation , the additional dipole term becomes relevant. In the end, we
want to establish the connection with , so we are interested in expectation values or
phase-space densities (which then are quasi-probability distributions),

s(@, ) = Try (; (: 5}> ~ Try <uf \ % (p:8) *u> , (3.77)

which links the density calculated in the original frame to the trace completely expressed
in terms of quantities belonging to the rotated frame. We essentially have to substitute

0= % {ﬁ * 5’}, and then take the trace of ,

s(x,w) =Try {(’_) + hA 0,0 — hAwaﬂ@} + thTr {@ [Ag, Aﬁ]} + O(ﬁz) . (3.78)

87



According to the discussion above, it is reasonable to assume that our observable is given as
a function of the kinetic variables, i.e. O(X,II) and it is instructive to treat the inter-band
and the intra-band contributions separately by splitting @ = P,OP; + P,OP, = O 4+ O)
and likewise for S = S@ + S§(©) | g0 that the contribution from the diagonal part becomes

s@(z, ) = Try {D(w, ) OD(X + hAD, I — hA;d))} +OU2), (3.79)

which basically undoes the variable transformation so that we go back to the canonical pair
of variables and can write simply

s@ (@, ) = Try {,3(;1:, ) D(z, ) S9(z, w)} +O(R) . (3.80)

In addition, we rewrote the last term with the help of identity , i[Ag, Ax| = 0xAx —
OrAg and, according to our previous discussion, we have ©< = 0, as Uy was assumed to not
explicitly depend on the energy parameter so we could replace this term with Tr@™. This
contribution gives rise to the correction factor D(x, ) that we already encountered before,
and thus, the last result is consistent with relation . In particular, if we take O to be
simply the density matrix of completely filled bands (i.e. p;; = 1 for a set of i corresponding
to the filled bands, and all other elements are zero), we obtain the same modification to the
density due to factor D(x, ), as in .

The implications of the diagonal part of S can be summarized as undoing the parameter
transformation together with the appearance of the correction factor D(a,p) which locally
changes the density. However, it is not always possible to ignore the off-diagonal part of the
observable S, one prominent example will be the current which we are going to discuss later.
With a series of straightforward manipulations involving the cyclic property of the trace along
with identity , we eventually arrive at

h - h _
5O (@, ) = 8:[[&"]\;,57{“4,,,8(0)} - 8,,”[&"]\[/3—{.,493,8(0)} +O(2), (3.81)
2 2
so that both contributions to the expectation value, (3.80) and (3.81)) together read
s =Tryp DS + 8mTrNﬁg{Aﬂ-, S(°>} — 8,,Ter§{Am, 5‘(")} + O . (3.82)

The importance of these last two terms will become clearer in the section discussing the
kinetic equations of the effective theory.

Before continuing, let us briefly comment on observables with non-trivial band matrix struc-
ture O, and its transformation into the rotated frame by virtue of relation (3.25)), and con-
sidering the diagonal and off-diagonal part of Oy = Z/{OOZ/I(J)r separately,

e s L [ o]} = e [0 o) a0

4Since O effectively projects the Berry-connection matrices A?, so that we have [S (@, A(d)] = 0, the Taylor
expansion is mathematically well-defined. In the case of Abelian gauge fields, the situation is trivial, while
in the non-Abelian case, we need to make the assumption not to probe the internal, degenerate structure
and accordingly, So should be diagonal in the corresponding sub-space in order to describe a meassurement
of this kind.
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and the contribution arising from the off-diagonal part of @(()O),

P <[y1, O]~ 2w [0~ 540,00 ]} + 2 { s [0 — 345, O] }) Pa+ O(2) |

2 2
(3.84)

which are both independently gauge invariant. While the gauge invariance of the former is
straightforward to show, the later requires more work and we have to take into account that
V1 is modified under a gauge transformation as

Vi D= B (ar Ar) — (s Aa) (3.85)

along with 9,0 — 9,0 + i [Xa, @] and Ay, — Aq + Xa-

Is the diagonalization transformation canonical?

Before continuing, we would like to point out that without the truncation, X and II still
obey the canonical commutation relations, which can be easily seen by noting that the set
of ”complete” Berry curvatures (i.e. relations — with A replaced by the full
Berry phase matrices A) vanishes according to identity . That means, retaining all
off-diagonal elements, our unitary transformation is a canonical one, however, since X and
IT now posses a complicated matrix structure in the /N-dimensional band space, they no
longer commute with non-trivial matrices within this band space. For example, in a simple
particle-hole symmetric two-band model

H=E({p) o+ V(r)ls, (3.86)
our band-diagonalized Hamiltonian has the form
H = E(p)o, + V(R)1s , (3.87)

while R = r + hA, acquires a 2 x 2 Berry connection matrix, so that [R;, R;] = 0 = [P}, P;]
and [R;, P;| = ihé;j, but [R,0,] = h[Ap,0.] # 0. Instead, this commutator now encodes
the complicated dynamics of inter-band scattering, making the problem as a whole not easier
tractable so, in the general case, the only way out is the truncation scheme. And only due
to the restriction of the Berry-phase matrices into a certain sub-space do the corresponding
Berry curvatures yield a non-vanishing value.

To conclude this section, we see that when we use the kinetic terms X and II as basic
quantities for our observables, we end up with expressions that are manifest gauge invariant
(c.f. Equs (3.49) and (3.75)). In fact, these kinetic variables appear consistently in virtually
all equations of physical relevance, and moreover, it is exactly these quantities that we obtain,
if we transform the canonical variables into the rotated frame,

X:M*x*UT:m—éW*OﬁZ/[T
H:U*W*L{T:p—i—th/{*amUT.
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3.1.4. Electronic Spectrum and Magnetic Dipole Energy

In course of the preceding discussion, we saw that rewriting the Hamiltonian in terms of
kinetic variables would render it gauge invariant. However, in order to calculate the electronic
spectrum, one essentially has to diagonalize it, and which has to be done in terms of canonical
variables. But it turns out that this remaining gauge-dependence of the Hamiltonian in the
canonical representation would only affect the wavefunctions or quantities that build upon
them like the density operator or the corresponding retarded Greens function. These objects
will acquire local phase-factors that depend on & and p and we will illustrate this point later
by explicitly studying the situation in the case of the Dirac equation. At this point, we can
conclude that the electronic spectrum of the system is also gauge-independent.

Let us briefly discuss the last term of the transformation equations like (3.30), and that we
ignored by now,

Haw = SPa ({Ar, [Ap, Ho) — {Ap, [Ar Ho] }}) P (3.88)

which gives rise to corrections due to virtual transitions to other bands. The term ”magnetic”
comes from the fact that H 4 corresponds to the energy of a magnetic dipole in an external
magnetic field, where the magnetic dipole is an intrinsic property of the band. For example,
in the case of the Dirac equation, this term becomes essentially the magnetic Zeeman term,
though in other scenarios, one obtains generalizations thereof, and even in the absence of
external magnetic fields, H 4 can be non-zero. Later, we will find an example thereof, where
a non-trivial space dependency is imprinted onto the system. At any rate, this term is related
to circular currents and is essentially is a magnetic dipole.

Since we will encounter terms like in H 4 later, let us define the quantities (a, 3 are any
combinations of (¢,r,p))

2

N ]
05 = 5 Pa{Aa [As o]} Pa | (3.89)

which is an antisymmetric tensor in @, p—spaceﬂ and in addition, it is a band-diagonal matrix,
or block diagonal according to the structure defined by the projector P;. The explicit structure
of O is

0o —-Qr —Qr
Q=197 ;0 Q7 , (3.90)
Qe =7 el
which has been defined in correspondence to the Berry curvatures
Ous=h (aaA;@ — 95 AD —; [Agdmgd)}) , (3.91)
or explicitly in terms of the fictitious fields
0 _EM _gw

O=[ED B o7 , (3.92)
E® _Qm ﬁz‘jkB;Cp)

5This tensor should have certain properties with respect to rotations or Lorentz transformations.
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which now makes the analogy of the structure between €2 and © obvious. The topleft part of
O excluding the momentum dependent part is essentially the electromagnetic field tensmﬂ

Now, we can express the energy term simply as

Hp = TrQ™ (3.93)
where the trace is only with respect to coordinates, and not band indices, and we write
explicitly

- )
5 = %Pd {Ar; [Ap,, Hol } Pa - (3.94)

As will become more apparent later, terms involving the {2 tensor are related to circular
currents and give rise to important terms that should not be forgotten.

For the sake of completeness, and in order to establish the link to other treatments in literature
(for example [109] and references therein), let us express our quantities © and £ in terms of
Bloch functions (Ap)i; = (u;]i0p|u;), with the Bloch band indices i and j. We continue by
introducing the gauge-invariant transition elements

D% = —onIm {(Aa)ij(Ap)si} = —2hIm {(uilidalu;) (u;|idslus)} (3.95)

ij

which are anti-Hermitian, FE}LB ) = —I‘;?’ﬁ ) due to the Hermiticity of A and, as the name

suggests, they describe corrections due to virtual transitions between band ¢ and j.

Then the Berry curvatures projected onto band ¢ can be expressed as

d

Ous = h(Ba Ay — 95AD); =3 T (3.96)
J

and one can interpret the Berry phases as being corrections to the kinetic variables o, w due

to virtual transitions into all other bands j. The sum rule (3.66) is then a direct consequence

of the anti-Hermiticity of I". In the same spirit, the dipole terms projected on Bloch band i

read

1 a,
Lap =5 CE ﬁj)FEj g (3.97)
J
where the energies are ¢; = (Ho)ii-

As might be apparent from the above expressions, there exists a direct link between © and
) in the case of a two-level system, and which we establish in the following. First, a general
diagonal 2-level Hamiltonian Ho can be divided into a symmetric part oc 15 which conse-
quently commutates out in expression , and an antisymmetric part o< o, responsible for
a finite contribution. After some simple algebra, we find Tryo.2 = 0 which implies that 2
is band diagonal, and the two bands get the same contribution, in particular the magnetic
dipole energy is the same for the two bands. The diagonal part is simply obtained by taking

the trace and using its cyclic properties,

TroQa, 5 = ilTraHo [Aa, Ag] = TraHo(0a Ay — 954D
= Try (H08a,3) (3.98)

Sapart from a sign difference since we did not use Lorentz covariant notation
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where in the last two steps, we used the identity (3.21]) along with definition (3.96|) to replace
the commutator. We can finally cast the result into the form

1 _
Q=Tr (Ho©) 12, (3.99)
where in this expression, the diagonal contribution of Hq drops out because of the sum rule
TI‘Q@ =0.

In particular, we can express the magnetic dipole energy as
_ 1 _
Ha = 5Tro (HoTr@7) 1, (3.100)

where TrO@™ = >, ©7, whereas Try denotes the trace with respect to the two level band

=% 7
space.

Having discussed some static properties, we are now interested in the dynamics of the systems,
especially in a consistent effective descriptions of the physics within a certain band.

3.1.5. Equations of Motion
Heisenberg equations of motion

In this section, we want to derive the Heisenberg equations of motion for the kinetic variables
R and P, in order to study the dynamics of excitations in the system that are well defined in
energy, for example a Gaussian wave-packet that is well beyond the limits of the Heisenberg
uncertainty and is sharply centered around some point in phase-space. Let us derive the
Heisenberg equation in the rotated frame by starting from the operator representation
and first, transform it into the Wigner picture and then go to the diagonalized frame (Trq
denotes the quantum average),

d

3r d3
58 = T (E S| = 5 [ Gond T {E 8] +p)

ih ih | (2rh)3
d3r d3p 1=, &1 -

where we used similar steps as in the derivation (3.69)) E] From this expression, we can readily
identify the corresponding Heisenberg equations of motion in the diagonalized frame,

EE (3.102)

Using this result and (3.58)), we can now immediately write down the equations of motion

dR 1 - OH OH

- = [E*R] = 3pL— €7+ G xBY (3.103)
dP 1 - OH oM

% =& [E+P] = —i@ +EM + 3P x B (3.104)

"If H explicitly depends on time, we need to solve the kinetic equation for p in the Schrédinger picture, as
discussed around equation (3.125)) below.
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where J = 1+ ©™ has been introduced in expression (3.58)). Or, to leading order in %,
dR OH dP
_ O™ — _ £ _ (p)
7 (1-0m7) 9P & i” xB (3.105)
dP OH dR
_ Q™ — (r) (T)
(1-97™)— % - R +E + — 7 xB (3.106)

where we see that the effect of ©™ is related to a change of phase-space in the course of the
diagonalization transformation. The beauty of this result is the symmetry in which effective
magnetic and electric fields appear in these equations.

We are now performing a quantum average of the kinetic equations and with
respect to a density matrix that is sharply peaked around a certain value P, and R., which
in effect corresponds to an appropriate wave-packet. Then our equations of motion
and essentially become classical ones with all kinetic variables simply replaced by
P. and R.. These equations of motion for the center of mass coordinates of a wave packet
have been directly obtained by Sundaram and coworkers [115]. The circular current terms in
(3.114) and (3.115]) vanish for the wave packet, which is to be expected physically, since this
description reduces the electron to a point particle with coordinates P. and R., and which
does not posses any internal motion described by the circular currents. Mathematically, after
integration over the whole phase-space, one can rewrite them in terms of surface integrals
which vanish for the well-localized wave-packet.

Quasi-probability distributions

Within the Wigner framework, the basic quantity is the quasi-probability distribution p(r, p),
while the usual momentum and position probability distributions can be generally defined as
marginals

3

p(r) = / (;ﬂ%g p(p,T) ,
37‘

o) = [ i T

and they are linked to the probability interpretation of quantum mechanics, i.e. p(r) = [¢(r)[?
and p(p) = [¥(p) |2. In the rotated frame however, one has to express them in terms of kinetic
variables instead, in order to obtain gauge invariant results.

Now the goal which we want pursue in the following is to find proper quantities in the rotated
frame that lead to a consistent physical description, when projected onto a certain band.

For compact notation, let us define the phase-space coordinates X = (X, —II)=(¢, R,—E, P)
and the phase-space derivative Vy = (0x, —0r1), and we define the current density as
dx 1
At ik
and, inspired by result for the expectation values in the rotated frame, we define the
corresponding current density

(=], (3.107)

dx

3= To { D))

} + Va-Tryp(X) QF (3.108)
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where QD is the tensor dual to {2,

IIIT IIXx
QD:<Q i ) (3.109)

an Exx

The first four components of J» correspond to the usual definition of a 4-component cur-
rent where the zeroth, or time component corresponds to the particle density and the spatial
components equal the usual definition of the velocity operator, % [R",‘ 7-_1] in the diagonal-
ized frame. The remaining 4 components are the energy current and momentum current,
respectively.

Here, it is important to realize that the current matrices have an off-diagonal structure that
one has to take into account in the light of expression and which eventually leads to
the second term in the current densities , and constitute divergence free, or circular
currents. Explicitly for the 4-component current, this off-diagonal part takes the form

dX

Poat

Po = —i [Ho, Ax| (3.110)
and is completely expressed in terms of quantities of the rotated frame and arises due to the
off-diagonal elements of the Berry connection matrix. As can be shown, the definition (|3.108|)
of a current obeys a conservation law in extended phase space, or Liouville’s theorem that
states

VaJx=0, (3.111)

and which can be shown by using the kinetic equation (3.123)) for the density matrix p and a
couple of identities between Berry curvatures (c.f. Eqns (3.116))). The last term of the current
density (3.108)) simply vanishes due to the anti-symmetry of QD .

Instead of keeping this compact notation for the following investigation, we will return to the
more familiar description in terms of time, position and momentum, and furthermore, assume
that the energy parameter E has been already integrated out, though it could be included
straightforwardly. Liouville’s theorem in the rotated frame then takes the usual form

Om(R,P,t)+ VR i(R,P,t)+ Vp q(R,P,t) =0, (3.112)

with the quasi-probability density n, current density j and momentum current density q given
as follows

W(R, P,t) = Try {5 D} , (3.113)
dR
i(R,P,t) =Try {ﬁ Ddt} — VrxTrypQ™ — Vp-TrypQd'™ | (3.114)
_ o dP - o T
q(R,P,t)=Try < p DE — VpxTrypQ2™ + V- Tryp(Q7)" (3.115)

along with (3.103) and (3.104)), and we used the relation Q7 = —(Q”’)T. We substitute these
definitions into Liouville’s theorem and establish the identity (3.112)) after some algebra, using
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the equality of second partial derivatives and dropping terms of order O(h?). Furthermore,
we need to use the following identities between Berry curvatures
oD — VRg(P) + Vpg(r) =0,
Or,D + 8ngzz —(Vp XB(T))Z- =0,

—0p,D — 0p,OF — (VpxB®); =0, (3.116)

which can be readily shown by plugging in the definitions (3.54)),(3.56)),(3.57)) (3.62]) and (3.63]).

This result strongly suggests the importance of including the correction factor D(R, P,t) into
the expectation values.

Just like the Wigner function is a quasi-probability and can be given physical sense only after
taking expectation values, the same applies to n, j and q. In particular, physical meaning can
be given only to quantities like n(R) or j(R). This is related to Heisenberg’s uncertainty
which states that momentum and position uncertainty have to be larger than Plank’s constant
h,ie. APAR 2 h. The same is true for the conjugate variables time and energy.

Liouville’s theorem constitutes a conservation law for the quasi-probability densities, and one
can for example integrate (3.112)) over all momenta in order to find a continuity equation for
the probability densities of the particle and current densities,

om(R.0) + Vii(R.t) =~ § EPaRP.). (3.117)
ov

where the closed surface integral on the right-hand side has been obtained by virtue of Gauss’s
theorem, and it vanishes if we assume that there is no net momentum current flow through
the surface at infinity. Explicitly, the particle density is

a*p

n(R,t) = /(27rh)3 Try (p D) (3.118)

and likewise for the current density,

a*p dR a*p d?’P
(R,t) = | ——= T p D— | -V —= Trnp”® — ¢ ——=TrypQ™
3R1) / @ N <’” dt ) RX/ @ NP f @rn) M=
(3.119)
while the previous discussion has shown that these definitions are in fact meaningful physical

quantities and constitute the central result of this section. We will see interesting implications
of the additional dipole term in the current when studying various examples.

For the sake of completeness, we use result (3.82) to define densities corresponding to the
physical quantity S in the diagonalized frame

B3P o h . 2P i
(3.120)

and likewise for S (P)ﬁ These kinds of quantities can be used for an effective description of
the physical processes only involving excitation restricted to a certain band that includes for

8This expression is consistent with the definition of a density operator §(r — 7¢)S(r, p) which, when trans-
formed into the rotated frame yields the given result. Furthermore, all the given expressions can still
explicitly depend on energy via the gauge invariant parameter E, which however does not affect the dis-
cussion to follow.
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example low-energy transport where physics is taking place only in the vicinity of the Fermi
level. We will look into this problem in the following.

Non-equilibrium description

Now, it is just a matter of finding the density matrix p(R, P,t) in order to explicitly calculate
anything within this framework, in particular, when one is interested in non-equilibrium
phenomena. One way to proceed is within Keldysh formalism and to consider the kinetic
equation for the lesser Greens function (like in ),

216 =0, (3.121)

which, after transformation into the rotated frame, can be evaluated to leading order correc-

tion in & by using (3.58)) which by virtue of (3.103)) and (3.104) can be recast into

dR dP OH OH OH .
o+ —V —V — +EN = —EP =19 <=0. 3.122
v+ VRt P+<8t+ 5P aR> E]Q (3.122)
Using the definitions (3.107)) from above, this equation can be written in a very compact
manner as
dx
—_ p=0. 12
( T Vx> p=0 (3.123)

When we integrate the lesser Greens function over energy, we simply obtain the density matrix

dE -
AR, P.t) = / g xm, (3.124)
m
and, since the terms proportional to dpG< vanish after integrating (3.122)) over all energies,
we are left with the following differential equation for the density matrix,

dR dP
O+ —Vr+—Vp|p(R,P,t)=0, (3.125)

dt dt
which is nothing but a Boltzmann equation including quantum corrections in terms of Berry
curvatures. In the end, it is quite analogous to the quantum Boltzmann equation along with
the gradient expansion we used in section[2.2.4] Of course, the major difference is the absence
of the collision integral in the present formulation, however it is possible to include it here
as well, for example, the steps performed in section can be straightforwardly transformed
into the present formalism, which is however left for future investigations. Of course, p can
additionally include discrete quantum degrees of freedom like the spin, which means that our
rotated frame is block-diagonal and so is p. This situation is straightforwardly treated by

using result (3.49).

We now show how to obtain the distribution function, when it is known at some initial time,
p(R,P,t =0). In general, these problems can be formulated in terms of an inhomogeneous
Boltzmann equation with a source term S(R, P,t),

dP

d
<8t + d—fVR + dtw) p(R,P,t)=S(R,P,t) . (3.126)
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To proceed in the usual way, we define the Greens function G,

dR dP
dt dt

O+ —Vrp+ Vp> G.(R,P,t,R,P',t')=6(t—t)6(R— R)§(P—P'), (3.127)
for which we find the general solution
G(R,P,t,R, P t)=0(t—t)6(R—- R.(t)) §(P— P.(t)) (3.128)

where © is the Heaviside step function, and R.(t) and Pe(t) describe the classical orbits which
obey the equations of motion

. dR N
R.= R.(t)=R
. dP N
Po= P(t)=P

This solution describes ballistic trajectories given by the kinetic equations and
and which including the effects of the Berry curvatures, while the particle being initially at
phase space coordinates (R, P',t). For example, in the absence of any spatially dependent
potential, one simply has straight lines described by the Greens function G. = ©(t —to) 6(R—
V(t —tg)) 6(P — P’), where V = % is the group velocity. This is analogous to other
quasiclassical equations like the Eilenberger equation which can be also described in terms
of classical trajectories [121], [50]. The result constitutes the generalization to systems
where the dispersion is non-trivial and one has Berry-curvature related phenomena like a
spatial perturbation of the system in the form of a magnetization gradient that we will treat
later in section [3.4

Now, the solution is readily given by
—+o00
(R, P,t) = / dt’ / B3R / AP G.(R,P,t,R P .t') S(R,P,t), (3.129)

where, due to the delta functions in G., we get contributions only from trajectories which end
at (R, P) at time t. Since the trajectory is well defined by the given pair (R, P) already, we
can find all corresponding points (R/, P’) by going back in time so we can eventually rewrite
the above integral as

C

+oo
AR, P.1) = /0 At S(RL(—t), P/(—t),t — ¢ (3.130)

where now, the classical orbits are defined such that its position in phase space at time 0 is
R/(0) = R and P.(0) = P.

For the example of a simple parabolic dispersion % and a linear gradient V(R) = —ER,
one obtains
oo P E
p(R, P t) = / dt’ S(R -t +—t? P-FElt— t’> , (3.131)
0 m 2m

which is straightforwardly checked to solve (3.126]).
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Let us now go back to the original initial value problem which we can easily solve by using
the source term d(t)p(R, P,t = 0), so that the general solution reads

p(R,P.t) = 0O(t) ﬁ(R:z(—t),PC/(—t),t = 0) ) (3'132)

which has the desired properties for ¢ > 0. This indeed corresponds to a motion in phase
space as an incompressible fluid, as stated by Liouville’s theorem.

An alternative solution of the kinetic equation is to resort to a treatment which
is perturbative in the Berry curvatures. This is for example useful when external spatial
perturbations are smooth on the scale of the Fermi wave-length, like in the treatment of the
ferromagnetic exchange field m(R) in chapter [2| To illustrate this, we note that to zeroth
order in Berry corrections, we have % = % and % = —%, and subsequently use standard
Greens function techniques to iteratively solve the quantum Boltzmann equation , or
with the all the Berry curvature terms combined in the differential operator W,

(at + %VR - %w) 5= W(R, P,t)j . (3.133)
We note that also the external electromagnetic field is contained in the Berry curvatures, and
it will be explicitly treated in section so that at this point, we will just refer to equations

(E150)- (163).

Next, the zeroth order, or quasi-equilibrium solution for the density matrix is simply given
by po = fo(Er — Ho), so that using result (3.130]), one obtains for the first order correction

in Berry curvatures,
+oo _
1(R, P,t) = / dt’ (W) (RL(—t'), PL(—t'),t — 1), (3.134)
0

where now, R, and P! describe the trajectories defined by the classical energy of the Hamil-
tonian Hy.

Even though we did not include scattering, we will get at least the ballistic conductivities,
and one obtains the intrinsic contributions to various effects like the domain wall resistance
of the anomalous Hall effect. In particular, the ballistic conductivity in linear response will
be simply obtained from (see Eqns (3.104)) and (3.125])

Wpo = (EVp) po , (3.135)

which, when plugged into (3.134)), yields the ballistic conductance.

In order to illustrate this, we assume the system to be homogeneous, i.e. the Hamiltonian
Ho(P) depends on momentum only. Our system is confined along the z-direction between
—L;/2 and +L,/2 and we apply the potential difference V' = EL, in order to measure the
conductance. Then,

(R, P) =0 (L2~ eaoRl) folEe - P) (3.136)
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so that Wpy = —© (& — |z|) Ev,fL(Er — Ho) with the group velocity v, = g—% along

z-direction. Plugging this into (3.134]) readily yields
_ +oo L
ﬁ1<R, P) = —E’sz]g(EF - Ho)/ dt’' © (296 — ’3? — U;Bt/’)
0

L, _
-6 — ja) o+ 5o ) f(0 o) (3137)

and in the present scenario, the total current along the x-direction is simply given by

, P EL, a?p _
Jz :/(27rh)3 Vg1 = o @(% - |~T|)/(27Th)3 |va| £, (B — Ho) - (3.138)

In the zero temperature approximation,

L8Py — (Po)g) + 6(Pa+ (Pa)p)

_|Uw|

fo(BEr —Ho) = —6(Ho — Er) =

so that for the conductance G = e? %’f: Jz, we obtain the well known Landauer formula [122]

o2 b o2
an

2
where N, the sum is over all transverse modes, and it is simply N, = %LyLz for a parabolic
dispersion.

Note that the selection of the energy range taking part in transport is, like in the above
expression, due to the gradient of pg which yields the derivative of the Fermi-Dirac distribution
function and thus, Wpy constitutes a function that is peaked around Ep with a characteristic
width given by the temperature.

