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Abstract

In metallic ferromagnets, external voltages induce charge and spin-polarized cur-
rents. Additionally, there can be magnetization dynamics, where the magnetic
moments precess in time in response to external magnetic fields. The exchange
interaction strongly couples the spin-polarized currents with the magnetization
dynamics. In this way, external voltages can induce magnetization dynamics or,
vice versa, external magnetic fields can induce currents.

In ferromagnets, the long-range dipole interaction leads to the formation of mag-
netic domains, regions of aligned magnetic moments. In between the magnetic
domains, there are domain walls, where the magnetization gradually varies. Such
domain walls move in response to external magnetic fields. Previous studies have
shown that a moving domain wall in ferromagnets generates a spin-motive force
on the conduction electrons. In turn, the spin-motive force generates currents.
Experimentally, the spin-motive induced currents have been detected.

So far, research in this field has neglected the ubiquitous Coulomb interaction be-
tween the electrons. The central question we address is how Coulomb interaction
between electrons affects the transport of the electrons subject to the spin-motive
forces.

To study this question, we first reproduce the known results of spin-motive forces
when the magnetic domain wall is of the Neel type. The moving domain wall
generates a spin-polarized electric current. We discuss its Berry’s phase origin.
Beyond previous studies, we find that the Coulomb interaction between the elec-
trons leads to the screening of the spin-motive induced accumulated charges. The
screening takes within the Thomas-Fermi screening length, which is very short in
high-density metals. While screening strongly modifies the accumulated charges
in the ferromagnets, the domain wall motion induced currents remains unaffected
due to current conservation.






Sammendrag

I ferromagnetiske metaller vil patrykte spenninger indusere ladnings- og spinnpo-
lariserte strgmmer. I tillegg kan det oppstd magnetiseringsdynamikk, der mag-
netiske momenter preseserer i tid som en respons til eksterne magnetiske felt. Den
magnetiske vekselvirkningen i ferromagneter kobler spinnpolariserte strgmmer til
magnetiseringsdynamikken. Pa dette viset kan eksterne spenninger indusere mag-
netiseringsdynamikk, mens det ved hjelp av den motsatte prosessen kan induseres
eletriske strgmmer fra magnetiseringsdynamikk.

I ferromagneter fgrer den magnetiske dipol-vekselvirkningen til at det dannes mag-
netiske domener, som er omrader der de magnetiske momentene peker i en felles
retning. Innimellom de magnetiske domenene er det domenevegger, der magne-
tiseringsretningen varierer gradvis fra retningen i et domene til retningen i det
neste domenet. Slike domenevegger kan flytte pa seg, som en respons til eksterne
magnetiske felt. Tidligere forskning har vist at domenevegger som flytter pa seg
i ferromagneter genererer en spinnmotorisk kraft pa ledningselektronene. Videre
genererer den spinnmotoriske kraften en elektrisk strgm, og denne strgmmen er
blitt malt eksperimentelt.

Sa langt har forskningen pa dette feltet sett bort ifra Coulomb-vekselvirkningen
mellom ledningselektronene. Hovedproblemet vi prgver & finne et svar pa er
hvordan Coulomb-vekselvirkningen endrer transporten av ledningselektroner som
pavirkes av den spinnmotoriske kraften.

For & finne et svar pa dette spgrsmalet har vi fgrst reprodusert de kjente ligningene
for den spinnmotoriske kraften nar domeneveggen er av Neel-type. Resultatet er
at en domenevegg som beveger seg genererer en spinnpolarisert elektrisk strgm.
Videre diskuterer vi hvordan den spinnmotoriske kraften er relatert til en kvante-
mekanisk Berry-fase.

Av ny kunnskap finner vi at Coulomb-vekselvirkningen mellom ledningselektronene
forer til en skjerming av de akkumulerte ladningene, som er blitt indusert av
den spinnmotoriske kraften. Denne skjermingen er effektiv pa en lengdeskala
tilsvarende Thomas-Fermis skjermingslengde, som er veldig kort i metaller med
hgy elektrontetthet. Selv om skjermingen modifiserer ladningsopphopningen i fer-
romagneter i stor grad, sa pavirkes ikke den elektriske spinnpolariserte strgmmen,
generert fra magnetiseringsdynamikken, pa grunn av strgmbevarelse.

Ved a sammenligne typiske diffusjonstider med tiden domeneveggen bruker pa

a flytte seg, ser vi at var antagelse om en dynamisk likevekt er anvendbar, spesielt
for domenevegger som beveger seg sakte.
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1 Introduction

Spintronics, or spin-electronics, is the physics of magnetoelectronics in systems
where the electron spin plays a crucial role. Electrons are fermions with a spin
magnetic moment, which affects the magnetization in materials. The improvement
of nano-fabrication methods in the last decades have led to new physics, where
the combination of spin, magnetization and other quantum-mechanical phenom-
ena has interesting and useful effects.

In 1985 Johnson and Silsbee where the first to show how charge and spin couples in
transport across the interface between a ferromagnet (FM) and a paramagnet [1].
Their work proposed a method to measure the spin-transport as an electric voltage.

An important experimental discovery was of the Giant Magnetoresistance (GMR),
which the group of Fert et al. [2] and Griinberg et al. [3] measured independently
in 1988 and 1989 respectively. The GMR-effect was first studied for currents in the
plane (CIP) of multilayers of ferromagnetic and normal metallic materials. The
measured resistance ranged between minimal and maximal values by changing the
relative orientation between the magnetization directions in different layers, with
external fields. This effect is a consequence of spin-dependent scattering at the
interfaces. Fert and Griinberg received the Nobel Prize in 2007 for the discovery of
the GMR [4], and GMR-based read heads have led to improved hard disk drives.

1.1 Spin-Transfer Torque

The spin-transfer torque (STT) is the torque on a magnetization due to the transfer
of spin-angular momentum from a spin-current. The STT was proposed theoret-
ically in 1996 by the independent work of Slonczewski [5] and Berger [6]. Their
calculations indicated that a spin-polarized current perpendicular to the planes
(CPP) of ferromagnet-normal-metal multilayers can reorient the magnetization in
one of the ferromagnetic layers, if the current density is large. The group of Tsoi
et al. measured in 1998 the current and voltage in Cu/Co-layers [7], and the
resulting changes in resistance indicated current-driven magnetization excitations
via the GMR-effect.

Consider a spin-polarized current entering a ferromagnet with uniform magnetiza-
tion and a strong exchange interaction. When an electron enters the ferromagnet,
its spin magnetic moment then aligns with the magnetization in the ferromagnet.
The spin magnetic moment is thus changed for the outgoing electron compared
to its initial magnetic moment. The change of angular momentum in the spin-
current is transfered to the magnetization, which is described as a torque. The
STT acts in the plane of the incident and outgoing electron moment-directions.
From symmetry there is also a torque (called the field-like torque) in the plane
perpendicular to the plane of the STT, as discussed in Ref. [§].

The physical explanation for the STT acting on a continuously varying magne-
tization is similar as in the case of uniformly magnetized ferromagnets. In an



adiabatic limit the electron magnetic moment continuously aligns itself with the
magnetization as the electron moves inside the ferromagnet. The change of angu-
lar momentum from rotating the electron spin is transferred to the magnetization.
The STT acting on a continuously varying magnetization is described theoretically
in Ref. [9].

The current densities required to generate spin-transfer torques of any significance
also generate competing torques from Oersted fields. By decreasing the system-size
the STT can dominate over the Oersted field torques [I0]. With better methods to
construct nano-structures, Myers et al. created ferromagnetic-layered nanopillars
(Co/Cu/Co) in 1999 [11], and they were able to fully reverse the magnetization
direction in one of the layers by injecting a spin-polarized current.

Magnetic switching based on STT can be more efficient than magnetic switching
with Oersted fields, which is used in information storage today. One important
improvement is lower switching-currents and more dense devices. Thermal heat-
ing is minimized in small nano-structures, which also prevents information loss
due to thermal oscillations. Non-volatile random access memory based on STT
(STT-RAM) is currently under development by several companies [12].

1.2 Spin-Motive Force and Spin-Pumping

The reciprocal phenomenon of the STT is spin-pumping. Spin-pumping is the
emission of a spin-current due to magnetization dynamics, and the theory behind
this process was established by the work of Tserkovnyak et al. in Refs. [13] and
[14]. On a fundamental level, the STT and spin-pumping are equivalent recipro-
cal processes, which is proved by Brataas et al. by using the Onsager reciprocity
relations and assuming linear response [13].

The relationship between STT and spin-pumping was demonstrated in a ground-
breaking experiment done by Kajiwara et al. in 2009 [I6]. By using a magnetic
insulator sandwiched between platinum films, they were able to transfer spin an-
gular momentum over a macroscopic distance. The experiment is explained as
follows. A spin-polarized current in the first metal-layer transfers angular momen-
tum to the magnetic insulator via the spin Hall effect [17], i.e. a spin current flows
in the direction perpendicular to the charge flow. These magnetization excitations
travel across the insulator as a spin wave, and by the inverse Hall effect the angular
momentum is transferred to the last metal-layer, inducing an electric current via
spin-pumping.

The process of spin-pumping can be viewed as a consequence of spin-motive forces
acting on conduction electrons, due to time-dependent dynamics of a magnetiza-
tion. The spin-motive force was first described by Volovik in 1987 in terms of
effective electric and magnetic fields [18], which tend to push on and/or bend the
path of electrons with opposite spins in opposite directions. The work by Yang
and Beach et al. shows that the spin-motive force is related to gauge-invariant
Berry-curvature fields [19].



1.3 Motivation

The motivation for studying the spin-motive force is the interesting connection
between the spin-transfer torque and spin-pumping. The combination of STT and
spin-pumping can be used to connect electrical signals with pure spin-signals in
new spintronics-devices. By understanding all these phenomena we pave the way
for a new field of electronics, where information is transfered and stored via pure
spin-currents, with no flow of electric charges.

While the spin-motive force is a relatively new concept, the additional contribution
from the Coulomb interaction between conduction electrons is not well understood.
We expect that the Coulomb interaction is important in ferromagnets with high
electron density.






2 Basic Theory of Ferromagnetism

This section describes some useful concepts related to magnetism and how these
ideas can be used to model the transport of electrons in a ferromagnetic metal wire.
The inclusions of the electron spin and ferromagnetic exchange energy require a
quantum mechanical treatment. Since it is difficult to make a full many-body
quantum mechanical description, it will be necessary to use statistical physics and
make some semi-classical assumptions. The physical aspects of these assumptions
are discussed, together with the limitations they have for the model.

2.1 Magnetism and Magnetic Moment

The classical treatment of electromagnetism is described by Maxwell’s equations
and the Lorentz force law. The movement of charges, such as a current in a
coil, induces a magnetic field, and one can define the magnetic field, E, from the
measured force exerted on a moving charge, subject to this field. This force, called
the Lorentz Force, Fy, is defined (in SI-units) as

ﬁL:q(E+ﬁx§>, (2.1)

where ¢ is the charge of the particle, E is an electric field and @ is the velocity
[20].

If magnets are placed in a magnetic field, they are affected by a magnetic torque,
7™M, which tends to align the magnets parallel with the applied magnetic field. This
torque defines the magnetic moment, (i, from

=i x B, (2.2)

where the magnetic moment is measured in units of J/T [2I]. The magnetic
potential energy associated with a magnetic moment in a magnetic field is

By = —fi- B, (2.3)

which has lowest value when /i is parallel with B [22]. A classical example of a
magnetic moment is a compass, where the compass needle has lowest energy when
it is aligned with the magnetic field lines of the Earth.

2.1.1 Spin Magnetic Moment

Elementary particles also have a spin magnetic moment, which generates and in-
teracts with magnetic fields. A measurement of the spin magnetic moment gives
quantized values, in agreement with quantum mechanics. The spin magnetic mo-
ment of the electron, fi., is defined as

(& —
e = —ge=—39, 2.4
He Ge e (2.4)
where g. > 0 is the g-factor, e is the elementary charge, m. the mass of the
electron and S the spin quantum operator [23]. Since the electron is a spin-1/2



particle, a measurement of S along some chosen quantization axis will give two
distinct values, either +7/2 or —#/2, in terms of the reduced Planck constant,
h = 6.58211928(15) - 10722 MeV s [24]. From Eq. it is clear that the electron
spin points in the opposite direction of its spin magnetic moment.

In the following, the g-factor is approximated by g. = 2, which is the value ob-
tained by solving the Dirac equation for free electrons. See Ref. [24] for corrections
to this value, which can be computed from quantum electrodynamics. With g, = 2
the electron spin magnetic moment is written in terms of the Bohr magneton, ug,
such that

ﬁe = _NBgv (25)

where the Bohr magneton is defined as

eh
pB = (2.6)

T 2m,’
and S = (h/2)é. The operator G is a two-by-two spin-matrix acting on two-
dimensional spinors, and it satisfies the eigenvalue equation

G- nlx+) = £lxa), (2.7)

for some unit vector, 7, and eigenspinor |x+). The sign £ corresponds to spin up
and spin down respectively. Eq. (2.7) means physically that a measurement of S
along the direction 7 gives the expectation value (y1|S - f|xs) = £5.

The spin space for electrons is in the following represented by a unit matrix,
1, and the Pauli spin matrices, ¢ = 0,2 + 0,3 + 0.2, defined as

() w () G h) e

and these four matrices create a basis which spans the whole spin space.

2.1.2 Magpnetization and Ferromagnetic Exchange Energy

Magnetic materials are classified according to how they respond to an external
magnetic field. An applied magnetic field affects the collection of magnetic mo-
ments in the material. The internal magnetization, M , of a material consists of
the sum of all these magnetic moments, where electrons, ions and molecules in the
material can contribute to the internal magnetization. If the internal magnetiza-
tion points in the opposite direction of the external magnetic field, the material is
diamagnetic. If M points along the external magnetic field, the material is para-
magnetic.

A ferromagnet is special since it can have a non-zero magnetization when there are
no external magnetic fields. This is due to the exchange interaction between identi-
cal fermions, which is a consequence of the Pauli exclusion principle. The internal
magnetization of a ferromagnet depends on the history of the applied external
magnetic fields. The remaining magnetization when the external fields are turned



off is called the saturation magnetization, with symbol M. Ferromagnetism oc-
curs below a material-dependent critical temperature (Curie-temperature), which
can be high, e.g. 1400 K for Co [25].

The Pauli exclusion principle states that two identical fermions can not occupy a
state with the same location in space and the same spin [23]. For electrons local-
ized to the lattice sites, the wavefunctions for neighboring electrons overlaps if the
distance between ions are small enough. If two electrons at nearby lattice sites are
in the same spin state, the spatial part of their wavefunctions is separated, due
to the Pauli exclusion principle. This reduces the electrostatic energy between
the electrons, such that parallel spins between neighboring localized electrons are
energetically favored. This mechanism is called the ferromagnetic exchange inter-
action, and it is the main contribution to ferromagnetism.

2.1.3 Ferromagnetic Domains

If all the internal magnetic moments in a bulk ferromagnet points in the same
direction, the total magnetization sets up a large magnetic field, which stores
magnetostatic potential energy. To reduce the net magnetization, many ferro-
magnets are divided into domains with different magnetic orientations, where the
magnetization is uniform within each domain. Between domains there are domain
walls, where the magnetization direction rotates from one direction to another.
The domain wall length, Ay, is usually in the order of 10-100 nm [26]. Two types
of domain walls are sketched in Fig. [1] i.e. Bloch and Neel-type domain walls.

T

a)

Figure 1: a) 180° Bloch-type domain wall. The local magnetization direction varies
from —¢ (left domain) to +¢ (right domain) by rotating 180° around the
Z-axis.
b) 180° Neel-type domain wall. The magnetization direction rotates 180°
around the g-axis from —Z (left domain) to +Z (right domain).



2.2 s-d-Model of the Ferromagnetic Domain Wall

In the s-d-model of a ferromagnetic metal domain wall the conduction electrons
are treated as a free electron gas moving in the vicinity of a varying effective
magnetization, M (7,t) [I5]. The magnetization is assumed to be generated by
the nearest neighbor exchange interaction of a large number of d-orbital electrons,
which are localized to the lattice sites. It is also assumed that the magnetiza-
tion vector has constant length, given by the saturation magnetization, such that
M (7,t) = Mym(F,t), where 1 gives the direction of the internal magnetization
and |m| = 1.

In an adiabatic approximation, the spins of the conduction electrons follow the
direction of the local magnetization, m, as they move inside the ferromagnet, due
to a high exchange energy. The magnetic potential energy for a conduction elec-
tron will therefore be approximated by the term —%Aex&’ -m. This is a mean-field
approximation to the exchange energy, A, which in other terms can be written
as

Aex = hJ Ms, (2.9)

where J > 0 is the angular momentum density [27].

