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Abstract

A Kondo lattice skyrmion model in contact with a macroscopic environment is simulated to
explore skyrmion dynamics, which is an extension of previous work [1, 2]. The system is sim-
ulated using non-equilibrium Green’s functions within the generalized Kadanoff-Baym ansatz
and the wide band limit. To get a time-linear scaling, we present an approximation to the
collision integral, which offers a good trade-off between computation time and accuracy. We
find a new regime of skyrmion dynamics when the current from the macroscopic environment
is sufficiently high, and the effect of impurities is explored. Furthermore, an analysis of the
itinerant conduction electrons shows that a nontrivial topology is present when a skyrmion
is present.
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CHAPTER 1

Introduction and Theory

1 Introduction

The governing equation of quantum mechanics is the Schrédinger equation: it prescribes
how the wavefunction propagates through time. The wave function is the quantity usually
needed to calculate the probabilities of outcomes in experiments. As physical systems be-
come smaller, a quantum description is necessary. The classical description is then no longer
complete. Today electronic devices are at the scale where quantum effects start to appear
and nano-scale systems have become all the more important in research and society. Hence,
there is an immense need to solve the Schrodinger equation in such contexts.

Nevertheless, simulating nano-scale devices from first principles is a significant challenge of
modern physics since the calculations complexity grows rapidly with the number of particles.
It is especially difficult if the particles interact; when there are multiple interacting quantum
particles, this becomes a many-body problem. Even if one could solve the many-body prob-
lem to get the full many-body wave function, it would not be of practical relevance since
it contains too much information. Therefore often reduced quantities are calculated, for ex-
ample two particle correlation functions. Such functions can then be related to the physical
quantities of interest since almost all physical quantities can be described by two-particle
correlation functions. Another route is to simplify the problem by considering one particle at
a time. If the particles are not interacting: this is in fact several one-particle problems. Such
problems have a known solution which has the mathematical form of a matrix determinant,
called a Slater determinant if one is considering fermionic particles (for bosonic particles the
solution is a permanent rather than a determinant).

A great advance in the field of many-body theory came during the 1960s with Density func-
tional theory (DFT) [3, 4]. DFT provides an exact mapping between an interacting many-
body problem to multiple non-interacting problems, and as previously mentioned a single
particle problem is easier to solve than an interacting problem. However, often the cen-
tral quantity in DFT, called the exchange correlation potential, is very difficult to compute



2 CHAPTER 1. INTRODUCTION AND THEORY

without making approximations. This limits in an important way the phenomena DFT can
describe.

Traditionally strongly correlated materials have been out of the reach of DFT, both in and
out of equilibrium. Green’s function techniques are considered the natural way to proceed.
The Green’s function (GF) is a correlation function between two points in space and time, so
one expects no correlation between points with a large separation and thus the GF vanishes
for two distant points in space-time. Contrary to the GF, the one-particle wave function that
is used in some DFTs only depends on one position in space and time. In GF theory, the
central quantity is called the self-energy, which technically is an integral kernel and therefore
it is a function of two points in space and time. We will be dealing with Non-equilibrium
Green’s functions (NEGF). The equilibrium counterpart is a special case of NEGF, where the
Hamiltonian is time-independent. Often, pure NEGF is not used since the two-time scheme
necessitates a cubic computation time as a function of the number of time-steps. A stan-
dard approximation is the generalized Kadanoff Baym ansatz (GKBA), where the two-time
scheme is replaced by a single-time scheme for the one-particle density matrix, and then one
gets quadratic computation time. In this thesis, NEGF with GKBA will be used to simulate
the time evolution of a system from its initial preparation.

We will focus on a setup that is close to an experimental scenario: a central system in con-
tact with an environment. The environment is modeled as metallic leads where a bias can be
applied, which allows us to address quantum transport. The electrons in the leads are free
to move as in a metal, thus they act as a source and a drain to (de)stabilize the electrons
in the system. The environment introduces an extra term in the collision integral, called
embedding self-energy. A common problem in NEGF+GKBA is the appearance of quadratic
computation time due to the collision integral. The collision integral is complicated due to
the integral kernel, i.e. the aforementioned self-energy. For our purposes, the self-energy
includes the effects of the metallic leads. However, in general, many-body interactions also
contribute to the self-energy.

Recently a scheme called G1-G2 was proposed to deal with the collision integral, which was a
significant advance in the field of NEGF [5]. The G1-G2 scheme yields a time-linear scheme
for many-body self-energies. Nonetheless, it is not clear how to apply the G1-G2 scheme for
self-energies coming from leads, called embedding self-energies.