We remark that in the case of closed orbits, the integration in is ill-defined, since one
would go around the loop infinite times. This situation describes a bound state and integration
over such a state would imply a resonance phenomenon which is not well described in the
absence of dissipation. In fact, introduction of a relaxation mechanism by the aforementioned
inclusion of impurity scattering would provide a natural cut-off of to the integral ,
rendering it convergent.

Polarization

Another way to interpret the kinetic variables is obtained by considering the electrical polar-
ization which we pursue according to the pioneering work of Vanderbilt and coworkers [112].
They derive the polarization in terms of adiabatic transport, where some perturbation that
leads to a polarization in the crystal, is adiabatically turned on. The current due to adiabatic
transport is [123]

. d3r d3p dR d3p
3= [ Gyt TG =, i TE .
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where integration is only within the Brillouin zone. The electric polarization is then simply
obtained by integrating over time,

PB(R) = / dt j(R,1) . (3.141)

The definition as an adiabatic transport process is necessary in order to obtain a truly gauge
invariant result [I12]. Within a simple, but physically rich model discussed in section
we will find an explicit example of a non-vanishing polarization and how to obtain it. In the
periodic gauge however [109], it is nevertheless possible to construct

d3p
B :/(27Tﬁ)3 Ap (3.142)

but in the general case, it is required to consider the full Berry phase structure (including in
particular A;) in order to obtain the correct result for the polarization.

In the same spirit, one could define a polarization in momentum space which can be thought
of as a Doppler effect in the rotated frame or also termed anomalous velocity.

In this sense, one could loosely interpret these Berry connections as shifts that the canonical
variables acquire and which depend on full phase space, albeit these shifts are not directly
physically observable, only when one does either an integration with respect to either the
position or the momentum variable one obtains the observable electric polarization in real
space or reciprocal space, respectively. This is analogous to the quasi-probability distribution
p(r,p) in the Wigner picture, which can be given only physical interpretation as probability
density when integrated either over whole momentum space or real space. However, if we try
to transfer this idea, we still will have a shift that depends on the frame, i.e. it is still not
gauge invariant. Only for a very specific gauge, one obtains the physical polarization.

In conclusion of this section, we found a consistent effective description of the physical system
in the diagonalized frame, which is completely formulated in terms of kinetic variables and
thus, it is manifest gauge invariant.

3.1.6. Some Notes on Requantization

In this section, we address the question of the quantum theoretical aspects of our semiclassi-
cal analysis. In particular, in literature there is the question of how to properly quantize the
theory in the Lagrangian formalism, since one needs to identify the canonical pair of vari-
ables which is the starting point of the quantization. As mentioned previously, using wave
packet analysis [109], one obtains the same set of equations of motion for the center of mass
coordinates of the wave-packet as in (3.105)) and . Then one can find the Lagrangian,
but one does not know anything about canonical variables, and in the general case, it is not
always easy or possible to find the pair of canonical variables [109].

However, in our framework, we did not encounter such problems, since firstly, we are working
in the Hamilton formalism, where one knows the canonical variables and secondly, our theory
is quantized at any time, albeit neglecting terms of order O(/#?). This quantization is encoded
in the structure of the Moyal product, or more explicitly in the special structure of the
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commutator in (3.49). Furthermore, without major effort, we can go back to the operator
representation of quantum mechanics by simply undoing the Wigner transformation.

The Wigner representation has the very practical feature of automatically symmetrizing op-
erators, when one transforms back into the operator formulation, for example using the back
transformation of (3.4]),

z z d*n .
A Zr-3)= —izm/h g 14
(:c+2,:13 2) /(27771)46 (x,m) , (3.143)
one obtains
1
Tp — 5 (Zp + p) (3.144)

so what is usually required to be put in by hand in usual quantum mechanics in order to
obtain Hermitian observables, comes out automatically. Another, more direct way to see this
is by using identities of the form

1
Q(x*p—i—p*x):xp. (3.145)

Since many of our expressions (for example (3.24)), (3.25)), (3.42)), etc.) are straightforwardly
transformed back into the operator formulation of quantum mechanics, we formally obtain
the same expression, except mixtures of r and p appear properly symmetrized in the so-called
Wigner-Weyl ordering. In fact, we retain the full quantum theory which gives correct results
at least to order A. One just has pay attention that the Wigner transformation is only with
respect to the canonical pair of variables so kinetic variables have to be replaced accordingly.

n

Furthermore, one should be careful that terms like (p — ¢A(r))™ are not directly translated
into the Wigner representation, which can be seen when transforming this term into the
Wigner picture by using the Moyal product to iteratively multiply factors. First, we note
that a quadratic dispersion yields the straightforward result

(p—qA(r))* = (p—qA(r)) * (P — qA(r) = (p — qA(r))?
whereas

(p— qA(r))* —=(p — qA(r))? % (p — qA(r)? =
(P — gA(r)* + WPq(p — gA(r)3FA(r) — °H* (VA(r))* .

One should pay attention to these details, when one wants to treat a problem beyond semi-
classical accuracy. For example, consider the following Hamiltonian 7 (p) + V(r) where T (p)
possesses no internal structure, i.e. it is diagonal in band space, while we want to diagonalize
the non-trivial potential V(r) (this is actually the scenario of 2.4.5). Then there is a good
chance that the diagonalization matrix U(r) is known exactly, and we get the gauge invariant
kinetic momentum P = p — hA,(r). The band energy term then is

Ur) « T(p) «UT(r) = TUT) « px U (r)%) , (3.146)
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where we used T (p) = T (p*) = T (p—ihy.), so that we can properly insert unities U U = 1
in order to obtain the last equality. Using the kinetic momentum, we can simply write for the
band diagonalized Hamiltonian 7 (Px%) + V(r) which is now straightforwardly transformed
back to the operator representation of quantum mechanics,

T(p— hAr (7)) +V(r) . (3.147)

As discussed at the end of section P and r are still canonical variables, so there is
no problem with commutation within 7 (P), despite the non-trivial matrix structure of P
inherited from A,. However, this is only true as long as no projection occurred yet.

3.2. Hierarchy of Effective Theories and Inclusion of the
Electromagnetic Field

Sometimes, one already starts from an effective theory, because either, it is much more simple
to handle, or one does not know the more complete theory. In this case, one already deals with
gauge invariant momentum and/or position operators. It is now interesting to ask, whether
new phenomena emerge in effective theories at lower level in the hierarchy.

3.2.1. General Hierarchy

In order to give an answer to this question, let us perform two diagonalization steps, the first

one U(x, ) yields the block-diagonal Hamiltonian =(X, II) and gives us the pair of kinetic
variables

X =Uxx+U =z —illd % 0-U" = x — hAz(z, )

M=Uxsm*U =p+ilild U =7+ hAz(z,7) .
To make the situation not too complicated and focus and the essential aspects, we assume
non-Abelian Berry connections throughout this section. Note that the above definition of the
Berry phases Ay (x, 7) = ild * O-U" is an exact one, if we assume to know the unitary matrix

U that completely diagonalizes Z to all orders of . Completely in analogy to (3.21]), one can
show the identity (o, is a placeholder for any combination of x, )

801"45 - aﬁAa =1 [Aa 3 -AB] ) (3148)

which can be directly used to show that the diagonalization due to U is a canonical transfor-
mation, i.e. it preserves (u,v is the 4-component index)

[IL, ¥ X" = ihd,,
(X, ¥ X" =0=[II,*1I1"] .
We find the second transformation matrix U’(X, II) in terms of kinetic variables which yields

a new, further or completely diagonalized Hamiltonian #'(X’,II') along with the transfor-
mation of the kinetic variables

X =U s XxUT=Uxx+UT — WAz (U xz+«UTx, U x5 UTx)
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where A (U * @+ UTx, U + 7w * U'T*) has to be interpreted in terms of a Taylor expansion,
with non-commuting U’ * x,, * U'T and U’ * w, * Ut properly symmetrized according to the
previously discussed Wigner-Weyl ordering. We illustrate this at the example of xp which is
transformed by U’ into

(u’*x*u’T*L{’*p*Z/I'T+...|pr) .
(3.149)

| =

1
Z/{’*:Up*L{’T:iu’*(a:*p%—p*a:)*Z/l’T:

Now, introducing the Berry connection A, (x, ) = id' * OxU'T, and likewise for A, (z, ), we
can cast the new kinetic variables into the form

X' =z —hA, — hAz(x — hAL,p+ KAL)
Il' = p+ hA, + hAg(x — hA,p + hAL) . (3.150)

Up to now, everything is still exact to arbitrary order in A, but the mathematical structure
of this result is rather complicated. However, we see that to linear order in f, the Berry
connections simply add, and to find a suitable expression to second order in /&, we rewrite the
Berry connections in terms of kinetic variables,

A;/ﬂ.(:l:, 77) - 'AiX/l'[ - hAl)(kaiB/ﬂ'Aﬂ'k + hA/l'Ikaw/ﬂ'Aitk + O(ﬁz) ) (3'151)

with the definition A/X/H(X,H) = iZ/{’E)X/HU’T. Expanding Ar(x — hAl.,p + hA,) =
Ar(z,p) — hAR, O, Ax + WA, O, Ax + O(k) and using the definitions 1'1 , we

arrive at an expression valid up to second order in £,

X' =z —h(Ar + Ap) + O™ A + hARO™ | (3.152)
II' =7+ h (Ag + Ax) + hO™ Ay — @™ Ay | (3.153)

where, in higher order /, effects due to the Berry connections that emerged as a result of the
first diagonalization step essentially appear in shape of its Berry curvatures ©.

However, instead of further studying the most general situation, we step back to consider a
simpler, albeit physically much more useful scenario which takes into account the electromag-
netic field. Furthermore, we want to study the combined effect of the electromagnetic field
and the Berry connections emerging from the diagonalization of a band Hamiltonian. Since
our treatment is only linear in 7, we treat the electromagnetic Berry connection gA (g is the
charge of the particle, so we usually have ¢ = —e) on a different level than A.A, thus formally
treating i and ¢ as independent expansion parameters.

3.2.2. Inclusion of the Electromagnetic Field

In this case, we are already starting from a theory which is gauge invariant in real space,
thus formulated in terms of the minimally coupled momentum p — ¢A(x), and we can think
of this as already being an effective theory derived from a more complete theory. In this
sense, we have to deal with the properties of a hierarchy of effective theories. Of course,
qualitatively, one expects no new concepts to emerge in these effective theories at a lower
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level in the hierarchy, as one could also go directly from the topmost theory to the lowest in
a single step.

To begin with, we have the usual canonical pair  and 7 and the kinetic pair x and w+qA(x),
where A = (—¢, A,) is the usual 4-component vector potential of the electromagnetic field.
In the following, we denote B(r,t) = V. x A, and E(r,t) = —0;A, + VA as the external
electric and magnetic fields.

The Hamiltonian is specified as H(x,m + qA(x)) and is diagonalized by an appropriate
unitary matrix U(x, ™ + gA(x), so that in the diagonalized frame we arrive at the kinetic
pair of variables

X =xz—hAz(x,p+ qA)
II=n+4qA(X)+ hAz(z,p+qA) . (3.154)

Again, for simplicity, all Berry phases involved are assumed to be Abelian.

The fictitious fields in the presence of an electromagnetic field can be derived in a similar way
as before by using commutator relations and . To illustrate the procedure, we
explicitly obtain the fictitious electric field by expanding the Moyal bracket to leading order
in A

'V = (e+qAy+1A) (0.0, + 0,3, 9,3,) (p— g Ar — hAr) | (3.155)
where here, and in the following, primed quantities describe the Berry curvatures of the
complete system, i.e. they contain the combined contribution from Berry connections arising
from going into the diagonalized frame and from the electromagnetic potential. One should
pay attention to include also terms of the form dp, A, when expanding the Moyal bracket
in the commutators, since the usual vector potential now implicitly depends on momentum

through A(r + hAp,t) (see also rule (3.158) below).

As it is the usual procedure in this chapter, we now transform to kinetic variables in order
to get a physically more meaningful representation of the fictitious fields. In the process of
doing so, one has to pay attention to the various contributions from derivatives acting on the
Berry phase terms A and A, and keeping all terms up to order O(h) and quadratic in the
fields O(q?). Analogous to relation and following, the rules we need to apply in our
calculation can be summarized as

amj = an - Q(aRjAl)apl ) aﬂ'j = 8Hj (3]‘56)
Axk = AXk — q(&RkAl)Apl , .Aﬂ—k = Ank (3.157)
aka’Y = anA’Y + h(aRzA’Y)an‘APz ) 8pkA’Y = h(aRzAV)aPkAPz ) (3.158)

where 7 runs from 0 to 3, and 0 is the time component of the 4-component vector A, i.e. A is
the scalar electric potential. The contributions to A, now have been split in the contribution
from the system Ax in absence of the magnetic field, and the contribution arising from
an additional electromagnetic field. Note that Ax, as well as Ap still carry the full gauge
invariant momentum P, and the external electromagnetic fields have been expressed in terms
of the kinetic variable X, so that for example E(X) = E(x) + (Ap0,)E(x). Now, plugging
these transformations back into and after some straightforward algebra, we obtain

E'M =qE(X)+ EM +¢OPE + ¢BxE® + ¢*>Bx(ExB®) . (3.159)
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Here in these expressions, unprimed quantities B, €, © correspond to the Berry curvatures
of the system in the diagonalized frame in absence of the external electromagnetic field ¢A.
However, they still carry the full gauge invariant momentum P and thus, implicitly depend
on gA, if one takes the canonical pair of variables as independent parameters.

The calculation of the remaining effective fields proceeds completely along the same lines,
and the results can be summarized as

B'™ =qB(R) + B +q[Tx(@7)B - BO™] + ¢* (B -B) B (3.160)
B'® — B® (3.161)
E'™ = qE(X) + ED + ¢O™E + ¢BxE® + ¢*Bx (ExB®) (3.162)
E'® =P 1 qExB® (3.163)
QZP =07 +4q [((B®.B)é;; — B”B;] , (3.164)

which all appear in a manifest gauge invariant manner. It is important to note that these
results have to be substituted into the equations of motion , and not ,
(13.106|) since the latter has been obtained by dropping terms beyond leading order corrections
in Berry curvatures, whereas our results for the fictitious fields are in fact higher order in Berry
connectionsﬂ We will come back to this point later when discussing an alternative approach.

The term E x B® of £'® is the anomalous velocity term that is for example responsible
for the quantum Hall effect, since the Berry curvature B® becomes non-trivial, when the
system is in the Quantum Hall state. Similarly, in systems with spin-orbit interactions, this
term constitutes the intrinsic contribution to the anomalous Hall effect. The reciprocal effect
thereof is described by the term ¢B x £®, where a external magnetic field transforms a
momentum space electric field into a real-space one.

O gets modified by a magnetic field term that resembles a dipole-dipole interaction between
a real-space and the momentum space magnetic field. In fact, as we saw in result ,
and as we will see explicitly at the end of this section, @' is directly related to the magnetic
dipole energy in the case of a two-level model, and thus, it is the magnetic field in ©"” which
will give rise to the magnetic energy in the Hamiltonian. Furthermore, the term quadratic in
the fields can be absorbed by ©'7, i.e. fictitious electric field can be recast into

E'M = qE + E™ + ¢O'™E + ¢BxE® . (3.165)

From this expression, we see that the external electric field enters effectively as ¢(1 + ©"?)E,
and the electric field acting on the system is thus renormalized. We will later study the
case of an inhomogeneous magnetization texture yielding a non-vanishing ©7, then this term
essentially gives rise to a change in resistance within regions of a finite magnetization gradient.
An analogous renormalization of the external magnetic field appears also in the result for B/,

There is an alternative, albeit less straightforward, approach to obtain the results —
@ by using a similar method as for the transformation from canonical to kinetic variables
in (]3_._45|>—. However, one should pay attention to the iterative nature of the parame-
ter transformation (3.154)), for example A(X) = A(z — hAx(z,p + gA(x))), so the vector
potential A depends itself again on A, and furthermore, the derivatives within the Moyal

9¢%h actually already corresponds to terms of third order in the expansion.
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product act on all these nested terms. It is exactly this recursion that gives rise to the terms
quadratic and higher order in the fields (c.f. the last terms in B’ and £'").

To leading order in /i, with everything expressed in terms of kinetic variables IT and X, one
obtains an alternative formulation of the equations of motion in the presence of electromag-
netic field and Berry curvature effects,

dR _9H  dR dP

- _ " g _ e _ (p) 1

v -opt Ll € 5 XB” . (3.166)
dpP oH dpP dR dR

= op T TET g xBY +a (R)+th xB(R) , (3.167)

in a form equivalent to (3.105) and (3.106). Now solving these equations iteratively up to
order ¢%h, thus casting it into the form (3.105) and , one can identify the combined
effective fields and obtains exactly those expressions found earlier in —. In fact,
the nested structure of the parameter transformation has been mapped onto the iterative
solution of the kinetic equation. It is possible in this form due to the rather simple structure
of the vector potential for the electromagnetic field, while retaining only effects up to first
order in Berry curvatures emerging from an explicit diagonalization in band space. For the
general situation as depicted in , we did not find an analogous expression.

Before continuing, let us give the short remark that the electric field can be also treated on
the level of the Hamiltonian in the form of a scalar electric potential, which means E = 0
in_all the primed Berry curvatures above. However, in the equations of motion and
, we have instead —g% = ¢F which exactly reproduces all the electric field dependent
terms found in this section.

Finally, let us discuss how the Hamiltonian and operators in the diagonalized frame are
modified in the presence of the electromagnetic field.

When we use result to transform an operator O into the rotated frame, we encounter
the term —%ﬁ ({Ap, [Ar, 00|} = {Ar, [Ap, Op] }) which can be rewritten by splitting off the
magnetic field contribution

_ % ({Ap, [ARr, O]} — {AR. [Ap.O0] })
+ Z?Th(aRkAl) ({Ap,, [AR, O0]} — {Ap, [Ap,, Oo]}) , (3.168)

where we used rule (3.157)). The last term of order gh can be also recast into

ih _ _ iqh _

1 ({.AP, [AR, Oo]} — {.AR, [.Ap, 00] }) + TeijkBk {.AH7 [.Apj, Oo}} . (3.169)
When the observable O possesses non-trivial matrix structure, the commutator Dil, @0] will
induce more explicit magnetic field dependent terms through ) (see also equation (3.28)).
In particular, the Hamiltonian in the rotated frame reads

o ih _ _
H = Ho(X,II) — 4 Pd ({Ap., [Ar, Ho]} — {Ar, [AP.Ho]}) Pa
iqh _
+ %eijkBde {Ap,, [Ap,, Ho] } Py +O(F2) (3.170)
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and, using results (3.100) and ((3.164)), we find for a system with a two level band structure
Hpa = Tro {HoTr®™} 1y = Try {Ho (TrO™ + 2¢B-B™)} 1. (3.171)

In two dimensions, ©57 is zerom and thus Tr@'™ = TrO™ + ¢B-B® | i.e. a factor 2 less than
in the 3D case, and likewise, in 1D Tr@™ = Tr@™. Nevertheless, we see that the magnetic
field couples in the shape of a dipole-dipole term B-B® to the momentum space magnetic
field B®. Since the magnetic dipole energy is already of order /i, we can equally write B(X)
and B(x), since substituting canonical and kinetic variables affects only higher orders in f.

3.3. The Dirac Equation

In order to illustrate our formalism, we will first study the Dirac equation and thereafter, we
study the interesting scenario of a topological insulator coupled to a ferromagnet with arbi-
trary magnetization texture. The Dirac equation and its descendants like the Pauli Hamil-
tonian are the most fundamental equations in condensed matter physics, nevertheless, we
present some new and interesting insight into the rich physics revealed by this rather simple
equation.

We consider the Dirac Hamiltonian in the presence of a scalar potential and minimally coupled
to the magnetic field [124],

H = ca(p — qA) + mc*f+ V(z)1y , (3.172)

where m is the rest mass and p the momentum of the electron. As

o= (2 g) . pB= Gf _?12> : (3.173)

H acts on the 4-dimensional Dirac Spinor and thus can be considered as a 4-band model.

The Foldy-Wouthuysen transformation [107] which brings the Dirac equation into diagonal
form is described by the unitary matrix

(Ep +mc*)1y + cfaP

Uy =
EP(EP + mc2)

(3.174)

where Ep = ¢V P? +m?c? is the relativistic energy of the electron with gauge invariant
momentum P. Performing, as outlined before, the diagonalizion with respect to Uy, we arrive
at

H=UxH+U = Epog @, + (V(T)Ug + 10, V) A + quB-B(P)) ®m. (3.175)

The 2 x 2-matrices 7; denote the Pauli matrices in electron-positron space, while o; describes
the usual spin degree of freedom. As discussed in the section dealing with the external
magnetic field, the magnetic dipole term is given in terms of an interaction term between

0However, even in lower dimensional system we are still using all three dimensions in our vector calculus and
according to (3.164), ©5% # 0, so we have to pay attention to these subtleties for dimensions < 2.
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magnetic field B = V x A and the fictitious momentum space magnetic field B®, to be
specified below. We note that in this case, all the correction terms are equal for both electron
and positron bands, albeit the term positron becomes only meaningful when all negative
energy states are completely occupied.

The full matrix structure of the Berry phase, split into diagonal and off-diagonal parts, i.e.
Ap = Ag) ® 10 + Agi) ® Ty, reads

2
(d) c“Pxo A Pxo
Ap 2Ep(Ep +mc?) ~ 4h me ' (3-176)
0 P(Po) & Ae
AQ = 2 (Po)e” ey (3.177)

2Ep 2E%(Ep +mc?) ~ 2h

where in the last step, we are dropping terms of order O(p/mc)?. For completeness, let us
also specify the first order correction to ¢ which in this case absorbs the off-diagonal elements

of the Berry phase matrix Ap and the magnetization term « B,

hg B-P

o] — (o)
[yl’ HO] = MORV)Ap” ® 7y + 2Ep(Ep + mc?) o
_ih (0) ihq B-P

which is indeed anti-Hermitian.

The kinetic variables for both positive and negative energy states read explicitly

P=p—qA(r)— qhBx A |
R:'r+hAg_f,l) ,

so that the Berry curvature is also equal for both bands, and yields

4 _ 4 2
hmc P(P-o) hc* —ﬁo' , (3.178)

B(p) — o — ~
2F3, 2E%(Ep + mc?) 2h

where again, in the last step we took the non-relativistic limit. Of course, the general expres-
sions are still valid for arbitrary velocities, for example, in the opposite, the ultra-relativistic
limit, we find

(») p>me _P(Pa)h
B - T —opr -

Using the results (3.160)) - (3.164)), we immediately find £™ =0 = £® and

B™ =¢B(R) +q¢* (B®-B) B
o7 =q[(B®-B) b — B B;] , (3.179)

where here, we used E(R) = 0, since we are already using the scalar potential V(R) here,
and as discussed before, one would get an equivalent result by instead using the full results

(3-160) - (3.164).
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In terms of kinetic variables, the Hamiltonian H can now be rewritten (let us restrict ourselves
to the positive energy branch, whose excitations correspond to electrons, so that ¢ = —e),
neglecting terms of order Ji?,

H=FEp+V(R)+qEpB(R)-B® | (3.180)

so that in view of this, the spin-orbit interaction that appears in the rotated frame can be
reinterpreted as being a result of the shift the kinetic position operator attains. However, we
should keep in mind that this shift is gauge dependent and becomes physically meaningful only
when integrated over the whole momentum space (which then is equivalent to the polarization)
or in the form of the Berry curvature, viz the momentum space magnetic field appearing in
the kinetic equations. In the non-relativistic limit, the magnetic dipole energy is just the
usual Zeeman term

Hm =—ps B, (3.181)
where we introduced the magnetic moment of the electron spin, ps = —gsupo/2 = —upo,
and we assume a g-factor of 2 within the validity of the Dirac theory without quantum
corrections from the radiative field, and ug = % is the Bohr magneton.

Using results (3.103) and (3.104) together with and (3.180), we obtain the equations
of motion of a relativistic electron wave-packet which moves in an electromagnetic field that is
smooth on the scale of the Compton wavelength A.. We do not explicitly write the expression
here, however, our result is consistent with the work of Bliokh [125].

For the sake of our discussion, we will nevertheless specify the equations of motion in absence
of a magnetic field,

dR OH dP OH N2dP

— _ (r) — ¢
@ P w B Tap a7 (3.182)
dpr OH

whose anomalous velocity term is a factor 2 larger than what one would obtain from the
Hamiltonian (3.175)), naively taking the canonical variable r to be the physical position op-
erator.

The particle density is, according to results (3.118) and (3.179)), given by

3
n(R,1) = / (2‘17(7;3 Trap (1 - 2¢B-B®) | (3.184)
and let us take the vacuum state with all negative energies filled, so that p = O(—7.Ep)
and the first term gives simply the vacuum charge. However, from the correction factor
proportional to the magnetic field one might conclude that a sufficiently strong magnetic field
leads to a charge accumulation with respect to the vacuum state, but these kinds of questions
are beyond the present work. Also, the momentum integration diverges logarithmically and
so it would require techniques of renormalization. On the other hand, this kind of charge
accumulation is also present in topological insulators, as we will find out in the next section.

It is also insightful to study the current density in the presence of the electromagnetic field,
because it gives a direct meaning to the divergence-free current terms in (3.119)). For the
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simplicity of our discussion, we restrict ourselves to the non-relativistic limit, where B® =

—/2\—20' = 67’1‘;:2 and Ep = mc? + P2?/2m, and furthermore, we treat external fields E and B
only to linear order. Since we want to study excitations of positive energy, we ignore the
completely filled lower band, therefore we safely can drop all corrections due to ©™, since
in the non-relativistic situation, factors like D =1 - Tr@™® =1 — 2::5;" are relevant only for

enormous magnetic fields of ~ 10107,

Then our charge density is
(R, ) = —e / i
) - (27Th)3 /0 )

so that the charge current density becomes with the help of (3.103]) and the definition of the
spin magnetic moment (c.f. Eq. (3.181))

i(R,t) = &P P R E Ven(R 1

J(R,t)=—e Wap—wn( 1) Exps — psx Ven(R, 1), (3.185)
where the surface term vanishes since we assume our electron momentum to be peaked around
some mean value P,. The density p can be explicitly determined from equation (3.125)),
here however, we only integrate this equation over all momenta and arrive at the continuity
equation

(R, t) + Vr-j(R,t) =0 . (3.186)

The first term in is the usual definition of a non-relativistic current, and the second
term is the anomalous velocity contribution due to the electric field. Like for the electron wave-
packet considered in equation , using the non-relativistic Pauli Hamiltonian without
the distinction between canonical and kinetic variables would yield an anomalous velocity
term that is just half of the correct value. However, the last term seems unusual at first as it
constitutes a persistent current which itself gives rise to a magnetic moment,

1 1
/d3R RXjper = —2/d3R Rx(psx Vgn) :us/d3R n(R,t) =Nps,  (3.187)

2
where N/ = 1 is the number of electrons. This result suggests that the notion of electron
spin and this internal persistent current are just different interpretations of the same effect.
For example, a magnetic field couples to this circular current via the magnetic moment it
generates, and gives rise to the Zeeman energy . This comes close to the original
suggestion of an internal rotation of the electron by Uhlenbeck and Goudsmit [126], yet unlike
their idea, it is not the motion of a solid object, instead it is a genuine quantum phenomena,
and thus does not suffer the same deficiencies concerning rotation velocities of the electron
that would have to be faster than the speed of light.