The contribution to the magnetization from the free s-orbital conduction electrons
are not taken into account, since the number of localized d-spins are much larger,
and the total magnetic moment is close to 7 when conduction spins follow par-
allel or anti-parallel to the local magnetization. The Zeeman-splitting of electron
energies, AFy ~ upBy, due to the applied external field, By, is ignored, because
the exchange energy is assumed to be much larger than the Zeeman-splitting from
a weak external field [28].

The conduction electrons are filled according to the Pauli principle, from the bot-
tom of the spin-dependent conduction band energy, €2, up to the Fermi energy,
ep. It is assumed a parabolic energy dispersion relation for the electrons, such

that the one-electron total energy, €y, s, is
h2k?
~ om

where the spin-dependent band offset, € = e.1, F (1/2) Aey, consists of a constant
conduction band energy, e.p, and a spin-dependent term, F(1/2)Acy, as a result
of the magnetic potential energy due to the magnetic exchange field.

Ek.s + €Y, (2.10)

The convention used in the following is that spin up (1 or +) corresponds to
the lowest magnetic potential energy:—(1/2)Aqx, while spin down (| or —) has
the highest potential energy: +(1/2)Acx. Spin up is called majority spin, and
spin down is called minority spin, since there will be a higher number of spin up
conduction electrons when A, > 0. The exchange energy can thus be written as

Ao =% — &Y. (2.11)

The dispersion relation and filling of conduction electrons is shown in Fig.
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Figure 2: Total energy, i s, as a function of k for conduction electrons with a
parabolic dispersion relation. Majority spin is represented by blue and
drawn on the left side for comparison with minority spin in red. Electrons
are filled from the lowest energy at the band offset up to the Fermi energy
er. Unequal band offsets, €2, for electrons of different spin species lead
to a higher number of available states with spin up at the Fermi energy,
in our convention.

2.2.1 Fermi-Dirac Distribution Function

To model the transport of a large number of particles, it is useful to incorporate
statistical mechanics. The Fermi-Dirac distribution function, frp(ex,s — o), is the
mean number of fermions in an energy-state with total energy, € 5, and spin, s,
for a system in thermodynamic equilibrium. The quantity g is the total chemical
potential, which is an energy defined such that the total particle number density
is calculated by summing the Fermi-Dirac distribution (FD-distribution) over all
possible energy- and spin states.

The FD-distribution is defined [29] as

1

eB(er,s—po) + 1’ (2'12)

Jrp(Ek,s — Ho) =

where § = 1/(kgT), with temperature, T, and the Boltzmann constant, kg =
8.6173324(78) - 10~°eV K~! [24]. A temperature is only defined at points in equi-
librium. At absolute zero temperature, 7' = 0 K, the total chemical potential is
equal to the Fermi energy, i.e. uo(T =0) = ep.

The number of particles per volume for a system in equilibrium, n°, is found
by summing the FD-distribution over all possible states:

1
0 _
=0 e i1 (213)
sk



such that a system with volume, V', where all points are in equilibrium, has a total
number of particles, N°, given by N = Vn?.

In order to do the summation over momentum states, we assume that the k-states
lie so close to each other in momentum space, that they form a quasi-continuum.
This approximation is appropriate for metals with a high number of conduction
electrons. In this limit the summation is replaced by an integral, such that, in
three dimensional space, ) ; — f (SE‘TI)CS.

To avoid difficult integrals, all momentum-integrations of distribution functions
and related quantities are done at zero temperature, T = 0. This is a good approx-
imation for low-temperature electron transport in a metal, since the conduction
electrons contributing to transport have an energy within kg7 of the Fermi energy,
and metals are, from definition, such that at T' = 0, only an infinitesimal energy is
required to excite an electron from a populated state at er to an unpopulated state.

At zero temperature, the FD-distribution can be written in terms of the Heav-
iside Theta function, ©(k), such that the equilibrium number density of electrons
with spin s is

d3k d3k h2k?
nS = / 73fFD(5k,s — o) = / O(k)© <€F - 52 - )

(2m) (2m)3 2m
1 /271' ™ . kps 9
= —= d¢/ sin 9d9/ k“dk
(2m)3 Jo 0 0
1
= @ki’és, (2.14)

where the Fermi wave-vector, kr,, is defined from the Fermi energy and the band

offset, such that
1
k?Fs = ﬁ\/Zm (€F —52). (2.15)

With the spin convention used in Eq. (2.11) then kr, > kp_, which also states
that the Fermi velocity, vr,, is bigger for spin up electrons than for spin down
electrons.

2.2.2 Density of States

The density of states (DOS), ds(g), is the number of available particle states per
volume at an energy infinitesimally close to €. In three dimensions and a parabolic
dispersion the DOS is proportional to the length of the electrons wave vector,
|k| = k.

An important quantity is the density of states at the Fermi energy, ds(cr). Some
relevant results in the following is written in terms of the DOS at the Fermi en-
ergy, which makes it possible to compare the results with similar calculations
for systems of other dimensions, e.g. 0-dimensional quantum dots, 1-dimensional
quantum wires or 2-dimensional quantum wells.

10



In three dimensions and zero temperature the DOS at the Fermi energy is

dter) = [ (Il

1 27 T (e’ h2k2
- / do / sin 0d0 / k2dké (ep — €0 —
(2m)3 Jo 0 0 2m

1 [ 5. m
=53 ; k dk—h%é(lﬂ —kp,)
2m
= ———k 2.1

where kg, is given by Eq. (2.15)) for conduction electrons in a ferromagnet, and
it was used that the derivative of the FD-distribution at 7' = 0 is (minus) a delta
function.

Since kp, > kp_ then dy(er) > d_(er), which means that there is a higher

number of available states with majority spin than minority spin, at the Fermi
energy. This is important for creating spin-polarized currents.

11






3 Magnetization Dynamics

This section shows how to model the magnetization dynamics of a domain wall
subject to a weak external magnetic field. The calculations are based on and
similar to the methods and work done by Brataas et al. in Ref. [30], with the
difference that we calculate the dynamics of a tail-to-tail Neel-type domain wall,
which involves some modifications compared to the dynamics of the head-to-head
configuration calculated in Ref. [30)].

3.1 Landau-Lifshitz-Gilbert Equation

The magnetization dynamics is described by the Landau-Lifshitz-Gilbert (LLG)
equation [3T] which reads

m = vuoﬁeﬂv X m + am X 7”;72, (3.1)

and the resulting effects on the magnetization direction are shown in Fig. Bl Here
the effective magnetic field, o He(7) = —6U/6M (7), is dictated by the magnetic
free energy, U = U[M (7)], which is a functional of the magnetization. The first
term on the RHS of Eq. leads to precession of the magnetization direction
around the effective magnetic field. The gyromagnetic ratio is v = geup/h, where
ge = 2 is the g-factor and pp is the Bohr magneton in Eq. .

A
I—_jeﬁ

-

Figure 3: The magnetization direction, m, precesses around the effective magnetic
field, H.g. The damping term, am x m, is a torque which slowly moves
the magnetization direction towards ahgnment with the effective mag-
netic field.

The second term on the RHS of Eq. describes the damping of the system,
which in general is written in terms of a tensor, a;;[ni], with functional depen-
dence on the magnetization. In many materials it is reasonable to assume that
the damping is isotropic, local and independent of m, such that « is a constant.
It is also assumed a small damping, thus a < 1, e.g. in permalloy a = 0.01 [32].
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An approximate approach to this problem is to introduce a set of collective co-
ordinates, {;}, such that the magnetization direction is a functional Mm[r,t] =
m[7, &1(t), ..., &€ (t)]. The assumption is that in the adiabatic approximation much
of the magnetic structure is unchanged as time evolves, such that the &;’s describe
the collective movement of the magnetization. In the limit where the number, n,
of collective coordinates goes to infinity, the solution is exact. The time derivative
of the magnetization is thus

dt 0

i _ o

&, (3.2)

with implicit summation over 3.

In terms of the collective coordinates, the equations of motion are derived in App.

from the LLG Eq. (3.1), which are
F, =Ty + Gy =0, (3.3)

where F; is the generalized force, G;; is an antisymmetric gyrotropic tensor and
I';; is a symmetric tensor, which contributes to damping. By integrating over the
sample volume, these terms are given by

SU om  oU
F=— v am %Y 4
= v 96 o6 (3.4
om  om
I, :aJ/dV iy 3.5
o om  om
Gij = J/de- (851 x 35;) , (3.6)

with J = Mg/~ as the angular momentum density.

3.2 Tail-to-Tail Neel-Type Domain Wall in a Cylindrical Wire

Consider the special case of an infinite cylindrical wire aligned with the z-axis,
subject to an external magnetic field, By = Byz. The magnetic free energy, U,
associated with the magnetization dynamics is described by

U= ]\JSA/dzgp(z), (3.7)

where A is the cross section of the wire, and the integral is taken over the energy
density, ¢, along the z-axis [30].

The energy density is on the form

2
Aex.s

2

o

0z

K K
— Bom 4+ —(1 —m?) + =2m? (3.8)

p(z) = 5

where Ay 5 is the stiffness of the exchange energy and K is a constant describing
the anisotropy energy along the wire. The anisotropy in the transverse direction
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of the wire is modeled by the term with the K5 constant.

In the case of a Neel-type domain wall in a wire, one choice of collective coordinates
is &1(t) = ryw(t) which gives the middle position of the wall, the polar angle of the
wall £5(t) = ¢w(t), and the width of the wall, {5(¢) = Ay (¢). The magnetization
direction is in spherical coordinates mi(z) = (Sin Oy, coS @y, Sin by, Sin Py, cos Oy, ).

It is shown in App. how to find the solution which minimizes the energy
in Eq. (3.7) for a Neel-type domain wall with a tail-to-tail configuration. This
type of domain wall is shown in Figs. [[land [@ The solution is

cosfy = tanh = ; Tw, (3.9)
or equivalently
z—r
= cosh . 1
sin 6y, o8 Aw (3.10)

where the constraints are that the magnetization points away from the domain
wall at both endpoints. This solution satisfies the constraints since m, = cosf,,
approaches +1 as z goes to + infinity.

From the solution in Eq. (3.9), the free energy for the tail-to-tail Neel wall is
integrated in App. [A:3] with the result

ACX S
U= MA <X + 2Bory + K1 Ay + K2\, cos? ¢W> : (3.11)
The generalized forces F; are now found from Eqgs. (3.4) and (3.11)), such that
F, = —2M,AB,, (3.12)
Fy = My AKy)y sin 26, (3.13)
Aex.s
F\ = MA ( e~ K- K cos? ¢>W> : (3.14)

For the damping tensor, I';;, in Eq. (3.5)) the non-diagonal terms are all zero from
Eq. (A.17), while the diagonal terms are

M, 2a
T, = —, 3.15
A Y Aw (3.15)

M

Fgp =A 5 20\, (3.16)

M, 72
Py=A—"—. 3.17
AN ~ G ( )

The gyrotropic tensor, G;;, in Eq. (3.6) is antisymmetric, so all the diagonal terms
are zero: G;; = 0. Also four of the off-diagonal terms are zero from Eqs. (A.14),
(A.15) and (A.16), and thus the only non-zero terms are

2Ms A

Grp = —Gyr = = (3.18)
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The equations of motion for the tail-to-tail Neel-type domain wall derived from

Eq. (3.3) now read

20w Do + 2 = YK Ay SID 26, (3.19)

(Z.Sw - )\i";w = vDBy, (320)

Acxs _ 7772/\ = K; + Ky cos® ¢ (3.21)
)\%\, 67)\“/ w — 1 2 W .

in terms of the collective coordinates ry, ¢, and Ay.

3.2.1 Walker Domain

If the magnetization evolves adiabatically and the applied fields are small, the
length and shape of the domain wall is assumed to be constant, as discussed in
Ref. [30]. The Walker domain is defined when

KQOé
9

[ Bol < (3.22)
which gives simple and stable solutions for the collective coordinates. In this case
¢w and Ay, are zero, such that ¢, and )\, are constants. The whole domain wall

then moves with a velocity

B
oy = — D0 (3.23)
«

where the direction of movement is opposite of the direction of the external field.

Under the Walker threshold the shape of the wall is given by

1 2B
Ow = 3 arcsin (K224> , (3.24)
and
A
Aw = | ————== 3.25
\/K1+K20082¢W’ (3.25)

such that the anisotropy in the transverse direction pins the angle ¢, to a constant
value.
3.2.2 Vanishing Transverse Anisotropy

For a cylindrical wire without any anisotropy in the transverse direction, i.e. Ky =
0, the equations of motion simplify to

Boary A

.W - - Wy 2
7 T a2 (3.26)
fw=13 e By, (3.27)
and
ACXS
Aw = =y 2
o (3.28)
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In this case the Neel-type domain wall is both rotating around the Z-axis with
a constant angular velocity, wy, = ¢y from Eq. (3.27), and moving in the £2-
direction with a constant velocity, 7. This is shown in Fig.

X

Figure 4: The Neel-type domain wall moves with a velocity 7, along the wire, in
the opposite direction of the applied external magnetic field. With no
transverse anisotropy the domain wall rotates around the Z-axis with a
constant angular velocity ci)w = vByp.

This type of domain wall, in a thin wire with no transverse anisotropy, is used in
the calculation for electron transport in section [7}
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4 Spin-Motive Force

The spin-motive force on conduction electrons in a ferromagnet is found by red-
eriving the calculations by Tserkovnyak and Mecklenburg in Ref. [27]. In this
section the units for the particle charge and the speed of light is set to unity, i.e.
(—e) = 1 and ¢ = 1. The main results are in the end expressed in terms of SI-units.

4.1 SU(2) Gauge Transformation and Effective Fields

The presence of inhomogeneous and time-dependent magnetic fields affects the
motion of the conduction electrons in ferromagnets. This phenomenon induces
spin-dependent transport of electrons. Electrons with opposite spins experience
different spin-motive forces, which can be described through effective electric and
magnetic fields.

The motion of conduction electrons in a metal ferromagnet is modeled by the
Hamiltonian

Ht)=1 P’ + V(7)) Box (7, t) (4.1)
= S, 7 5 0 (), .
where p'= —ihV is the momentum operator and Agy is the strength of the fer-

romagnetic exchange band splitting [27]. The conduction electron mass is me,
the matrix 1 is the unit matrix and the vector & is given from Eq. . The
unit vector m follows the local magnetization, M = Mgmi, which is assumed to
have constant length M. The scalar potential V(7,t) is independent of spin, but
depends on the structure of the crystal lattice.

The Hamiltonian in Eq. (4.1 defines the time-dependent Schrédinger equation

o,
H()¥ = ihs . (4.2)

where ¥ is a two dimensional spinor. We now perform an SU(2) gauge transfor-
mation on Eq. , such that m points in the Z-direction at all times and at
every point in space. This is done by introducing the two-by-two spin-rotation
matrix, U, which satisfies

UG- m)U = o, (4.3)

such that the quantization axis is 4+Z in the transformed frame.

The SU(2) gauge transformation gives a Schrodinger equation for the transformed
eigenspinor ® = UV, i.e. Hog® = ih%@, with an effective Hamiltonian

1 /L 2 . A Aok
Heff(t) = % (p - A) + V(T,t) + V - TO'Z, (44)

which introduces the effective gauge potentials Aand V.

The matrix U is later shown to be both hermitian and unitary, i.e. U = Ut = U1,
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where T means hermitian conjugation (matrix transpose and complex conjugation).
With ¥ = U® the gauge transformation follows from

L0 LoU D
HY = b (U(I)) = ih @+ iU @, (4.5)
which by multiplying Eq. (4.5) with U from the left and using that UU =1 then
8 ”pQA — Ach_»_,A AaU

Eq. (4.6) is just the Scrédinger equation for the transformed Hamiltonian, Heq (t),
with its corresponding eigenspinor ®. The matrix U is calculated in App.

The effective gauge potentials are found by comparing Eqs. (4.4) and (4.6), and
using the matrix U defined in Eq. (4.3]). The calculation is done in App. , and

the solutions for the gauge potentials are

- U
V = —ihU — 4.7
o=, (47)
and for each component i = 1,2,3 < z,y, 2z, then
- OU
A; = ihU . 4.8
U5 (4.8)

The local magnetization is parametrized by the spherical angles § = 0(7,¢) and
¢ = ¢(7,t) such that

m = &sinf cos ¢ + ysinfsin ¢ + 2 cos b, (4.9)

which is of unit length. It is shown in App. that U can be written in terms of
another unit matrix

3
Q>

_|_
+ 2]

0 0 0
:isinicos¢+gsin§sin¢+2cos§, (4.10)

U
S

such that U = & - .