A scheme was proposed in [6] where the collision integral is approximated by doing a Padé
approximant of the Fermi-function, which yields a time-linear scheme even for embedding
self-energies. The scheme is time-linear, and later in the next chapter (section 1.6) we will
see that still 40-80 quantities need to be evaluated at every time-step.

In this work, since we treat large central magnetic regions and perform time propagation
to rather long times, we consider a non-interacting approximation to the collision integral.
While approximate, this prescription retains the linear time scaling but requires a maximum
of only two quantities to be evaluated at each time step. As shown later, our approximate
scheme provides a reasonable trade-off between computation time and accuracy.

The aim of this thesis is to simulate skyrmions in lattice models, where the Hamiltonian
used was introduced in previous work [1] and can be derived from a two-band s-d model
[2]. A lattice model is a model that lives on a discrete set of points: instead of simulating a
continuous space, one can restrict the simulation to discrete lattice sites. This is motivated
by the physical scenario that one is faced with in a solid, where atoms are bound together
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to form a periodic structure. The discrete set of points then corresponds to the orbits of
the atoms, where electrons can reside. Lattice models are used extensively in condensed
matter theory. An early example of this type of model is the Ising model where there is a
spin at every lattice site and the spins can only be up or down. The spins interact between
nearest neighbours such that they gain energy when nearest neighbour spins are not aligned,
if we assume ferromagnetic coupling. To minimize the energy, all spins want to align in one
direction, which gives rise to a ferromagnetic order in the lattice. One could also consider
anti-ferromagnetic coupling, promoting a state where the spins are misaligned. Despite its
simplicity, the Ising exhibits a phase transition at a critical temperature T, between an or-
dered and a disordered state, called an order-disorder transition.

A more faithful representation of the localized moments in a solid is given by the Heisenberg
model, where the moments can point in any direction. The interaction between moments is
through an exchange interaction, which also favors alignment when we have ferromagnetic
coupling. The exchange interaction is a manifestation of the antisymmetry of electrons, and
responsible for ferromagnetic order in real materials. In addition, many materials exhibit
also an antisymmetric form exchange, called Dzyaloshinskii-Moriya interaction (DMI) which
favors orthogonal alignment between moments. The symmetric exchange is mathematically
a dot product and the antisymmetric exchange is a cross product, therefore the magnitude
is given by cos(f) and sin(6) respectively, where 6 is the angle between the two spins which
interact. The sin(f)-function is anti-symmetric and the cos(f)-function is symmetric, hence
the DMI vanishes when the lattice is symmetric with respect to a fixed point i.e. in the
presence of inversion symmetry.

The localized moments do not tell the whole story, since often the localized moments coexist
within a sea of itinerant electrons (one can for example think of localized magnetic moments
originating from unfilled f-shells, which coexist with itinerant (s-p) and more localized (d-)
electrons). A most striking example is provided by the Kondo effect, which occurs when
one decreases the temperature in a metal and measures the resistivity. From Fermi-liquid
theory, one expects a quadratic decrease, but experiments showed that the resistivity of the
metal stops decreasing after a certain point and starts instead to increase giving rise to a
resistance minimum [7]. The Kondo model was introduced to explain this phenomenon and
it describes a single localized moment coupled via exchange interactions to the spins of a sea
of itinerant (conducting) electrons. Kondo showed that this model gives rise to a minimum
in the resistance as a function of temperature, due to the renormalization of the coupling
constant at low temperatures. Even though a resistance minimum was found, a new problem
arose: the coupling constant diverged at zero temperature. This issue was long a problem in
condensed matter physics, until it was solved in the 1970s by Wilson using renormalization
group techniques [8]. The Kondo model is analytically tractable, but one needs to complicate
the picture further to go further toward realistic systems. In principle every lattice site could
have a localized moment, and this is precisely the scenario to be considered in this thesis,
namely a Kondo lattice where the localized spins also experience the Dzyaloshinskii-Moriya
interaction.

A cubic B20 MnSi compound could be considered a Kondo lattice, since experimentally one
has found localized moments at every site and there are bands that indicate the presence
of conduction electrons [9]. B20 is a classification of the crystal structure and there is a
corresponding symmetry group. MnSi is expected to have a competition between localized
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moments and free electrons due to the d-orbital character of Mn and the p-orbital character
of Si. Nonetheless, B20 MnSi is far from completely understood. Due to its lack of inversion
symmetry and non-Fermi liquid behaviour it has gained attention in recent years. It was
in fact, in B20 MnSi that magnetic skyrmions first were observed experimentally [10]. Only
later on magnetic skyrmions were also found in many other compounds with broken inversion
symmetry.