As discussed before, the spin-orbit term in the Pauli Hamiltonian is not gauge invariant, it
gives the correct energy spectrum, but not the correct equations of motion. That is why it
has not been realized for a long time, as the Pauli Hamiltonian has been mainly put to test
with electronic spectra in atoms or solid matter. To explicitly show this point, we go into
a different rotated frame so that the Berry connection is changed to A, — Ap + AVpx(p),
and we get an additional term in the Pauli Hamiltonian A(Vpx)(0rV). Let us assume for
the moment that we are working in momentum space and in the operator representation of
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quantum mechanics, where the Hamiltonian formally looks the same. Now, performing a
local gauge transformation in momentum space by adding the phase factor e’X(P) to the wave
function, we obtain e XP)V (r)eX(P) = V(r — hV,x) = V(1) — i(VpX) (8- V) + O(J%) which
exactly cancels the additional term, and we are left with the original Hamiltonian. Usually,
one enforces gauge-invariance in real space to obtain the electromagnetic field. This is a an
example of gauge invariance in reciprocal space which leads to the phenomena of spin-orbit
interaction, or the anomalous velocity.

In the above analysis, we needed to drop terms of order /2, though here, A is just a formal
expansion parameter, the real relevant scale being the Compton wavelength A, = %,
we are assuming that we restrict ourselves to diagonalization matrices Uy that yield Berry
connections A, with this property. Thus, here we assumed that Vj,x shows the same charac-
teristics in the sense of a low-energy expansion as does Ap, i.e. Vpx = O()\.). This implies
that, having a certain physical regime in mind, some diagonalization matrices Uy work better
than others in the sense that our real expansion parameter is not &, but one that is even
better suited for the specific physical regime. For example, here, we find that the order of
hA@ ig 472502 = Ac¢ which is to be compared with our position coordinate, where one realizes
that corrections are indeed small unless the potential V (r) varies strongly on the scale of the
Compton wavelength A.. The latter is indeed the case for the Coulomb delta-like potential of
the nucleus of an atom, and this leads to corrections like the Darwin term which is essential
to understand atomic spectra [124]. In conclusion, our real expansion parameter is actually
Ae/&, where € denotes typical length scales of our system. Here however, just for reasons
of simplicity, we have chosen to perform an additional non-relativistic expansion, by keeping
only leading order terms in v/¢, though we could have kept them and obtain a result valid
for relativistic electrons but with Potentials that are smooth on the scale of the Compton

wave-length.

when

Sometimes, one interprets the terms appearing in the Pauli Hamiltonian as being a result from
what one called Zitterbewegung, and which one envisages as helical motion of the electron.
Then the spin-orbit interaction and its physical consequences can be understood as a result
of this motion. However, this idea is misleading since, in the effective theory, such motion
does not exist when the energy of the excitation is low enough and thus is confined to a single
band. When the energy is large enough, there could be interactions with the lower bands
by creating virtual electron-positron pairs and then it is not really a good idea to speak of
a single electron. In conclusion, one should think of Zitterbewegung only in the historical
context, where one was still pondering about how to make sense out of the Dirac equation
in terms of a single-particle theory which, as we know today is an incomplete description for
relativistic electrons.

However, in the case of massless Dirac-Fermions and if one considers excitations in the vicinity
of the Dirac point, both positive and negative energy states have to be taken into account
simultaneously so that excitations are not confined to positive or negative energies alone. In
this scenario as for example in Graphene, one obtains those features termed Zitterbewegung
[127].

On the other side, in the description restricted to positive energies it makes no sense to talk
of point particles, since we cannot resolve beyond the scale of the Compton wave-length. As
such, the electron is naturally delocalized in space and we found the appearance of an internal
motion in the form of circular persistent currents giving rise to a magnetic dipole moment,
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and which exactly corresponds to the spin magnetic moment of the electron.

3.4. Topological Insulators Exchange Coupled to a Ferromagnet
with General Magnetization Texture

In order to make use of the full range of our results derived previously, we study the surface
Dirac model with arbitrary spatial and time-dependent exchange induced magnetization tex-
ture in this section. First, we consider a very general two-band model and find the formulation
thereof in the diagonalized frame. Then we will study its topological properties after which
we investigate the transport properties when the Fermi-level is shifted into the bands and in
the presence of impurities. Finally, we study also the implications of the Dirac Fermions on
the magnetization dynamics.

3.4.1. General Two Band Model

Our system has the Hamiltonian
H=—vo(éyxp)— M(r,t)o = —((r,p,t) o, (3.188)

where we defined the vector {(r,p,t) = M(r,t) + v(é, xp) which in this form can be rather
general with respect to the p-dependence defining the band structure. It can be considered as
an effective magnetic field that encodes the complicated dependence on time, space and mo-
mentum, and is coupled to the electron spin in the Zeeman-like term. Later, for the explicit
calculation of results, we will however return to the leading order term linear in momen-
tum. As in the previous example of the Dirac equation, this system then essentially behaves
relativistically. This Hamiltonian is formally equivalent in both operator representation of
quantum theory and the Wigner representation, so we can start right away with diagonal-
ization which in this particular case amounts to rotating the spin locally in phase-space and
time to point along the direction of {(r,p,t). There are many possibilities to construct such
unitary spin-rotation matrices that perform this task, but in the end, as discussed at length
above, this is nothing but the gauge degree of freedom, and our final results representing
physical quantities do not depend on the particular choice. We choose

Uy = Glat o (3.189)

V QC(C - Mz) ’

which readily yields
UrHU] = o, (3.190)

and we defined ¢ = || and M, = (3 is the z-component of {. This results shows, to zeroth
order in A, the dispersion

¢ = /M2 + (upy + M2 + (vp, — M,)? (3.191)
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of the two positive and negative energy branches. If the Fermi level is at zero energy, i.e.
within the gap of energy 2M,, the spectrum is particle hole symmetric. M, and M, merely
shifts the spectrum in the p,-p, plane.

In order to reduce redundancy during the calculation, we first treat ¢ = ({1, (2,(3) as inde-
pendent parameters, and find the Berry connection A¢ = A(Cd) + .A(Co)

Cxé;

Al _ oy, 3.192
¢ (¢ M) (3:192)
(o) _ OXe& ((xéy) o . B
with the corresponding Berry curvature
. h
B(Cd) — heijkeiagjfl(k = 0222; . (3.194)

Then, Ap = (0pCi) A, = VA X €, + (0pM.)A¢, and Ay = (0, My,) A¢,, while all the desired
Berry curvatures can be derived using (i,j are placeholders for any combination of  and )

h¢-(0i¢x9;¢)
2 3

= .8 (@ 0,0) (3.195)

Since Tryo, = 0, we can directly see that the sum rule (3.66)) is fulfilled for all Berry curvatures.
All the dipole terms are then given by 2 = (O0, as a result of relation (3.99)).

HOAT = 0, A") = B (01¢x0,¢) = o

Let us first look at a general momentum dependent mass term M, (p) and its p-dependence
is assumed to be isotropic in momentum space, so that the momentum space magnetic field
takes the form

hv? oM p OM.
® — 5 " (M. (p) - 4 (éyxM)Z=—"2 e, . 1
B 0243< (p) P, + (€5 % )Up 8p>e (3.196)

The first Chern number [12§] is then simply the Skyrmion number of the vector field

1 - o “
- 2 ®.5 — 2 )
Ci= g [ BYec= - [ #00,,8%0,,0)
s [y A [2, M
Am ST L)+t ot 2 POLp) + ) 2
Oz
= 5 (sgn(M(0)) — sgn(M.())) , (3.197)

and is the topological quantum number characterizing the state of matter described by our
Hamiltonian . We see that, when M,(0) and M,(co) have the same sign, we are in the
topologically trivial regime and if they have opposite sign, the Hamiltonian describes a
topological quantum state. In the derivation, we assumed that M, (p) asymptotically behaves
at least as O(p?) when p — oco. If M,(p) goes slower to infinity than p?, or even does not
vary significantly with p, we simply get
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for the Cern number which then characterizes a half-integer quantum Hall state. Here, and
in the subsequent investigation, we can interpret o, as the band index, where o, = —1 for
the lower (valence) band and o, = +1 for the upper (conduction) band.

In the following, we will only consider the latter scenario of constant M,. Then the real space
magnetic field is

h, 1
BM — gzgezF(GxanyM)-C , (3.198)
and the corresponding effective electric fields read
h s 2 N h v
EP® = Ung' <3pC><8tC) = UZEF (€O M — M0, M) (3.199)
. h s 2 2 h1
£0 = 0.2¢ (a,,cxatc) =025 ¢ (O-M <O M) (3.200)
and finally the tensor
hv, - A s
O = 0.5 L (=0)- (e x290) xC) (3.201)

In the presence of an external electromagnetic field, the effective fields are simply modified

according to (3.160))-(3.164) which of course satisfies Vg x E™ + 9,B™ = 0.

The Hamiltonian in the rotated frame takes the form

H = (o, + TrQd™ = (o, + (Tro {%Trg/"’} oo

h v

= (o, + 5@

where we used expression (|3.100)) vyhich in the case of a two level system relates ©™ to 2" and
thus the magnetic dipole energy H g, and from (3.164) we know Tr@™ = Tr@™ + ¢BB®.

(quM,(B&,) — ¢-((exx V) x M) g (3.202)

We can further rewrite the magnetic dipole energy as

_ 1
Hm ——,u-<B(R,t)—(éz><V)><M> = —p-Bef (3.203)

qu

where we defined the magnetic moment
hqu? 4

= ——— 3.204
=57 ¢ (3.204)
with an effective mass meg = ¢/ v? as compared to the Bohr magneton ug = % for the spin

of a free relativistic electron.

3.4.2. Topological Properties

Let us first discuss these results for completely filled bands, for which one essentially has to
perform the integral over the complete momentum space E

M,h d?P 1 M, PdP

/ o n( Ch
7270 ) @rh)2c3 T dnh ) (2P 4 M2)3E T 2m2 B

T 2’

M) (3.205)

1YWe can simply put p = 1, since the integral is well converging, no special care is required for large momentum.
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where the components M, and M, disappear, because they merely shift the momentum.
When the Fermi-level is inside the gap, i.e. only the lower band is occupied, then C; =
—Zsgn(M.). Next, we find that

d2p &

which, according to (3.75)), (3.82) or (3.118) is related to local charge density excitations in
the system,

!

Bft.e, | 3.207
o é ( )

a2p c
_ ™ _ . 2] —
n(R,t) = / (%h)ﬂ&«e (V- M + 0gB(R)e:)

where n(R,t) describes the additional charge with respect to the homogeneous ground state,
and in the last step, we introduced the effective magnetic field as in which describes
the total action of the external magnetic field and the effect of the ferromagnetic exchange
field. This induced charge due to a magnetization texture on top of a topological insulator
has been found in [129] and is given by the divergence of the magnetization structure V - M.
The magnetic field term of this result is well known in the context of the integer quantum
Hall effect.

For the moment, we only need to consider the fictitious electric field £® from the expression
of the current density , since, as we will find out shortly, the other terms only yield
a finite contribution, when the Fermi level is not inside the gap. Performing the momentum
integration, one readily finds

, azp o) e
_ (p) ) — 5
J(R,t) = /(%h)2 (W +qExBP) = oM, + = 1. % E (3.208)

where M | is the magnetization in the z-y plane. The first term of this result emerges from the
effective field £ and describes an adiabatic pumping process, which has also been derived
in the work of Nomura et al. [129]. The second term is due to ¢E x B®  and constitutes
the counterpart to the magnetic field term in the induced density n(R,t), and consequently
describes the transverse Hall current in the Quantum Hall state. We readily find that the
continuity equation is satisfied,

dn(R) +V-§(R) =0, (3.200)

by making use of the Maxwell equations for the external electromagnetic field, VxE+3d,B = 0.

According to the definition of the polarization (3.141)), the ferromagnetic exchange field
M (R, t) gives rise to the topological contribution to the electric polarization,
Cy
m(Rat) = hiMJ_(Rat) ) (3210)
v
and is a direct result of the coupling between spin and orbit degrees of freedom. In the
derivation thereof, we assume that time-dependency of M (R,t) is sufficiently slow to be
adiabatic, moreover, in the case of stationary M, we argue that we adiabatically turn on the
exchange field from M(R,7=0)=0to M(R,7=T) = M(R,t).
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The terms are proportional to the Chern number ' and constitute the topological response
of the system, since they are invariant with respect to smooth deformations of the system,
as long as the Fermi level resides inside the gap which here is given by the mass M,. The
topological response can be conveniently encoded in the Chern-Simons action [12§],
qCy

0Scs = =" / d’R / dt e A9, AT (3.211)
so that the particle current is j,(R) = 65@5/(5Azﬁ = (n,J)u. Greek indices run over 0,1,2
and denote temporal (t) and spatial (X,Y") variables, while the effective vector potential that
is linked to B°T(R,t) is defined as

AR, t) = (AO,A+q1U é.x M) , (3.212)

in accordance with [129].

We remark that, within this 2-dimensional description of the surface electrons, only the M,
and M, components contribute to B while M, appears as a mass term that yields different
effects. The reason is that M, cannot be combined with the momentum as it is the case for
the other two components. Therefore, it only makes sense to consider the z-component of

eff
B,

B¢, =é, B(R)+ ;)V~M (3.213)
and moreover, the transverse components of B(R) are not coherently treated in this reduced
2 dimensional description, for we cannot minimally couple to p, as it does not exist. For
this reason, it is meaningful only to consider the z-component of the external magnetic field
and we should resort to the full 3D dimensional bulk description of the strong topological
insulator [130], in order to properly treat all components of the full external magnetic field.
The full 4-band low-energy effective description which is for example applicable for BisTes or
BisSes, can then be also used to study thin films.

3.4.3. Towards, and In The Metallic Regime

If we drive our system into the metallic regime by shifting the Fermi level into the bands, we
will get additional non-topological contributions which can be calculated straightforwardly
using the formalism described in section In a quasi-stationary situation, the density
matrix is essentially the equilibrium one,

Peq = fo(E — Ep) §(E — (0, +Hm)) (3.214)

and we can integrate over the gauge invariant energy, since it plays no role in the present
investigation (we essentially evaluate all transport quantities at the Fermi level Ep, like the
relaxation times), so that

ﬁeq(t7 R7 P) = fD(O-ZC(tv Rv P) + 7:[./\/1 - EF)
= po+ p1 = fo(0.¢ — Ex) + 0. HmOcpo (3.215)

116



which in the zero temperature approximation simply becomes a delta function, f/ ((o,—Er) =
—0(Co, — Er), and which naturally is zero when |Ep| < |M,|, i.e. when the Fermi level is
inside the gap.

The presence of impurities leads to momentum relaxation which in the simplest model can
be incorporated phenomenologically by introducing the relaxation time 7, or as in section
by calculating the self-energy for the impurity potentials which leads to the appearance
of the collision integral in the transport equation. Then, assuming low-energy transport and
isotropic scattering, one can reduce the effect of the collision integral to a single parameter, the
scattering time evaluated at the Fermi-level 7 = 7(Ey). Either way, and neglecting gradient
corrections to the collision integral, one arrives at the Boltzmann equation in relaxation time
approximation which in the rotated frame takes the form (see eqn. (3.125))

dR dP _ P — Peq
\v/ = — . 21
(8t-|- ; Vr + p p)p (3 6)

With the help of expressions (3.103|) and (3.104]), one can solve this equation for the non-
equilibrium part of the density matrix, p = pneq + Peq Which in linear response reads

_ _ 9po dpo
Pcq = —T (atpo e+ emE+ e(ExB(p))-8R> . (3.217)

We should emphasize that the persistent current contributions in are crucial for the
correct density, since they cancel terms that would be divergent upon momentum integration.
In particular, when the Fermi level is inside the gap, these dipolar terms give finite contribu-
tions which exactly compensate the terms due to ©™ and B® in equation together
with . This is also the reason why we needed to consider only the effective electric
field £® for the topological contribution of the current . Let us therefore bring the
expression for the current density into a more convenient form.

According to result , we have the simple relation 2 = 0.¢(© in the case of a two band
model, and splitting off the magnetic dipole energy from the density matrix peq = po + p1 =
po+ o Ha O¢po, we find that many terms cancel in the expression for the equilibrium current
density , so that using identity , and after some algebra, one eventually arrives
at

. d2p _ [ OC
Jeq(R7t) = / W Trapo <(9PUZ —E® — QEXB(p)>

d*P 9po Ipo dpo

In this expression, we can simply substitute the primed quantities from — in
order to obtain the influence of an external magnetic field. The second integral in this result
now gives only contributions that are on-shell, due to the appearance of derivatives of the
density matrix, which become sharply peaked around the Fermi level Ex for sufficiently low
temperatures.

Let us first consider the equilibrium current, i.e. in absence of time-dependence and the
electric field, then py = fp(0.¢ — Er) and due to % = 0. f](0.¢ — EF)%, contributions
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from the two bands have opposite signs. Since pg is isotropic in momentum space, only the
last integral in (3.218]) contributes to the equilibrium current, and we obtain

2
Jeq(R) = ZHLUZ é:x V)M / d P ! fD(GZC Er)

Oz

= ——@(|EF| |M.|)sgn(ER) (éxx V)M, , (3.219)

where we used the zero-temperature approximation f/(e) = —d(e) and the sum over o, is
equal to taking the trace over the bands. Since V-(é, x V) = 0, this equilibrium current
(3.219) is divergence-free and appears at gradients of the mass term M, and in particular, we
find the current flow along domain boundaries that lead to circular currents. This equilibrium
current is independent of Fw, however, of opposite sign for the two bands and vanishes when
Er is inside the gap. We will consistently recover this behavior later in section when
studying domain walls on strong topological insulators, or in section where the zero
energy bound states at a domain-wall are found to be chiral. Furthermore, we will find later
that this current is responsible for an anisotropic exchange interaction contribution for the
magnetization M.

We can now also study what happens to the topological contributions to the densities (3.207))
and (|3.208]), when the Fermi level moves into the band,

d’p M,
Z / PE fo(o.( — Ep)Tr@™ = W(V M +v¢B(R)é,) , (3.220)

Z/ °p folo:¢ — Ep) (E® 4+ qExB®) = M. (O/M| +vq é,xE) .
h)? ? " 2hw|Ep| *
(3.221)
If the Fermi-level is inside the gap, we need to substitute |Er| = |M,| and recover results

(3.207) and (3.208]) and when it moves into either of the two bands, it monotonously decreases
as the Fermi level moves further away from the gap.

We have seen that the response due to the external electromagnetic field and the ferromagnetic
exchange field M always appeared in the combined form B, so one might conclude that
both can be simply mapped onto each other, and it is sufficient to consider only either of
them, however, this conclusion is too premature. Of course, such a mapping would only make
sense for the M, and M, components since there is no momentum in z-direction which could
absorb M., so we forget about the M,-component for the moment. At best, it would be
possible to treat this question within the full bulk description of the STI mentioned earlier.
Indeed, on the one side, the topologically induced charge and currents due to a magnetization
structure appears on equal footing as the external electromagnetic field and likewise for the
Hamiltonian (see result ), so the energy spectrum can be simply mapped onto each
other by virtue of . Yet, on the other side, the kinetic variables differ, which results in
different equations of motion that cannot be mapped onto each other easily, and which is best
seen at equation of motion for the kinetic momentum , where the external magnetic
field enters as expected, whereas the action of M does not enter as V-M,, as BT would suggest.
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Instead, it enters as B according to result , which is rather different. Furthermore,
we will find an explicit dependency on the combination V x M later in result . In
conclusion, it means that despite the identical band structure, we have a different motion of
the electrons. The situation of spin-momentum locking due to the Rashba spin-orbit term in
is actually quite different from the study of ferromagnetic conductors with momentum
isotropic dispersion o< p?1, where the diagonalization transformation depends only on position
[73], so that the momentum operator turns into its gauge invariant counterpart, analogously
to an external magnetic field. Thus, both magnetic and exchange fields can be mapped onto
each other, at least as long as transitions between spin-up and -down bands can be neglected.

This system describing a topological state of matter has the property that zero bound states
may emerge under certain conditions, which will be investigated in section . However,
since these states lie within the gap, they are not straightforwardly accessible within this
formulation, as they involve coherent excitations shared between two bands.

3.4.4. Magnetization Dynamics and Transport Properties

Finally, we are interested in the representation of the Pauli spin-operator o in the diagonalized
frame, which can be rather straightforwardly obtained by virtue of results (3.83)) and ((3.84 -
In order to do so, we first need to rotate o by Uy, so that for the dlagonal part we simply
have

S = ply o Ul Py = —o. | (3.222)

and our notation is such that ¥ denotes the spin operator in the diagonalized frame, in con-
trast to the usual Pauli matrices o. Then from 1

3) and one finds Z_lgd) = JZTrQ”Pf.
The off-diagonal part E_](()O) is not gauge-invariant, and becomes meaningful only after plug-
ging it into the expression for the corresponding density , so we explicitly give only
the result g{Aa, 2_]((]0)} = %éx@aé.

Furthermore, we need to determine ); which, in the present gauge, is given by the condition
[V1,Ho] = hA;, and it is easily found using for example (3.29)). Then,

Py [yl, } Py = (¢ x <) (3.223)

2{3

is gauge-invariant and incorporates the dynamics of diagonalization transformation due to U
specified in Eq. . As we will see later, this term will be responsible for the appearance
of the contributions analogous to the fictitious electric field term £® and thus, shows the
importance discussed at the beginning of this chapter.

Plugging our results for X into (3.120]), one obtains an expression for direct calculation of
spin-expectation values. Here, we give the spin quasi-probability distribution

= s@ ¢ %
s(R,t,P) = Trop3 2<2T‘r2 |:<C aRk> 0P, <C aPk> 8Rk:|
h

~ 3@ [(¢x0:¢) —vgM.E1] Tropo, , (3.224)
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which, after integration over all momenta P, gives the physically meaningful spin-density and
then corresponds to the spin-density operator S(r) = §(# — 7)o in the original frame.

After all, this result should be related to the current, since in the original frame we have the
simple expression (4.4) which in the rotated frame translates into the current

j=vé.xs (3.225)

and thus is directly related to the expectation value of the magnetization. In fact, it can
be shown that vé, xs is equivalent to for the present Hamiltonian, or more directly,
it is the same as result which is derived above for the case of a two-band model.
For example, the last term in is easily seen to be equivalent to —€®. So, in the
current study, the x and y-components of the spin-density can be directly obtained from the
current-density (e.g. from result (3.221)), while the z-component should be calculated using
(13.224).

The results obtained in the following can be used to study the magnetization dynamics of
ultra-thin magnetic films deposited on top of the topological insulator. There are few works
that address these questions [131] [132], and we will recover some of their results and discuss
the differences and new findings. Now it is just a matter of substituting the densities into
expression and integrate over all momenta, which poses no major difficulties, so we
present the results right away.

First, the external electric field induces the non-equilibrium spin-density
se(R,t) = L(e,xE), (3.226)
ve

which according to (3.225)) gives rise to the expected charge current density, jr = oy E, with
the expression for the longitudinal conductivity,

7B — M2)

(3.227)

Of course, o is zero when Ef lies inside the gap and which is the purpose of the Heaviside
theta function here. The contribution sz has been obtained in the work of Yokoyama et al.
[131], and constitutes an additional anisotropy field for the magnetization dynamics.

Furthermore, the intrinsic contribution to the spin density, which is a direct consequence of
the Berry curvature £®, is readily found to be

1
sin(R,t) = %‘ B+ —:x0M |, (3.228)

which can be directly obtained by virtue of the current density (3.221) and (3.225)), and the
Hall conductivity is given by

e2 M,

=—. .22
47h|Ep| (8:229)

OH

Alternatively, one can substitute peq into the last term of (3.224)) and arrive at the same
result. The density si, relates to the Hall current jiy = opé, X E, which is readily seen using
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(3.225). This term has been obtained for the case of the Fermi-level inside the gap [132], so
that only the topological contribution remains, which corresponds to the given result for s,
with Bp = M,.

The plain magnetization of the bands is

(’Ecut‘);’thLfF')Mz &z = 50,6ap(R, 1)€; — ‘i ;’iﬂ é:
where the cutoff energy |Ecutorr| > |Er| has been introduced to cope with the diverging mo-
mentum integral, and is defined such that when the Fermi level is inside the gap it yields the
equilibrium magnetization of the completely filled lower band. We see that for a homogeneous
magnetization, we can induce only a z-components with the same orientation as M, since the
transverse components M, and M, merely shift the momentum and thus play no role after
isotropic momentum integration. As the Fermi-level moves away from the gap, it symmetri-
cally reduces this value. As we will see now, the situation changes when the magnetization is
inhomogeneous so that there are non-vanishing gradients.

so(R,t) = (3.230)

All the remaining contributions to s are only non-vanishing when the Fermi level is inside
the bands. Then, evaluating for peq from (3.215]), we find the induced anisotropic exchange
interaction mediated by the Dirac Fermions,

sgn(Er)
4mho

with the respective current (3.219)). We see that this term has opposite signs for conduction
and valence bands, which stems from the fact that both bands have opposite chirality.

sxe(R. 1) = O(|Ep| — |M.]) [6.(V-M) - VM,] | (3.231)

Using the non-equilibrium density calculated in (3.217)), we obtain the contribution from the
Dirac Fermions to the Gilbert damping

Sdamp (R, t) = —0yO M| — .0, M, . (3.232)
The in-plane component of the Gilbert damping tensor is oy = e;’% and the out-of-plane
component a, = 2%]6\/2[2‘;H®(|EF| — |M.]). Note that we always have ogy, @, > 0, so that the

prefactor of these terms is always negative, no matter in which band the Fermi level sits and
independent of the sign of M,. After all, it represents damping of the magnetization, so this
property is vital and leads to a positive Gilbert damping parameter a. The Gilbert damping
is anisotropic with respect to the z-axis, which is to be expected due to the inherent asymme-
try of the topological insulator. The work of Yokoyama and coworkers considered only small
deviations with respect to the fixed z-axis, so they obtained only the damping for magnetiza-
tion dynamics in the z-y axis [I31]. If one considers arbitrary magnetization textures M like
in a domain wall or a vortex, one should expect that also M, and M, components acquire
significant values, but then those are subject to the out-of-plane component of the Gilbert
damping tensor, a.