In the following we make an approximation by assuming that the exchange field
Acx is so strong that we only need to consider the projection of the potentials
A and V on the %-axis. This means that & — 0.2 in the expressions for the
potentials. This projection corresponds to the adiabatic approximation, where it
is assumed that the conduction electron moments follow parallel or anti-parallel
to the local magnetization at all times, such that, in the transformed frame, the

moments always point along the Z-axis.

The projected potentials are now expressed in spherical coordinates as

- L oU . (. o

AR AN . o0 (00
— ho,Z - <n X 625) = ho, sin 3 (825) , (4.11)
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and

L~ OU L (. of
A, = mU@xi = —ho- (n X (‘hi)
on 0 (0
— —ho,%- (ﬁ X 3:Z> = —ho, sin? 3 (ai> . (4.12)
Now the effective electric and magnetic fields are found from
Fo_2i vy (4.13)
ot ’ '
and . .
B=VxA, (4.14)

by using the projected potentials in Eqs. (4.11]) and (4.12).

The effective electric field is then written in SI-units as

_, h _ 00 0¢
E= maz sin 0 <8t (Vo) — (V) 8t> , (4.15)

while the magnetic field reads

— h
With o,|x+) = £|x+) for spin up and spin down respectively, the spin-motive
force is = . .
Fo= e (E FTx BS) : (4.17)

with Es and Es from Eqs. (4.15)) and (4.16]), where the sign for spin s = + corre-
sponds to + from o, in the expressions for the effective fields.

The effective electric field, Es, drives electrons with opposite spins in opposite
directions. The effective magnetic field, By, acts perpendicular to the propagation
direction of an electron, with opposite directions for opposite spins. This is shown

in Fig.

a) q _’s b) q’lTX ES

N
[

qE_, qv x B_;

Figure 5: a) The effective electric field, ES, exerts a force on a charge, ¢, which
acts in opposite directions for opposite spin-species.
b) The effective magnetic field acts on a charge with velocity, ¥, with a
force qv x BZ, and this force bends the path of the charge in opposite
directions for opposite spin-directions.

It is further possible to write the effective fields in terms of m and its derivatives.
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From calculations in App. the components of the effective electric field in Eq.

(4.15) is expressed as

eyl ((20) < (22). a

In Ref. [27] Tserkovnyak and Mecklenburg proposes another contribution to the
spin-motive force, which from symmetry arguments can be expressed as a term
~ Bm x E ~ Bm - Vm, by introducing the phenomenological parameter 5. This
term is often referred to as non-adiabatic in the literature, but this can be mislead-
ing, since both contributions to the spin-motive force are first order in the gradient
of the magnetization. In Ref. [27] they argue that the S-correction comes from a
small disalignment between electron spins and the local magnetization. However,
the S-correction can be non-zero even when spins are aligned with the local mag-
netization, if there is a strong spin-orbit coupling [I5]. Since we assume a strong
exchange interaction and no spin-orbit coupling, we neglect the -correction in the
following.

4.1.1 Neel-Type Domain Wall with No Transverse Anisotropy

For the 180° domain wall of Neel-type with tail-to-tail configuration, subject to
an external magnetic field, the solution for the magnetization was expressed in
spherical coordinates, 6(z,t) and ¢(z,¢). The spin-motive force generated from
the dynamics of this magnetization is found by using the angle 6(z,t) from Eq.

(3.9) and the solution for é = vBy from Eq. (3.27), when a < 1.

By using these solutions and Eqs. (4.15) and (4.16) the spin-motive force gen-
erated by the moving Neel-type domain wall is

—

Fs(z,t) = Fs(z,t)2
v
cosh? <7Z*;W(t)> 7

w

h
= :|:7:’7"/BO

. (4.19)

since By is zero. The plus sign corresponds to spin up, while minus corresponds
to spin down.

The spin-motive force in Eq. (4.19) is the force of interest for the spin-dependent
transport in section [7}
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5 Geometric Berry Phase

In section [5.1] the theory of the adiabatic approximation in quantum mechanics
is reviewed, and this part is based on Ref. [23]. Section shows how the spin-
motive force generated by a rotating domain wall of the Neel-type is explained
in terms of Berry’s phase and a modified Faraday’s law. These calculations are a
rederivation of the work by Barnes and Maekawa in Ref. [33].

5.1 Adiabatic Approximation in Quantum Mechanics

Suppose a quantum system is at time ¢ = ¢y prepared in an eigenstate, |, (to)),
and is subject to a time dependent Hamilton-operator, H = H(t). The system
evolves adiabatically if it gradually evolves from its initial n’th eigenstate to the
corresponding n’th eigenstate of the final hamiltonian, H(t = t). We now show
how this is formulated in the adiabatic approximation.

Consider a general quantum system described by the state vector |¢(¢)) and a

hermitian Hamilton-operator H. The evolution of the system is found by solving
the Schrédinger equation

. 0
iho, [ (1) = HB)Y(2)), (5.1)

where the state |1(¢)) is expanded in an orthonormal basis of stationary states
{|#n(t))}, that obey the time-independent Scrédinger equation

H(t)|¢on (1)) = En(t)|¢n(1)). (5.2)

A general solution of the state vector in Eq. (5.1)) is

[(t) = 3 enlt)e F Jo B s, (1)) = 3 e (t)e ™" D (1)), (5.3)

where ¢,, are the probability amplitudes and the dynamical phase factor is defined
en(t) = + fot E, (t')dt'. The dynamical phase factor is real, since the eigen-energies,
E,,, are real.

The probabilities, |c,(t)|?, of finding the system in an eigenstate |1, (¢)) are time-
dependent. The time evolution of the amplitudes, ¢, (t), is found by inserting the

solution from Eq. (5.3)) into Eq. (5.1). The details are shown in App. With
(52

the help of Eq. (5.2) and by projecting everything onto an arbitrary bra-vector
(Vi ()| from the left, the final result is

em®) = = Y el OO S 0), (54)

and the notation is such that the time derivative only acts on the ket-vector.
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An expression for (1, (t)|2¢,(t) = (wm|aé@"> is found by taking the time-
derivative of Eq. (5.2) and then multiplying with a bra vector (¢, (t)| from the
left. Thus, when n # m,

On, B OH
<¢m( ) ot > (En(t) - Em(t)) - <¢m(t)|§|wn(t)> (55)
The full equation of motion for the probability amplitudes now becomes
0 O
D en(t) = en(t) <wm<t> %>
( NGEWa () e ity—en »,
"L G o B )

where it is assumed a discrete energyspectrum, {E, (t)}. The energies should also
be non-degenerate, such that the second term in Eq. (5.6) does not blow up.

The adiabatic approximation is implemented by assuming that the Hamiltonian
changes sufficiently slowly as compared to the difference in energy levels, such
that the second term in Eq. can be neglected. The time evolution of the
probability amplitudes is then in the adiabatic approximation determined by

) O
sren() = —ea(D a1 4, (57)

with the solution

enlt) = cnlto)e” Jio Wn ()l g n ()t _ en(to)e @), (5.8)
In Eq. (5.8), to is the initial time, and ¢, (¢o) is a probability amplitude where
lcn (to)]? is the probability of the system being in the initial eigenstate |1, (to)).

We now define the geometric phase

wl®) =i [ )2, 5.9)

which is always a real quantity. This is shown by taking the time derivative of the
orthonormality condition, (¢, (¢)]1),(t)) = 1 which gives

0= (W (O (8)) + ({n6) 5 ()" (510)

Eq. (5.10) shows that there is no real part for the innerproduct, thus i times this
makes 7, (t) a real quantity.

Suppose a system is prepared in an initial eigenstate, |1y, (t)), then an adiabatic
time evolution of this state is written on the form

[0(t)) = e Wemi Oy, (¢)), (5.11)

by using Egs. (5.3) and (5.8), with ¢,(tg) = 1, since the system is prepared.
From Eq. (5.11)) it is clear that the evolving state acquires two phase factors with
absolute value of unity, since both ~,(t) and €, (t) are real.
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5.1.1 Berry’'s Phase

To obtain the Berry Phase, the adiabatic approximation for a quantum mechanical
system is used. The validity of this approximation is discussed further in Ref. [34].
We will simply assume that our system’s Hamiltonian, H = H (ﬁ), varies smoothly
and slowly, compared to the time scales of the system. Here the Hamiltonian is
parametrized through a set of time-dependent parameters, {R;(¢)}, which is put
into a vector, R = (Ri1(t), ..., Rn(t)). These n parameters can be coordinates, an-

gles or other quantities that describe the system.

The time dependence of the Hamiltonian is contained in the parameters, and
the geometric phase in Eq. (5.9)) is rewritten by the change of variables

t Rt)
(t) =i / (Unlt) g n Ot = / AR - (n(R)|V gion(R). (5.12)

R(to)

From Eq. (5.12) the Berry connection is defined as

Au(B) = i (R)|V gbn(R)). (5.13)

The Berry connection in Eq. is in general gauge dependent, since chang-
ing |1, (R)) — e/ |y, (R)), where f(R(t)) is a function of the parameters, then
changes the connection A, (R) — A, (R) + iV zf(R). From this it follows that
also the geometric phase depends on the gauge choice. It will be shown that when
the line integral in Eq. is closed, the geometric phase is gauge independent.

If it is assumed that the parameters at some later time, T, are the same as the
initial time, that is B(0) = R(t = T), the parameters form a closed curve in pa-
rameter space. By performing the geometric phase integral in Eq. over such
a closed curve, the aquired phase is called the Berry phase and is written

R(0)

R=T) _ Lo
) =i / AR - (n(R)|V g ton(R)) = 75 aR- AR, (5.14)
C

where N is the winding number, i.e. an integer numbering how many rounds
around itself the curve in parameter space is integrated over. Later it is shown
explicitly that the Berry phase for a rotating domain wall in a wire is not dependent
on the phase e*/(%¥) of the eigenstates |1/, (R)).

5.2 Faraday’s Law for the Rotating Domain Wall

We now return to the case of a tail-to-tail Neel-type domain wall in a cylindrical
wire with no transverse anisotropy, Ko = 0. A static external magnetic field along
the wire, EO = ByZ, gives rise to a steady rotation of the domain wall around the
z-axis, with an angular velocity wy, = %gbw = 2upBy/h, from Eq. and by
using (1 + a?)~! ~ 1 when o < 1. This situation corresponds to the one in Fig.

@
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The Hamiltonian for conduction electrons in a ferromagnetic Neel-type domain
wall with an applied field is similar to the Hamiltonian in Eq. , by using that
JMsh = Acy. The last term in Eq. is due to the energy splitting from the
By-field. Since we follow the calculations done by Barnes and Maekawa in Ref.
[33], the sign in front of J M,S -1 is changed, which is just a redefinition of which
directions correspond to spin up and spin down. In the end the resulting force
from this approach is compared with the spin-motive force calculated in section [4]

The solution of the Schrodinger equation can be expanded in eigenfunctions ,, of
H, and the Hamiltonian for the rotating Neel wall reads [33]

(5.15)

The physics is easier to capture by choosing a frame where the quantization axis

is parallel to the magnetization, 7. In the rotated frame, ¢’ = ugugtp is first
rotated around the z-axis by ug = €:%/" = cos$ + io,sin g, such that it
follows the angular rotation of the wall. Then a rotation around the y-axis by

ug = e"v?/" = cos g +ioy, sin g, makes the rotated frame follow the magnetization
along the length of the wall.

In App it is shown how to write

0 N T

ity = '), (5.16)
where [¢') = 3" | cpa |ty 4), and |9, 1) = [XL (0, ¢)) ®|n). With the quantization

axis along 2’ in the rotated frame, the spinors in the transformed frame are

X (0, 0)) = <(1)) : (5.17)

IX_(0,9)) = (?) : (5.18)

By using that ¢ only varies around the z-axis and inserting ¢’ = ugug) into
Hy = ihdy/0t, the primed Hamiltonian is calculated in App. [C.2.2] such that

H' = =2 """ 4 V() + JM;s., (5.19)

with s/ acting on a spinor in the rotated frame.

’y%z‘, in
the rotated frame. In the following we assume that (h/2m)p- A is small compared
to hJM, and A, is replaced with zero. In Ref. [33] Barnes and Maekawa argued
that the transverse field A, gives rise to a small correction to the wall position,
and that this correction leads to the spin-motive force, via arguments of energy
conservation. This is a false statement, which is further explained by Nakabayashi

Due to the spatial derivatives there is a transverse field, 4, = (2/h)s
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and Tatara in Ref. [35], and they conclude that Faraday’s law is only a conse-
quence of a U(1) gauge symmetry.

With A, = 0 in Eq. (5.19) the stationary solutions to H't/,, are

h
Ef=E'+ 5 Ms, (5.20)

since the eigenvalues for spin up/down is s, = +h/2 (the opposite energies in
our convention). This corresponds to an energy difference hJM; = Ao between
electrons with different spins.

The idea now is to look at Faraday’s law for the electromotive force (emf) for
the electrons in the wire, where also a spin-dependent nonconservative force is
included. In general, Faraday’s law relates the emf, £, to the total magnetic flux,
P, via

dd
= —— 21
£=-2, (5.21)
with the definition
g€ :ff’-dﬁ (5.22)
c

Eq. is in principle the work when a particle with charge ¢, subject to a force
f, is carried around the curve C, which could e.g. be an electric circuit. In the
case of the rotating domain wall, this curve consists of the domain wall along the
z-axis, which is connected at the ends via another wire outside the z-axis where
there is no domain wall and zero fields.

To include spin contributions, the emf is generalized as

h d’}/B
E=E6+&E = — (5.23)
where the two emf’s come from electric charge and spin contributions respectively,
and g is a general Berry phase averaged over spins. The Berry phase, g, is
divided into

YB = Ve T Vs, (5.24)

where 7, comes from the contributions of electric charges, which from Aharonov-
Bohm in Ref. [36] is found to be v, = —e®/h. Here ® is the total magnetic flux.
For an electron carried around a closed curve C this gives the familiar electric emf
E. = —d®/dt. The term ~;s is the phase with spin origin, and it will be shown that
it is written as

Vs = PC’YSJ'_v (525)

where P is the spin polarization in terms of the spin-dependent conductivities
and 7 is the Berry phase for spin up electrons.

It is assumed a spin-dependent force, fsi, expressed in terms of potensials, on
the form ~
hoAE

_ ot
5 5t Vs, (5.26)

fE=
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and here h/2 is the spin analogy to an electric charge —e, i.e. h/2 is the “spin
charge”. Only nonconservative forces contribute to the total emf, since conservative
forces, e.g. —Vz¢F, integrate to zero in the contour integral in Eq. (5.22). It is
assumed that this nonconservative spin-dependent force can be written

s hOAT
ne 2 Ot

(5.27)

The idea is to write the Berry phase in terms of the real space gauge field, /Tsi,
such that the phase is the sum of contributions of the field in real space, that is

1 /7. -
% (2) =3 / A -ar, (5.28)

0

and 7 now depends on z.

The quantity in Eq. (5.28]) is gauge-dependent, and the integral also has dif-
ferent values for different integration ranges. It is thus useful to calculate the
relevant inner products using a general spinor on the form

(0, 9)) = @ |x1(0, ), (5.29)

where f(6,¢) = f(R(t)) is a function describing the gauge. The spinor y+ =
u;lue_lx’i is found from the rotations in Egs. (C.8) and (C.10) combined with

the spinors in Eqgs. (5.17) and (5.18).

By returning to the definition of the geometric phase in Eq. (5.12), the general
form of the phase is

R(t) . R(t) . .
() =i / (Ui |V g - dRE = i / (X2 |V gxs) +iV g f(R) - dFE
R(to) R(to)
R(t) . _ ~
= /m eIV ) - (FCR() — F(Fitto)) (5.30)

If the line integral in Eq. (5.30) is closed, then f(E(t)) = f(R(ty)), and the sur-
face terms for f vanishes. Thus for a closed line integral the geometric phase is
independent of the gauge.

The issue of finding A} from the integral in Eq. can be difficult when
f (ﬁ) # 0, with vF from Eq. . Therefore the spin-dependent emf and non-
conservative force will be calculated in a spesific gauge (f = 0), and the issues of
gauge invariance of these physical quantities is discussed afterwards.