Magnetic skyrmions are topological excitations that are stabilized from the competition be-
tween Dzyaloshinskii-Moriya interaction (DMI) and the ordinary Heisenberg exchange inter-
action [11]. Consider a two-dimensional lattice with these two interactions. The DMI wants
the spins to form a 7/2 radians angle, and if we only have DMI interaction, then four spins
in a square would form a full loop due to them being orthogonal to each other. However,
we also have the exchange interaction that promotes the spins to develop a 0 radians angle,
which means that the favored angle for the moments is somewhere in between 0 and /2
radians. Such energy balance gives rise to the magnetic vortices, called magnetic skyrmions,
which are observed in for example B20 MnSi.

Magnetic skyrmions have recently garnered attention, since one can create memory devices
using skyrmions, called race track memories [12]. A race track memory is a device containing
a long magnetic stripe, the “racetrack”. The racetrack is divided up into cells, where there
is either a single skyrmion or no skyrmion at all and this is what gives either a zero or a
one. These cells are not divided by a physical barrier, instead there is a confining potential
at every cell. A physical barrier could cause the skyrmions to annihilate. A possibly more
effective experimental realization is to have skyrmions or antiskyrmions in each cell, for ex-
ample a skyrmion is a one and a antiskyrmion is a zero. One then applies a magnetic field
to flip the skyrmion into an antiskyrmion, and uses the opposite field to flip an antiskyrmion
into a skyrmion. To achieve high-quality racetrack memories, one must create and destroy
skyrmions with high precision. Furthermore, the movement of the skyrmion is crucial to
understand, since in some racetrack memories, the idea is to move skyrmions along the race-
track. Finally, small impurities in the racetrack could annihilate the skyrmion and it is key
to understand how pure the racetrack must be.

In this thesis we will address these questions by developing a new approach to transport
in skyrmion systems, by considering a non-interacting approximation to the NEGF+GKBA
collision integral. We will investigate the role of electronic currents and magnetic impurities
on the motion of skyrmions using the new method. This will also allow us to study some
of the properties of the itinerant electrons, an aspect that so far has virtually received no
attention in the literature.
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2 Theory

2.1 Emergence of antisymmetric exchange

Antisymmetric exchange is a consequence of

superexchange in the presence of spin-orbit

interaction, where superexchange is the ex- T RN 07T ~
change interaction of ions through an inter- 2 N Y
mediate atom. For example, in MnO the ¢
Mn atoms are not directly bonded, hence

they are not expected to interact through flf flf |
exchange. Nevertheless, an exchange inter-

action is present which is mediated by the

oxygen atom. Strictly speaking, it is not @
necessary to have an intermediate atom for
antisymmetric exchange, but it is often the
case. The authors in [2] showed that anti-
symmetric exchange could be derived in a
single-band Hubbard model with spin-orbit
coupling. The exchange interaction can be
understood for two isolated electrons as a
consequence of the total wavefunction being
antisymmetric. It is energetically favorable for the electrons to have a spatially antisymmet-
ric wavefunction, since that minimizes the wavefunction overlap and, therefore the Coulomb
repulsion between them. Since the spatial part is antisymmetric and the total wavefunction
is also antisymmetric, the spin part is forced to be symmetric. Effectively there is an in-
teraction —JS; + Sy (J > 0) which favors parallel alignment of the spins, where J > 0 is
aforementioned ferromagnetic coupling which promotes ferromagnetic ordering in the solid.
We could also have anti-ferromagnetic coupling J < 0, favoring anti-alignment, which would
produce an ordering where the spins flip at every lattice site. For more than two particles,
the situation is much more complicated, even more so when the exchange is mediated by an
intermediate atom and spin-orbit coupling is present.

The original derivation of antisymmetric exchange by Moriya [13] was based on Anderson’s
theory of superexchange [14]. At the time Moriya strongly suspected there to be an anti-
symmetric exchange since two years prior Dzyaloshinskii had provided a phenomenological
theory for a-FesO3 where an antisymmetric exchange appeared. However, we will give a more
modern discussion based on [15]. Consider a general Hamiltonian for a lattice containing two
types of atoms, where one has p-type (the O) orbitals, and one has d-type (the Mn) orbitals
as in Fig. 1.1

Figure 1.1: MnO structure. The energy lev-
els for the two outermost valence electrons
of Mn*" ([Ar]3d°) and O®" ([He|2s?2p?) are
drawn schematically.