Near the band edge, oy, is rather small compared to ., so Gilbert damping for the z-
component of a spin is suppressed as opposed to the strongly damped in-plane components.

In the presence of an external electric field along with an inhomogeneous magnetization we
obtain additional contributions due to the gradient corrections of M (R, 1),

M. _hoj
Er 2eE2

Sgrad (R, 1) = [E-(VxM) é, — (é,xE)(V-M)| , (3.233)

121



which, unlike sz, has opposite sign when the Fermi level is in the conduction or the valence
band, as it is the case for the exchange contribution. Furthermore, the gradient corrections
to the torque sgaq become relevant in the presence of inhomogeneous magnetization textures
and this contribution is smaller than sz by a factor of (M /Er)(vr/lpw) = (M/Er)(lmtp/low),
where [, is the mean-free path and Ipy is the characteristic length scale of the magnetization
structure. When Er and M are of similar order of magnitude and the domain walls are rather
short or in clean samples, this term becomes important. Note that this does not correspond
to the gradient term calculated in [I31], there this term is independent of 7 and therefore
constitutes the gradient corrections to the intrinsic electric field term s, as opposed to here,
which are gradient corrections to the dissipative electric field term sz. The term calculated
here has an additional factor % which is larger in clean samples.
The first term E-(Vx M) = é,-(E| x V)M, gives rise to a spin-accumulation along the
z-direction in presence of an applied electric field, while the second terms yields an in-plane
spin-accumulation which translates into the additional charge current jgraq = doy E and thus
corresponds to a change in the local conductivity

ﬂ — _MZ EV ﬂ

o Ep 2Ep =~ Ep '

(3.234)

which ultimately gives rise to the domain-wall resistance on top of the topological insulator
in the diffusive regime. We can see that the sign of the conductivity change does not depend
on the sign of M, but it depends on the relative sign between M, and M, . Also, the domain-
wall resistance is expected to have opposite signs in the two bands of positive and negative
energies.

Last but not least, this spin density gives rise to a torque which is exerted on the magnetization
M and the resulting dynamics is described by the Landau-Lifshitz-Gilbert equation, as for
example discussed in section and here takes the form

Md(atm + admxﬁtm) = —gupMym x Heg + T = —gusMymx Heg + M X s . (3.235)

Here, we see that the torque essentially appears as an additional contribution to the effective
magnetic field. Obviously, sg provides an intrinsic anisotropy axis along the z-direction which
can be tilted by application of an electric field in-plane of the surface. For a given E-field,
the in-plane tilt angle is result of an interplay between si, and sz, and thus depends on the
ratio oy /oy which can be controlled by shift of the Fermi-level Er and the magnetization M.
Essentially, in this topological system the electric field takes the same role that the external
magnetic field has in conventional ferromagnets.

It is also interesting to note that in the Stoner limit of itinerant ferromagnetism, we find a
simple relation for the Gilbert damping constant of in-plane non-equilibrium magnetizations.
This can be found using 7T, = 0 and considering small in-plane excitations, i.e. M = M,é,+u
(similar to [I31]), so that

Tel = M X (Sin + Sdamp + S0) =0 (3.236)
and substituting the above results readily yields ag}t) = ;—'}'I

We remark that we ignored the effect of screening in this investigation. When the Fermi-level
is inside or near the gap however, screening is suppressed. Deeper in the metallic regime, it
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should be taken into account, which can be implemented straightforwardly by introducing
the screening potential pee due to electron-electron interaction. The Thomas-Fermi screening
length has been calculated in the work of [133].

3.5. Conclusions and QOutlook

In this chapter, we first studied a very general Hamiltonian that contains an additional matrix
structure describing different bands, and the goal was to bring this Hamiltonian into band-
diagonal form which has been achieved by performing a rotation in band-space. The diagonal
representation is very practical when one wants to study the low-energy response of the system
because then, only one or few degenerate bands are relevant. Since in the very general case this
diagonalization involves the pair of non-commutating position » and momentum p operators,
we performed the diagonalization perturbatively in & by using the Wigner representation. We
investigated the Hamiltonian and physical observables in the rotated frame and how Berry
phases emerge naturally during this diagonalization procedure. Essentially, Berry phases
describe corrections to the canonical variables like position and momentum due to inter-band
scattering.

Moreover, we discussed the general gauge-transformation in 2 x (3+1)-dimensional parameter
space consisting of r, p, time ¢ and energy e and required our effective theory to be invariant
with respect to this transformation, since this additional degree of freedom should not change
the physics of the low energy effective theory. This freedom corresponds to the different
choices of unitary transformations we can find to arrive at the same diagonal representation
of the Hamiltonian. This lead us to the introduction of gauge-invariant kinetic quantities,
and we expressed the Hamiltonian and observables in terms of these kinetic variables, which
naturally leads to the appearance of Berry curvatures which are gauge invariant and describe
all kinds of intrinsic effects. In addition to Berry curvatures, we identified further gauge
invariant objects which are related to circular, or persistent currents, which itself interact
with magnetic fields or with each other and give for example rise to energy terms, like the
Zeeman interaction.

In order to obtain a comprehensive effective description, we discussed that the Hamiltonian
alone is not sufficient. To this end, we formulated the Hamiltonian, density operators, and
quasi-probability densities in the rotated frame in terms of gauge invariant kinetic variables
R and P. These kinetic variables in the rotated frame are strongly linked to the kinetic
variables of the original theory, as opposed to the canonical variables. In fact, as we have
seen, the kinetic variables essentially turn into the kinetic ones of the original theory. The
canonical ones are, on the other side, responsible for the proper quantum structure due to
their canonical commutation relations which defines the quantization. Therefore, both the
canonical and kinetic variables are an important part of our effective description, and only
then will it be consistent. Using these kinetic variables, we formulated a Boltzmann transport
equation that incorporates intrinsic effects expressed in terms of Berry curvature effects. To
this end, we consistently defined various quasi-probability densities which are connected by a
conservation law: Liouville’s theorem in extended phase space. These can be used to obtain
physically meaningful densities and currents within the effective description. Furthermore,
it is rather straightforward to include impurity scattering in the same manner as in section
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2.4.5] albeit with additional corrections that appear in terms of Berry curvatures and which
requires further investigation.

Then one could study a variety of systems that involve both spin-orbit interaction (SOI)
and an inhomogeneous and time-dependent magnetization. This is interesting for spin-orbit
coupled semiconductors where one has different types like Rashba SOI, Dresselhaus SOI or
in the case of strong SIO in III-V ferromagnetic semiconductors one can utilize the Luttinger
Hamiltonian for hole transport. In these systems the electron or hole spin is intricately
coupled to both momentum and orbital degrees of freedom. In addition, one has magnetic
and non-magnetic impurity scattering that adds additional complexity to the system and is
naturally studied in terms of a collision integral within the Boltzmann approach. For these
reasons, the formalism developed in this chapter seems practical to study various transport
and dynamical properties of these systems.

Despite performing a formal expansion in A, similar to treating the semiclassical limit, we
never abandon the quantum description. One major advantage compared to other semiclas-
sical approaches is that there is no need for a re-quantization. In fact, our real expansion
parameter might be a different one, like the Compton wave-length as we have seen in the case
of the relativistic Dirac equation. Also, our approach is systematic in the sense that we can
go to arbitrary order in A or inter-band coupling. In this respect, it is also very interesting to
look at terms second order in h which yield important contributions, for example the Darwin
term in the case of the low-energy limit of the relativistic Dirac equation. Furthermore, new
physical phenomena emerge at O(h?), like the magneto-electric coupling in insulators which
received new attention recently, also due to the discovery of topological insulators [134] [135].

As we have seen throughout this chapter, is it important to keep information about the
Berry phases in effective theories, since they are essential when studying the dynamics of
the system. The Hamiltonian is enough to study properties like the energy spectrum of the
system. However, for example dynamical observables like current attain important Berry
phase contributions that lead to a correction of a factor 2 in the case of the Dirac equation or
in their non-relativistic counterparts in spin-orbit coupled semiconductor systems. Essentially,
the same conclusion has been reached in [I09] for the case of the relativistic Dirac equation.
Only when we make the distinction between kinetic and canonical variables will the resulting
current be gauge invariant. We also established a link between gauge invariance in momentum
space and the spin-orbit interaction.

Finally, we studied transport and magnetization dynamics in the system of surface Dirac
Fermions with proximity induced ferromagnetism in the diffusive regime. We calculated den-
sities and currents and obtain for example the spin-accumulation and domain-wall resistance
due to inhomogeneous magnetization textures in addition to the anisotropic Gilbert-damping
constant. Furthermore, we found the anisotropic exchange interaction mediated by the Dirac
quasiparticles. Other terms like electric field terms already published in other works were
reproduced. In the Stoner limit of itinerant ferromagnetism, the simple relation agp = 5—‘1'{
for the in-plane component of the Gilbert damping constant holds.

In summary, we found a consistent and gauge invariant effective description that can be
used to study the low-energy response of the system, where the non-equilibrium excitations
are confined within a single band, or several degenerate bands. Our treatment shows how
low energy effective theories arise from more comprehensive theories which usually are itself
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already effective theories and what role gauge transformations, kinetic variables and canonical
variables play in this course of this reduction scheme. Since the external electromagnetic field
is already described in terms of a gauge invariant kinetic momentum, we discuss hierarchies
of effective theories, which allow us to include the electromagnetic field conveniently into our
description.
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4. Transport and Bound States on Topological
Insulators with Induced Ferromagnetism

4.1. Introduction to Topological Insulators

Topological insulators are a new class of materials that do not fit into the traditional char-
acterization scheme of Landau which describes phases of matter in terms of spontaneously
broken symmetries. These topological materials are subject of two recent reviews [136, 137].
The beginning of the field of topological states of matter dates back to 1980, when the
Quantum Hall state was discovered by placing a 2-dimensional electron gas into a strong per-
pendicular magnetic field. This state does not break any symmetries but is characterized by
a topological invariant, the quantized Hall conductivity o, = ne?/h which is invariant with
respect to smooth deformations of the system and cannot change unless the system undergoes
a quantum phase transition [138] [139)].

A new generation of topological insulators without time-reversal breaking mechanism was
first proposed theoretically by Bernevig et al. in HgTe quantum wells [140], and has been
observed experimentally shortly after [141]. This was the demonstration the two-dimensional
quantum spin-Hall insulator (QSH), a time-reversal invariant topological state as opposed to
the quantum Hall state, and carries a pair of time-reversal invariant edge state which can be
detected in transport experiments [142], 143]. This state is characterized by a Zsa topological
invariant which can take the two values 0 for the topologically trivial state and 1 for the
topologically non-trivial state [144] [145].

Furthermore, Fu and Kane predicted Bi;_,Sb, to be a three dimensional strong topologi-
cal insulator (STI) with topologically non-trivial surface states [145], which was later seen
experimentally by angle-resolved photoemission spectroscopy (ARPES) [146]. However, this
material has a small bulk energy gap and a rather complicated structure of the surface states
so that soon, it was predicated that the materials BisSes, BisTes and SboTes should exhibit a
much larger bulk gap of ~ 0.3 eV [130]. Experimentally, these materials have been confirmed
to show a single Dirac cone with linear dispersion on its surface [130, 147]. These materials are
known for their excellent thermoelectric properties and it turns out that the major ingredient
that drives a material into a topological state is the spin-orbit interaction which is also rather
large in the mentioned materials. The topological nature of the surface states has been also
shown experimentally by a direct measurement of the spin-texture which also demonstrates
the spin-momentum locking that ultimately leads to a the topological quantum Berry phase
of w. The large energy gap and the special electronic structure of the surface states makes
materials like BisSes very interesting for high-temperature spintronics applications.

The key essence of topological states of matter is the spatial separation of bound states which
manifests itself in the exponentially localized surface states. These states are robust against
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perturbations since they are protected by the bulk band gap. In a semiclassical picture, the
robustness of the surface states can be understood in terms of a destructive interference of
time-reversed paths [I37], which is a consequence of the mysterious fact that the wave function
flips sign when the spin is rotated by 2.

Topological states of matter could be also realized using rather conventional ingredients, like
semiconductor heterostructures coupled ferromagnets and s-wave superconductors [148], [149].

A general theoretical description using topological field theory can be found in [128] and a
definition of topological order parameters in interacting systems is discussed in Reference
[150]. Many interesting phenomena are proposed to emerge from this new class of materials,
like a condensed matter realization of axion physics [I51], proximity induced superconduc-
tivity gives rise to unconventional superconductivity [I52] [153] and is a promising candidate
to realize Majorana Fermions [154} (155 [156] which are of interest for topologically protected
quantum computing. Furthermore, fractional charge of quasi-particles and a quantized cur-
rent have been predicted for the quantum spin Hall state [I57]. And finally, the vacuum of the
Standard Model is also of topological nature [I58]. Therefore, it is also of very fundamental
interest to study the properties of these special states of matter.

4.1.1. 3D Strong Topological Insulators (STI)

In this chapter, our interest lies in the family of so-called strong topological insulators (STT)
like BisSes. The notion of strong arises from the fact that in three dimensions there are differ-
ent ways to realize topological states, and one finds four topological invariants to characterize
these states, (vp;v1,1v2,v3) [145]. The most straightforward way to create a 3-dimensional
topological insulator is by simply stacking weakly interacting layers of 2D QSH insulators,
so that the edge states become anisotropic surface states. This kind is referred to as weak
topological insulator with vy = 0 and v1, 1o, 3 representing the Miller indices of the orien-
tation of the layers. However, these surface states are not robust against disorder and will
be subject to Anderson localization. On the other side, the STT is a genuine 3-dimensional
variant characterized by vy = 1 and has a surface electronic structure which in the simplest
case is a single Dirac cone described by the surface Hamiltonian

Hsurface - thU'k 3 (41)

where o is the vector of spin-Pauli matrices and k is the momentum in the surface plane. This
dispersion clearly shows the spin-momentum locking which is characteristic for the surface
states of time-reversal invariant STI. Therefore, for each momentum k one has only one spin-
state which is of opposite direction for k and —k, therefore prohibiting back-scattering and
thus also Anderson localization due to disorder.

For a surface with a mirror plane, the symmetry requires
Hsurtace = po- (€2 x k) = hvp(kyo, — keoy) | (4.2)

which is the dispersion realized in BisSes to a very good approximation and for low enough
energies. In fact, this material has to date the simplest surface structure and it comes very
close to the ideal linearly dispersing Dirac cone [I59]. It essentially corresponds to % of
Graphene, and the appearance of a single Dirac cone at the surface is only possible due to a
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spatial separation of the pair of Dirac cones required by the Fermion doubling-theorem [160].
Essentially, the two cones sit on opposite surfaces and do not interact due to large spatial
separation along with exponential localization at the surface. In fact, when the distance
becomes smaller like in thin films, the surface states hybridize and a gap opens in the surface
spectrum [161].

It seems that BisSes becomes the reference material for strong topological insulators due to
its large band gap allowing stable surface states even at room-temperature, while the surface
states itself are very close to the idealized Dirac cone. Furthermore, the stoichiometric pure
compound allows one to create samples of higher purities as for example compared to the
alloy Bij_,Sb;,. On the other side, in the related material BioTes the surface Dirac cone
clearly shows hexagonal warping due to the underlying hexagonal symmetry [162].

On the theoretical side, a 4-band model Hamiltonian for a full description of the 3D STI
has been derived from k-p perturbation theory and symmetry considerations [163]. There
are few works dealing with transport theories for the topological surface states. A diffusion
equation that describes spin and charge coupled transport has been derived in [164], and a
more comprehensive theory of surface charge transport in topological insulators can be found
in Ref. [I33]. It should be noted that in contrast to the 2D QSH state, the quasiparticle
motion on the surface of the strong topological insulator is diffusive and not ballistic. This is
due to the surface roughness and the presence of impurities or dopants near the surface.

Finally, experimentally it is still challenging to perform real transport experiments on the
topological surface states, since bulk contributions are dominating, so the current approach
is to separate bulk from surface contributions. But the field of topological insulators is just
at its beginning, so there is much to be expected in the future.

4.1.2. Strong Topological Insulator with Induced Ferromagnetism

We have learned that topologically protected surface states are robust against disorder how-
ever, this is only true for non-magnetic impurities. Magnetic impurities on the surface like
iron open a mass gap in the Dirac dispersion [165]. On the other side, non-magnetic im-
purities can be used to tune the Fermi level, which can be done individually for bulk and
surface states by controlled addition of impurities to the surface of the topological insulator
[147, 159]. A systematic experimental study on the influence of different kind of impurities
on the topological spin-structure of BisSe3 can be found in Ref. [166].

The general form of the Hamiltonian which we will mainly study for the rest of this chapter
reads

H =héy(oxk)— M(r,t)o — u(r,t)og , (4.3)

where the first term is simply the surface low energy description for BisSes introduced in
Eq. and the second term describes the proximity induced ferromagnetism with the
effective ferromagnetic order parameter M (r), exchange coupled to the spin o of the Dirac
Fermions. Finally, chemical doping shifts the Fermi-level p(r) which can also depend on
position r by performing spatially dependent doping. This projected Hamiltonian description
is sufficient as long as the Fermi-level and energies of external perturbation are low enough,
so that there is no interference with the bulk band states. In this case, a more complete
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description like the aforementioned full 3-dimensional 4-band theory is required. However,
for the rest of this work it is assumed that the projected description is sufficient, in particular
we are only interested in the low-energy transport regime.

Furthermore, the quantum anomalous Hall effect (QAH) has been predicted in the BixX3
system of topological insulators when doped with Fe or Cr [I67]. Essentially, the magnetic
doping leads to a finite mass M, # 0 which opens a gap in the surface spectrum and drives
the system into the quantum anomalous Hall state which in analogy to the quantum Hall
state is characterized by a quantized Hall conductance, but it has the big advantage that no
external magnetic field is needed.

Using the same Hamiltonian , Yokoyama et al. considered a ferromagnet/ferromagnet
junction on the surface of a topological insulator and calculated the tunneling conductance
through the interface barrier [I68]. Furthermore, the effects of the Dirac Fermions on the
magnetization dynamics are subject of Ref. [I3I]. Finally, Garate and Franz treated the
inverse spin-galvanic effect in such systems [132].

The system described by featuring an interaction of the Dirac Fermions with ferro-
magnetism exhibits interesting physical phenomena, such as bound states that can exist at
a domain wall or at magnetization structures in general. This will be investigated in this
chapter, but we will also go beyond equilibrium phenomena and explore the non-equilibrium
aspects of Dirac fermions moving through inhomogeneous magnetization structures.

4.2. General Properties of Dirac Fermions with Induced
Ferromagnetism

In this section, we will first investigate some basic properties of the Hamiltonian (4.3, which
will help us to better understand the discussion in the subsequent sections.

4.2.1. Densities and Quantum Equations of Motion

By writing down the Heisenberg equation of motion for the position operator, we obtain for
the velocity operator

dr 1

v=—=—|r,H =vé,xo 44

dt ih [ H] * ’ (44)
which also relates to the current operator. This can be easily shown by calculating d;p, where
p = UV is the density operator and ¥ is the many particle field operator in the Heisenberg
picture, and which yields the continuity equation

Ut + Vol =9,p+Vj=0. (4.5)

We note that the current density j = v¥T(é,xo)¥ is completely defined by the spin direction,
a direct consequence of the spin-momentum locking on the surface of the topological insulator.
Thus, creating an excitation with a certain, but fixed spin direction, the group velocity is
already determined. Later, we will see that this leads to the chiral character of the bound
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states that can exist at the interface between two ferromagnets of different magnetization
directions on top of the topological insulator.

We are also interested in the equation of motion for the spin,

d
d—‘z — 2hwor x (65 x k) + 20 x M = 2hw (ko)é, — ko) + 20 x M (4.6)
which describes precession around the effective field 2v(é, x k) + 2M which is momentum-

dependent.

For the sake of completeness, let us also remark that in order to have a closed set of operator

equations that describe the surface physics of the topological insulator, in addition to ‘é—f and

do

‘&> we need the equation of motion for k,

4 = V(M) + (Vioo , (4.7)

where on the right-hand side, V only acts on B(x) and p and thus, it is not to be treated as
a differential operator.

In the case of an arbitrary inhomogeneous magnetization, we can find an interesting relation
for the spin-density s = ¥To¥ of an eigenstate of the general Hamiltonian 1} In order to
find it, we take the curl of the current density,

Vxj=veé, (V-s) = vé, (V-\Iﬁa\p> (4.8)

which relates the current to the divergence of the spin density, i.e. the sources for the trans-
verse spin density are given by the curl of the current. Multiplying the eigenvalue equation
HY = EV with o, from the right, we obtain

vho V¥ =0, (E+ p(r) + M(r)o) ¥, (4.9)

so that we can use this equation and its adjugate to plug it into (4.8]), which yields
. 1
é,(Vxj)=v(V-s)= ﬁqﬂ {E+pu(r)+M(r)o,o,} ¥

= % (B + p)s: + M.p) . (4.10)

The source for circulating (or persistent) currents is given by M, times the quasiparticle
density p = ¥T¥ of the Dirac fermion plus the contribution from the z component of the spin
density with the prefactor being essentially the eigenenergy of the state. This relation will
manifest itself in the bound states we will calculate later analytically (see Figure .

Homogeneous case and density of states

Let us begin very simply by considering a constant exchange field M and ignoring the chemical
potential p. Then, the diagonalization is very straightforward since the Hamiltonian

Hy, = hvwé,(oxk)— M- o
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is diagonal in k-space so that only 2 x 2 spin-space remains to be brought into diagonal form.
This can be achieved by the unitary transformation

1 \/ekz — M, \/ekz + M,
Up = —— ik —k ko —k (4.11)
V2€k ( —hv = ho
that diagonalizes Hp,
t €L 0
UpHpUy = 0 —e ) (4.12)

and the energy dispersion is €, = \/h?v2k? + M? which is shown in Fig. 4.1(a)
We now calculate the spin-resolved density of states which is defined by

2
v(e) :/((217:;2 d(e — Hy) , (4.13)

where we note that we can ignore the component M|, = (M,, M) in the plane of the topolog-
ical insulator, since it merely renormalizes the momenta k;, k, and thus can be transformed
away in the above integral, leaving us solely with the mass term or energy gap M,:

2
V() = / (;’; 5 (e — hwé, (o x k) + M,o). (4.14)

Applying the transformation (4.11]), we obtain

d2k
v(e) :/(%)2 Uk 6 (¢~ ULHRUR) U]

e o st o )]

The first term due to Hg is linear in k and thus vanishes upon integration, so that we finally
have

i

v(e) =

T 4w

[ao - Ma] O(1el - M) (4.16)

For M, — 0, we obtain a simple linear spectral density v(e) = %00 = %00. For M, # 0 it

becomes gapped (|e| > |M,|) an attains a spin-z component which has the same sign for all
states in one band, and is shown in Figure 4.1(b)|

Considering the eigenstates of the homogeneous Hamiltonian, [¢i) = €7 |xi), Hylvi) =
+eg|Yk) we obtain the energy e, = +|vé, xk + M| and

L
(o) = F - (vesxk+ M) . (4.17)
so that the expectation value of the velocity is <¢,f|v\zp,f> = ié(vk —é,xM) = +%% as

ok’
expected.
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Figure 4.1.: Dispersion relation (a) and density of states (b) on the surface of a topological
insulator in presence of a magnetic field which opens a gap of 2M,. Note that
in-plane components of the magnetic field merely renormalize the momentum
vector k and thus do not change the spectrum. The net spin polarization of the
states is along the z-direction and indicated by the arrows.

4.2.2. Gauge Transformation

We start with the Hamiltonian for the surface of the STI and the general magnetization field
M(r)

H =ihwo(é;xV)— M(r)o — u(r), (4.18)

where 7 describes the position on the surface which is chosen to be the z-y plane and likewise,
V = (04,0y,0). First, we divide the magnetization components perpendicular to é, into two
components, M|, = M)+ M, where the divergence-free part has the property

VM, =9, M; + 0,M; =0 (4.19)
and the curl-free part satisfies
&z (VxM) =—-V-(é;xM) =0, M, — 0,M, =0. (4.20)

Now, by performing the local gauge transformation

o) > e { & [ @rexanr f o). (121)

we can eliminate the divergence-free part M;. The line integral is well defined since it does
not depend on the path of integration due to the integrands vanishing curl, Vx(é,xMi(r)) =
é.(V-M,;) = 0. However, this additional prefactor of |¢) is a pure phase and is not of any
physical significance. Therefore, we can restrict ourselves to problems of the form

H = ihwo(é;xV) — My(r)o — M,(r)o, — u(r) , (4.22)

or since we can introduce a scalar potential such that M) = V., where ¢n(r) can be
considered as the magnetic potential, we can also write,

H =ilwo(é;xV)—0o-Vo, — Mo, —p, (4.23)
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where we did not explicitly write the » dependence for clarity. ¢, will be useful later for the
general solution of the zero energy bound state. It is also possible to define a magnetic charge
pm(7) by virtue of a Poison equation,

Apm =V-M) = py, . (4.24)

Thus, the energy spectrum of the system STI with a ferromagnetic layer on top and arbitrary
magnetization texture depends only the M, component and the magnetic charge of the vector
field, py, (7). Note that time-dependent M would also renormalize the chemical potential ()
with a term that is given by the time derivative of the exponent in Eq. (4.21).

Time-dependent case

In the general time-dependent case on the other hand, we can transform away the chemical
potential p in Hamiltonian (4.3)) by means of a local gauge transformation which would give
rise to an additional contribution to M (r,t),

t
M, — M, + / dt'v(e, x V) ulr,t') . (4.25)

Therefore, in the general time-dependent case, the effects due to a scalar potential pu(r,t) and
due to M(r,t) can be mapped onto each other, so only one of them has to be considered
when solving the time-dependent Dirac equation.