For the rotating domain wall, the coordinates are given by R(t) = (6(t), $(t)),
and the contours for the line integrals are curves on the unit sphere. The relevant
operators in this case are

10
Vi=0 :

— (5.31)

+ ¢sin9 0¢

9
BT
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and o R
dR = 0df + ¢ sin Od¢. (5.32)

In App. the relevant inner products in this spesific gauge are calculated,
with the result

0 i
<Xi|%Xi> = F5 cos, (5.33)
and 5

Octl ggxe) =0. (5.34)

In this gauge, the integral in Eq. (5.12)) is only over d¢, and by choosing the
starting point at ¢(t9) = 0 the geometric phase becomes

R() ) 1 [? 1
10 s 9 -4 — 4
v (z) = 2/13(t0)<wmi|3¢wmi>d¢ = i2 /0 cos 0do = iQQ’)COS 0. (5.35)

With the spin polarization Pc = (04 —o0_)/(04 +0_) in terms of spin-dependent
conductivities, the spin-averaged phase from Eq. (5.35)) is
Y = Pory. (5.36)

By choosing the gauge with f(0,¢) = 0, and where the integral in Eq. (5.28) is
(5.35

taken from 7 = 0 to 7, a solution for the real field, with 4 from Eq. (5.33), is

AF = 2%732 = i¢>% cos B3 (5.37)

The solution in Eq. (5.37) is checked by doing the integral

17 1"
7/ Aj-df’:—/ 23732-117?
2 7 2 7Fo=0 0z

=7 (2) =25 (2 =0) =7 (2), (5.38)

since 73 (0) corresponds to cos = 0.

Now the nonconservative force is found from Eq. (5.27)), such that

= hOAT  h. 0cosh
27 0z

z

"2 ot
h. . 00,
= ig(bsmeaz. (5.39)

The resulting force in Eq. reproduces the second term in Eq. of
the spin-motive force calculated from the gauge transformations in section [ but
with the opposite sign. This sign difference is due to the different definitions of
spin up and spin down in sections (4] and Since the term (960/0t)(0¢/0z) from
Eq. is zero for a rotating Neel wall, and the nonconservative force is only
defined up to the definition of spin-charge, we conclude that the spin-motive force
for a rotating Neel-type domain wall can be captured both from an SU(2) gauge-
transformation and from Berry-phases in a generalized Faraday’s law.
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The spin-dependent emf is found by integrating f:i from Eq. (5.39) over the
circuit

—eEF = ]{ fE . dr, (5.40)
which reduces to an integral over the nonconservative spin force along the z-axis,

since Eq. (5.40) is a closed integral and /Y;t is zero outside the z-axis. This emf
should be independent of gauge, and this is shown by writing the spin emf as

ho [ OAE ho[%F 0AF
+ s - s —
= AP = — -d
& —2e a T 2 /_002 a
B [P AEF 4 AL — AE ()
= Jim o / . At a7, (5.41)

and by mapping this to spin space, with ./E: defined from Eq. (5.14),

2% I S h I
EX = lim —— / AL - dR — A dR | = lim — ¢ AF.dR
At—0 2e/At C(t+At) c(t) At—0 eAt AC

= lim _iAfyf
T Ats0 —e At

(5.42)

The term AnF is a gauge invariant quantity when At — 0, since the curve
C(t + At) — C(t) corresponds to a closed curve, as the wall rotates from ¢(t)
to ¢(t + At), as discussed in Ref. [33].

In total the emf is

h
(—e) dt

| =

E=E +EF=— (Ye + Po?), (5.43)

which is a generalization of Faraday’s law, with the general Berry phase from Eqs.

and (5.20)
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6 Spin-Less Particle Transport and the Boltzmann
Transport Equation

In this section we use the Boltzmann transport equation (BTE) to describe spin-
less transport in a metal wire. The methods of the BTE is well established in
the literature, and this part serves as a starting point for the description of spin-
dependent transport in section [7]

It is assumed that the mean distribution of particles is written as a distribution
function, f(7,p,t), and the BTE describes how f changes in phase space due to
external forces and/or physical processes like particle scattering. The BTE reads

0 3_'
a{ +v-Vz f+ Vﬁf = fscattering, (61)

where 0p/0t is an external force [37]. The RHS of Eq. (6.1)) is a symbolical way of
writing the scattering terms, and the LHS is in principle the total time derivative
of f.

6.1 Relaxation Time Approximation

A simple case of spin-less electron transport is a metallic wire subject to a small
external electric field. One frequently used approximation for the scattering term
in Eq. (6.1) is the relaxation time approximation (RTA), with the BTE on the

form o7 55 f s
p — JFD
- -Vr = 6.2
at + f+ Pf Teta ) ( )
where 7., is the relaxation time for the system.
The RTA means physically that by turning off the external forces, then
of J—frp
S I 6.3
8t Trta ’ ( )

such that the system returns to its equilibrium distribution, the Fermi-Dirac dis-
tribution, frp, exponentially as

t

f=frp=(f(t=0)— frp)e 7. (6.4)

With no time dependence on the external forces, then df/0t = 0, which is a

steady-state situation. In this case, with a small external electric field, E, in the
RTA, the BTE in Eq. (6.2) reduces to

7. of O)F - of _ f*fFD'

8r * ( 8k Trta (65)

With a weak external field, the system is near equilibrium, and the solution is
assumed on the form f = fpp + g, with a small deviation, g < fpp. Since g is
induced from the external field, it should be proportional to F. For small fields
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the second order terms o E - g are neglected. With a constant external electric
field the deviation, g, should also be spatially uniform, i.e. dg/97 = 0. With these
approximations Eq. (6.5)) reads

= _0
9 _ _p. %0
Trta Oeg,

. (6.6)

Consider the case of a constant electric field along the wire in the Z-direction,
E = E.%. The solution for the distribution function is then

dfrp )

(6.7)

f(zv E) = fFD(Ek - MO) - eUzTrtaEz <_ aSk

which is uniform in space. The distribution function in Eq. (6.7)) is similar to a
shifted equilibrium distribution where the momentum is shifted in the field direc-
tion by k, — k, + (eTrta/R) E..

The electric current is calculated from the mean velocity of the electrons, which in-
cludes summing over momentum and both spins. At zero temperature the electric
current is

3
J:(2) = _26/ %Uz (fFD(Ek — 1) — eV Tra B (— 6£;)>

*° k2dk2 g
— 26/ 7; / dfsin 0 cos? Oev? 1yia B0 (e p — €1)
0 (2m) 0

2 0
:i%ﬁﬂm (6.8)

where the first term integrates to zero, since frp is independent of the direction
of k, but v, is odd in the momentum. Eq. recovers the Drude model of the
electric conductivity, o = e?n°7/m, with 7 as some relaxation time [38].

6.2 Elastic Scattering

Elastic scattering is scattering of particles onto particles with the same energy.
This type of scattering is modeled by the RHS of Eq. . For a steady-state
with transport along 2, the Boltzmann equation for elastic scattering is

of = 0 f=p

b g of _ T=U) (6.9)
0z op Tel

where the brackets in Eq. denote an average over the directions of the mo-

mentum, p'= muv. Here, 7, is the elastic scattering time, and F' is an external

force.

Elastic scattering is special, since elastic scattering only changes the direction
of the momentum, and thus the number of electrons at a given energy is held
constant. For a non-equilibrium system with only elastic scattering present, it can
never reach an equilibrium if this system has a different number of particles at one
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or more electron energies, than the system in equilibrium.

If the direction of the momentum, p, is written in terms of spherical coordinates,
0 and ¢, the average over momentum directions is defined

A 2m ™
G, = [ G21E00.0) = 1= [ do [ avsnofpo.0).  (©10)

where d; is the differential solid angle in momentum space.

6.2.1 Constant Electric Field in a Wire

Consider a metal wire of length, L, along the Z-axis, from z = 0 to z = L, with
an applied electric field F = —eE,%. The two ends of the wire are assumed to
be attached to two reservoirs which are always in equilibrium, and the reservoirs
have chemical and electric potential p;, and —eVy, for the left reservoir, (z < 0),
and pp and —eVg for the right reservoir (z > L). In the reservoirs the electrons
are filled according to the Pauli principle from the bottom of the electric potential
energy up to the chemical potential, such that

pr = po + (—e)Vz,
pr = po + (—e)Va, (6.11)

and the electrons in both reservoirs are thus described by Fermi-Dirac distribu-
tions. The potentials are defined such that —eVy, and —eVy are positive, and the
potentials are shown schematically in Fig. [6]

For such a system with elastic scattering in the wire, the BTE given by Eq.
is for a small external field reduced to
f=Np 9 frp 9 frp

— - F = _¢F = —eF,v ,
Tel * Op, == Oep

(6.12)

and since the electric field is only present in the wire, the solution for the distri-
bution function is

dfrp
ey’

which is also spatially uniform. The electric current is given by integrating in the
same manner as in Eq. , which again gives the current j,(z) = oE,, with ¢
given by the Drude conductivity in terms of the elastic scattering time 7).

f(P) = frplep — po) + eB.v.Ta (6.13)

Another quantity which is calculated from the distribution function is the dis-
tribution of charges. The electron charge density in equilibrium, py = —en®, with
nY as the number of conduction electrons per volume, is calculated by summing
the equilibrium distribution function over spin and momentum. The equilibrium
charge density is thus

Pk hr

1
pPo = —26/ Wfpp(ep — [p) = e k*dk = —en?, (6.14)
0
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Left Right
reservoir: reservoir:
E ——

I Z

Figure 6: The metal wire is subject to a constant electric field due to a potential
difference between the reservoirs, at the ends of the wire. The reservoirs
are in equilibrium, and electron states in the left/(right) reservoir are
filled, according to the Pauli principle, from the bottom of the electric
potential, —eV7 /gy, up to a chemical potential, iy, /(r). In the case of
a constant electric field, the electric potential grows linearly from one
end of the wire to the other, shown with the solid line. Since the wire is
out of equilibrium and the scattering is elastic, the chemical potential is
not defined inside the wire, but the difference is visualized with a dotted
line.

by evaluating the integral at zero temperature.

When the electric field is applied, the accumulated electron charge density, p, is
calculated from the distribution function by subtracting the background charges
from positive ions, pg, such that

d3k 3k 0
p= —26/ W(f — frp) = —26/(27r)3.el*71)z7'61aff;D =0, (6.15)

since v, is antisymmetric in the momentum. This agrees with Gauss’ Law
P_v.E, (6.16)
since the eletric field is constant. Here € is the permittivity of the metal.

The conservation of charge is ensured by

6p -

which is true for a constant electric current.

6.2.2 Diffusive Electron Transport

Another physical picture is the diffusion picture, where it is assumed that the
electric current in the wire is driven by diffusion due to a difference in chemical
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Figure 7: Chemical potentials at the endpoints of a wire of length L, in the dif-
fusion picture. The reservoirs are in equilibrium and fixed at chemical
potentials pr, for 2 < 0 and pgr for z > L. Inside the wire there is
a net electric current. Elastic scattering is in general not sufficient for
the system to reach neither a local or global equilibrium, and thus the
chemical potential is not defined inside the wire.

potentials in the reservoirs, with no electric field present. The chemical potentials
for this diffusion picture is shown in Fig. [{] With chemical potentials py, < pg for
the left and right reservoirs respectively, the boundary conditions for the distribu-
tion function give Fermi-Dirac distributions with different chemical potentials,

f(z<£0,p) = fro(ep — 1), (6.18)

f(z>L,p) = frp(ep — r)- (6.19)

It is assumed that the equilibrium distribution consists of a Fermi-Dirac distribu-
tion with chemical potential iy throughout the whole wire. The out-of-equilibrium
situation has changed both chemical potentials, such that in the left reservoir:
o — pr and in the right reservoir: py — pgr. In the case of a weak current it is
also assumed that pp — o < po.

The solution ansatz for the distribution function is

F(2,0) = fs(z,6p) + 9 fo(2,6p), (6.20)

where the labels S and P indicate analogies to s- and p-waves in the hydrogen
atom, i.e. a spherically symmetric momentum part and a part with a specific
momentum direction.

The BTE for elastic scattering and steady state in Eq. is in the diffusion
picture reduced to

of  f—(Ny  p-fp
Vo= = — - = 9

6.21
0z Tel Tel ( )

by inserting the ansatz from Eq. (6.20).

35



With f given by Eq. (6.20) and then averaging Eq. (6.21) over momentum
directions, as defined in Eq. (6.10),then

(V2)5 Ofp.(z k)
O=—""8, (6.22)

which states that fp.(z,k) = fp.(k) is independent of z.

By multiplying Eq. (6.21) with a component of the velocity, v;, and then av-
eraging over momentum directions, another relationship is

1, o\ 1,
e (vb o) = (), I
0 Ofs

<U e fs> (i >P 0z (6.23)

Now we combine Eqgs. (6.22) and (6.23)) to write the electron distribution function
as

0
f(zaﬁ) = fS(ngp) - Uzﬂel%- (624)

The spherically symmetric part of the distribution function must satisfy the bound-

ary conditions in Eqgs. (6.18) and (6.19), which gives
z
f(z.p) =frp(ep — pr) + I (frp(ep — r) — frp(ep — 1))

— =7 (o (ep = m) = frolep = pr)) (6.25)

Since pur — po < po it is possible to approximate the following term by a first
order Taylor-expansion

Jfrp
— A

fro(ep — pr) — fro(ep — 1) = (6.26)

where the difference in chemical potentials is defined as Ay = pr — pr. With the
approximation from Eq. (6.26) and the distribution function from Eq. (6.25) the
electric current in the diffusion picture is integrated to

A3k -
Jz = _23/ 3’sz(zvk)

(27)
=2 %/ Ch 2 () _ _eran (A
e (27r)3vz oep, ) m L
Ap
_ _Anu 2
T (6.27)

which is similar to the solution with an electric field in Eq. with the Drude
conductivity, o, but here —Ap/L is the analogy to the constant electric force
—ekF,. If one uses the diffusive current calculated in Eq. and compares that
with the electric potentials in Eq. given in the constant electric field picture,
then Ap/(eL) <» —(Vg—VL)/L, such that the two physical pictures are equivalent.
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Diffusive transport means that the net movement of the electrons is due to con-
centration gradients, such that the accumulation of charges, p(z), varies along the
wire. The electron charge density in the diffusion picture varies linearly from one
reservoir to the other, and it is

3
p(2) = —2 / (jﬂ’; (f — frolep — o))

—2e/ (;ljr]; (— (kL — po) (88]‘:;) + % (_ aéf;?) AM)

= €2d(EF) (VL + % (VR — VL)) . (628)

The total density of states at the Fermi energy, d(ep), is

A3k af; m
d(ep) = 2/ @)y (— aj;) = e (6.29)

and the factor of two accounts for both spins in the case of spin-less transport.
d(er) has dimensions of inverse energy and volume.

From Eq. (6.28]) it is evident that the accumulated charges at the wire ends
depend on how much the chemical potentials are raised compared to g, and p(z)
decreases linearly from z = L to z = 0, since pur > ur.
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7 Spin-Dependent Transport

The main goal for this section is to find out how the spin-motive force and Coulomb
interaction affect the motion of conduction electrons in a thin ferromagnetic metal
wire with a domain wall of the Neel type, subject to a weak external magnetic
field, EO = Bgpz. The Coulomb interaction is included via an electric potential,
which is generated by the accumulation of charges.

The Boltzmann transport equation is extended for spin-dependent transport by
introducing two electron distribution functions, f,(7,p,t), labeled by their spin,
s = 4. By finding the solutions for both distribution functions it is possible to
calculate important transport quantities like spin-dependent currents, the total
electric current and the distributions of charges in space.

The general BTE for spin-dependent transport is

Ofs | - Ofs | s (., Ofs
ot +v- oF +Ftot(rvt)' Bﬁ :fscatteringv (71)

where F5 (7t) is the total spin-dependent force acting on the conduction elec-
trons.

The total spin-dependent force consists in general of the spin-motive force with
the effective fields E; and B, in Eq. ([@.17), but it is important to also include an
electric field, Ein, which is induced by the accumulation of electric charges. We
neglect the Lorentz force, —et’ X ByZ, on the electrons due to the external mag-
netic field, since By is weak and this force does not influence the electron paths
significantly when scattering events happen often. The total force is thus

Fio = —¢ (B, + 7% B,) - cE™, (7.2)
where the induced electric field is found by solving Poisson’s equation.

In the following the main focus will be on ES, since in the special case of a tail-
to-tail Neel-type domain wall in a metal wire, the term ES = 0, which follows
from Eq. and the solution for 6 in Eq. . For a Neel-type domain wall
with direction along the z-axis, the spin-motive force only depends spatially on
the z-coordinate, and this spin-dependent force, F, (z,1), is found from Eq. .

For a Neel-wall the total force is thus

—

Fio(z,t) = Fiy(2,t)2
— (Fy(,t) — eE™(2,1)) £, (73)

with F(z,t) given by Eq. (4.19), and it is assumed that the induced electric field
is a function of z, since the spin-motive force only acts in the +z-direction.
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The induced electric field can be written in terms of an electric potential, V'(z,t),
such that 5
E™(z,t) = —=—V(z,t 74

(5:8) = =52V (2.1), (7.4)
where it should be possible to find V(z,t) from the charge density and by solving
Poisson’s equation. With a charge distribution as a function of z, Gauss’ law states
that,

0

in 7/)(2715)
S BN () = = (7.5)

where € is the permittivity of the wire.

7.1 Spin-Motive Force and Elastic Scattering

The physical situation consists of a ferromagnetic Neel-type domain wall in a wire
aligned with the z-axis from z = —L to z = L, with a total length of 2L and cross-
sectional area A. The spin-motive force inside the metal wire is shown in Fig.
The wire is connected to reservoirs at z = —L and z = L, which have constant
chemical potentials, i.e. py for z < —L and pg for z > L. The chemical potentials
in the reservoirs are expressed in terms of the equilibrium chemical potential and
the boundary values for the electric potential, such that pu; = po + (—e)Vg and
LR = po + (—e)Vg.

A constant weak external magnetic field, Eo = ByZ, makes the Neel-type domain
wall move in terms of the collective coordinates ry, ¢, and A, with solutions
from Eqs. (3.26), (3.27) and (3.28). It is assumed a small damping, such that
a? = 0, and there is no transverse anisotropy, K = 0, such that the Neel wall is
free to rotate around the z-axis. It is also assumed that the wire has macroscopic
length compared to the domain wall, and that the DW is not near the reservoirs,
ie. Ltry > Ay

Left Right
reservoir /\ reservoir
z2< —L 0 Tw z>1L

Figure 8: The ferromagnetic metal wire is connected to two reservoirs at z = —L

and z = L, and it has total length 2L. The spin-motive force is sharply
located around 7y, with the max-value i&’yBo for spin up/down con-

duction electrons.

The goal is to find transport equations for the conduction electrons inside this
wire. The spin-motive force is a consequence of an inhomogeneous magnetization
changing with time. In order to get a nice analytical solution for this problem the
approach is to look at a steady-state situation, i. e. dfs/0t = 0, and solve the BTE
with the spin-motive force in Eq. (4.19), but assume that ry is a constant. This
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is not exact, since the Neel wall is moving with velocity 7 = —a\/(Aex.s/K1)7Bo
and rotating around the z-axis with angular velocity b = vBy. The idea is that
in the adiabatic approximation the wall moves sufficiently slowly along the wire,
that the steady-state solution follows the position of the Neel wall as it moves in
the z-direction. The validity of this approach is discussed in section [7-4]

In this approximation it is assumed that the total force is time-independent, such
that FE,(z,t) = F&.(2).

In the case of elastic scattering, a steady-state situation and transport only in
the 2-direction, the linearized version of the BTE in Eq. ([7.1)) reads

% s 8fFD(e’:‘k7s - ,LL()) o fs - <fs>;,3
Y252 + Fo(2)v: Oz B Tel

(7.6)

where the elastic scattering time is given by 7, and (fs) 5 18 the average of fs over
momentum directions, defined in Eq. (6.10). In this linear response approxima-
tion, the term Ofs/0ey s ~ O frp/Ock,s-

An ansatz for the electron distribution function is

folz, k) = fep(ek,s — pr) + % <% + 1) (fep(ek,s — r) — frp(Ekys — 111))

(- I (49, ) 4 cos9fD ) (1)
851@’5

where we introduce the functions ggo)(z, k) and ggl)(z, k). We use the boundary

condition ggo)(z = £L,k) = 0, which guarantees that the part of f; which is
symmetric in the momentum reduces to different Fermi-Dirac distributions at the
endpoints of the wire, which are connected to the reservoirs.

It is shown in App. how to insert the ansatz for f; from Eq. into
the linearized BTE in Eq. and integrating over different moments of the
momentum directions to get differential equations for the functions ggo)(z, k) and
ggl)(z, k). One equation is
995" (2, k)
0z

which states that ggl)(z, k) = ggl)(k‘) is independent of z.

=0, (7.8)

By integrating Eq. (D.3)) over the moment | (gsT’)% cos 0, another relation is

99t (2, k) AM)

9D (k) = vr, (ngxz) R T (79)

The function ggo)(z, k) is found by taking the spatial derivative of Eq. ([7.9) and
using Eq. (7.8)), then
%9\ (2,k) _ OF(2)

022 0z (7.10)
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such that g(go)(z, k) = g(go)(z) is independent of k.

The solution of Eq. (7.10) is

W) =5 ((1 -/ Pl 2 | ) F.;xz')dz') SN AR

which satisfies the boundary conditions ggo)(z ==+L)=0.

By using that
Ap = pr — pr = —eAV, (7.12)

and Eqgs. (7.9) and (7.11) then

1t 5 —eAV
ggl)(sz) = VR, Tel <2L [L dZ/Ftot(Z/) T Tor >

(i ot ([ a2 eear))

AV
= VP Tl (F;‘v + e) . (7.13)
’ L
Here we define the average of the spin-motive force along the wire, Fj, = —eF,
as
P, = 2L/ dzFs( (7.14)

and since the force is exponentially small at z > L and z < —L the integral can
be extended to +oo such that
h

FJ, = ﬁ'yBO. (7.15)

The current density, j, = js2, for spin s is found from the mean velocity of the
electrons, which from Eqs. (7.7) and (7.13) result in

' o o 0 fen(ers ~
Js = — /( )3 v fs = — /WUZ COS@g(l)(kFS) (_FD(EIcMO))

85;675

. AV
= 0g (Eav - L) 3 (716)

2 0
€ TelN
where o, = ===,

m

The spin-dependent charge density is found from the distribution function by
subtracting the background ions in equilibrium, fs — frp(ek,s — o), and summing
over all states. The details is shown in App. and the result is

ps(2) =e*d,(cr) (VL + Ve + %AV —V(2)

+E:V,L<tanh (Z;WTW> - z>> (7.17)
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The total charge density is the sum of densities from spin up and spin down
electrons. The total density of states at the Fermi energy is defined as

d(erp) =di(ep) +d_(er), (7.18)
and since the spin-motive force is such that ES, = —FE_°, then Eq. (7.17) leads

to the total accumulated charge, p = p4 + p—, written as

p(z) =e%d(er) (VL + Vg + %AV —V(z)

Z—Tw z
+ PDE;,L<tanh ( . > - L)) (7.19)

The quantity Pp is the spin polarization in terms of the densities of states at the
Fermi energy,

_ d+(€F) — d_(€F)
©dy(ep)+d_(er)

With the charge density from Eq. (7.19) combined with Eqgs. (7.4) and (7.5) the
differential equation for the electric potential is

Pp (7.20)

02V —ry
V() = ey = Vit Va+ %AV + PDE;(,.L<tanh (Z : ! ) - z> (7.21)

where the values for V;, and Vg are to be determined by the appropriate boundary
conditions. The quantity lTp is the Thomas-Fermi screening length, defined as

Irr = \/e/(2d(er)), (7.22)

which is usually in the order of nanometers [39] in metals.

The boundary conditions for the system is determined by the ideal reservoirs
located at z < —L and z > L. The ideal reservoirs are assumed to be infinitely big
compared to the wire, such that any charge accumulated inside the wire near the
boundaries are immediately screened by the vast sea of particles in the reservoirs.
This leads to the boundary conditions p(z = —L) = 0 and p(z = L) = 0. By using
these boundary conditions on Eq. the result is

Vi = Vg =0, (7.23)

such that the two reservoirs have a chemical potential equal to the equilibrium
chemical potential, pg-

The total current density, ; = j.2, is the sum of both spin-dependent currents,

which from Eq. (7.16) is

A
Jz = PcO'E;; — UTV

= PooE} (7.24)

av?

43



since AV = 0 and Pg is the spin polarization in terms of conductivities, Po =
(04 —o0_)/o. The spin-motive force generates a spin-polarized electric current.

With the boundary conditions in Eq. (7.23)) the differential equation in Eq. (7.21)
is reduced to

92V —ry
V(=) — ey = PDE;L<tanh (z , ! ) - z> (7.25)

It will be necessary to make some approximations in order to solve Eq.
analytically. Two types of regimes for the solution of V' (z) will be investigated.
The first regime is when L > Ay, > l7p, and the other regime is when L > g >
Aw — 0. The full solution for V(z) in the limit Ay, — 0 is calculated in App.
with non-zero constants Vp and Vg, which is the general case. In the following
only the solutions with V;, = Vi = 0 are discussed.

7.1.1 Long Domain Wall
The differential equation for V(z) in Eq. (7.25) does not have a nice analytical so-

Z—Tw
Aw

lution, due to the term tanh

). When A, > Il7p it is possible to approximate
the solution of Eq.(7.25) by

V(z) ~ PDE:l“V‘L(tanh (Z S r) - 2) (7.26)

since the term

0%V ITF 2 z—r o fz—=7
2. 7 _9of 21X w 2(z2_"w
lTp 9.2 2 <)\W > tanh < . ) cosh < . )

<0, (7.27)

inside the wire, when Ay, > 1.

In this limit the accumulated charge along the wire is zero for all z. This makes
physical sense, since the screening length is on a much smaller scale than the other
physical parameters, such that any accumulated charge is instantly screened by
nearby charges.

The generated spin-polarized electric current remains as j, = PcoEJL,.

7.1.2 Abrupt Domain Wall

In this section it is assumed that the Thomas Fermi screening length is much
larger than the domain wall length, which will be taken to zero: Ay, — 0. With
this assumption one can approximate the term

tanh (z ; TW) ~20(z —1ry) —1=1-20(ry — 2), (7.28)

W
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where ©(x) is the Heavi-side step function. By using the approximation from Eq.

(7.28) in Eq. (7.25) the differential equation for V(z) is
5 02V
tf 822

which can be solved analytically. The full solution is in Eq. (D.7)) in App. .

Vi(z) 1 - PDE;VL(%(Z ) — (% n 1) ) (7.29)

Since the system has macroscopic length and the Thomas Fermi screening length
is so small, the quantity L/Iltr is a really big number. By using this it is possible
to approximate terms like sinh(L/lrg) ~ cosh(L/ltr) =~ (1/2) exp(L/lTF), and it
is shown in App. how to use this approximation on the solution for V(z)
given in Eq. .

The approximate solution of the induced potential is then

V() ~ —PpELL[40(z —ry)sinh? (X2 ) + 2 41— |, (7.30)
2 ) L

which satisfies the solution of Eq. (7.29) and the boundary conditions V(z =
—L) =0 and V(z = L) =0, under the condition that L/lTp > 1. This is checked

in App.

With the solution for the electric potential given in Eq. (7.30)), the total cur-
rent density is, from Eq. (7.24),

]z(z) = PCO—E;/’ (731)
which is a spin-polarized current in terms of the average of the spin-motive force.
The distribution of charges is given by

Z—Tw

p(z) = e®d(ep) PpE} L (29(2 — Tyw) cosh (TVZ — Z> — e TrF ), (7.32)
TF

which physically corresponds to a tiny electric dipole at the position of the domain
wall. The charge distribution is shown in Fig. [9

In this limit it is possible with a non-zero charge, p(z), since the Thomas-Fermi
screening length is much larger than the size of the domain wall. The screening of
charges is thus not effective on the much smaller scale of \y.

However, there is a problem with the limit of the abrupt wall, when A\, — 0,
since an abrupt wall is not energetically favored and thus unrealistic in materials.
Earlier, it was assumed that the spin of the conduction electrons continuously
aligns itself with the local magnetization direction of the domain wall, due to a
strong exchange interaction, but this requires that the DW-length, Ay, has a fi-
nite length. Also, the Boltzmann transport equation can not explain processes on
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Figure 9: Plot of the accumulated charge distribution, p(z), from Eq. , in
the limit of zero DW-length. In this plot the domain wall mid-position
is at z = 0. To emphasize the functional form of p(z) the quantity L/lTr
is set to 0.02 which is far too large compared to a realistic scenario. The
width of the dipole is of the order of ITg, which is much smaller than
the dipole in the figure.

length scales smaller than the Fermi wavelength. The limit of Itp > Ay — 0 is
therefore not correct from a physical point of view.

The screening length can be much larger than a non-zero DW-length in a semi-
conductor, but the adiabatic approximation does not hold in a semi-conductor.
Our calculations are based on a ferromagnetic metal, which differs from the mod-
eling of a semi-conductor where it is required to take care of phenomena such as
finite temperatures and the transport of holes.

7.2 Inelastic Scattering

This section combines elastic and inelastic scattering for the transport of conduc-
tion electrons subject to the spin-motive force in Eq. , generated by the
moving Neel-type domain wall. The physical system is the same as described for
elastic scattering in section and Fig.

It is assumed that the rate of inelastic scattering events is much faster than the
rate for elastic scattering. In this case the electron distribution is in a local equi-
librium on length scales much smaller than the mean length for elastic scattering,
ley ~ vpTe. The local equilibrium is assumed to be described by a Fermi-Dirac
distribution, frp(ek,s — ps(2)), where p5(2) is a spin-dependent chemical potential
varying in space. The electron current and charge distribution is calculated by
finding the chemical potential u,(z).

The solution ansatz for inelastic scattering is

_ Ofrp(e,s —

o) = fo (e = (o) + (- 2L Y oD, (739
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where cos Hggl)(z, k) is the anisotropic part.

The linearized BTE in a steady-state is

8f8 s afFD(Ek:,s - ,UO) N _fs - <fs>13
R (739)

with external force from Eqgs. (4.19) and (7.3). The BTE has the same form as in
the case for elastic scattering in Eq. (7.6, but the difference in this case is that
inelastic scattering is included via the solution ansatz in Eq. (7.33]).

The insertion of f, from Eq. (7.33)) in the BTE in Eq. (7.34) is shown in App.

and by integrating over moments of the momentum direction the equations
for ps(z) and ggl)(z, k) are

995 (2, k)

——= =0 7.35

ECLAE (735)

and

Ops
o9 ) = vr. 7 Fia(s) = 25020, (7.36)

for the anisotropic part. The chemical potential is found by using Eqgs. (7.35)) and

(7.36) such that
Pus(z)  OF tot
= 7.37
022 0z’ (7.37)
where the boundary values for us(z), i.e. ur and pg, are determined by the charge
density at the ends of the wire.

The boundary conditions are that p(z) is zero at the two reservoirs. The re-

sult from the calculation in App. is ps(z = =L) = ps(z = L) = po and
Vi = Vg = 0. The solution to Eq. (7.37) is

1 < L S !/ ! L S /! /
Ho(2) = o+ 3 (1 - Z) Fud =2 L) (73
The solution in Eq. (7.38) is used in Eq. (7.36) such that

L
VR Tel s
okr) = B2 [ R (a

= v, Ta Fyy, (7.39)

since AV = 0.

From Egs. (7.33) and (7.39) the current density for spin s is
B>k Ofrp(ek,s — o)
o= — — v, cosf [ - ks POJ ) oD (k
J 6/ (271_)31] cos ( a€k7s Gs ( Fs)
=o.E°

av?y

(7.40)
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such that the electric current density is
j. = PcoE}, (7.41)
which is the same result as for elastic scattering.

It is shown in App. [D.3]that inelastic scattering leads to the same charge density
p(z) and differential equation for V(z) as in the case of only elastic scattering.
The results for inelastic scattering are the same as for only elastic scattering.

7.3 Spin-Flip Scattering

In the previous sections it was not accounted for scattering-processes which flip
the spin. Spin-flipping mechanisms include scattering on magnetic impurities and
the spin-orbit interaction. The spin-orbit interaction is a relativistic effect which
couples the electrons orbital motion with its spin. In ferromagnets a spin-flip can
also occur for scattering on magnons, i.e. spin-waves.

Spin-flip scattering is important in multilayers of ferromagnets and normal metals,
where it is often treated phenomenologically by introducing the spin-flip diffusion
length, Astq. This new length-scale is a measure for how far a spin-polarized cur-
rent penetrates a non-magnetic normal metal, before electron spins are randomized
and the current loses its spin polarization [14].

It is shown in App. [D-4:2] that by including spin-flip scattering in the BTE, the
spin chemical potentials approximately satisfy the differential equation

9 (us(zc)%—2 pos(2)) Alzf (1s(2) = p_s(2)) = 81;553), (7.42)

with the constant 1/A% defined as

1 3 1 1
—- = — . 7.43
A Tal (73%%3 * Tifs’l)%_s> (7.43)

Here we introduced 75 as the typical time between scattering events which flips
the spin from s to —s. A central assumption for the derivation of Eq. is
that the relaxation time for spin-flip is much longer than other relaxation times,
ie. }el > Tlsf. It seems that the inclusion of spin-flipping mechanisms couples the

spin chemical potentials, and also we predict that js is spatially dependent, since

8921)/82 # 0. However, for a steady-state in a metal ferromagnet the total electric
dc-current is expected to be constant, due to current-conservation [40].

The effects of spin-flip scattering and spin-orbit interactions remain open for fur-
ther investigations.
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7.4 Time and Length-Scales

In order for a steady-state solution to follow the position of the moving domain
wall, it is required that the time it takes for electrons to diffuse a small distance
AL is much shorter than the time the domain wall uses to travel the same dis-
tance. In this regime the diffusion of electrons happens much faster compared to
the movement of the domain wall, such that the system is always in a steady-state
within the time-scale for the movement of the domain wall.