4.2.3. Wave Equation in the Schrodinger Form

We start from the time-dependent Dirac equation for the surface states
ihvo (éxx V)V = (ihdy + o M| + M,0,)¥ , (4.26)

with the most general fields M (r,¢) and chemical potential pu(r,t), and where the scalar
potential term p has already been absorbed into M|, = M)+ M, by the gauge transformation
discussed above. We transform this equation into a wave equation for the two component
spinor ¥ by multiplying the whole equation with ive(é, x V) from the left, and obtain after
some straightforward algebraE]

B2(0% — 0PV = —(M? + M*)U
+ h[ivé,(VX M) +v0o,(VM|) —2iv(é,x M, )V —vo(VM,) +ic(0,M)|V . (4.27)

We can also rewrite this equation using the Peierls substituted momentum V — V — %Aeﬁ,

. 2
R202T — ho? <V - %(éz le)) U =MV + h[ve,(VM,) —ve(VM,) +ic(0;M)] ¥
(4.28)

'We use (07(€.xV))? = V? and 0(é,xV) (e M, ) = &, (VxM, )—ic.(VM,)—(c M, )o(é,xV)—2(é,xM,)V.
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If we identify the vector potential as M| = —wvé, X Aeg in this equation, we obtain the
(effective) magnetic field that we already encountered in ((3.213))

1
Beff - VXAeﬂ” == éz;(VMJ_) 5 (429)

which appears not only in the usual orbital term but also as a Zeeman term on the right-hand
side of Eqn. . We see that coupling between the two spin-components is now only due to
gradients VM, and 0; M. If the latter two vanish, we essentially have to solve two independent
Schrodinger equations for the spin-up and -down components, with the difference that the
time derivative appears in second order. For stationary states, —0? — E2, so that energy
eigenvalues are simply the square roots of the Schrodinger eigenenergies. This manifests itself
in analytical expressions for the eigenvalues, for example, as we will find below in or

(E-100).

For a general time and spatially-varying magnetization, Seg = 1h(0; M) — vi(V M) appears
as a spin-motive force that linearly couples to the spin like in a Zeeman term, and we can
write compactly,

—12020 = v (p+ Aeg)? U + M2V — (Beg + Se) o0 | (4.30)

Here, M2 appears as a scalar potential and for constant M,, it simply opens a gap in the
energy spectrum. The influence of the magnetization has been reduced to the effective elec-
tromagnetic potential A.g and to Seg. The external magnetic field and some implications
will be treated in the next section.

4.2.4. External Magnetic Field

An external magnetic field can be simply incorporated by the usual minimal coupling to the
momentum, V — V —i{A. Like in the previous section, we obtain the stationary wave
equation for the Dirac spinor ¥

02 (p+ qA)? U = (E? — M2V + hqv*(Vx A)o, U | (4.31)

where we also kept a constant mass term M,. The major difference to is that here, the
appearance of the vector potential is a result of enforcing gauge invariance, so that we have
to distinguish between kinetic can canonic momentum. This is different in , where the
effective vector potential is a result of the induced exchange field, and kinetic and canonic
momentum are the same. This has been discussed very generally in chapter

Note that the external magnetic field can have only a z-component (i.e. B = VXA =
é.B(z,y)), since x and y-components cannot be described by means of a Peierls substitution
as we have only 0, and 0, derivatives available. For a complete inclusion of the magnetic
field, one has to resort to a 3D-bulk model, for example the effective 4-band model derived
in Ref. [163]. However, as Yang and Han conclude in Ref. [169], the surface projection along
with the Peierls substitution are in good accord with the full four-band model, only when the
surface states begin to merge with the bulk states differences arise, unsurprisingly.

It is now obvious that the above equation describes a free (non-relativistic) 2D electron gas
subject to a perpendicular magnetic field. If we take B as constant, we can use the well
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known solution [I70],
1 1
0 (p— 4A)? W) = 2010? Bln + D) = Rednt D)) . (432)

where m is the eigenvalue of the angular momentum operator L, and the quantum number
n denotes the Landau level. Note that it is the Zeeman-like coupling term o, B, that exactly
cancels the zero-point energy and gives us the well known result for Landau levels of Dirac
fermions [171],

E, = +v/M2 4 2qlw?Bn . (4.33)

We remark that within a semiclassical description, it is the Berry phase that cancels the zero
point energy since it accumulates a phase of 7 around a closed orbit [109]. Finally, the Landau
level have been experimentally observed in BisSes using scanning tunneling microscope (STM)
imaging [172] 173], although transport experiments are yet to be seen due to the general
challenges that have to be overcome, as discussed in the introduction. Landau levels on a
sphere have been derived in [I74] using a description of the Dirac equation in curved two-
dimensional space.

4.2.5. Semiclassical Orbits

In the previous chapter, we presented a semiclassical formulation of transport in systems with
non-trivial band structure. Also, we already studied a range of phenomena exposed by the
Hamiltonian in section Here, we merely want to illustrate some basic features of
bound states that can be found in these kinds of systems and which we will recover later
in this chapter in an exact quantum mechanical treatment. To this end, we adopt the most
crude semiclassical description by simply considering the Hamiltonian equations of motion
derived from the classical energy

He =/ (upa + My ()% + (py — My (r))? + Me(r)? | (4.34)

which corresponds to the Hamilton function so that the equations of motion are given by

dr  OH.
dt ~ op
dp  OH.
dat — or

Eliminating the momentum p, we arrive at

H,d? 1
e 47 :leBeff

— vV M?
v2 dt? dt

C2H. T F

(4.35)

which essentially describes the motion of a particle in the effective magnetic field Beg defined
in 1) and the effective electric field —%HCVMZQ. Note that dgc = 0 due to energy
conservation, so that H. is the energy of the particle in its orbit, and the mass of the quasi-

particle is essentially given by its energy %, as expected from a relativistic theory.

136



<

X

CEY

(a) M = &, tanh(z) (b) M = é, tanh(x)

>
K TR AT AT
Xl

Figure 4.2.: Semiclassical orbits for Dirac fermions at domain walls with two different con-
figurations of the magnetization. The three pictures in (a) show respectively, a
localized (or closed) orbit and upward/downward moving (indicated by the blue
double-arrow) helical orbits. The local spin direction is indicated by the small
black arrows whose size represents the magnitude of the in-plane component. We
see that the electron quasiparticle probability becomes more asymmetric with
respect to the two sides of the domain wall, as the momentum p, along the do-
main wall (and consequently the group velocity along y-direction) becomes larger.
The picture in (b) shows the situation for a magnetization perpendicular to the
2D Dirac fermion gas. The orbits essentially undergo sinusoidal propagation.
Contrary to the configuration in (a), the quasiparticle probability distribution is
symmetric on both sides of the wall however, the spin-direction is asymmetric.
We will recover these features when studying the exact bound states within full
quantum theory.

We can also investigate the spin-direction (on the Bloch sphere) of the quasiparticle as it
travels around its orbit (indicated by the black arrows in Figure [4.2)). It is simply given by

1 M, — vpy
§= 71 My + vp, (4.36)
c M,

which can be obtained from result ([3.222]).

We see that we have two ways of creating localized states, the first one through B.g which
is realized by a domain wall of the form M = é, tanh(z) and is illustrated in Figure
Likewise, a domain wall of the form M = é, tanh(z) leads to confinement through a scalar
potential and is illustrated in These are exactly the two types of domain walls we will
investigate in detail later using the full quantum description.
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Figure 4.3.: A sketch of the interface geometry where a domain wall (DW) divides two regions
of different magnetization vector M and chemical potential y. The domain wall
is assumed to be much smaller than any other relevant length scale, consequently
treated as sharp interface. Due to the boundary condition at x = 0, the Dirac
spinor |x) is the same on both sides of the interface.

4.3. Interface States and Zero Energy Bound States

Using a simple semiclassical picture in the previous section, we have seen the possibility of
bound states in the system of Dirac fermions coupled to an inhomogeneous ferromagnetic
exchange field. In this section, we want to explore this more accurately using a complete
quantum description of the system. However, we restrict ourselves to rather simple situations
and states for which analytical solutions can be found rather straightforwardly.

4.3.1. F-F Interface on Top of a Topological Insulator

Without loss of generality, we assume that the interface lies along the é, direction so that we
can expect a bound state in the é; direction, while the transverse wave-vector ¢ along the &,
direction is a good quantum number. For this geometry, we have k = —i0,€, + ¢é,, so that
the Hamiltonian has the form (here, we set h = 1)

H = ivo, 0, + quoy, — Myo — AMO(x)o — i, — Ap 0(x) (4.37)

where AM = My — M., is the difference between the magnetization on the left and right
side, and likewise for the chemical potential Ay = ugr — p. The situation is illustrated in
Figure 4.3

On either side of the interface, we anticipate a solution of the form

() = eWINEX) L fy) = e WTARTy) (4.38)

with the two inverse localization lengths A and Ay, while the spinor |y) has to be equal on
both sides due to the boundary condition for the wave function at the interface x = 0, which
requires the wave function to be continuous. The two solutions obey the eigenvalue equation
for x < 0 and x > 0, respectively

(tvALoy + quoy — Myo — uwoo) |x) = E|X) (4.39)
(—iwAroy + quog, — Mro — uroo) |x) = ElX) , (4.40)
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with energy eigenvalue £. When multiplied by Fic, from the left, these equations yield by
virtue of (a-o)(b-o) = (a-b)oy + io-(axb) the following expression

(VAR £ i(éy-Myr)) |X) = (Fvgo, £ 0-(éy x My r) Fi(prr — E)oy) |X) - (4.41)
Adding both yields the simple eigenvalue equation
(V(AL + Ar) —i(€y-AM)) [x) = — ((éy x AM)-0 — iApoy) [x) (4.42)

from which we immediately identify the bound state to be an eigenstate of the 2 x 2 matrix
on the right-hand side. For Au # 0, these two states are not orthogonal since this operator is
not Hermitian in that case, but we will see that only one of those two states is a bound one.
At any rate, the normalized states (x4|x+) = 1 are characterized by the following expectation
value:

AM, éyxAM,
(xzlo|x+) = sin(p/2) + cos(p/2) = (4.43)
|AM, | |AM, |
Here, we introduced the angle sin(¢/2) = _MATMLI # 0 that parametrizes the potential barrier

Ap, and AM, is simply component of AM within the x-z plane.

The inverse localization lengths of the bound state on either side of the contact are explicitly
given by

AM,
=—ié M i 2 Az 2 Am *
VAL 1€y My, + qu (sin(p/2)é, F cos(p/2)éz) ]AML]—'_
1 . X
AM,| (£ cos(p/2) AM, - My, + sin(p/2)é,, - (M, x My)) (4.44)

where the upper/lower sign corresponds to |y+), and which has to be chosen such that
Re A\, Re Ag > 0. Comparing the terms in the above expressions, we find almost all terms to
be of opposite sign in A;, versus Ag, which implies that the increase of these terms makes the
bonding weaker on one side and stronger on the other. The only term that contributes to a
binding on both sides is cos(¢/2) AM, - M;..

For the moment, we neglect the influence of finite ¢ with the additional assumption that
¢ = 0. Then this gives rise to the constraint sgn(M?2 — My -My) = sgn(M2 — M, - My), or

M, M,
<|’ML’] — Cos 9> <‘]MR\’ — cos 9) >0, (4.46)
R L

where 6 is the angle between M, and My. Thus, the existence of a bound state depends on
the relative angle 6 and the relative magnitude of the magnetization vectors, [Mg| = A phase

| M|
diagram for the existence of a bound states is shown in figure |4.4(a)

In the end, we find that the bound state is always given by |x) = |x—). This does not change,
even when ¢ # 0 or ¢ # 0 due to the above observation that all other relevant terms in A, and
Ar are equal, but of opposite sign. Also, note that the M,-component plays no major role for
the bound state other than giving rise to an oscillatory modulation of the bound state wave
function, but it does not alter energies or any other expectation values of physical relevance.
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(a) Ap=0 (b) sin(¢/2) = — \AAI\%_\ =1

Figure 4.4.: Phase diagrams showing the existence of a bound state (indicated by the shading)
at the interface between two ferromagnets with magnetizations My and M.
Only the relative orientation of My and M, is relevant for the existence of a
bound state, and not its absolute orientation in the z-z plane. Therefore, without
loss of generality we can align My along the z-direction. The boundaries are
defined by a circle with center Mg/2 and radius My/2 and the vertical line
tangent to the circle at My. Plot (b) depicts the case of non-vanishing chemical
potential difference Ay, parametrized by the angle ¢ which here is chosen to be
¢ = m/2. Note that changing the sign of ¢ simply yields a diagram that is the
mirror image with respect to the direction Mfy.

This is not surprising, since according to section this component can be eliminated by
virtue of a gauge transformation.

In the case of a finite potential difference Ay = —|AM,| |sin(p/2), we first note that for
|Ap| > |AM, |, the important contribution to A\ becomes imaginary and thus, a bound state
is not possible. For |p| < 7, we have the following constraints for the exsistance of a bound
state,

cos(/2) (,‘ﬁj" o 9) ~sin(p/2)sind > 0

and

M,
cos(p/2) (:Mj — cos t9> + sin(y/2)sinf > 0 .

In Figure [4.4(b)|, we show how finite ¢ modifies the bound state phase diagram.

The energy of the bound states is then readily obtained by taking the expectation value of
|1} with respect to the Hamiltonian,

E(q) = (Y[H[Y) = Eo + vpwq (4.47)
where the constant part of the energy reads

(M)f = (MUE 0 Gu M xMy)
2|AM, | |AM, |

Ep = —sin(p/2) (4.48)

(4.49)
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Figure 4.5.: Definitions of the angles # and « in the z-z plane. The interface defined by the
domain wall is perpendicular to this plane, i.e. along the y direction.

and we assume without loss of generality that p;, = —ug. The group velocity for propagation
along the domain wall is

AM,
|AM, |

Upw = V(Y|oéx|1) = v [sin(¢/2)éx — cos(p/2)é,] (4.50)
Note that the energy shift Ey of the bound state changes sign when we exchange the two
magnetizations My <> M, and it is zero only when M and My, are anti-parallel. Essentially,
the dispersion with the transverse momentum q is linear, so that the group velocity is constant
with its sign determining the chirality of the bound state. Of course, what one sees here is the
chirality of the underlying metallic states on the surface of the topological insulator, which
manifests itself in the chirality of the bound states at a domain wall.

Finally, in the case |M, | = |My| = M, we give a simple expression for the energy dispersion
of the bound state

E(q) = —M cos(p/2) cos(0/2) sgn(0) — vgcos(p/2 + ) , (4.51)

where 6 is the angle between M| and My in the z-z planeﬂ a describes the absolute
orientation of AM, in the x-z plane (see Fig. . We can see that the group velocity does
not depend on the relative angle 6, only on the sum ¢/2 + a which combines the strength of
the potential barrier ¢ and the absolute position « of the two vectors in the z-z plane. On
the other side, the energy shift Ej is essentially controlled by the relative angle 6.

4.3.2. Zero Energy Bound States

We now want to study the zero energy bound states of a system with a general stationary
magnetic texture M (r) and M, (r). Its interest lies in the fact that the zero energy bound
state is essentially responsible for the half-integer quantum Hall effect, as it for example the
case in graphene which exhibits a zero energy Landau level due to its relativistic dispersion
[2]. The zero energy state contributes only half-a-degree of freedom as compared to finite
energy excitations.

2Note that we define 0 to be in the interval —m..7, so that we have sgn(sin6/2) = sgn(6).
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The Hamiltonian to be utilized here reads
H = ihwo(é,xV) —a(M,+ M) — M,o, , (4.52)

where V-M; = 0 and é,(V xM)) = 0, so that we can introduce the potentials ¢ and ) such
that

M] = Vgpl s gol(’l") = d’l",~M1(’I"/) (4.53)

M, = (6, x V)1 | ou(r) = — / Cdr (e x M) . (4.54)

We make an ansatz for the wave function (the work of Aharonov and Casher [I75] use the
same basic idea)

U(r) = e P w7y (r) (4.55)

which solves the eigenvalue equation for |E| = |M.| in the case of constant mass term M,.
Generally, there is a whole set of zero energy bound states which can be easily specified by
noting that

io (8, x V)edrtos(rxaés — (4.56)
so that in carthesian coordinates the general solution for the zero energy bound states reads
|hg) = €™ Ao P OO (XD gy (4.57)

The condition for the existence of a localized state is 0.¢)(|7| — 00) — 400, where we have to
choose spin-up or spin-down eigenstate such that o, provides the proper positive sign, which
leads to a convergent solution in all directions of space. The constraint on the size
of g is such that the term 7 x g does not destroy the binding character of ¢;. The quantum
number q is convenient for one-dimensional problems however, in two dimensions it is not
easy to create a set of orthogonal states starting from the g quantum number.

For two-dimensional central symmetric problems, the best choice to tackle problems is to use
the polar coordinate representation (r, ¢), in which we simply have

s (0 oO-
io(é;xV) = <—8+ 0 > , (4.58)
where we introduced
1 , )
O = Op & 10y = (&g £ 16y) 'V = (&g & iy) (810, + —€40;) = et (ar = ;a¢> . (4.59)

since &, = (cos ¢,sin¢) and €4 = (—sin ¢, cos ¢). Now, the general homogeneous solution of
io(é,xV)|x) = 0 is straightforwardly found to be
|Xm) = €Mm9o=pms) | (4.60)

where m € 7Z is the rotational quantum number. Instead of (4.57)), the general solution in
polar coordinates takes the form

) = e~ RPN = ago=a(r) gimdospm gy (4.61)

and the regularity of the wave function at » = 0 requires m > 0.
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4.3.3. Zero Energy Bound States in a Perpendicular Magnetic Field — Zeroth
Landau Level

The zero energy Landau level gives rise to interesting physical effects and essentially is re-
sponsible for the half integer quantum hall effect, which was measured in graphene [2] and
topological insulators [172], [173].

We start from the topological surface states and apply a constant magnetic field along the
z-direction, B = Bé, that corresponds to the vector potential

A= %B(éz «r) (4.62)

in a symmetric gauge, and which is minimally coupled to the momentum p — ¢ A, so that the
contribution to the magnetization

M = %Br (4.63)

is of the longitudinal type because VxMj = 0. The corresponding scalar potential is according
to (4.53)

2
vq 7
= —B— 4.64
pir) = - B (4.64)
and depends only on the modulus of r, therefore making the problem radially symmetric.
The general solution for the zero energy Landau levels (n = 0) then is readily obtained from
(4.61)

B .
|n =0,m) = exp {—02(]47"2} emeTzpm g (4.65)

where |s) is one of the two eigenstates of o, and is determined by the sign of the magnetic
field B.

We have seen that the proximity induced ferromagnetism essentially leads to an effective
magnetic field , and the effects one obtains are therefore reminiscent to those of an
externally applied magnetic field. One may wonder whether those two different scenarios can
be completely mapped to each other. Lets put aside the question whether it is possible at
all to find an appropriate magnetization structure that reproduces the vector potential A,
like in the present situation where Mcg = %! Br and the corresponding magnetization would
have to be a vortex structure which is pointing radially outward (like in Fig. and with
linearly increasing magnitude of the magnetization. This would at best be realized in some
finite region of space where the resulting effective magnetic field can be taken approximately
as a constant and pointing along the z-direction.

As long as only momentum independent observables are studied, both cases should indeed
yield identical results, for example true for the energy spectrum or the charge current .
These are actually the relevant observables in this section, so we can conclude that treating
the inhomogeneous magnetization structures is not different to an external magnetic field.
Essentially, the key difference is that the external magnetic field is a consequence of enforcing
gauge-invariance, whereas it is not the case for M (r). On the other side, if one has to
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deal with observables that involve the momentum k, one has to distinguish between gauge
invariant kinetic momentum and canonical momentum. The implications of the appearance of
gauge invariant kinetical variables in effective theories have been studied at length in chapter

Bl

4.3.4. Zero Energy Bound State in 2-Dimensional Structures

In magnetic nanostructures, one often encounters vortices in equilibrium magnetization con-
figurations with the potential application in magnetic data storage [I76] due to the rather
small size of the vortex core of ~ 10nm.

The mathematical description of the magnetic configuration of general vortices is given by

cos(p¢ + ¢o)
M(r) = M+/1—m2(r) | sin(pp + ¢o) | + Mm.(r)é, (4.66)
0

where p € Z is an integer number denoting the order of the vortex. m,(r) is a radial function
peaked at » = 0 and falling off to zero for large distances from the center and describes
to pointing up or down of the magnetization at the vortex core. The sign of m, specifies
the polarity of the vortex, i.e. whether the magnetization in the core is pointing upward or
downward. The first term in describes the in-plane component of the magnetization
with the two parameters p and ¢g. For the case p =1 and ¢9 = £7, the magnetization curls
around the center with the sign of ¢y denoting the chirality of the vortex.

We solve the simpler problem of the r-independent configuration by first taking m, = 0

cos(pé + ¢o)
M(r) =M | sin(pp + ¢o) (4.67)
0

and we can treat the r-dependence along with the m(r) component perturbatively later.

After some calculus, we find that

Mr
o= g cos((p—1)é+ o) , (4.68)
Mr .
0y = 27psm((p— 1o+ ¢o) » (4.69)
and for the special case p = 2,
@1 = Mrsin (¢ + ¢o) , (4.70)
¢y = —Mrcos (¢ + o) , (4.71)
so that (V = &,0, + é420y)
M, =V (4.72)
Mt = (éz X V)(pt (473)
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(b) Chiral Vortex

Figure 4.6.: Plots of the vortex structure defined by 1D for p=1 and ¢o = 0 in (a) while
in (b), the chiral vortex with ¢9 = 7 is sketched.

and M = M, + M;.

According to result (4.61)), we can readily write the general solution for the zero energy bound
state,

e—%cpt(T)—%a'zﬁol(T) eim¢azrm|5> . (474)

Only the curl-free part M, of the vector field is responsible for the emergence of a bound
state and thus, there are severe restrictions on the term o,p)(r) = o, 21‘{; cos ((p — 1)¢ + ¢0),
since it has to be positive for all values of ¢, i.e. the bound state should be stable in all
directions in space. This essentially is only the case for p = 1, but we need one additional
condition namely, we have to require that cos(¢g) # 0 in order to obtain a finite longitudinal
component. Unfortunately, p =1 and ¢ = 7 is exactly the interesting vortex to be found as
domain walls in nano structures and is shown in Figure In Figure. we show
the magnetization structure for ¢ = 0 which exhibits zero energy bound states labeled by the

quantum number m.

On the other side, having the alternative dispersion -V (see Eqn. as in graphene, and
which might be realized in a topological insulator yet to be discovered, the roles of Mj and
M, would simply exchange, rendering the chiral vortex the one which exhibits bound states.
In this case, the vortex usually encountered in nano-structures would yield the desired bound
states which could be studied for example by measuring the Hall conductivity at the Dirac
point. In fact, this situation is then similar to the zero energy Landau levels that lead to the
half-integer quantum Hall conductance.

In order to determine the spatial extension of the m-th bound state, we simply calculate
the expectation value of the radial position operator r with respect to the wave function
U (r) = e~ M7emPrm - and we obtain

Wlr|tbm) [ dPre 2Mre2m+l g Ly
<¢m‘¢m> - fdzre—QM'r'TQm - M .

(4.75)
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Figure 4.7.: (a) The system of topological insulator with an insulating ferromagnetic layer on
top which contains a tail-to-tail domain wall and the magnetization stays always
within the plane of the STI. The functional dependence of the magnetization is
plotted in (b).

Consequently, the number of bound states scales with the linear dimension of the system.

There is another problem related to these zero energy bound states namely, a non-zero mass
component M, shifts the energies away from zero, which is evident from the Hamiltonian
and noting that the zero energy state is an eigenstate of o,. For constant M, the
energy is simply shifted by |M,| and, as it is the case for the vortices around its core, an
inhomogeneous M, can be treated using perturbation theory to obtain an estimate for the
energy shift,

AE = - WmlMeoslUm) (4.76)

(Ym[om)

which generally yields a finite contribution.

4.4. Finite Width Domain Wall - The z-y Configuration

In the previous sections, we thoroughly studied the appearance of bound states at sharply
defined interfaces between regions of different physical properties. We also studied the zero
bound states that might exist at magnetization structures localized in a finite region of space,
like domain walls or vortices. However, now we are also interested in whether more bound
states might exist at energies different from zero and also, how transport channels are affected
by the presence of domain walls. In order to do so, we diagonalize the Dirac equation in the
presence of a quasi one-dimensional domain wall of arbitrary width, and study its properties
using the exact eigensystem.

The Hamiltonian which we employ subsequently is
H =ihvo-(é;xV)— Mm(r)-o (4.77)

and describes the dispersion of the surface Dirac states, exchange coupled to the magnetization
profile m(z) with constant magnitude M. The domain wall profile is encoded in the spatially
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dependent magnetization direction m and in the following, we will study different quasi-one-
dimensional domain wall configurations.

As we will find out later, it is of advantage to first solve the configuration of the Néel wall
illustrated in Figure where the magnetization vector far away from the domain-wall
is perpendicular to the wall and the magnetization rotates in the plane of the topological
insulator. The magnetization vector has the explicit form

cos 0(x)
m(r)=| sinf(x) , (4.78)
0

where the angle 6(x) has the analytical form

cosf(x) = tanh (%) (4.79)

when one considers the simplest mean-field model of a ferromagnet with exchange constant
A and anisotropy constant K, so that the length of the domain wall becomes w = /A/K.
The functional dependence of the magnetization is plotted in Figure [4.7(b)]

We now want to solve the full eigenvalue problem
H|W) = [ihvoy 0y — ihwo 0y — Mmyg(z)o, — Mmy(x)o,] |V) = E|V) (4.80)

in order to find the bound states that exist at a domain wall of arbitrary width w and with
the specific shape given in (4.78]).

As explained in detail in a previous section, we can eliminate the my-component by virtue of
a gauge transformation,

[ [ s}
(4.81)

since sinf(z) = —0,0(x).