Diffusion times are proportional to the square of the diffusion length, and we
define the time to diffuse a distance AL as
(AL)?

tp = o (7.44)

with diffusion constant D. The diffusion constant depends on the square of the
Fermi velocity and some mean time between all kinds of scattering events, 7, such
that

2
D= % (7.45)
The time it takes for the domain wall to travel a distance AL is defined as
AL

with the domain wall velocity vy.

For diffusion to propagate much faster than the domain wall, we require that
tp < ty, which is satisfied when vy, < D/(AL). We now use typical experimental
values to make an order of magnitude comparison between the domain wall veloc-
ity and diffusive movement.

The domain wall velocity is usually in the range vy, ~ 10 — 100 m/s. We esti-
mate a typical length AL ~ 107% m, the Fermi velocity, vp ~ 10° m/s and a
scattering time 7 ~ 10713 s [41]. With these values the term

3
10 m/S, ( )

which is larger than vy, = 100 m/s, but not much larger.

For the Neel-type domain wall, v, depends linearly on the applied external field,
such that a weak external magnetic field is necessary in that case.

We conclude that our steady-state approximation is appropriate, at least for slowly
moving domain walls.
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8 Conclusions

The magnetization dynamics of a ferromagnetic domain wall subject to a weak
external magnetic field were calculated from an effective magnetic field and by
assuming a small magnetic damping. For an external magnetic field below the
Walker threshold, a Neel-type domain wall in a metal wire keeps its initial shape
and moves with constant velocity along the wire. The transverse anisotropy of
the wire pins the azimuthal angle of the domain wall. If there is no transverse
anisotropy, the Neel-type domain wall both moves with a constant velocity and
rotates with a constant angular velocity.

The spin-motive force is a consequence of an inhomogeneous magnetization chang-
ing in time. This force is expressed in terms of effective electric and magnetic gauge
fields, which push on and bend the path of conduction electrons of opposite spins
in opposite directions. An adiabatic approximation was used in our derivation,
which corresponds to a strong ferromagnetic exchange energy, where conduction
electron spins continuously align parallel or anti-parallel to the local magnetization
in the ferromagnet.

In the case of a rotating Neel-type domain wall the spin-motive force was also
derived from a geometric Berry-phase and a modified Faraday’s law. This method
did not capture the aspects of other types of domain walls, since this was a special
case. It is however shown in the literature that all terms related to the spin-
motive force can be derived from Berry-curvatures in a model of semi-classical
wave-packets, which is done by Sundaram and Niu in Ref. [42].

By introducing the methods of the Boltzmann transport equation, we have shown
that spin-less electron transport in a metal wire with a constant electric field can
be viewed equivalently as diffusion of particles due to unequal chemical potentials
in the reservoirs.

The transport of conduction electrons in an isotropic ferromagnetic metal wire
subject to the spin-motive force was investigated. We focused on the spin-motive
force generated by a Neel-type domain wall both moving along the wire and rotat-
ing. The Coulomb interaction between conduction electrons was included via an
electric potential generated by the spin-motive induced accumulated charges. The
results were the same in the case of only elastic scattering as when inelastic scat-
tering was included. The moving domain wall generates a spin-polarized electric
current, which only depends on the average of the spin-motive force. Since our ap-
proach to the problem was by looking at a steady-state with no time-dependence
on the force, a constant electric current agrees with the continuity equation.

The electric potential induced by the Coulomb interaction between electrons can-
cels out the accumulated charge density in the whole wire, in the physical limit
when the length of the domain wall is much larger than the Thomas-Fermi screen-
ing length. This makes physical sense, since the screening length is definitively the
smallest length-scale in this limit, and screening is very effective in metals with
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high electron density.

The limit of an abrupt domain wall results in the same spin-polarized current,
but a non-zero charge density, in the form of a dipole following the position of the
domain wall. A vanishing domain wall length is not realistic experimentally, and
in this limit the adiabatic approximation breaks down. Another complication is
that the Boltzmann equation does not describe processes which happen on length
scales smaller than the Fermi wavelength.

We briefly discussed the effects of spin-flipping mechanisms. It seems that these
processes couple the spin chemical potentials, but for a steady-state the total elec-
tric current is expected to be constant due to current conservation. This topic
remains open for further investigations.

By comparing experimental domain wall velocities with typical parameters for

diffusion, we conclude that our steady-state approach is a suitable approximation,
at least for slowly moving domain walls.
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A Appendix: Magnetization Dynamics

A.1 General Equations of Motion

To find the equations of motion in Eq. (3.3) we start with the LLG equation (3.1
and take the cross product with m on both sides, dot with m and integrate over
the sample volume. From this it follows

mxﬁ’i:—yuoﬁix (mxﬁeg)—i—arﬁx (rﬁxﬁi)
= —yuo ( (m HCH) Hcﬁ") - aﬁi, (A1)
since 1 -1 = 0 for a unit vector. Then < o= dg T ¢ is inserted into Eq. A1) such
that
. on :
m X fz + Vg ( (m Heff) Heff) +a=—& =0. (A.2)
5 0

By multiplying Eq. (A.2) with J‘g 5¢. integrating over the volume and using that
jio By = —3U /SN (7 ) _ —(1 ML)SU /5 () then

- /dv<a§> ( 5)& /dvgg(_%)
T () (%)é =

If we now change the indices i,j in Eq. (A.3) and use the cyclic property of
d- (b x ©), the result is

oU  om M, om 3m M om om
/dvém a?f“?/dvasz /dv (6@ 3 )§J

—0, (A.4)

+

and Eq (A.4) is now on the form of Eq. (3.3, with quantities defined from Egs.

ED. @) and G).

A.2 Energy Minimization for the Tail-to-Tail Neel-Type
Domain Wall

To minimize the free energy, U, in Eq. one can use the Euler—Lagrange

equation, since U is an integral of a functlonal ©[0,0'], where ¢’ = 9% [43]. The
Euler-Lagrange equation then reads
d [0y oL
— [ Z£) = =X, A.
dz (80’ ) 00 (4.5)

57



If we now write out ¢ from Eq. (3.8] in terms of the spherical coordinates it reads

2
Aex.s

2

90y \ . .
p= —— | (cos By oS ¢y, COS Oy, Sin @y, — sin Oy, )

0z

K K
— Bgcos Oy, + 71(1 — cos? Ow) + 72 sin? Oy, cos? dy,

Aex.s 89w 2 1 2 102
= <6z> — Bgcosby, + §(K1 + K5 cos”® ¢y, ) sin” by,. (A.6)

The external magnetic field is ignored in the following, i.e. By = 0. By putting

the rest of ¢ from Eq. (A.6) in Eq. (A.5) then

d

a(AeX_SQ"N) = (K + Ko cos? ¢,) sin fy, cos . (A7)

It is assumed that the wall is prepared with some constant angle ¢y, such that
cos? ¢, is constant. The Eq. (A.7) is now equivalent to solving

020y,

922 C?sin 6, cos O, (A.8)

where C is some constant. A solution Ansatz is 6, = C'sin6,,, which solves Eq.

(A.8), since

0 = aﬁCsiHHW = C cos Hwaaﬂ = 02 cos Oy, sin O, (A.9)
2 2z

The solution in Eq. (3.9) solves Eq. (A.8), which follows from

020, _iQ tanh Z— Ty
52 = 9.2 arccos | tan "

_ 0 1 1
02\ /1 — tanh? (52 ) cosh*(557)
10 1

- E&cosh(%)

1 tanh Z— Ty 1
= —-tan
A2 Aw cosh(557)

= C? cos Oy, sin O, (A.10)

with C' = —1/).
A.3 Magnetic Free Energy Integrals

The integral for the free energy in Eq. (3.7)) can be done by taking the expression
for ¢ from Eq. (A.6), using the expressions for 96y, /0z and 6y, from Eq. (A.10)
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and integrate over z

2
U e Aevs -1 Z—Tw
M.A /_oo Z( 2 <)\Wcosh('z/\v’;“”)> W

1
+ 5 (K1 + K5 cos® (bw)

1
coshz(%)
1 [ Acxs 2 >/°° 1
== + K1 + K5 cos® ¢y dz—————
2 ( A2 ! 2 ¢ —oo coshQ(%)

_BO/ dztanhzgrw7 (A.11)

—co w

which by changing variables in Eq. (A.11) to x = (2 — ry)/Aw then it follows

U 1 [ Acxs 9 o 1 o0
MSA :5 < )\?N —|—K1 +K2 COS ¢w )\w /_OO dmcosh2x _BO/\W /_OO dxtanhx
—1AeX'SKK2)\th°°B)\1h°°
=3 2 + K1 + Kj cos” ¢y | Ay [tanh z]™_ — BoAy, [In(cosh z)]~
1 Aex.s
:§ ( 2 + Ky + K5 cos? qbw) Aw2
cosh (Z;Tw)
— Bpdy lim In | ————— 2 (A.12)
Z—r00 cosh (;Z{TW)
The last term in Eq. (A.12) is found by rewriting the limit such that
cosh (Z;TW) T
“BoAy lim In |— 22 2| — o, Jim I |- FC
Z—00 cosh (f )\frw) Z—0 e w +e  xw
Z—rw
X
= —ByAy lim In ——
Z—00 e S W
A Z —
— _By)y lim ( M TW)
oo w Aw
= 2Byry, (A.13)

and now Eqgs. (A.12) and (A.13) give the result for U in Eq. (3.11).

To calculate I';; in Eq. (3.5) one needs the derivatives of m with respect to
the collective coordinates, and by recalling the expression for 6y, from Eq. (3.9) it
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follows

om _ 00w 9 . 9 canty (2= V] 22
or  or 06, o |\ MR TN 90,
1

E m (cos Oy COS @y, COS Oy, Sin dy,, — sin by,)
1

Aw

=3 ——(sin Oy, COS Oy COS Py, SiN By, COS By, SiN By, — Sin? By ). (A.14)

Similarily we have

om _ 90w 0
e Oy 00,

_Z ;%:W cosh(lz o (cos Oy COS @y, cOS Oy, sin dy,, — sin y,)
_Z ;‘Z:W (sin Oy, oS Oy COS Py, Sin By, cOS Oy, Sin Py, — sin? by, (A.15)
and
%WL = (—sin Oy, sin ¢y, sin by, cos ¢y, 0). (A.16)
From Egs. (A.14)), (A.15) and (A.16) it is clear that
%.%:0:%.%_ (A.17)

The diagonal terms in Eq. (3.5) can now be found. First

_ A < o om
o Ory Ory

M. > 1
- AM; / dz— sin? 6,
Y oS AT

AM,
= 5 dz
YAe Jos  cosh? (ﬂ)
Aw
2AM,

= 5 A..].
o (4.18)

by using the integral from Eq. (A.12)). The next term is
AM; om

Typ = d —

e / Za¢w 96

— ‘AMS / dz sin® 6,
Y —oo

_2AM A,
=

(A.19)
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The last term is

AM, [ om  om
Ty = 42 om
M= /, Yo o
oo _ 2
= AM / dzi(z IW) sin? Oy
Y Jw AW
_AM [~ Z(z —7y)? 1
A2 o A2 cosh%%)
AMg [ x?
dx 5
YAw J_oo cosh”x
AM, 72
™ A.20
e 6 (A.20)

where the last integral in Eq. (A.20) was done with Wolfram Mathematica 10.

To find the components of G;; in Eq. (3.6) we use Eqs. (A.14) and (A.16) to
calculate

Mk f 1o O O
Y Orw Oy
M.A

= ’y; dz sin? 017, - (Sin By COS Gy, SN By, Sin Gy, cOs Oy,

A / dzsin? 0,

= M;Az (A.21)

Gry =

M,
YA

where the last integral in Eq. (A.21)) is solved in a similar way as in Eq. (A.12).
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B Appendix: Spin-Motive Force

Some useful trigonometric relations are

0
1+C059:2COSQ§, (B.1)
.o 0
1 —cosf = 2sin 2 (B.2)
sinf = 2singcosg, (B.3)

and they will be used in the following.

B.1 Diagonalization in the Gauge Transformation

From the Pauli-matrices in Eq. (2.8) and the parametrization of 7 in Eq. (4.9)

then ”
o o [ cosf sinfe”"
g-m= (sin fe'®  —cosl ) ’ (B-4)

by using the Euler identity for e*** = cos ¢ = i sin ¢.
The rotation-matrix U is determined by Eq. (4.3), and by using that U-1="0.

The condition is
G-m=Uo,U=U10,U. (B.5)

Eq. is equivalent to the diagonalization of the matrix & - m, with o, on
diagonal form with eigenvalues A1, A2 equal to +1 and -1 respectively. The matrix
U can then be found by finding the corresponding eigenvectors, Z, to the eigen-
values, i.e. solving the systems (& -7 — I\;)Z = 0 for ¢ = 1,2. These eigenvectors
correspond to the columns in the U -matrix, up to a normalization constant.

For the first eigenvalue, A\; = +1, the linear system is
cosf —1 sinfe @ X
< sinfe'®  —cosf — 1) <x2> =0, (B.6)
which via Eqgs. (B.1)), (B.2) and (B.3|) reduces to

0 o _,
— sin 501 + cos 56714)1‘2 =0. (B.7)

One solution to Eq. (B.7)) is z; = cos g, 9 = sin gei‘z’. The factors of e¥i® ig
chosen such that U becomes Hermitian.

For the other eigenvalue, A\ = —1, the system is

<c050 +1 sin Gei‘z’) (:E;;) —0 (B.8)

sinfe® 1 —cosf ) \zy4

63



which similarly is reduced to
0, 0
cos §€l¢$3 + sin g% = 0. (B.9)

A solution to Eq. is x3 = sin ge*id’ and x4 = — cos g.

The matrix U consists of the two eigenvectors, found from the systems in Eqs.
and (B.8), as its column vectors. The transformation matrix is then

N 2] sin 2 e—1¢
U = ( Coz 2i¢ St 26 9 ) . (BIO)
S11 56 — COS 5

From Eq. (B.10) then U is hermitian, i. e. U = U', and U satisfies UU = 1.

It is helpful to write the matrix U as the dot product between the Pauli matrix
vector, o, and a vector 77, such that

U= (6-1) =0znz +0yny +0o:n;. (B.11)
The unit vector 7 is found by inspecting U from Eq. (B.10) and using the sigma-
matrices in Eq. (2.8), resulting in
LS .. 0 L. 0 .6
nzn(@,qb):xsm§cos¢+ysmismq’)—&—zcos? (B.12)

It is shown that 77 o< m + 2 by calculating

m+ 2 Zsinfcos g + §sinfsinp + Z(cosf + 1)

[+ | \/sin290052¢+sin2981n2¢+ (14 cos6)?

~o i O 0 co qin O 0 5 20
Z2sin g cos 5 cos ¢ + Y2 sin 5 cos 5 sin ¢ + £2 cos” 5

\/sin20—|—1+2cos0+00820

2cosg .0 .. 0. . 0
= — x81n§cos¢+ysm§sm¢+zcos§

20
\/ 4 cos 5

=7, (B.13)
which agrees with Eq. (B.12).

B.2 Gauge Fields

The effective vector potential, 4, in Eq. (4.8) is found by comparing Eqs. (4.4))
and (4.6]). This leads to the condition

2
7P _ L (5 )
030 = 5 (F=4) (B.14)
which is expanded as
5 0 9 p 0 9 0 0
- =—h? Ay S 2
i) Uaxi ain I3 9z, 0, —I—ZﬁaxiAl +thA; B, + A“°. (B.15)
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It is reasonable from Eq. (B.15)) to guess that A; is proportional to if, i.e. A; =
1hX; for some X. This relates the operators by

~ 0 0 - o 0 0 0

U—

2
0. 02,0~ amom, T aa it Rigg X (B.16)

One solution for X is X; = Ug—g.

To show that this is right, one must remember that the operators in Eq. (B.16))
are acting on something (e g a spinor). Therefore one must distinguish between

the notation a U and _, which are not the same. We start by expanding the
left-hand side of equatlon (IB.16),

3 277 3 2 2
Ua 8U=Ua (8(]+UG>ZU<M+6U 0 +8U 4 +Ua>

Ox; Ox; Ox; \ Ox; ox; 0z?  Ox; Ox;  Ox; Ox; Ox?
02U U 9 0?
2 —. B.1
Ua2+ Ui o0 T a2 (B-17)
One trick that is useful in the next is that
o . 9 .. OU. aU

—U = —U U Now if we insert X, = U 8—U in the right-hand side of equation

so
it follows .