Furthermore, our problem is effectively one-dimensional so that the solution depends only on
x, while k, is a good quantum number. Thus, we make the ansatz for the wave-function

W (x,y)) = @ etk |y(z) | (4.82)

so that the reduced Hamiltonian has the following form,

H = ihvoy 0, + (hvk, — M tanh(z/w))o, . (4.83)
For the sake of convenience, we rescale © — xw, i.e. we measure = in units of the domain
wall width w, and we eliminate hv by redefinition of A = %, q=kyw and € = %, so that
now, we have to solve the dimensionless eigenvalue equation

Hvy = lioy0, + (¢ — Atanh(z))o,| ¢ = e . (4.84)
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Figure 4.8.: Plot (a) shows the two Dirac cones existing left (red) and right (green) of the
domain wall sufficiently far away. For a given energy € and transverse momentum
q, a propagating solution can only exist for k-values where the two cones overlap.
For other parameter ranges where an appropriate k-value can be found only for
one cone, we have a totally reflecting solution. If we cannot find a k value at all,
a solution does not exist or we have a bound state. The situation is illustrated
in (b), where we show a projection of the left and right cones and the allowed
values for the parameters € and ¢ which support states of the total system. The
shaded areas contain a continuum of states, where the totally reflecting states
(red and green shaded areas) can exist only on either side of the domain wall,
and excitations inside the yellow shaded area exist on both sides and describe
the scattering states for the domain wall. The inner diamond of this structure
contains bound states which are symmetric with respect to positive and negative
states, and there is a flat (dispersionless) band at ¢ = 0 for |¢| < A.

4.4.1. Bulk Properties

We first take a closer look at Hamiltonian by studying its bulk properties far away
from the domain-wall. We investigate the asymptotics of this equation in order to find the
parameter range for the existence of various types of solutions. For x — Foo, we have
cos ) — F1, so that the bulk Hamiltonian on the left (L) and the right (R) side of the domain
wall becomes

HL/R = iayax + (CI + A)O':v = _O'yk;L/R + (q + A)U:r ) (485)

and the asymptotic behavior of the exact solutions should correspond to the plane wave
solutions

- .
¢L/R = aL/Rezm L/R|XL/R> + by jre iz L/R|Xz/R> . (4.86)

The wave vectors for the left and the right side obey

k2. =€ — (g A)?, (4.87)

L/R

148



e>0

a+A g,

St Sk

DW

9

Figure 4.9.: Illustration of the various quantities that are relevant for transport across a
domain wall. All parameters are defined in the bulk far away from the domain
wall. The index (L/R) denotes the left and right side of the interface, k are wave
vectors in the transport direction (a-direction) and ¢ is the momentum of the
Dirac Fermions parallel to the interface, which is shifted by the magnetization
A > 0 pointing along the z-direction (see Hamiltonian (4.84)). Kk = ki/r +
i(¢ = A) denotes the complex representation of the total vector and «y is the
angle with respect to the z-direction, while s is the direction of the electron spin
which is simply rotated by —7 with respect to the effective momentum K, a
direct consequence of the dispersion —hveo-(€,xk). Energy conservation dictates
|K| = |K&| = €. This is the situation for the positive energy branch e > 0, while
for negatives energies, s simply points into the opposite direction. Note that the

z-direction is not relevant for this problem.

when we consider an eigenstate with the energy e. This solution describes a Dirac cone with
the center shifted to negative values at ¢ = —A on the left side and vice versa on the right
side (see Figure . The coefficients a;,/x and by, x describe the amplitudes for the scattering
states, and they will be given later analytically by first solving the full eigenvalue problem
, and then finding the asymptotics of the solution.

The spin eigenstates of the bulk system on the left and right sides are

1 e‘%(’YL/R 5)
T N AR e (4.88)
with ‘
/R — kum +i(g £ A) _ Ky r

)
€ €

so that Hyr|X, 5) = €[x,,5)- In the end, the direction of Ky and thus, the corresponding
angle /g Points along the physical current flow, since j = vé, x o. The various quantities
introduced here are illustrated in Figure [4.9, The spin expectation values in the spinor states

Ix, /R> are simply

<XL/R|UZ + i0y|XL/R> = eZ(’YL/R_E) ) (4.89)

<X2/R‘(U’” +ioy)xe) =1, (4.90)

and <XL/R‘UZ|XL/R> = 0.
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According to (4.4), the current is essentially given by the expectation value of the electron
spin, and we can simply express it in terms of the in-plane component of the electron spin by
considering the complex current

J=Jz t ijy = iU(Um + in) . (4.91)
Using (4.89), we directly obtain

) ; K
<XL/R’«7’XL/R> = ve' /R = U% ) (492)

which means that the current direction is given by ~y, IR while its amplitude is constant and

equal to |j| = v. The current in the transport direction is then the real part of (4.92)), v LE/ R

and constitutes the group velocity in transport viz. xz-direction. The current contribution for
an electron in the state ¢ . from Eq. 1’ is then given by

<¢L/R|j|¢L/R) - U|aL/R’2€Z’YL/R _ v!bL/R\Qe_WL/R , (4.93)

where the interference term drops after averaging over a finite range, a so-called coarse grain-
ing procedure. We see that the second term describes a current flow in the opposite direction.

4.4.2. Symmetries

This system exhibits a number of symmetries which can be used to easily derive other solu-
tions from a given eigensolution. This is in particular useful, since the scattering states are
doubly degenerate for each energy and we can relate them via symmetry operations, and the
situation is similar between positive and negative energy solutions.

We introduce the usual space inversion symmetry operator 7, with the actions T,z = —z and
T:0; = —0,. Furthermore, we introduce 7, which simply flips the sign of ¢, i.e. T3¢ = —q.
Both combined yield the space inversion operator in two dimensions, 7, = 7,7,. Further-
more, we denote KC as complex conjugation and Ty flips the sign of M. Some further useful
properties are T ky x = kg and Tarky g = kg1, while Kk = —k. Using this notation, the
usual time reversal operator can be written as Tr = i0, Ty T4 with 7'7? = —1, so that we can
summarize all symmetries

[%aH]:Oa [TMEO-m;H]:Ov
[K:7H]:0a [7717;2027H]:07

where actually only three of them are independent. The space inversion symmetry operator
T4 Te0- is used to relate totally reflecting states that only exist on either side of the boundary,
and the two degenerate scattering solutions that exist for each pair of (k, ¢). The commutation
with /C shows that the solutions can be chosen real, which is useful for the bound states, where
it is related to a vanishing current along the transport direction, since for a real spinor v,
Jz = —mﬂayw = 0. Furthermore, 73740, can be used to relate the two components of the
Spinor and we will use it to derive ¢ from ¢;.

(4.94)

Finally, we note that o, anticommutes with H, i.e. {H,0,} = 0, from which we immediately

obtain o,H|Yg) = Eo,|vp) = —Ho,|Yg). Thus, when we take an eigenstate H|iyp) =
E|Yg), we obtain the corresponding eigenstate for negative energy by virtue of
[V-_p) = o:|YE) , (4.95)

and furthermore, the spectrum is particle-hole symmetric.
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4.4.3. The Exact Solution of the Problem

In order to solve the full eigenproblem ({4.84))

H <‘PT> -y <‘PT> , (4.96)
Pl Pl
let us now proceed by performing the variable transformation
1
2=3 (1 —tanhz) =0, =—-22(1-2)0,, (4.97)

which leaves us with two coupled differential equations, however eliminating for example
¢, gives us a second order differential equation. In order to bring this wave equation into
hypergeometric form, we make the ansatz p4(z) = (1—2)M2*2 ¢(2) and find that Ay = — Lk,
Ao = —5kg yields the differential equation

{2(1=2)02 + (v — (@ +B+1)2)0. —af} ¢ =0 (4.98)
with the coefficients
a=1+A—iky, B=-A—iky, ~=1—ikg. (4.99)

This differential equation is well known [I77] and we can directly write the final solution as
(see appendix [E| for a short summary of useful properties of the hypergeometric and gamma
functions)

e 50R—%)
pr(s) =
R

with ko = (k. + kx) and ¢ is directly obtained using the symmetry [Tas 740y, H] = 0, so
that ¢ (2) = —iTmTqp1(2) and thus,

(1—2) 2Rz 2FR B (1 4+ A — ikg, —A — ko, 1 — ik, 2) ,  (4.100)

%(2) = T

The prefactor of this solution is chosen such that it directly reflects the symmetry properties
of the system, i.e. Ty Tqoy%) = 1, and it will in particular be useful later when we need the
asymptotic expansion of the scattering states in order to study transport across the domain
wall.

(1—2) 2k 3hR By (1 — A — iko, A — iko, 1 —ikn,2) . (4.101)

It is also possible that both wave-vectors &,z become imaginary when ¢ and € lie within the
inner diamond in Figure and thus describe the bound states shown in this diagram.
If only one of k;, or kg is imaginary (green or red shaded area in Figure 4.8(b)|), it describes
evanescent modes, i.e. the incoming wave from the right or left, respectively, is totally reflected
at the domain wall. The scattering states appear when the Dirac fermion can exist on both
sides of the domain wall, i.e. ki g is a purely real wave-vector and describes plane waves

with dispersion € = \/ (¢ A)2+ k% ;. In this regime, there exist two degenerate solutions

and we can most conveniently obtain the other independent solution by using our symmetry
relations, namely [H,7,7,0.] = 0 so that

Yo = e BT Tro0
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11 describes an incoming wave from the left that is partially reflected and transmitted to
the right side, and likewise, 1o describes an incoming wave from the right side. These two
solutions are orthogonal, (11|12) = 0.

Asymptotic solutions

In order to study the properties of this solution, it is interesting to know the asymptotic
expansion for values of z far away from the domain wall. With begin with the definition of
the coefficient

V3 (ko) + A2 T(1 — ik )T(1 — ikn)

ek T(1— A — Z(ky + k) )DL+ A — & (kg + k)

TrmA(ky, k) = A(ke, kr). () is the gamma function (see appendix[E|or [L77] for a reference),
and corresponds to a generalization of the faculty, since for n € N, I'(1 + n) = nl.

Alky, ky) = (4.102)

By making a series expansion of the hypergeometric function around z = 1 (z — —o0) and

z =0 (x — +00) (see series expansions (E.1) and (E.4))), the asymptotics of (4.100) and
(4.101)) can be compactly written as

Atk b)) = A b))

Ly PR) —/— X — —ky, kg) ——Ix7) = — —o0

U1 =9 jikra v Vo (4.103)
— r — +00 .

Jon IXr)

For a certain value of the transverse momentum ¢ > 0 and energy ¢ > A, the states are
doubly degenerate and we have to find the second independent solution, which can be most
easily done with the help of the symmetry [H,7,T,0.] = 0, so that ¢ = 6_137;7;02%, and

using EkL/R = kg1 Toem = ¢ R/ and T3 aZ|XL/R) = \x;/L>, we readily find

e—ikLa: | >
x* T — —00
v L
R IV b b (4.104)
A<kL7 kR) \/@ ‘XR> + A(kLa _kR)ﬁ‘XR> r— +OO .

These asymptotic expansions can then be used to study ballistic transport, for example. First
however, we will investigate the bound states that appear at the domain wall.

4.4.4. Bound States at the Domain Wall

We are now looking for bound states, i.e. solutions with imaginary wave-vector —ikg,, > 0,
so that the wave function becomes exponentially localized at the domain wall. We can easily
investigate this with the help of the asymptotic expansion (4.103)), and since ~+— = 0 for

I'(—n)
n > 0, we find from definition (4.102)) that A(k., kg) = 0, provided that

—%(kL—i—kR):A—n, n=0,1,2...|A] . (4.105)
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Using relation (4.87)), we find for the energies of the bound states

q2
ETL,q = En,o 1- (A — n)2 ) (4106)

with the energy for zero transverse momentum ¢ = 0,
€no =V 2A—-n)n. (4.107)

Therefore, we expect a total number of |A| + 1 bound states for energies ¢ > 0. Due to
{H,0.} =0, the spectrum is symmetric with respect to positive and negative energies, so in
total, we have 2| A| 41 bound states at the domain wall, counting the zero energy state n = 0
only once. In fact, we see that the hypergeometric function in and (4.101)) terminates
when the above condition is fulfilled and thus, we can directly obtain the wave function of
the bound states in analytical form as a power series in z = 3 (1 — tanhz).

Once €,, = A — |q|, the bound states merge with the continuum (see Figure and
become evanescent modes, i.e. a incoming wave that is totally reflected at the domain wall
and decays exponentially on the other side of the wall. If the energy of an state is e > A+ |q|,
it becomes a scattering state which is doubly degenerate and exists as a plane wave on both
sides of the wall. From the condition €, , = A — |¢|, one obtains the minimal and maximal
values for the transverse momentum,

) _ (A=mn)?

Gmax = A (4.108)

so that the bound state exists only for |g| < ql(lgx. For n = 0, we have a dispersionless (flat)
band for values of the transverse momentum |g| < A.

Restoring original units, we get for the dispersion relation

h2v2k§
and for the maximal transverse momentum
M —nE,)?
k) = M =nEw)” 4.110
( y)max hUM Y ( )
where we introduced the energy E,, = %” which corresponds to the localization energy of a

particle confined within the extensions of the domain wall of width w, as it would be obtained
in a semiclassical Bohr-Sommerfeld quantization scheme. The square root dependence of the
energy is typical for Dirac fermions, and we have already seen an example thereof in the case
of Landau levels for Dirac fermions in equation (4.33)).

Actually, in the limit of wide walls and sufficiently low orbit n, the energy E,(0) — v2MnE,,,
which is identical to the Landau-level spectrum of result , when we use the fact that in
the center of the wall the effective field defined by is constant for wide walls, Beg — %
Of course, when the quantum number n becomes comparable to A, we obtain corrections from
the Landau level result as expressed by , since the orbits become large and extend into
the outer regions of the domain wall where the assumption of constant Beg no longer is valid.
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Figure 4.10.: The 4 bound states at the domain wall for the parameters A = A,f{;” =39

and ¢ = 0. In this case, all the spin expectation values are zero, except for
n =0, ie. (Ynolo|¥no) = dno €. The s, component essentially corresponds
to the current along the domain wall, since j,(z) = vs,(z) can be interpreted
as a current density (see continuity equation (4.5)). We see that on the left
side of the domain wall (z < 0) the current flows in positive direction, and in
the opposite direction on the other side (x > 0), thus constituting a persistent
current circulating around the whole domain wall. We also note that whenever s,
attains a maximum, s, goes through zero (except for n = 0). This is nothing but
a manifestation of relation , which for the present case reads %% = 2€p45;-
This implies that circulating currents will enclose regions of finite s,, with the
sign of s, given by the chirality of current flow. The states for n > 1 correspond
to the first type of semiclassical orbit shown in Figure The sign of s, is
also consistent in both semiclassical and quantum picture.

Let us now discuss the wave functions of these bound states by plugging the energy dispersion
(4.106) into definition (4.87)), so that we obtain the inverse localization lengths for the left
and right side of the domain wall,

Agq
A—n’

Of course, for higher n (i.e. higher excited states), the Dirac fermions become less localized
and spread farther out.

Furthermore, due to the symmetry [KC,{] = 0, we can choose our solutions ¢4+ and ¢ to
be real, which leads to a vanishing y-component of the spin-expectation value. This in turn
implies that there is no current flow in transport direction, since j = vé, X o.

Let us first focus on the zero energy bound state n = 0, which we find by plugging —ik; r =
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Figure 4.11.: The bound states for finite transverse momentum ¢ are asymmetric. We chose
the parameters A = 3.9 and ¢ = 1.5, so that there are in total 2 bound states
at the domain wall. We see that the density distribution becomes asymmetric,
which is a feature also exhibited by the semiclassical orbits. The state n = 1
corresponds to the third type of semiclassical orbit shown in F igure with a
group velocity pointing along the negative y-axis, since 9y€,,4 < 0. On the right
side of the domain wall, s, < 0. Note that the state with n = 0 is not captured
by semiclassical descriptions since it involves a coherent excitation between the
upper and lower band, i.e. it sits at the Dirac point. As in Figure the
identity %i; = 2¢,,45. applies here too.

A(1 £ q) into (4.100) and (4.101)),

0., _ e
o (@) = M (coshz)A ’
o (x) =0, (4.112)

which has been properly normalized to fj;o dz (|er[*+ |¢y?) = 1 by setting the normal-

ization factor to N§ = 595 AIF&:)AF)( AT The higher excited states can be straightforwardly

obtained by substituting (4.111)) into (4.100)) and (4.101]), and this step terminates the hyper-
geometric series, turning the solution into a polynomial of degree n.

The spin densities are defined as

8(z) = (sq, 8y, 5:) = Vo = (2Re lpy, 2Im loy, Plor — o)) | (4.113)

and the probability density of an excitation in the bound state is simply p(z) = Pror+ el
As noted above, s, vanishes identically, and the other densities for the bound states are
shown in figures and We see that s, (—x) = s, is antisymmetric while s, and p are
symmetric in the case ¢ = 0. For finite transverse momentum ¢, the bound states become
asymmetric and attain a higher weight on one side of the domain wall, which is clear, since
according to , one side is energetically favorable.

The spin-expectation values in these states are obtained by integrating s(z) over all x € R,
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Figure 4.12.: The experimental setup for studying ballistic transport through a domain wall.
Two leads with external voltage bias V' are attached to the structure of topo-
logical insulator coated with a thin ferromagnetic layer.

and can be summarized as

2
_ q 6n70 o 8671,(]
(Yn,glow|tn,g) = B—n)la. 0 (4.114)
(Vnqgloyltng) =0, (4.115)
<¢n,q|0z|¢n,q> = 671,0 s (4.116)

where the expectation value of o is a direct result of the symmetry {#,o.} = 0, since o, |¢y, 4)
is the state belonging to the negative energy eigenvalue —e¢, , and which is orthogonal to its
positive energy counterpart. Of course, the zero energy bound state is its own counterpart
0:|Unq) = |[tnq) so for n = 0, Eq. constitutes just the normalization of the state.
Finally, the expectation value of o, exhibits the asymmetry induced by the transverse mo-
mentum ¢ and vanishes for ¢ = 0. In fact, from relation (4.91) we see that the expectation
value of o, is directly related to the current in the transverse direction, i.e. along the domain
wall, and it simply yields the usual definition of the group velocity derived from the dispersion

(.109),

Oenq

Jy = U(¢n,q“7:v’¢n,q> = Ua_q . (4~117)

4.4.5. Scattering States and Ballistic Transport

We consider the experimental setup for ballistic transport across the domain wall illustrated
in Figure and which we study using the formalism of scattering theory. The general
scattering problem can be treated by finding the asymptotics of our exact wave-functions,
which generally is of the form (see [122] for the general scattering formalism and Landauer
formula)

iky,x efikLw
) H i ) 7 oo
v v
d) = e_i]I;Rx e’L‘]?RZ‘ (4118)
* bp—— — .
ar NG |XR>+ R\/ﬁ|XR> T — 400

The coefficients a;,r describe the amplitudes of the incoming waves, while b,z are the am-
plitudes of the outgoing scattered wave. The scattering region in this particular case is the
domain wall described by the magnetization profile (4.78]). For finite transverse momentum
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q, the longitudinal (along the transport direction) group velocities on the left and the right
side of the domain wall differ and explicitly read (see result (4.92))

k
Vpr =V LE/R , (4.119)

and have been incorporated into the definition of the scattering states, so that the coeffi-
cients a,b correspond to transmission and reflection amplitudes. The ingoing and outgoing
coefficients are related through the scattering matrix

() =s()-( O () -( L) () wm

The reflection and transmission coefficients are readily extracted from the asymptotic expan-
sion (4.103]) and (4.104)),

— A=k, ky)
=t iR 4.121
Aky, k) (4.121)
1
. 4.122
A(kL, kR) ( )

and our solutions indeed show the symmetry that is required for the scattering matrix to be
unitary, STS = 15. Current conservation is also incorporated into this condition of unitar-
ity, which can be seen by explicitly considering 1 from result which in the present
language can be written as

ikpx —ikyx
) HrE—Ix) z—
—( XL r XL X —0
Y= Vit v (4.123)

) T — +00 .

ti
\/@ ’XR

The state 17 yields the current contribution in the transport direction
Jeoc1—|r2 =t (4.124)

as is directly obtained using result and taking the real part thereof. Thus, R,(e) = |r|?
and T,(e) = [t|* can indeed be given a physically meaningful definition as reflection and
transmission probabilities, respectively. These probabilities explicitly depend on energy e and
transverse momentum gq.

Using our results (4.102) and (4.122)) and some properties of the Gamma function (E.8])-(E.12)),

we eventually arrive at the transmission probability

sinh(mk,,) sinh(7kg)
Tq(E) = T o - 1971 )
sin?(7rA) + sinh® (5 (ky, + ke)7)

(4.125)

where ki is given in (4.87).

A central result in quantum transport is the Landauer formula for the linear conductance G

2
(&
G=o— Zq:Tq(eF) : (4.126)
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which states that the current is essentially given by the sum over all transverse channels, each
with a weight given by the transmission probability. The fundamental conductance quantum
Gg = % is the numerical contribution of each channel to the conductance [122]. In linear
response, the current is then simply given by j,W = I = GV, where V is the externally
applied voltage and W is the transverse dimension of the ballistic contact, while j, is the
current density (per unit length) along the z-direction. In the linear transport regime, all
quantities are evaluated at the Fermi level ep.

The transverse momentum ¢ runs over all values that lie inside the shaded yellow area in
Figure |4.8(b)| i.e. |¢| < er — A, and beyond this range, we either have total reflection or no
states at all, so there is no contribution. Therefore,

ep—A
G=Gg — / dq T,(er) , (4.127)
2 (ep—A)

where we rewrote the sum as an integral and % is the density in ky-space. In absence of the
domain wall, the conductance simply becomes

EF—A
Go=Gq o / dg = Go WeF (4.128)

EF—

We are now interested in change of the conductance due to the presence of the domain wall,
so we define a domain wall resistance as

5G = —EOW =G0 s G | (4.129)
Go

which we split into a topological contribution §Gt and the contribution dGpw that is de-
pendent on the specific domain wall profile. In particular, the former depends only on the
magnetization M wviz. A, and does not depend on the details of the domain wall, while the
latter depends for example on the domain wall width. The topological contribution is due
to the mere reduction of states available for transport across the domain wall, since some of
them become totally reflecting. This can be seen in Figure for example, since in the
presence of the domain wall, the contributing transport channels get reduced to the yellow
area, while without the domain wall the whole area within the red cone would be available.
We remark that the appearance of the two Dirac cones on both sides that are shifted with
respect to each other, is due to the opposite magnetization direction on both sides. These
observations lead to

A M
6Gr = >0, (4.130)
€F EF

and is the fraction of the contribution from the red shaded area of totally reflecting states to
the total contribution from the Dirac cone (yellow + red shaded areas in fig. . In the
end, 6G incorporates the differences in the bulk spectrum on both sides of the wall, as far
as it concerns transport at the Fermi level.

The remaining contribution from the domain wall is then related to the reflection from the
wall profile and is explicitly given by

1 ep—A 1 ep—A
SGow =5 [ e =T =5 [T da Ryl (4.131)
2er J_(ep-n) 2ep (er—A)
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Figure 4.13.: Relative decrease in the conductance due to the presence of the domain wall.
We see that the values are rather large for sharp walls and decrease significantly
when the wall width becomes of the order of the magnetic length Aiv/M. The
blue curve is already pretty close to the asymptotic curve for the limit of sharp

walls, A — 0 (see Figure 4.15(a)l).

We study dGpw as a function of the two relevant parameters EF = Er/M, the Fermi level in
units of the magnetic exchange field M, and A = w/ly, i.e. the domain wall width in units
of the magnetic length lp; = hv/M. We introduce the new integration variable ( = ¢/A in
order to bring the above expression into the more convenient form

1 (Bl inh(wA k) sinh(rA k-
Gy = - / a {1 - 2s1n (7 ]€‘+)2SIDA(7T k_) , (4.132)
2Er J—(Ep-1) sin?(7A) + sinh® (T2 (k1 + k—))

where ky = \/E}% — (1+£¢)2. This integral is evaluated numerically and plotted in Figure
as a function of the Fermi level Er/M for various values of A = w/ly;.

When A is an odd multiple of 1/2, we can see slightly enhanced peaks when E¥ is close to M
(see for example the green curve for A = 5.5 in diagram[4.13(b)|). This behavior can be traced
back to the term sin?(7A) in the denominator of the transmission probability which
is zero for A being an integer number and thus enhances transmission. For A being an odd
multiple of 1/2, this term is maximal and reduces transmission so that reflection increases and
so does 6Gpw. When the Fermi level Er approaches M and eventually reaches the crossing
point of the left and right Dirac cones (crossing of red and green line in Figure [£.8(b)),
the number of states available for transport drastically reduces and one reaches the point of
minimal conductance which is not well described in our theory. At this point, transport is
due to evanescent modes [127) [I78], which is beyond the present study.

The total change in conductance 6G = Gt + dGpw is shown in Figure and we find that
the topological contribution §Gt strongly dominates, except for short walls for which A < 1.

We also study the behavior of 6Gpw with the wall width, which is shown in Figure As
before, the change in conductance is largest for sharp walls and monotonically decreases as
the wall width becomes larger. As the fermi level moves deeper into the metallic regime, we
also see an overall decrease of the change in conductance.
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Figure 4.14.: A plot of the total reduction of the conductance due to the domain wall, G =
0GT+0Gpw. The parameters are the same as in Figure and for values of
A significantly larger than 1, the contribution of §GT dominates and thus, in the
above plot the red and cyan lines already lie very close together. Experimentally,
one could subtract the topological contribution (determined by measuring the
bulk properties) in order to obtain the contribution from the domain wall profile.

Let us now consider the two limits of sharp (abrupt) walls and very wide walls for which we
will derive analytical expressions.

Sharp wall

In this regime, w is very small compared to the magnetic length ,;, so that A < 1 and we can
expand sin(7A) ~ 7A and sinh(rA k) ~ 7Ak in the result for the transmission probability
(4.125]), and find an expression that only depends on Ey = ep/A = Exp/M

Act 1 (Bl ( Ak k_ >
SGpw °S ~/ ac (1—- ——2~— ) . 4.133
PV e o ¢ At ky + ke (4.133)

For Ep > 1, we can approximately solve the integral and find the asymptotic result

a<i

1 M
§Gpw 3!

which equals to one third of the topological contribution dGr. Therefore, the domain wall

contribution dGpw is at best 1/3 of the topological contribution dG, since for wider walls
6Gpw decreases further, while G does not depend on the wall width.