82 o U ~0U &  .9oU . oU

92 oUuoU 0T 00U 0  ~0U O U ..
=92 T om0 TV 02 "Von0m P Vom om 00 VY
_i?+UaQU+2UaU 0 9U9U U 00

ox? ox? Ox; Ox;  Ox; Ox;  Ox; Ox;

2 0% oU o
= — — +2 B.1

ox? + Uax + UE)xl ox;’ (B-19)

which is the same as in equation (B.17]).
Further, it is possible to show that the vector potential can be written as
. OU on
=—ho- (7 B.2
thaxi he (n X 3%—) ) (B.20)

for the i’th component of A. To show this, we use the relationship between the
multiplication of the Pauli spin matrices

005 = 51’]’ + ieijka'ky (B.Q].)
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where €;;;, is the Levi-Cevita tensor and §;; is the Kronecker delta (with a 2x2
identity matrix implied) [23]. Eq. (B.20)) is checked by using Eq. (B.21) and also

that 7 - (0;7) = 0, since the change of a unit vector is always perpendicular to the
vector itself. The effective vector potential is thus
/L' = ZhU[@LU] = iho - ﬁ(&ﬁ . ﬁ) = ihajnjakamk
= ih(0;r + tejror)n; (Oing) = ihn;(0in;) — hejriom;(Oin)
=ik - (817_5) — heljknj (8mk)al =0- h[fi X (&-ﬁ)]lal
= —hd - (7T x O;N). (B.22)
In a similar way the potential V is written as
V = 7Zh(j(atUA') = 7ih0ini(8t0jnj) = 7171(77,1(815711) + ieijkakm(ﬁtnj))
= 0+ hegijoxn;(Oin;) = hogli x (047)]k
= hd - (T x (O¢D)). (B.23)

By using this we can simplify the equations further, but first it is useful to calculate
the derivatives of 7,

o0 . 0 (. .0 ¢+A.Q.¢+A 0
axi”_axi &sin o cos gsin 5 sin Zeos
_z 0 00 .. 0 . 0¢ i 0 . 00
_2COS2COS¢(8:L'Z')_$81n281n¢(8$i>+2C08281n¢<6$i)
.. 0 0¢ z . 0/(00
—|—ysm2(zos¢(axi> _QSmZ(axi)’ (B.24)

and similarily for the time derivative

0., @ 0 ol L0 P i 0 . 00
atn—2c082cos¢<8t>—a:bmzsmgb(at)+2cos2s1n¢<at>

.0 0o zZ .0 (00
+y51n§cos¢ (315) —5sing <8t) . (B.25)

Now the projected potentials are
V =hi - (ﬁx ‘Z‘) — o, % (ﬁx ‘Z‘)
=h @ + n @
=ho, | €312M11 at , €321M2 at X
. .0 1 0 . 00 .0 0¢
=ho, (sm 5 cos ¢ <2 cos 3 sin ¢ <8t> + sin 3 cos ¢ (625))

.6 1 0 00 .0 . 0¢
Sln251n¢<20052005¢)<8t)sm251n¢<8t)>>

=ho, 99 (Sin2 Q cos? ¢ + sin? g sin? (b)

ot 2
=Fho, sin? g (g?) , (B.26)
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and smiliarily for the vector potential (by the symmetry of the derivatives of 7,
0; <> 0;) one gets

. L (. 0n (. on
A, = —ho- <n>< 8331») — —ho,% - (nx axi>

= —ho, sin? = (gﬁ) (B.27)

From Egs. (B.26) and (B.27) the components of the effective electric field is

) 0. 9 9 (99 ) 0 (99
Bi=—gdi=—an"V = at(h"zsm (ax)) o, 1= 50’ <8t>

( 982¢ .0 0 06 0¢ .0 008(;5 . o0 82¢>>
= ho, | sin® = +s1n§c — —smi cos —sin” —

o8 2&83’51'

2 9tox; 2 dx; Ot 2 90t
h . 00 09 06 0¢
=502 sin 0 (((%(91'1 oz, 8t> (B.28)
where we have used that 57- and > commutes and also the trigonometric relation

in . The components of the magnetlc field then are

- 0
= [V X A]i = EijkﬁjAk

dsin® & D¢ , 0 0%
- —hO'zQ‘jk << 8(Ej ) <(9£L'k> +bl 28x]8xk

—h Sln cos Qﬁ ¢
TzEijk 2 0x; Oxy,
= goz sin [V x Vo;, (B.29)

where we have used that €;;,0;0; = 0, since one can just interchange the labels
j, k and get the negative of what one started with, i.e. it has to be zero.

We now show the equivalence between Eqs. (4.15) and (4.18). The derivatives
of m is

Oy = Oy (sin 6 cos ¢, sin 0 sin ¢, cos )
= ((0¢0) cos O cos ¢ — (Op) sin O sin ¢, (0¢0) cos O sin ¢ + (9¢p) sin 6 cos ¢, —(0:0) sin §)
= (O0)(cos 8 cos ¢, cos 8 sin ¢, — sin ) + (9¢d)(— sin € sin ¢, sin O cos ¢, 0)
= (0:0)d + (9:0)b, (B.30)

where we have just defined two vectors @ and b to make the calculations easier. In
the same way one finds that the spatial derivatives are

i = (8;0)@ + (0;9)b. (B.31)
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From Egs. (B.30) and (B.31)) the crossproduct between the derivatives is

—

b] x [(9:0)@ + (9;¢)b]
i@+ (0:0)(0;0)a@ x b+ (9:0)(2:0)b x @ + (2:0)(0id)b x b
(9:9)(:0)]@ x b, (B.32)

(0pm) x (i) = [(9:0)d + (9¢0)

= (0:0)(8:0)a x
= [(8:0)(8:9) —
where we have used that the crossproduct between a vector and itself is zero and

also that @ x b = —b x @ We can now calculate the dot product between m and
the crossproduct-term in Eq. (B.32]).

- (@ x b) =mje;jpa;by
=myq (a2bs — azbs) + ma(asby — a1b3) + ms(ar1bs — azby)
=sinfcos p(0 — (—) sin @ sin b cos ¢) + sin O sin p((— sin 0)(—) sin @ sin ¢ — 0)
+ cos 0(cos 0 cos ¢ sin 6 cos ¢ — cos 6 sin ¢(— sin 0) sin @)
=sin f(sin? @ cos® ¢ + sin? ¢ sin? O 4 cos? f cos? ¢ + cos” fsin? @)

=sin6. (B.33)
From Egs. and we now have that
D - (@) x (90)] = Lo [(0,0) (940) — (0.0) (Deo)) - (@ D)
- goz[(aﬁ)(&-qﬁ) — (8:0)(8,0)] sin 6, (B.34)

and thus Egs. (4.15) and (4.18) are equivalent.
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C Appendix: Berry’'s Phase

C.1 Adiabatic Approximation
By inserting Eq. (5.3) in Eq. (5.1) it follows

a 8 7 t ’ 7
gl 0) =it D Sen(D)eF B E O g 1)
8n _ _
fhz 0 +ch En(t)e™ g, (1))

+ch Jeren® @ﬁ 2 [¥n(2)) (C.1)
H()(t) =Y enlt)e " O H®)pn(1), (C.2)

n

since H|,) = En|tn), and the term in Eq. (C.2)) cancels the second term in Eq.
(C.1). What remains is then

ey (t)

0
5 e~ Oy (1) ch Je i 57 ¥n(t))- (C.3)

By projecting Eq, (C.3) onto an arbitrary (i,,,(¢)| and using that (¢, |¥n) = dmn,
then

3Cm( e—iem(t) —zen(t) 9
o e OOl 0, (O
which is the same as Eq. (5.4).

The off-diagonal elements of <1/Jm(t)‘%|1/)n(t)> in Eq. (C.4) are found by taking
the time derivative of the time independent Schrodinger equation

0 oOH 0
SHOW0) = S0 0) + 1 (10
0 . 0
= & B O 0) = Eulbnl) + B0 2 10u). (C3)

By projecting everything in Eq. (C.5) onto (1,,| the result is

(O S Wi () = Bn(0) o] o ) ~ (o ot o) + B, (C.6)

and since H is hermitian it can act to the left onto (4, (t)| and give E,,(t). For
the diagonal elements n # m the Eq. (C.6) is reduced to

(D 2L 5 (0) = (But) — B 0) il 1) (©7)

By assuming that there are no degeneracies one can divide Eq. (C.7) by E,, — Ep,,
and then Eq. (5.6)) follows.
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C.2 Rotating Domain Wall of the Neel-Type

These calculations are related to section [5.2

C.2.1 Spin-Rotation Matrices

The rotation matrices are given by

) 1 1
T A | +i0z§ - 5((5)2 —i0, 3'(¢) +.--= cos% +io, sing
b 4 igin @ ig
:(coserzsm2 , (). . ¢>: els O,¢ 7 (C.8)
0 Cos 5 — i8in 5 0 e 'z
and the inverse rotation is
u;l = cosg —io, sin g (C.9)

A rotation followed by the inverse rotation gives unity, since u;1u¢ = u¢u;1 =

cos? % + sin? % = 1. In the same way the matrices of rotation around the y-axis,
ug = e*v?/" s

0 0 cos? sin?
o, . .0 5
up = cos + ioy sin 5= (_ sin & cos% , (C.10)

with the inverse u;l = cosg — 10y sin g.

C.2.2 Gauge Transformation
By using that ¢’ = ugugst) the gauge rotation in section is

oY 0 oY .. Ouy _ i .
“ Y = H L
ih 5 zhatueu¢w UpUyth—— 5t + thuyg 5 Y = ugugHp + zhu9u¢hsz¢w
2 2u B 2up B
— ugug (;’m + V() + JMsga—*-er P, - = Osz) "
2 h 1 1,7
:u9u¢<2+V(f’)+JM2 )u¢ uy Y
[ ug! h
—uQu¢2 Uy '+ V(P + J M U9u¢a mu g Yug e (C.11)

Since ¢ in this case is independent of the spacial derivatives, uy and its inverse
commutes with the p~operator. Thus

uau¢p2u;1ue_l = ueu¢u;1p2ue_1 = uepze”y "

g (P2 (B () o
-\ 0z 0 0z 0z
a0 h O h 020 o6
= ug (“9 p? — 25 Uy (82) (z[)z) —u;ls' T2 —l—s;f (32) u91>

00 , h 90 00\ >
=p? —2¢ ((%)pz =% + 577 (82) , (C.12)
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and if we compare this with (7 — (//2)A;)2, inserting A, = (2/h)s, 522, then

S ,00\?
- Ay + t~p)+ Sya

— _ 72 ! @ + g 4 90 h 9 + /2 % ’
P 0z hsy 0z h %y 0z ) i 0z %y 0z
o0 h829 00
2 / il 2 (27
=p? — 25, < z) Pz — Sy~ T952 + 53 (82') , (C.13)

and now Egs. (C.12) and (C.13)) are the same. The last term in Eq. (C.11)) is
calculated by inserting m in terms of the spherical coordinates, then

. & e s
-1, -1 _ cosg sm% e'z2 0 cosf  sinfe
UPUGT - U, Uy~ = ) . . ;
o%¢ ¢ 0 —sin? cos? 0 ei% ) \sinfe® —cosd
d) .
e 'z 0 (cos § —sin g)
P& . 0
eia sing  cosj
s _is . _io
cosf  sinfe\ [cosbe 't —sin et
: j . o o
sinfe’®  —cosf sin geZ 2 cos 2eis

)

i¢ . i
2 sin ge g

e

s

—sin 2 62 cosge’

i¢ . —i
_(cos 5672 smge ¢
= Iy

SIS

@ 6 i
—sinfei?  cosfe
_i¢ o~
(cosfcos § +sinfsin§)e== (—cosfsing + sinfcos §)e™ =
io iv
51n6’cosf—cos€smg)e2 (—SIDGSIH*—Cosecosg 2
cos 0(cos? ¢ — sin f)—|—251n051nfcosg 0 )
1 0 i 20Y o g 00
0 —cosf(cos® § —sin® §) — 2sinfsin § cos §

X
e

such that Egs. (C.11) and (5.19) correspond to the same Hamiltonian H'.
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C.2.3 Expectation Values and the Berry Phase
The expectation value in Eq. (5.13)) combined with the rotation matrices in Egs.

(C.8) and (C.10) and spherical coordinates leads to

0 0
<¢m+|%¢m+> = <1/)m+\a*¢%_slue_l|¢%+>

cos @, (C.15)

and similarly we find

d o [e—i% cosd —sin) (0
) tin) = (-1 ( ) ) (&f ) ()
B K —sin(g)e_’%
_<X*|8¢ ( COS(g)ei%
=3 (_ Sln(g)el% COS(Q)Q_IQ) Sin(g e‘lf
2 2 2 cos(§)e'®
= %COSQ (C.16)
For the other angle then
0 B 0 cos(g)eﬂ%
1 . . . —sin(g)e*i%
== 9Yei%  _sin(9)e~i% 2 = :
5 (cos(z)e sin(§)e ) (—cos g)ei% 0, (C.17)

= 2 (~sin(@)eit cos(eit) <_C°.S(g)€_-i2>=o, (C.18)

and these expectation values satisfies that the Berry phase is real.
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D Appendix: Spin-Transport

D.1 Distribution Function for Elastic Scattering

By inserting the ansatz for f, from Eq. (7.7) into Eq. (7.6) then

9 cosfgt?  cosf
(822) sz =51 (Jen(eks = i) = frp(eks — pe))

0frp 00" | 2a0” L,
+< )(cos@ % + cos™ 6 % F.(z)cosb | . (D.1)

- 66[6,5
It is assumed that pur — po < o, and then it is possible to approximate the term

frp(ek,s — r) — fro(er,s — 1) = — (pr — ﬂo)w

agk,s
0 s —
+ oy 20 = 0)
Ofrp(ek,s — o)
u( v I CE

such that all terms in Eq. (D.1)) are proportional to 0 frp/0cy 5.

With the approximation from Eq. (D.2)), an integration over k in Eq. (D.1))
will give all terms a common factor, and v is replaced with vp,. This gives

.,D (0) (1)
_Cosogs agS (Zak) s&ags (ka)> (D3)

Ap
—cosf | 22X _Fs
cos < 5L e (2) + 9, + co o

VF,Tel

By integrating Eq. (D.3) over momentum directions, only the term proportional
to cos? § will be non-zero, since [ sinf cos# = 0. This leads to Eq. (7.8).

By multiplying Eq. (D.3) with cosf and then integrating over momentum di-
rections, then Eq. (7.9) follows.

D.1.1 Charge Density for Elastic Scattering

In order to find the charge density, p(z), it will be necessary to integrate the spin-
motive force in its explicit form given in Eq. (4.19). From the solution for ggo)(z)
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in Eq. (7.11)) it follows

1 L L
) =5 ((1-7) [ Rahar =2 [ Raar ).

L L dz’' L
g [ ()
Aw = cosh? <7Z /\_TW) z 9z

:% (1 - %) (2LEZ, +eAV) +e(V(z) - V(z = L))

+ LF3, (tanh <Z )\Wrw) — tanh (L )\WTw)>
1 z s Z—Tw z
——e(V —2<1—L)AV—V(z)—FEaV‘L(tanh( - )—L>

where the term tanh(Z-"¢) & 1, since it is assumed that [L — 7| >> Ay

The spin-dependent charge density is found by subtracting the positive ions and

integrating over all states. By using Eqs. (7.7), (7.13) and (D.4) then

-,

3
ps(z) = — 6/ (;lﬂ];?, (fs(z,k) — frp(ek,s — 10))

3
- _ e/ % (fFD(€k,s — i) — fep(ek,s — Ho)

+ % (% + 1) (fep(eks — pr) — feplers — pr)) + 90 (2) <afFD(6k’S_uO)> )

86;975

&k ([ 9feplers — 1
= 6/ @2n) < FD(;;,W uo)> <.UL — o+ 3 (% + 1) Ap+ gS(Z))

z

L

5 ) AV —V(z)

+E§V_L<tanh <Z;r> — z>>

—e%d,(ep) (VL + Vg + %AV —V(2) + E:V.L<tanh (z : ’“) - z> )

—e%d,(r) <VL 41 (% + 1) AV + Vi — % (1 .

which is Eq. (7.17)).
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D.2 Electric Potential in Elastic Scattering

The differential equation for V(z) in Eq. (7.21) is difficult to solve analytically as
it stands, but it is possible to solve it in the limit when Itp > Ay, — 0. This is
done by using the approximation in Eq. ((7.28)), such that Eq. (7.21) is reduced to

V() = Bp oy = Vi + Ve + AV + PoELL(20(2 — ) - (% +1)). (D.6)

The solution to Eq. is

— i _ + _ " 2 ([ Tw — % i
V(z) =Vp + Vg + AVL PhrESL <49(z Iy ) sinh < T ) + (L i 1))

1 L
— | (Vo + VR — 2Pp B} L) cosh <Z) sinh (>
sinh(7) lrr It
TF
+ L . z
+ (AV —2PpE] L) cosh | — | sinh | —
lrr Irg
L — L
— 4Pp B, Lsinh? (”) sinh ( + Z) : (D.7)
2lrr Ity

which is checked by calculating the derivatives of V' (z). The first derivative of Eq.