(4.134)

Wide wall

Here, we investigate the opposite regime of wide walls where A > 1, so that we can replace
the hyperbolic sines by its exponential representation,

1 Ep—1 1— —27A k4 1— —2tAk_
dGpw = ~/ d¢ [1- (1—e ) (—e ) .
Er Jo Asin2(wA) e~ AU +E-) 4 (1 — e=mAGks ko))
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(a) Change in conductance as a function of width (b) Limit of a short domain wall

Figure 4.15.: The plot on the left shows the dependence of the domain wall resistance on
the wall width w in units of the magnetic length I, = hv/M, and we can see a
monotonic decrease with wall width. For widths much larger than the magnetic
length 57, we find the analytic dependence o 1/w?. The right plot shows the
situation for a sharp wall w — 0 together with the approximate solution (4.134))
(green dashed line). The maximum is at ~ 1.68 so that the highest possible
value achievable is 0Gpw < 18.4%.

and note that due to the largeness of A, only exponentials whose argument vanishes at some
point during integration can contribute. This is the case for e 2™®F+ since k. — 0 for
¢ — Ep —1, whereas k_ > 2/ Ep — 1 (we assume that Ep is sufficiently larger than 1) in the
whole region of integration. Therefore, almost all the terms play no role during integration,
and we can evaluate the much simpler integral

1 [e%e) 2,,2
5 5 h 1
5Gp A>>1/ d¢ e 2T AFr/1-C A>>;1/ dz 2 e—2"ABrz v =, (4.135)
0 0 (27 ER)? w

where we rescaled the integration variable and set the lower integration bound to 0, since
relevant contributions arise only for values of ¢ close to 1. In a second step, we once more
changed the integration variable to z = /1 — (2, expand the prefactor around z = 0 and
set the upper integration limit to oo since now, contributions to the integral only come from
values z € 1E|

We find that the ballistic domain wall resistance dGpw decays with the inverse square of
the domain wall width, but the topological contribution §Gt = EMF is also present in limit
and is the dominating one. We note that the diffusive version of the conductance change
found in chapter [3.4.4]is of the same type as §G, which can be seen by integrating the local
contribution over the contact of length L, and for the one-dimensional domain-wall
geometry considered in this section,
(5Gdiff _ _Mz ho Mx(-i-OO) — Mx(—oo) . (4.136)
Gaif Er 2EpL Er
We can see that this result depends only on the total change of the magnetization M, (+o00) —
M, (—00), as it is the case for 6G.

3This is essentially the method of the steepest descent or the saddle point method [I79].
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Figure 4.16.: The system of topological insulator with an insulating ferromagnetic layer on
top which contains a Néel domain wall, and contrary to the previous system of
Figure 4.7(a)|, corresponds to a mass domain wall.

4.4.6. Negative Energies

As we found earlier, the solutions for the negative energy branch can easily be obtained by
operating o, onto our positive energy solutions. However, we use e 2 o, instead, which yields
again solutions with the same symmetry properties. In fact, this operator acts on spin-space
only, so its effect is directly seen by analyzing

V2

which is nothing but a rotation of the spin in the x-y-plane by 7. This also becomes evident
by looking at the spin densities (4.113)) of the negative energy states, which are given by

iz —iTo 1 efé(wr%)
e "2o,|x) = e 2% y) = — (€§(v+’2’) , (4.137)

s—(z) = wTe+igUzU€_iggz¢ = (=8, Sy, Sz)

and just have a flipped spin-polarization in the plane of the topological insulator. Due to
J = véxo, this reverses the current direction. However, due to the symmetry [H, 7,7,0.] = 0,
the transmission probability does not change, so that the domain wall resistance is the same
when the Fermi level is in the lower band, i.e. it depends only on the absolute value of the
Fermi energy |Ep|.

4.5. Finite Width Domain Wall - The z-y Configuration

Let us turn our attention to the z-y configuration which describes a Néel wall between two
QAH states of opposite chirality. The solution of this problem is much less involved than
before since we can make heavy use of the results from the previous section. Here, we have
to solve the Hamiltonian

M.y = ihwoy0y + kyoy — Mm(x)o (4.138)

with the magnetization profile
m(r) = | sinf(x) (4.139)

and which is depicted in Figure
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4.5.1. The Exact Solution

At any rate, we can reuse the results from the previous section by noting that for the case
ky, = 0, the two configurations can be mapped onto each other by performing a rotation
around the y-axis by 7. The unitary spin rotation matrix is given by

_ —ifo
U=e"1%

which performs Uo, Ut = —0, and Uo,UT = o,. Thus, the transformed Hamiltonian which
additionally has been brought into dimensionless form, reads

UH ., U =io,d, — qo, — Asinfo, — Acosfo, = Hyy(g=0) — qo. , (4.140)

which is of the form of Hamiltonian , with the only difference that the transverse
momentum ¢ now couples to —o, instead of o, in H,y,. In the present case however, it is
much easier to treat finite ¢ since, once we know the eigensystem for ¢ = 0, i.e. the basis in
which H,, is diagonal, we find that o, in this basis has also a very simple structure. We will
now explicitly illustrate this by determining the bound states of this system.

We denote the eigenstates with eigenenergy =e, ¢ from result (4.107)) as |£n), so that

We then write Hay(¢ = 0) — go in the basis (...,|—-2),[—1),]0),[+1),]+2),...), and it has
the simple matrix form

—q , (4.141)

—q —€20

where entries not shown are zero. As inferred from the symmetry {H,, 0.} = 0, we see that
o, only couples pairs of positive and negative energy, with the only exception of the zero
energy bound state. For n > 0, the negative energy state corresponding to |[4+n) is given by
|—-n) = o,|+n), so that (+n|o.|—n) = 1 and (£n|o.|£n) = 0. Essentially, we now have to
diagonalize the 2 x 2 sub-blocks
( 0 4 ) (4.142)
—q —€no

in the subspace (|n),|—n)) with obvious eigenenergies

ten g = £4/ 672170 +q%, (4.143)

|:l:n, q> — :anz + (fn,O + en,q)UO ‘:tn> )
\/QEn,q(en,q + €n,0)

and the corresponding eigenstates

(4.144)
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(a) Bulk spectrum (b) Spectrum in presence of a mass domain-wall

Figure 4.17.: The bulk spectrum is, contrary to the previous study of the z-y configuration,
identical on both sides of the domain wall and is shown in (a). However, here we
have an additional subtlety, since the mass term due to the M, component of the
domain wall drives the system into the QAH state which is of opposite chirality
on both sides of the domain wall due to opposite sign of M,. As thoroughly
discussed in chapter 3] the difference emerges for example in the Berry curvatures
for quasi-particle transport in this system. The Berry curvatures do not coincide
on both sides of the domain-wall, albeit the band structures are identical. Plot
(b) shows the spectrum including the bound states at the domain-wall.

However, there is one exception to this namely, the zero energy state |0) which is invariant
under the operation of o, and thus, we get —¢(0|0,|0) = —¢ which gives us directly the
linearly dispersing chiral state plotted as black straight line in Figure The dispersion
of the other bound states is also shown along with the region of continuum states which we
treat in the next section. Like for the z-y wall configuration, we have a total of 2| A| + 1
bound states which are symmetric with respect to positive and negative energies, with the
major difference being the n = 0 state which is chiral in the present configuration. Also, as
opposed to before, here is no upper bound for the value of ¢ at which the bound states merge
with the continuum. The bulk spectrum as it appears in absence of, or far away from the

domain-wall is shown in Figure [4.17(a)}

We obtain the spinor in the original frame by undoing the rotation, i.e. t1y 4(z) = UT|£n, ).
As in (4.113)), we are interested in the spin and quasi-particle densities which can be related
to the densities for ¢ = 0 by the result

pUD = gL, ing = p"0 (@) F =500 (@
n7q

~—

: (4.145)

where the densities p(™%(z) and s (z) were calculated in the previous section, c.f. Eqn
(4.113). In order to derive this relation, we simply substituted (4.144]) into the definition of
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the densities. Furthermore

199 4L, oting = s (@) £ L) (.11
n?q
€
09 = g = 252 e
n7q
S/z(n’Q) = wln,q02¢in,q =40 s;n,o) ) (4.148)

€n,q

where in the last two relations we made use of and the fact that the perpendicular
spin matrices o, = (04, 0,) anti-commute with o, i.e. {|,0.} = 0. The densities for ¢ =0
are identical to those shown in Figure with the difference that s,,= — s, and s,=s,. In
the semiclassical orbit shown in Figure we can also see the asymmetry in s/, reduced
by a finite value of q.

Using the results from (4.114))-(4.116]), we can now readily give the expectation values of the
spin-densities

—é, n=>0
<w:|:n,q‘o"¢:tn,q> = iiéw n>0 7 (4149)
€n,q
so that the current flow along the domain wall becomes as expected, j, = vs), = +v ag"’q.
q

It is also interesting to note that the spin-density of the zeroth bound state is compatible to
the semiclassical expression (3.231), sxc(R,t)  [€,(V-M) — VM.]. For the z-y domain wall
configuration of the previous section, we have a non-vanishing V- M which yields a finite s,
component. In the present z-y configuration on the other side, —VM, = —é,0, M, correctly
predicts finite s, with the same magnitude as before however, of opposite sign.

4.5.2. Scattering States and Ballistic Transport

For the scattering states, it is of course also possible to take advantage of the results obtained
in the previous section. First, we note that k., = kg = k, since the bulk band structure
is identical on both sides of the domain wall. We determine the scattering states for finite
q exactly as we did in the case of the bound states. It boils down to transforming the two
orthogonal solutions from (4.103)) and (4.104)) independently with a relation like (4.144)). Since
this transformation only affects spin-space, it acts only on the spinors |y, &) defined in ,
so we essentially need to consider

Tqo + (€r,0 + €r,q)00
\Xk,q) = = ! ’Xk,0> ) (4-150)
\/QGk,q(Ek,q + €k,0)

where the full energy dispersion becomes

tepg = £y /eio +q2 = +2\/AZ+ K2+ g2, (4.151)

just as in (4.143).
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Figure 4.18.: A plot of the reflection probability as a function of A = w/ly and
the momentum k in units of the inverse wall width. We see that the reflection
probability is strongly suppressed whenever the wall width is an integer multiple
of the magnetic length Iy1.

In the end, the spinors |y 4) directly relate to the group velocity by virtue of

. €k,0 k
JelXkq) = =0 (XkqloylXk,q) = Fo—=(Xk0l0oy|Xk0) = Fv— ,
€k,q €k,q

where we first used (4.147)) and then . Using (4.146]), we can readily see that

. q
<Xk,q|Jy|Xk,q> =tv—,
€k,q

<Xk,q

and thus is consistent with the definition of the group velocity, or current as j = V. 4€5 4.

We see that finite ¢ only modifies the spinor structure to yield the expected group velocity
and therefore, the transmission coefficients remain independent of ¢. Thus, the transmission
probability can be directly obtained from (4.125)) and noting that k., = kg = k,

B sin?(7A)
R(A.k) = sin?(7A) + sinh?(7k) ’ (4.152)
T(A, k) sinh” (k) (4.153)

B sin?(7A) 4 sinh?(7k)
which obviously satisfies the conservation law R+ = 1. The reflection probability is plotted

in Figure [4.1§

We now calculate the ballistic conductivity using the Landauer formula (for definitions see

[@.1206))
W[t [12 _ 2
G =Gq o /—kF dg 1 (A, kF—q> , (4.154)

where we introduced the magnitude of the wave vector at the Fermi energy kp = \/612;1 — A2,

Since we evaluate the transmission probability on-shell (i.e. on states with energy equal to the
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Figure 4.19.: Relative decrease in the conductance due to the presence of the domain wall.
We see that the values are rather large for sharp walls and decrease significantly
when the wall width becomes of the order of the magnetic length Aiv/M. The
blue curve in (a) for A = 0.01 is already very close to the asymptotic curve for
the limit A — 0, and coincides with the analytical result for an abrupt wall given
in . Note that we considered only values of A which are an odd multiple
of 1/2, since the wall becomes transparent when A is an integer number.

Fermi level), the additional constraint ep = /A2 + k2 + ¢2 leads to an implicit dependency
on g through the momentum k in the above integration.

In absence of the domain wall, the conductance simply becomes Go = Gg % 2kp, so with the
same definition as in (4.129)), we need to solve the following integral in order to obtain the
change in conductance,

_Gow=CGo_ 1 [ sin ()
o 2he Joke " in?(r ) 4 sin? (72— g2)
sin?(7A)

_ / 1 ¢ :
0 sin?(7A) + sinh? (Wkp m>

0G =

(4.155)

Note that contrary to the previous domain wall configuration, there is no topological contri-
bution §G, since the bulk spectrum is identical on both sides of the wall. The value of G is
shown in Figure as a function of the Fermi level Er for various values of the parameter
A, and in Figure [4.20] as a function of the wall width w.

The change in conductance, and thus the reflection at the domain wall is strongly suppressed
when the wall width w equals the magnetic length [y, or equivalently, when the localization
energy F,, matches the magnetic energy M. This is a direct consequence of the transmission
probability , since the wall becomes transparent whenever A is an integer number, i.e.
then 7" = 1 for all momenta k and g. This is contrary to the x-y wall configuration, where
this transparency occurs only at the singular point ¢ = 0 viz. k;, = kg, so that the signatures
are far less pronounced than in the present situation. In particular, only the first minimum

is really noticeable in the plots (for example, note the difference between the two curves for
A =1and A = 1.5 in Figure |4.13(a))).
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Figure 4.20.: The plot in (a) shows the dependence of the domain wall resistance on the
wall width w in units of the magnetic length I3y = hv/M, and we can see a
monotonous decrease with wall width along with a periodic modulation due to
the factor from eq. . Whenever the domain wall width is an integer
multiple of the magnetic length, the domain becomes transparent for the Dirac
Fermions and dG drops to zero. Figure (b) shows the same diagram as in (a) on
a logarithmic scale, together with the approximate formula (4.157) (black thin
lines). We can see a very good agreement, except for very sharp domain walls.

To further discuss these results, we analytically investigate the two opposite limits of short
and wide walls.

Abrupt wall

When the wall is much shorter than any other relevant transport length scales of the system,
i.e. A kp < 1, we can expand the sines and perform the integration analytically,

1 A2 2 €r + kp
5G M / d = 1 . 4.156
o CATERA=) " 2ehr e — (4.156)
For Er > M, we find the asymptotic behavior 6G — w, while in the opposite
F

limiting case when the Fermi level comes close to the band edge Er ~ M, we have 6G — 1,
i.e. the abrupt domain wall blocks all transport channels. However, in the latter case, we
should be careful, since transport at the Dirac point or at band edges is not well described in
the present theory (see remark following equation )

Wide wall

In order to obtain an analytical result for the limit of wide walls A, kg > 1, we use very
similar tricks as before in the derivation of (4.135)). We find

% in®(rA log2 h*? 1
5G A2>>1/ A=z sin (7T )2 ~ Og2 271 v ENTNY (4.157)
0 sin®(wA) 4 sinh*(7kpz) w2 Ei—M? w
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with the modulation function

2sin?(rA)

f(A) = Tren’(mn) (4.158)

We see that the envelope decreases with 1/w? as it was the case for the in-plane 2-y configu-
ration of the domain wall (see result ) There however, the reduction of the reflection
probability for w an integer multiple of Iy; plays no role in the wide wall limit, which is con-
trary to the present configuration, where the modulation function still goes to zero for
A an integer number. We find that the approximate formula fits well already for A 2> 0.5, and
in Figure we show a comparison between numerical integration and the approximate

solution (4.157)).

4.6. Conclusion and Outlook

In this chapter, we have performed a detailed study of the consequence of proximity induced
ferromagnetism on the system of topologically protected surface Dirac Fermions. The ferro-
magnetic order parameter is inhomogeneous and describes domain-walls or vortices. We also
established a connection to similar effects caused by an externally applied magnetic field, and
found that formally, it can be treated analogous to an inhomogeneous magnetization. We
have seen that Dirac Fermions with an induced inhomogeneous exchange field exhibit a range
of interesting physics, and the fully quantum theoretical study in this chapter complements
the semiclassical analysis in

We studied bound states in various magnetization configurations, in particular domain-walls
but also two-dimensional structures like vortices. In particular, we focused on the zero energy
bound states, which are, analogous the zero energy Landau levels in an external magnetic
field, responsible for the half-integer Quantum Hall conductivity at Dirac point.

Subsequently, we exactly solved the Dirac equation for an analytical model describing a
domain-wall of finite width and used the solution to study bound states and ballistic transport
properties. We found that in addition to the zero energy bound state, additional bound states
appear depending on the ratio of wall width and magnetic length [3;. Domain walls of larger
width support more bound states.

Then, we studied the change in the ballistic conductance due to the presence of a domain
wall. We first investigated a tail-to-tail domain wall where the magnetization always remains
in the plane of the topological insulator surface. We found that there is a constant change
in conductance independent of the domain-wall profile or width and which is due to the
reduction of states available for transport, ultimately arising from the shift of the Dirac cone
in momentum space due to the different magnetization directions left and right of the wall. In
additional to this constant change, there is another contribution which depends on the wall
width however, it is found to be generally smaller than the former contribution.

Furthermore, we saw that magnetizations with an in-plane component shift the Dirac cone in
momentum space and thus, this can be utilized to block transport across barriers defined by
domain walls or more general magnetization structures. This gives interesting perspectives
to control transport in these topological materials. One could for example think of a double
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domain wall, where the middle region serves as a tunnel barrier with the tunneling rate
influenced by the distance of the two walls. In that respect, it is very important to study the
influence of disorder, since momentum non-conservative scattering opens new channels that
were blocked in the ballistic regime. Due to surface imperfections or doping, the topological
surface metal tends to be in the diffusive rather than in the ballistic regime, so that disorder
is an important aspect in topological insulators.

Finally, we studied a second type of domain-wall which connects two QAH states of different
chirality viz. a mass domain wall. Contrary to the previous wall configuration, there is no
constant contribution to the domain-wall conductance and we find that the change vanishes
as 1/w? in the limit of wide walls. In addition however, we found a modulation with a fac-
tors which vanishes exactly as the wall width is an integer multiple of the magnetic length
lps. Essentially, whenever this condition is met, the wall becomes transparent for all incoming
Dirac Fermions. This suppression of back-reflection at the domain wall seems to be a destruc-
tive interference effect related to the topological nature of the surface states. The influence
of disorder on this interference effect should also be investigated. However, the domain-wall
conductance modulations with the factor sin?(mw/l,s) are not expected to be affected, as long
as the wall width w and the magnetic length I3y = % are much smaller than the mean-free
path.
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5. Conclusions and Outlook

We have seen that a magnetization varying in space and time gives rise to a various effects
even in a rather simple electronic system like a metal with a quadratic dispersion. In semicon-
ductors, spin-orbit interaction adds an additional ingredient giving rise to even richer physics.
The broad range of interest and possible applicability shows itself in the research activity in
associated fields like spintronics, magnetotransport, magnetization dynamics and domain-wall
motion. Recently, a new candidate entered the arena: the class of topological materials which
have very interesting properties both for fundamental research and technological applications.
Of course, these materials show their true power only in combination with other systems like
ferromagnets which itself can possess a non-trivial magnetization texture. As we have seen,
the interplay of inhomogeneous magnetization and the topological surface states encoded in
the Dirac dispersion gives rise to a range interesting effects, despite the simplicity of the
effective two-band model.

The big advantage of our kinetic equation approach presented and discussed in the first part of
this work is that it features a comprehensive description of all relevant phenomena exhibited
by ferromagnetic conductors in presence of spatially and time-varying magnetization. We can
thus obtain a wide range of effects in terms of microscopic parameters and within the same
model, mathematical framework and identical assumptions, which gives us a set of results
consistent with each other. Moreover, in the Stoner limit we can derive the Landau-Lifshitz-
Gilbert equation directly from our kinetic equation without any additional ingredients and
it also includes the exchange interaction along with most other terms commonly used. Our
approach also allows us to include spin-orbit interaction which gives rise to an big variety of
additional phenomena which are studied in the field of spintronics, which however would be
subject of future research.

In a somewhat related matter, effective theories are widely used to investigate the physical
mechanisms with the help of simple models. This starts with the widely employed non-
relativistic Pauli Hamiltonian and is standard procedure in the field of spintronics where one
studies spin-orbit coupled semiconductors. Usually, when deriving these low-energy effective
theories, focus is put only on the Hamiltonian, and afterwards, the complete description of
the system is based solely on this Hamiltonian. However, as we have seen in the case of the
Pauli Hamiltonian which we obtained in a rigorous manner within our formalism, one has
to distinguish between canonical and kinetic variables, otherwise one obtains for example in
incorrect expression for the current, with the additional complication that both Hamiltonian
and the current would not be gauge invariant. This problem can only be resolved by discrim-
inating between kinetic and canonical variables. Since the Pauli Hamiltonian shares many
similarities with the low-energy effective models employed in spin-orbit coupled semiconduc-
tors, the same should apply for them. Therefore, the relevance for the field of spintronics
should be investigated further.
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At any rate, the framework developed in chapter [3]is well suited to investigate systems that
exhibit intrinsic effects like anomalous Hall effect or the topological Hall effect due to a
magnetization structure. The complete set of intrinsic responses of the system is encoded in
the various Berry curvatures, and thus can be studied rather generally without the necessity
to consider a particular system. For example, a non-vanishing divergence of the magnetization
texture gives rise to a charge accumulation in the surface electron system that we found to
be related to a Berry curvature.

Additionally, the presence of impurities leads to extrinsic effects like side-jump and skew-
scattering ultimately giving rise to the anomalous Hall effect and underlining the importance
of scattering mechanisms. Scattering is affected additionally by the presence of magnetization
structures and it would be interesting to study these and related phenomena in the framework
developed in chapter 3| which might give further insight from a different point of view. Due
to the Boltzmann transport formulation, scattering can be naturally incorporated into the
formalism, which has been already utilized in the present work to straightforwardly obtain
the diffusive domain-wall resistance for the topological surface states. Therefore, it would
be interesting to study spin-orbit coupled semiconductors with various types of impurities
and possibly also the presence of an inhomogeneous and time-varying magnetization within
the framework developed. To this end, an extension of the formalism to second order in A
is desirable, which then would describe additional effects like the Darwin term in the Pauli
Hamiltonian. Also it would be also interesting to investigate to which extent many-body
effects can be incorporated into the semiclassical description.

Despite the power of a semiclassical description and the insight gained along with it, various
other effects require a full quantum theoretical treatment. This is true for the investigation of
surface Dirac Fermions that can be confined at inhomogeneous magnetization structures and
which we studied in the last part of this work. We found that in addition to the zero energy
bound state, which is strongly linked to the half-integer quantum Hall effect, there can be more
bound states which we investigated in some detail. In regard to ballistic transport through a
domain wall located on top of the topological insulator and thus interacting with the surface
Dirac Fermions, the situation seems even more interesting. In the case of a mass-domain wall
in particular, the wall becomes transparent for all incoming Dirac quasi-particles for certain
wall widths, which leads to characteristic oscillations in the domain-wall resistance as one
varies the domain wall width. This effect seems to be of topological nature, which leads to
a destructive interference suppressing the back-scattering from the wall. The question of the
origin of this effect and further implications should be addressed in additional investigations.
At any rate, it is clear that topological states of matter exhibit fascinating new and rich
physics and it remains tantalizing to see what the future has in store for us.
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A. The Wigner function

In this appendix, we will give a short introduction to Wigner picture along with some basic
properties used in this work. For compact notation, we use 4-component notation = = (¢, r)
and 7 = (e, —p), so that the Wigner transformation is defined as

/d4z e#m/h A (:13+ g,w _Z

2) — Az, ) . (A1)

In the Wigner picture, operator multiplication has to be carried out by applying the Moyal

product
* = exp %A , (A.2)
and the differential operator A defined as
A=—9, 80+ 0, 8 , (A.3)

<_
where 9 and 3denote derivatives acting only to the left and right, respectively. The Moyal
product obeys the axiom of associativity,

AxBxC=Ax(BxC)=(A*xB)xC, (A4)
and also
(A% B)l = BT x AT | (A.5)

however, the Moyal product is non-commutative, i.e. A* B # B A. In fact, one defines the
Moyal bracket

Larp=1

— —(AxB—BxA) (A.6)

which is identical to the usual commutator in quantum theory.

The back transformation is readily given by

z z dim ;
~ I g —izmw/h
G(x + 5% 2) /(27rh)4 e G(x, ) (A.7)
or equivalently,
din - / x+a
/ = —z(m—m )ﬂ-/h
G(zx,x') /(27Th)4 e G< 5 ,w) (A.8)
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For example, consider a function in Wigner representation that is localized in phase space

G(x,m) = 6(x — xo)d(m — ™)) (A.9)
it is in usual quantum-mechanical representation
G(z + g, x — g) = §(x — xg)eZm0/h (A.10)

which is completely non-local along the off-diagonal where x = xzg expressing Heisenberg
uncertainty of position and momentum.

Using - the quantum average of a operator G(x, ') is simply given by

/d%G x, ) /d3 / 2t (z, ) (A.11)

Wigner function or Wigner quasi-probability distribution

The Wigner transformation of the usual quantum mechanical density matrix is called the
Wigner function

P(r,p,t) = (2771}1)3/& e~ P e — Z|5(t)|r + 2) (A.12)

which is a so-called quasi-probability distribution. Since it have negative values, it cannot be
interpreted as a probability density in the usual sense. However, the integral

n(r,t) = /d?’p P(r,p,t) (A.13)

yields the usual particle density distribution in real space, which is a physically measurable
quantity.

Weyl-Wigner ordering

The back transformation of an arbitrary function or r and p yields in the operator repre-
sentation a fully symmetrized expression, for example, transforming back the term x™p" (we
consider a one-dimensional scenario for simplicity and the generalization to higher dimensions
is straightforward), we obtain

/dp ei(w—z’)p/h (.’L’—i—l‘/)mpn _ (x—i_x/)m(_lhax)n/dp 6i(:c—w’)p/h

o2rh om - om o2rh

= D Cindyyate o) = S (@ (a(~ihd,) ™ *5(z — o)

which directly translates into
1 m
n Amfk
g2 ()P
k=0

For example, zp becomes symmetrized as %(aﬁﬁ + pIT).
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B. Beyond linear response

This chapter is an extension to the treatment in section which focused on the linear
response regime. Here, we will attempt an exact derivation, albeit it will be a series expansion
in external perturbations given by Oheq form Eq. (2.41)).