(D.7) is
oV B ltr + . Tw — 2 Tw — % lre
lTFg _AVT + PoE L | 46(z — ry)sinh ST cosh e L

1 z L
- | (Vp +Vr —2PpEX L)sinh [ — ) sinh [ —
sinh(2L%) <( LR b Ea L) sin (lTF) s (lTF>

ITr

L
+ (AV — 2Pp E} L) cosh <l) cosh <Z)

TF lrr
L—ry L
— 4P, E} Lsinh? ( r > cosh ( i Z) , (D.8)
2l ltr
and the second derivative is
9%V 1 Tw — 2 Tw — 2
2 _ —+ aah2 w L2 w
lTFﬁ =4PpE;,LO(z — rw)§ (— sinh ( e ) — cosh ( - ))

1 z L
————+— | (VoL + Vg —2PpELL h(-— )sinh | —
sinh(ZL) (( L+ Ve b Ea, L) cos (lTF)Sm <ZTF>

Trr
+(AV — 2Pp B4 L) cosh (L> sinh (Z)
lrr Itr

L— L
—4PDE:VLsinh2( . ’“W)mh( l“)). (D.9)

TF TF
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The solution in Eq. (D.7)) is now checked by combining Eqs. (D.7) and such
that

0*v z
ot Cvsimn2 (T2 (2
PrE], L (49(75 Tw) sinh ( - ) + (L + 1))
+2Pp E}, LO(z — 1) ( sinh? w72 4 cosh? (22
2lrr 2lTF

=V + Vg + AV% + PpE} L (29(2' —Ty) <cosh2 (TW _ Z)

2lrg
I o[ Tw — % _ 72

=Vi+Va+AVZ + PoELL(260( = 1) — (% +1) ), (D.10)

which satisfies the differential Eq. (D-6).

The boundaries for V' (z) in Eq. (D.7) is checked by

V(z=—-L) =V, + Vg + AV (-1)
1

~ sinh(2L)

L L
((VL + Vg — 2PpE}, L) cosh (l) sinh ()

TF Ity

L —L
+ (AV —2P5Ef L) cosh (> sinh <)
Ity Ity

L—ry\ . L—-L
— 4Pp E}, L sinh? (r) sinh ( )
27 ltr

cosh (%) sinh (li
TF TF

sinh(%)

=2V, — ) (VL + Vg — AV)

1
=2Vp — 5 2VL =W, (D.11)
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and for the other boundary, z = L, then

2l

1 L L
- ((VL + Vg — 2PpE}, L) cosh (l) sinh ()

V(z=L)=V,+Vr+AV — PbE} L <4 sinh? (TW — L) + 2)

sinh (&) TF ltr

L L
+ (AV —2Pp E} L) cosh () sinh ()
lrr It

L—ry\ . L+L
— 4Pp E}, L sinh? < ! > sinh ( + >
2lrr lre

cosh (ZL) sinh (%
TF TF
: 2L
Slnh(m)

=2Vg — 2PpEf L — ) (Vi + Vg + AV — 4P, EX L)
1
=2Vi — 5 -2V = Vg, (D.12)

as required.

D.2.1 Approximate Solution

With the approximations sinh(L/ltr) = cosh(L/ltr) = (1/2)exp(L/lTr) it is
possible to write the following term from Eq. (D.7) as

L
—— | (Vi + Vg = 2PbE, L) cosh (z) sinh ()
sinh(%) ltr ltp
TF
+ L . z
+ (AV —2PpE] L)cosh | — | sinh [ —
lrp lrp
L—ry L
— 4Pp E}, L sinh? < ! > sinh < + Z>
2lrr lrp
_ 2L z \1 L
~2¢ Tre | (VL + Vg — 2PpE[ L) cosh [ — | ~e™rr

+(AV — 2PDE;L)%eﬁ sinh (f)
TF

L — 1 o
— 4PDE;;,L sinh? ( Tw) felTLF (cosh (z) + sinh (Z>)
2ltp ) 2 It It
:VL{# (cosh (Z) — sinh (Z>) + VRefﬁ <cosh (Z) + sinh (Z>)
lTF ZTF lTF ZTF
PR 2 L - =z
—2PpE, Le T <cosh <Z> + sinh (Z) + (cosh < TW) - 1) elTF>
Irr lrr ltr

_L+=z _L—= z2—Tw
=Vye 'rr + Vge Ttv — PhEY Le tr . (D.13)
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By combining the approximations in Eq. (D.13]) with Eq. (D.7)) the approximate
solution for the electric potential, in the limit It > A, — 0, is

V(z) =V (1—%—6*%) + Vi (1+%—e*lL{§)

— PoBLL( 400z —ry)sinh? ("2 ) 4 2 11 e |, (D.14)
o ) L

which satisfies the solution of Eq. and the boundary conditions V(z =
—L) =V and V(2 = L) = Vg, under the condition that L/ltr > 1. The solution
in Eq. (D.14) is checked by calculating the derivatives.

The first derivative of Eq. (D.14]) is
ov l _ Ltz l _ Ltz
lTF$:—VL <EF—€ lL;F) +Vr (EF—e lL;F)

— PDE;;L< —460(z — 7y) sinh (r;l_ Z) cosh (TW _ Z) + lre e e

TF QZTF L
(D.15)
and the second derivative of Eq. (D.14)) is
o?V _ Ltz _L-z
l"QFF ang) =—Ve ‘L";rF — Vge fTF
— PoBLL(20(2 — ry) (sinh? (2272 ) 4cosh? (222 ) ) - o
2lrr 2ltr

(D.16)

Then Eqgs. (D.14) and (D.16)) are combined such that

, 9V (2)

z z
V(Z) — TFW :VL —+ VR + sz — PDE;;L( (Z + 1)

+20(z —ry) (sinh2 (T;VZTFZ> — cosh? (rngFz>) )

=VL + Ve + AV% + PDE;;L<26(Z —Tw) — (% + 1) )7
(D.17)

which is the same as Eq. (D.6).

The boundaries for V(z) from Eq. (D.14) is checked by inserting z = —L, then

Ltry

_L-L _ 2L _ L+
Viz=-L)=V, (2 — e Trw ) — Vge Trr + PoEY Le” T
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since L + ry, > ITp. The other boundary at z = L is

— 2L L —ry Lory
V(z=L)=—Vye T + Vg — PoELL (4sinh2< 5 ! >+26LLTF )
TF
n Lory _L-ry\2 L-ry
~ Vg - PpE L ((e 2ltF — e 2TF ) +2—¢TTF >

L—r

=Vg — PDE;;Lei T

With the solution for the electric potential given in Eq. (7.30), the total current
density is, from Eq. (7.24),

V=V

j.(2) = PaoE} — o T

(D.20)

and the distribution of charges is

5 Ltz _L—
p(z) =e*d(ep)| Vee W + Vge

+ PpE}L (29(2 —r) cosh (rl— Z) - ezlt_fr>> : (D.21)

tf

The boundary values for the charge density is thus from Eq. (D.21)

I
p(z = —L) = e2d(er) <VL T VR—AV —Vp + PDE;(,_L<tanh (ATW> T 1))

~ eQd(EF)(VL 4 PoEL L(—1+ 1)) = 2d(ep) Vi, (D.22)

L _
p(z = L) = *d(ep) (VL +Vr+AV —Vp + PDE:V_L<tanh ( 3 T> - 1>>
~ e2d(er) (VR v PyEL L(1— 1)) = ¢2d(er) Vi, (D.23)

and with the boundary conditions that p(z = +L) = 0 the values for the electric
potential at the boundaries are V;, = Vg = 0.
D.3 Inelastic Scattering

The electron distribution function for inelastic scattering is found by inserting the
ansatz for fs(z, k) in Eq. (7.33)) into the BTE in Eq. (7.34). By using that

dfrp(er,s — ps(2,0))  Ofrp <3Hs(z))
0z " Oeks 0z '

(D.24)
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the result for the ansatz is

(1) (1)
vcosf (afFD> (th)t(z) o +cos€ags > = <afFD> cos bgs . (D.25)

85;“5 0z 0z agh,s Tel

Since all terms in Eq. (D.25) are proportional to dfrp/Jek s, an integration over
energy replaces v — vp,. By integrating Eq. (D.25) over momentum directions,

then 3g§1)(z, k)/0z = 0, which is Eq. (7.35]).

A multiplication of Eq. (D.25) by cos 6 followed by an integration over momentum
directions leads to Eq. (|7.36))

The general solution for the differential equation for ps(z) in Eq. (7.37) is

ps(2) =pr + % (1 + %) (ur — pr)

+ % ((1 - %) /_LL Fo L (2)dz — 2/ZL Ftsot(z’)dz’> , (D.26)

which satisfies ps(z = —L) = pr and pus(z = L) = pgr. The values for uy =
wo — eVyp and pur = po — eVy are determined by the boundary values for the
charge density, p(z).

The charge density for spin s is found by using the general solution for p,(z)
from Eq. (D.26) and the ansatz for fs in Eq. (7.33). A first order Taylor expan-

sion of frp(ek,s — ps(2)) is used, since it is assumed that ps(z) — po < po- The
charge density is thus

3
ps(z) = — 6/ % (fs(z,P) — frp(er,s — 1o))

——e [ 5 (X ) (1) ~ o)

= —eds(er) < —eVp + % (1 + %) (—eAV)

+ % ((1 - %) /_LL Foy(2)de — 2/:‘ Ftsot(zl)dzl> )

:ezds(é‘p) (VL + Ve + %AV — V(z)

—e

+E(L—%2)— 1 /L Fs(z’)dz’> , (D.27)

in terms of the electric potential, since Ay = —eAV.
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The total charge density consists of contributions from both spins, i.e.

p(2) =e2d(er) (vL +Va+ %AV —V(2)

—e

1 L
+ Pp (E;}(L —2)— —/ F+(z')dz’)>, (D.28)
with the polarization Pp from Eq. ([7.20).

The values for Vi, and Vg are determined from p(z = —L) =0 and p(z = L) =0,
by using Eq. (D.28). For the left reservoir

p(z = —L) = *d(ep) V7, (D.29)
such that V, = 0. For the right reservoir

p(z = L) = *d(ep) Vg, (D.30)
and Vg = 0.

The result from Eqs. (D.29) and (D.30) is equivalent with pup = purp = po, such
that the reservoirs are at the equilibrium chemical potential. This reduces the

general solution for ps(z) in Eq. (D.26) to the solution used in Eq. (7.38).

The electric potential is found from the charge density in Eq. (D.28) with Vi, =
Vi = 0, and by using that p(z)/e = —9*V/dz%. This gives the differential equation

% 1 /7 dz'
V() = lrp 5y = POELL <1 - % + Z)
z w JL cosh? (%)
— PhELL (tanh (Z ;WTW> - z) : (D.31)

by using that L — ry > Ay

The differential equation for the electric potential in Eq. (D.31)) is the same differ-
ential equation as in the case of elastic scattering in Eq. (7.25)). This leads to the
same electric potential for inelastic scattering as for the case of elastic scattering.

D.4 Spin-Flip
D.4.1 Useful Integrals

Some useful integrals used in the following are

d’k 2 frp(ek —Mo)) Jo df sin 6 cos® 0
o - T — d(ep) e
/ @m)? ( Oz.s (er) T dfsing

= 2di(er), (D.32)
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Bk 2 fFD(&?k,s - Mo)
/ (Qﬂ)3vcos 0 <8€ks >

1 hk? o hK?
_W/ df sin  cos® 9/ —dk& (EF—E?S— Qm)

oo 3
! _2/ k" S~ )
0

T (2023 m h2k

(2m)
I s

_ D.

67T2h Fg» ( 33)
and
PE 5 Jrp(Ek,s — f10)
/(271_)311 cos 9<_85k‘s =

1 T h2k4 o hK?
W/ df sin 6 cos® 49/ 5 dkd (EF—SS— 2m>

R m
/ Ak bk~ )

1 k3
—— D.34
672 m m’ ( )

which will be used to find the electron distribution functions when including spin-
flip.

D.4.2 Spin-Flip in the Boltzmann Transport Equation

We include spin-flip in the BTE by introducing the term (f; — f_,)/75f on the
RHS of Eq. (7.34), such that the linearized BTE for a steady-state is
Ofs Ofrp(€k,s — o) fs=fs)p  fo—f-

LR : —_— = D.35
v 9% + Fiot op - + ot ( )

with 75f as the spin-flip rate for spin s flipping to spin —s.

The solution ansatz for fs(z,l;) is the same as for inelastic scattering, in Eq.

(7:33), i.e.
ﬂ@ihzﬁm@hrﬂ%@ﬁ+(—

With f, from Eq. (D.36) it is necessary to calculate the term

afFD@k,s—M)) cosOgD (2 k). (D.36)
Ok s

Ofrp(ek,s — Ho)

Dens cosOgH)

fs - f—s :fFD(gk,s - Ns(z)) - fFD(gk,—s - /.L_S(Z)) -

OfFDa‘c‘;k:sS Mo)) COSGg(fS)

0 s —
fep(ek,s — po) — frp(ek,—s — po) — %ﬂo) (us( ) = o + cos 99(1))
Ofrp(ek,—s — to) _ )
( St (s (2) = o+ cost). (D.37)
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where it is assumed that pg > ps(2) — po-

It is important in the case of spin-flip that the Fermi energy lies at different kr,,

i.e.

dfrp(Ek,—s — Ho)
85]@775

Ofrp(ek,s — Ho)
a&k,s

+

such that it is necessary to do the integrations of the BTE over energies explicitly.

By using Eq. (D.37)) and inserting f, from Eq. (D.36) in the BTE in Eq. (D.35)

the result is

1)
vcos@( 8fFD> <(‘3,u3 — e, +cos€ags )

, (D.38)

B Ok s 0z 0z
— <_g?:z> <_ Cojjggl)) + % (frp(ek,s — p0) — frp(€k,—s — H0))
+ % ( (‘Zii) (Ms(z) — Mo + cos 99§1))
(Y () o eoseg) ) (D.39)

By using Eqs. (D.33), (2.14]) and (2.16)), the integration over all momentum vec-
tors, f(gng)%, of Eq. (D.39) is

S
TS

()00 (52)1 -0

= (0 =%+ (o) (1a(2) — o) — (o) (s (2) — o)
) (D.40)

1 ag) 1 43k
mkﬁ%s? =— /W (fep(ek,s — to) — frp(Ek,—s — H0))

since all terms proportional to cos 6 integrates to zero.

A multiplication of Eq. (D.39) with cos# and then an integration over all mo-
mentum vectors, gives the relation

1 2 3;1@(2) d3k 2 afFD (1) 1 1
— FS — _ _
GWthFS ( 0z rot / (2m)3 cos™6 Oek,s 95 st Tl
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by using the integrals in Eqs. and (D.33). The calculation to find the full
solutions for ps(z) and p—4(2) from Eqs. (D.40) and (D.41) would require a lot of

algebraic manipulations, since the equations are coupled.

We assume now that the time between spin-flipping scattering events is much

longer than the time between elastic scattering events, i.e. T—l > Tsf, where 75F is

a characteristic time for scattering which flips the spin from s to —s. By keeping
only the lowest order terms in Eq. (D.40) then

(1)
o (- ). (D.42)

0z T5tup, ds(er)

We further approximate the term d_s/ds ~ 1+ Aex/(2er) + O(( ) )~ 1. In
this approximation Eq. reduces to

89(1) 3

02 ~ %(#s(z) — p—s(2))- (D.43)

By neglecting the terms ~ Tlsf in Eq. (D.41)) it reads

Ops(2) s _ 1 (1)
02 Fiy(z) = mgs . (D.44)

We now combine Eq. (D.43)) with the spatial derivative of Eq. (D.44) such that

9 pus(2) o OF%, 3
92 9z TaTsivg (hs(2) = p—s(2)), (D.45)

which gives the differential equation for the difference between the spin chemical
potentials

9 (us(zg;u—s( ) | /\12f (s (2) = pi_s(2)) = 83?’ (D.46)

where we defined the constant

1 3 1 1
— = — + . D.47
)\gf Tel (75%%5 Tifsv%_s> ( )

A check for the differential equation in Eq. (D.46) is by checking the limit of
no spin-flipping scattering events, i.e. when 1/ )\zf — 0 which is equivalent with
letting 1/75f — 0 in Eq. (D.47)). In this limit Eq. (D.46) reduces to

O (1y(2) — p_y(2) _ OF,
5 =52 (D.48)

which is the same as the case of inelastic scattering, with spin chemical potential
from the differential Eq. (7.37).
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