To take into account the energy w-dependency in the quantities 6G and A exactly, we have
to consider all moments, that is, we need to calculate the quantities

dw A
5(n) — [ == ¢n
g\ (k,r,t) /2m, " 0G(k,w,r,t) , (B.1)

where £ = w — Er and which are related by a hierarchy of equations. Actually, it is the
collision integral Z[6G] that keeps us from finding an exact equation for §(© alone. In order
to find the aforementioned hierarchy, we multiply the kinetic equation by £” and integrate
over energy. The ansatz gives rise to two terms on either side of equation and
thus, we have to treat four distinct contributions.

The first one,

—z'/d“’ [CRARE g":/;i“; €"OheqdC
Y[

211

Cf dw /o~ = A A L= o
+i / S (HR(E + 4 00cq)"0G — 0G(§ = § Ohea)"#H ) (B2)
Now, the idea is that H does not depend on w, so we can replace * simply by o, since
0,, acting towards 0G can be disposed of by noting that we now have to integrate a total

derivative 9, (- -+ ) of an expression which vanishes at infinity, a property here inherited from
6G. Therefore,

after making use of definition (B.1]).
We want to apply the same trick for the collision integral
dw .4 A3k [ dw
— TG = | — | — &
/ 27 ¢1Ia] / (2m)3 / 27 ¢

1

L {w06W o Ao} - {3

=
i
&
3
=
- ¥
(9
o
&
E

—_
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so we have to convey the w-dependency of the A factors to the other side of the *-operators,
which is performed by first moving the w-dependecy into a translation operator and then
shifting this factor accross *,

B(w)FA(w) = B(w)#e$%2r A(Ey) = e~ 29a)x B(W)ZA(Ey) |

where Opeq now acts on A and B. Since there is now only w-dependency on either of the two
sides of *, the aforementioned argument applies and the collision integral becomes

dw a1 Bk [ dw
/szfm—z/@ma/gm

(6= 30nea)Imy, [Xd@(k:’,w)({ — 10neq)™ 0 A(k, Er) — 0G (K, w)(€ — $0neq)™ 0 XA(K', Er)| + h.c.

im0 6
(

k l \ o ~a(lmi+n—k—l1
anean‘F {811qu( EF) ) (m+ )(k,)}(_l)k-o—l -

{8516012(‘4("’ Br) ¢ gt l)(k)}(—l)k+l> » (B4)

where h.c. denotes that the hermitian conjugate should be added and we omitted the r,t
arguments for brevity. Note that it is this additional energy dependency in the scattering
rates implicitly appearing in the collision integral that couples the different equations in the
hierarchy for the §(™). If it were not for this collision integral, there would be no such coupling
and we would obtain a resulting equation for §(°) alone which is much easier to solve.

Concerning the source terms, it is practical to write the source T stemming from the transport
part

I = [ g [l - i) Fidew) o)

211
_ / 2 e L [l — B % Ak @) folw)] + [ — ) Alh,0)] o))
_ /;;gn{[ﬁfﬁ(k,w)f])(w)] A3 Ak w)| fo@)}

where we could add the second term which vanishes by virtue of equation (2.39)) and whereafter
the two w-terms cancel each other. Yet again, moving all the omega dependency on one side
of the *-operator and performing the above trick yields

~(n d . . . A
VA / 5 Ak, w) (fow = $0heq) = fo(@)) (€ = $0heq)” © H + hic.

oo Nk
X e (45) 2 ) Ak € $0ua)" 0 OB + b
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and after partial integration

~n) 1 afp > 1
S = 4 dw( 8w>z(k+1)!<

O Ak, w)(€ — £0)" 0 O H + hec.

8]3*121( ,w) OL(& — L0neq)" 0 OFFIH + hic.

neq
k mm{k n}
( > (n —l

IFLA( ,w) —g )" Lo ML 4+ hec.

neq

and rearranging the summation [ = s, kK = m + s, where now m = 0...0c0, s = 0...n, so that

~(n 1 ofp i\ /n
jt() T 4r < )Zm'zm+s+1<> <s>

O A(k,w) (€ — L0neq)" 0 M TUH 4+ hic. .

neq

To further simplify the equation, let us make use of the zero-temperature approximation, i.e.
that —6%3 = 0(w — Ey) which forces £ = 0 and apply the identity

" (n 1 nes . nlml
> (3 mrsri T = Y

so that we finally obtain

o0

~ln o ! 1 @ i m A n+m

The derivation of the collision source terms walks along the same lines, that is

A d N
g = [ 5o e Tlidfo(w) =

31/ . R A
- L ((;53 / Qg (fol) LAWK, w)7Alk, ) ~ LARK . )3A(k.0) o)) + he.

31/ . . A
- ﬁ / ((;:)3 / du (fD<W>XA(k”w) (€ = 10hneq)" #A(K, w)
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and using that

/ o (o) B)#A(w) ~ B@)*AW) fo(w)) =
o iy gt /dwa(w) [(_1)m+1B oA — g B o A] _

/

0L S (-1 (@ B)o(0r )
_ i m+1 m-1 \m—k dfo . _
5 S o () 09)- (4.

where along the derivation we made use of the fact that m = 0 has no contribution and we
integrated by parts with respect to w. We thus obtain

. —1 R (9™ u
(n) _ 2 m+-1 9fp
Je Ar ) (27m)% £= (m+ 1)! jOhea k:[)( D™ /dw ( )

(O AWK, w) (€ — 30neq)") o (0 Alk,w)) +hc.

B N KA. o) "SR (R)__n!
= In ) @np 2 (m ot ) (=0 /dw( 8“’> 2 <l>(”—l)’
m=0 k=0 1=0

(0571 2A® w)) o (€~ $0uea)"™ O Alk.)) + hc.

Again making use of zero temperature approximation and rearranging summation by trans-
formation m = u+ s, | = s, k = t + s with boundaries u = 0...00, t = 0...u and s = 0...n,
which yields the final result

oo u )u+n+1

5 d3k¢' st +8) (n
(n) — u+s+1 1 1+ntu—t—s\®* T </*
i B B i ()

=01t=0 s

(ag LA, Ev) ) (ageqsau LA(K Ep)> the.

BE o . (t+s)! (—1)s

o /QWSZZZ(S) u—f—s—f—l)'t'(
u=0 t=0 s=0

81+u+s {871 sau tA(kyEF)?a%FXA(k/,EF)}

neq neq

>u+n+1

I

. (B.6)

(71)1+n+u

For the most simple case, where we treat external perturbations, be it in time or externally
applied electric field, to linear order only, equations (B.3)),(B.4),(B.5),(B.6) drastically simplify
to yield the kinetic equation valid for describing the low-energy behavior. Furthermore, it
turns out that, generally, §(™ is of order (E, at)"“, i.e. the index n specifies the order in
external perturbations that lead to non-equilibrium excitations. It is for this reason that we
do not need to go beyond §(© = §, so that we can restrict ourselves to the lowest equation in
the hierarchy:

o 1 ~

Jo= 4 {A(k Ep,7,1) 8neqH} (B.7)
; 1 S T P o

uZ: = Maneq/(?ﬂ)g} 5@ [lA(k: 7EF7T7t) ) A(kvEFarat) . (BS)

178



i[ﬁ‘,’g(k,r,t)] = Ji + Je

ty [ o ({Atk B0 oW )} - (€AW, B it}

where we note that the term Opeqg(k,r,t) can be neglected since it is of higher order in E, 0.
Also, in the above formulas, the spectral densities A need to be only of zeroth order in E, 0;.
Note that there are never any corrections of order % in the kinetic equation for § or G<; the
only corrections we have (within our approach) are the aforementioned non-linear corrections
in 0 and F, so as long as we stay in the linear response regime, the above equations are exact,
except for the restriction concerning precession and which is discussed below. However, in
determining the spectral densities, there will be a broadening of the delta-peaked spectrum
we are employing here (Eq. ) due to the influence of scattering. Those corrections are of
order %, but we do not need to take them into account due to the condition 7Er > 1 and
besides, these corrections are of no interest to the problem under investation. However, when
7A ~ 1 and A is not small compared to Ep, there will be some smearing of the quantities,
since the delta-spectrum has to be replaced by Lorentzians of width 1/7. Concerning time-
dependency and precession, there is another important point which has been also discussed
in section 2.2.4] Let us look at two limiting cases. First, for A ~ Ep, the terms 9,§ become
very important, since ¢ includes rapidly oscillating terms and we then cannot linearize with
respect to 0;. Then we have to consider as an effective equation in which 0; does not
act on A-oscillations. Second, for A < Eg, we can directly apply our equations and 0; does
describe the precession which now is a slow time-scale. However, in the regime A < Fp,
corrections to the spectrum become irrelevant, however, in our model then exhibitsty = 7
which is undesired in the case of the domain-wall resistance.
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C. Details on deriving the hierarchy of
equations

We start out with the kinetic equation (2.64) and (2.45)) by taking (—e) (v2 (2.64)) and by
introducing

3
i) = (=) (02 ) = (=) [ Gt i

: : (0B, — 9. B ' 1 2
Afterwards, employing an expansion of o = e2'% %™ % %) ~ 1 4 5(---) — g(---)* and
making use of relation ([2.68)), we obtain

(5 [Forsan] ) = 5 [F.0] + oo {odain ) - 2E 2] [efg2) |

z 3 5 T G
<U;§ %{f(:c) 0 g(x,k>}> _ % {F.9) - 2;; 05,50-] - 71(;%—21); (.50}

where we are able to truncate the series since our treatment includes only terms up to order
¢* and subsequent terms would contribute only to higher orders.

This yields the following equation

29t - A% [mé’g(n)} a 777;:; {gam(}* + (96u) A(”—l)} A”é:;g_ 1)% [82771(?,5}("_2)]
= % {&(”)72;@(0) — % {X&(O)vg(n)} + 2; % ([&(nfl)’aA A(O)} i [82;(&(0), ~(n—1) >
_ n(gn; 1); ({d(n_z),GQXg(O)} B {BQXA(O)7g(n_2)}) )

where the action of x is defined in (2.28)).

We also need to know the spectral density a™ up to order ¢2. We find for even and odd
moments, respectively

PICD - (V(S")i + I/g“)mé) +or (ﬁg”)i + 5§">m3) (@) + 228\ (0%m) 1 & |
a2t 201 x Omd | (C.2)
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where (9?m) denotes that we only take the component perpendicular to 7. The coefficients
for a d = 3 dimensional electron gas are given by

o = L2 e
gm _i&p_2MZ%1%&1>
g = B B
]
using the definitions
A0 = 5 [P + )
AW = 5 [0 o )]
it - B[ ()]

vy, specified without any argument implies that we take its value at the Fermi-level, i.e. more
specifically 1/#71) = 1/?1) (ER).
The chemical potential oy is obtained from the condition that

“+o00

+o0
[ o) m {0 - a0emo} = [ dwsple) 260 =

—+00
/ dwfp(w) ml (1041_1)q2 — Vé_l)(S,u) = %a(f)cf + 21/(()0)(5/; 20 , (C.3)

o e \ 4

since in the zero-temperature approximation

+eo n Eg n Me n
/ dw fD(w)Vé’i) (w) = / dw I/%f (w) = GT 11/§7j1)

—0o0

Therefore, we immediately arrive at the shift in the chemical potential

1 ¢ 1 2 mertV
Sp=— 2000 = L2 2 ) C.4
TR T A0 (€4)

which yields result 1) once we plug in all definitions and by noting that I/éo) = 1y,
0 U _ 3"706(2PEF + A). Substituting du back into the expressions for 3, we

l/s( = Pyy and ué

can now write

2-1 oy 4™ ()

/B(()n) = Q) 1 (Q)O‘L

4dme vy

()

1 1 v
m - L m_ 1w m
TN YO
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Later, we will also need

1 . ~
20 = gay” + xal® — —(1+ Pyma)

L o

A (05 0,25 2, L T
+7_y0 (60 14 Bg ’yma)q +7’1/0 a

b

Qp

)(0%11) 1

where we write d(()o) to indicate that we take the zeroth order in ¢ only and accordingly, d((}o)
contains all corrections to the density of states due to a magnetization gradient.

Next, we will change the 2 x 2 spin-matrix representation to the 4 x4 matrix representation
in the basis introduced above, (+, —,1,]). This change of basis implies a local rotation of the
basis in spin space to align the magnetization direction 1 along the new z-axis, which corre-
sponds to the gauge transformation introduced above. The various vectors we will encounter
in the following derivation transform in the following manner:

— 0,

S
Qp Qp

0

MXOT — —qog

- q0y

A~
— =

Pmad = (8°m), 0 + (md*>m)yma  — (8q)6y — ¢*6=

and we note that —md?m = (9m)? = ¢%. In the following, we specify substitution rules that
perform this transformation:

.
i[lﬂn] %ﬁln
s{6i.0} — Kjit (C.5)
where
0 0 1 -1 0 0 -1 1 —i 0 0 0
ilo o -1 1 110 0 -1 1 0 i 00
ﬂx_i 1 -1 0 0 %’_5 1 1 0 ol 2=10 00 0
-1 1 0 0 -1 -1 0 0 0 000
00 1 1 0 0 1 1 000 O
11001 1 ilo 0o -1 -1 000 O
&_5 1100 éy_i 11 0 0 E=1001 o
1100 -11 0 0 000 —1

constitute matrices in (4, —, 1, ) representation. The action of ¥ turns into

1
XN — X7
= 2T
with the matrix
% 0 0 0
2
0 —-2%& 0 0
x=1+7 0 0 ? 1 1
M2
0 0 37 -~

As a consequence of the gauge transformation, the derivative transforms into

0—0=10+qM, .
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Now with these rules at hand, the change of representation is straightforward and we obtain

Qg(n+1) +E§(n) _ ;gn)g(o) + ;gn)g(o) _ El(]n)g(n) + ggn)g‘(nfl) + gé")g(”*2) (C.6)

where zeroth order relaxation and precession terms are

n) (C.7)

5

; {2, g} - A% [m.5] - [i(l + PyK.) — AMZ] 7 =

and magnetization gradient correction to relaxation rates yield
1 N
26(0) an )} — 2801 + ¢ K. 0 _ T #n) = 110 g(n)
Q{X% N VOJ By 1+ BOKE.. + (99) B ( T2Ly g =1U"g" . (C8)

Corrections that depend on lower moments g™ in the hierarchy read explicitly

An 1 n
5 A(" 1) ~(n—1) (0) (n 1)
MM 9 {8 } e (05M)9 + e 5 [axa }
An nPY | ) = ) on)
— [ o Ky + — (85M)1+q2 - My] g =g (C.9)
and
An(n—1)i [,9 ~ (n—2) nn—1)1 (9 - (0) A(n—2)
~ 8m2 5[8 o9 }*WQ{axa ¥ }
nn—1 P o )
- (8m2) [A (@M.~ 00)M,) — — (K. - (8q)Ky)} G =g L (c0)
e

Furthermore, we have source terms appearing in the equation, whereof the zeroth order term

simply is
1{&(()271),@(0)} o L[ ] 4y ] 0) —

(2n) +(0)
5 o g (C.11)

I8y
o

2n+1
for even indices and Z ( ntl)

for even indices

= 0 for odd indices. The corresponding gradient corrections are,

1{ ) 350} + 2n i a2, 9550)] - 2n(2n—1)1 {2 g2450)

5 2. 2 U 8mZ 2 Y
1 n n n 7277] n=
= [q?ﬁé 14+ BVE. + 008Ky — 0y o M0
e
271(271 — 1) (n—1) (n—1) ~(0) — ':(271) _’(0)
S (LR ) 8 g = 200

and for odd indices

1 [a@r, 39 4 2’; n—: 1%’ [a, 9340

L1 [—qa(f) K, + 2L oy, a] G0 = ZCr GO0
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For our purpose, we only need the first 5 equations, since, as stated previously, in our regime
of investigation we need to know only up to g<4>. Explicitly, these equations read

Q;+ (IT - ég)))ﬁ _ (E(O) _ H(O))—‘ (C.12)
aS+1j = =Wi—-uj+ M (C.13)

oT + 18~ =i = =i 0P8+ P+ i
(C.14)
ot +uT = =%+ VS +0(e% (C.15)
o -="i = 0o(q), (C.16)

where we defined @ = §(©, ; = g, S = 79, T = 73 and U= g¥. Here, we already

dropped terms that would only contribute to higher orders than ¢%. Note that I' = II— é[()o).

Our aim is to obtain a differential equation of the form ,
(L~ Do) ii = W(q)ii , (C.17)
where
W(q) = Y4090 + Yo,0q + Y 04q000° 0 + Y 49404990 + Y 940,040q. (C.18)

To achieve this, we unite the set of equations — iteratively by eliminating every
moment except 77. We do this order by order in ¢, 0 and in the following, we give only terms
that are relevant to our result. The zeroth order is simply §6 = 2*1582)77 and Uy = E*1§é4)ﬁ
while the odd moments f, T vanish as q,0 — 0. g[), when plugged into equation will
yield a term that resembles a diffusion term, but will not yet be of the desired form as given
by . In order to transform the diffusion term into the form which permits convenient
solution of the differential equation, we will multiply equation to the left with ILA
and then subtract it from the equation which provides S. We thus obtain a new
So = (g_légz) + AD ) 7 with the choice of A determined by the condition that So = D7

which in turn translates into

A= (@ . glggf)) r-! (C.19)

and, since I is singular in longitudinal subspace as it possesses one vanishing eigenvalue, L‘l
has to be considered as the pseudo inverse.

In order to obtain the form reminiscent of the spin-charge diffusion equation ([2.70]), we rewrite

equation ((C.13)
I (j+ Do) = 1Do7 — 95 + EM7 - INj + (V7 (C.20)

where now the right-hand side of this equation is of order g, in particular the difference
IID 77 — S no longer contributes to the zeroth order solution, as opposed to S itself.
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Before proceeding with higher orders, we define for convenience

o = O+ 105, (99 — dg)
& o= a+ (06" — q*0)
av o= e+ Y, (0g - 0g)
ECY = 2@v¢ 4+ Eog+ 25V e0
i(2n+1) _ éﬁf”*”q i é(82n+1)8 ,

where we remind that 0 acts on everything to its right so that Z, actually are differential
operators.

The first order is given by ( = (J4q + J99) 7, etc.)

_ - = (1)
J, = -0 (mup-=0 - )
Jy = —D+1'E
7, = -0 (s sl - =% - (Jup)
T, = -0 (sl -2) .

the second order terms are

Yo, = I 'ALID+E() —1f) -1 (2 + (1))

Yoo = MoD+Ey +15) — M5
Sog = I (~L, -G+ (25 +5,) ) — Ava,
S = I (-ALTo+IG D + (7 + (27 - <5, )) - A%

and finally, the 3 remaining coefficients in equation (C.18)),

=

Yoo = ﬂwg_l (Sqa +E((91q)la)

Yoo = o (ﬂxéqa + gg}z)ia + lea)qq)

Yogos = g_l (ﬂwéﬁq _g(alq)lq> :

To solve equation ((C.17)), we use the method elaborated upon previously in section SO
that by use of equations (2.93)) and (2.97) we end up with

K o
dppw = | 7 [2(X oo E(Ye0)u + (XoghtL(Yog)n + (2Y 0900 + Yg090 + Yogaq)ul 0| (C.21)
) ¢

where the outer bracket denotes that we take the charge component.
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D. Details on solving the kinetic equation in
the general time-dependent case

In this appendix, we describe the hierarchy of equations obtained from Eqns. (2.44)), (2.45)
and which are utilized to obtain all the results discussed in section and 2.9

To begin with, let us define the moments of the Greens function g,

3
ﬁ(’l",t) = /(;ﬂljgg(k,r,t) = <§>

g(rt) = (vkg)

. 1

T(r,t) = <<vk owvy — 131),%) §> ) (D.1)
where the second moment Z is defined such that the isotropic part is projected out. Note that
the definitions represent quasi-particle densities, so in order to obtain the respective charge-

densities we simply have to multiply with the factor (—e). We do not need more than the
first three moments for the present study up to second order spatial magnetization gradients.

We also need the respective moments of the spectral density which read
aOrt) = <fl>
aV(r,t) = <va> = 0(8,1m) (D.2)

<('vk ovg — 1;“1%) fl> = <vk o 'vk/l> -1 2 %{EA’F, &(O)} = 0(8,m)*,

dme

—
L)
=
—~
3
o~
S~—
I

a

where we can see that the definition of the moments is such that the n-th moment is of the
order O(8,m)", a condition we can use to also define higher order moments. For example,
the fourth moment b3 would have 82 terms but no 8, terms.

The moments a®, a@, 2(2) can be obtained by k-integrating the spectral density A =
Ay + Ay + ..., which has for example the first order correction

A= =560+ 000 [0 [s(e — ) + e~ )] - X [dte— - ate - ]| -

The explicit expression for a(9 can be found in ([2.128).

After a longer derivation, we come up with the following set of equations we can employ to
obtain our results in the regime of interest, i.e. 7A > 1 and gradients up to order (8TT?L)2. In
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particular, we want corrections to the spin-charge current which are up to 9,8, and E(8,1m)?,
so that we only need the first three equations in the hierarchy,

Lty = JO (D.4)
~ A ~ ~ 1 ~ ~
mj+o,f+7, = ;{aVaa}+e+7" (D5)
gz+l§) ldTrT + 79 = QE)—ldTrC(Q)—i—C’(Q)—i—j(Q) (D.6)
where

70— L (25 (Be.a) — 8, Ee, i} (D.7)
f — 2me d r F rL/F, .

oW L (25 (1040 A1 1eh. a0 — (18,560 4] — [8.v5. 6O
C, = Time <d8r ([Xa 1) — (XN, a ]) ([&la , 1) — [Orxn, G ]) , (D.8)

and the spin-resolved Ferml energy is defined as Ep = Epl+ Ama d = 3 is the dimensionality

and the two tensors 7:'3 arising from the commutator on the left-hand side of the kinetic

equation ([2.44]) and Q;,z) originating from the collision integral (2.45)) are defined as

i 1 s E

l;z) = — ((H—Za;[{EF’TJ] - {8:[EF7T-7}> ’

. 1 2 o ~(0) 12 od

6 = o (O - 0l 5)) o

In these expressions, the tensorial structure is due to the special symmetrizing contraction
denoted by 1 and is defined by a(8)...7j)b = (ad,)...(jb) + (b8,)...(ja). Note that we
have defined spin-relaxation I' and momentum relaxation II

X = A ;iéA [ﬁu? /’\?] + % {X&(O),/’ff} %{XX (0)}
e = 2 2@'5A 75, %] + % {22} . (D.10)

where both incorporate also precession and gradient corrections to the scattering rates enter
through a(© and SA.

We can drop the contributions 27(12) and C' %2) in the third equation and which is used to
obtain the second moment of our distribution, 7'. Since it only contain terms like 848,,7713', nJ
and because n = O(EQ,) + O(9,), these terms would go beyond our regime. Let us specify
these terms nevertheless in order to obtain a closed set of three equations valid under the
assumption that only the first three moments of the Greens functions, 7, 5 and z are relevant.

F2) A [ 2 28 a4 olftame al) — Liat ta.me
T 8im§{d+2 (18 [&ma,n]—i—@r[arma,n]) 2[8r 8, ma, n|

N 1 2 N o o A

+ 8] ({a fo,x }—{Taria@),ﬁ})]

L. 0] To, 50} + L{o] *arxa@),ﬁ}} . (D.11)
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The source terms that appear in these equations can be summarized as follows,

20 _ b opeay, Ll 0
T, 27T6Ea +27T2{8tH,a }
. 1.1
© — Lgliao 40
jC 47r8t21[ia 70’ }
s 1 ey Yl g ey 1L (25 08 s 7 40
J, = 27TeEg +27r2{8tH,a } o Tim dar[atH,a | — [0-0:H,a""]
70 _ B 10 20
T = 4Tme 22,[;@ @]
+ 10 (La®, a0+ L (26,{36©, a0} — {8,36©, 4}
dr O\ & dme \d & a5
52) _ ¢ 2 (_piep oty 1208 ma®)
27 = i (B ) 4 1B Ba)
A . .
S5 07 4 EiTg.me a0 2
+4ime (i[Earma,a |+ E'['9,md, a ])) + 0(0,0;)
g0 = ¢ 2 Lpia® fa®) 412 [3a®, Ea)]
= 8mme d + 2 =" 7 =d ’
1
2(0) 400 9.4 40
+2me (iE{&«a ,xa'“}+ E{8,a", xa }))
2e
_ I ORPIINE) 2
327rm§E {a",V 0,xa""} + O(0,0;) . (D.12)

dp enters the above set of equations only through H in J; and indirectly through the density
of states a.
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E. The Hypergeometric function ,F7 and the
Gamma function [

The hypergeometric function o F} (a,b; ¢; z) is defined as [177]

- (@)n(b)n 2"

2F1(a7 b7 G Z) = 7;) (c)n g ) (El)
and satisfies the differential equation
{2(1-2)02+[c— (a+b+1)z] 0. —ab} 2Fi(a,bjc;2) =0 . (E.2)
(a)y, is the Pochhammer symbol and defined as
I'(a+n)
A Gy E.
(@ =~ (E3)

The Hypergeometric function has a branch cut on the real axis for Re z >= 1, and the series
expansion for z > land c—a—b ¢ Z, Re(c—a —b) > 0 reads (£ > 0)

Filabiel - € = TSI (14 0() +

I'e)l'(a+b—c)
['(a)L(b)

£ 1+ 0(9)
(E.4)

which can be found using Kummer’s solution

I'(c—a—-0)T(c)

I'(c—a)l'(c—10)

I'(a4+b—c)(c)
I'(a)T(b)

oF1(a,b;c;2) = oF(a,b;14+a+b—c1—2)

(1-2) R (c—a,c—bl+c—a—bl—2), (EB5)

together with the series representation used to define the hypergeometric function. For z =1,
oF(a,b;c; z) has the following explicit values

I'(c)T'(c—a—b)
I'(c—a)'(c—b)
(c=b)y

(©)n

oFi(a,b;c;1) = if Re(c—a—0)>0 (E.6)

oF (—n,b;c; 1) = ifneNp. (E.7)
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Finally, we summarize some interesting relations between Gamma functions,

I(z+1) =2I'(z)

FE)0(=2) = 7,2811:‘-(71'2)
P+ =2) = sin?jrz)
F(; * Z)F(% —2) = cos7(r7rz)
222—1 1
'(22) = NG L(z)I(z+ 5)
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