H = ZEm jmo ]mo + Zgnpknapkmf + U Z Jm?t jm’i ]m’idymT

jmo kno gmm/

+ Z ]mkn ]mgpkna+hc +)\ZL S]v (11)

(jkymno J
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(jk) signifies summation over nearest neighbour sites, d]mg (djme) is the creation (annihila-

tion) operator for a d-electron in the m-th orbital on the j-th site with spin o, p;r-ma (Pjmo)
is the creation (annihilation) operator for a p-electron in the m-th orbital on the j-th site
with spin o, €,, is the energy levels of the d-orbitals, €, is the energy levels of the p-orbitals,
U is the Coulomb repulsion, A is the spin-orbit interaction on the d-orbitals and Vj,, x, is
the amplitude for an electron to jump from the site k£ to j and orbital n to m. The indices
j and k run over lattice sites, indices m,m’ and n run over orbitals and o is the spin of the
orbitals. We now project the Hamiltonian on the low energy subspace which only contains
the lowest orbital in Mn, mathematically one can do a first-order perturbation calculation in
Asince L; - S; = L;,5;. + +(L;+S;j— + S;+Lj_) is what mixes the orbitals [15, 16].

eff Z Skpkngpk:na + U Z dJOdeoJ,d]OidjOT + Z jO kn JOo'pan + h.c. ) (12)

kno (jkymno
mO
+ 3> Chin (d)guTappurs + h.c) Cikn = —5 Z = Vim.kn (1.3)
(jk)n af

We get a new term where the spin can flip when hopping from Mn to O and vice versa, which
is the only effect of the spin-orbit interaction left. We now have a simpler Hamiltonian which
has a strange type of hopping term.

To understand the exchange interaction we take a slight detour into a simpler model called
the Hubbard model:

Hyw =V Y (dlydio +hc) + U didl d;ydyy, (1.4)
j J

which is a very simplified version of the Hamiltonian above. Furthermore, the energy scale in
the Hubbard model is U/V', this contains only one species of particle and one orbital. In the
limit of large Coulomb repulsion U/V, the electrons get localized on lattice sites. If we are
at half-filling, there will be one electron per lattice site, since double occupancy is penalized
by an energy U. One can perform a second-order perturbation theory calculation to find an
effective Hamiltonian [17]

T Si-8;, (1.5)
ik

where J = 4V /U is the exchange interaction, S; = Y, d! o .3dis and o, is the components
of the vector containing the Pauli matrices (o,,0,,0,). It is crucial to consider half-filling,
otherwise we get extra terms in the perturbation theory. As a matter of fact, this result was
obtained already in Anderson’s model of superexchange [14].

Inspired by the Hubbard model, we analyze the limit of small hopping, since this is the
regime where the exchange interaction is expected to dominate. One should consider the
fourth-order terms in Vjg 1, with perturbation theory, since it takes four jumps for a hole to
go from an Mn atom and back. We get the new term [13, 15]:

H, = JZ S, - Sj + ZD” - S; X Sj + Z SZ?WS] (16)
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<=
J is the ordinary Heisenberg exchange, D;; = —Dj; is the DMI and I';; is the tensor part
where the arrows signify that dot-product should be taken to the left and the right. Moryia
provided a simple estimate for the order of magnitude of these terms:

Dy ~ (Ag/9)J fis T 5| ~ (Ag/g)2Thyj, (1.7)

where ¢ is the gyromagnetic ratio in the solid, Ag is a deviation of the gyromagnetic ratio
compared to a free electron, f;; and h;; ensure the correct site dependence. Within the

=
estimate | I' ;;| is the smallest, hence I';; will not be considered in our calculations.

2.2 Spin dynamics

Most treatments of skyrmions are through purely classical equations, either the Thiele equa-
tion or the Landau-Lifshitz-Gilbert (LLG) equation [18, 19]. The LLG equation is given
by

ds; ds;
¢ = — Sl Fl S’L Z, 18
p vS; X F; +aS; X ¥ (1.8)

here v is the gyromagnetic ratio and « is the magnitude of the phenomenological Gilbert
damping. If the spins were completely isolated, we would only have the first term, where F;
can include the forces from for example: Heisenberg exchange, DMI and external magnetic
field. The second term dissipates energy such that the spins relax to the ground state after
some time and can be imagined to come from e.g. lattice vibrations or a thermal bath.
The LLG equation describes the movement of localized moments only, which is insufficient
to analyze current-induced skyrmion transport. However, it is not clear how to incorporate
current through the sample in simulations of the LLG equation, since free electrons are not
simulated. Often the moments of itinerant electrons interact with the localized spins through
a Kondo coupling

_gzsi - §i, (1.9)

where ¢ is the strength of the interaction, S; is the classical spin on lattice site ¢ simulated
in the LLG equation and §; is the quantum spin of the itinerant electrons at site i. We
will assume a positive coupling in this work, which promotes the alignment of the itinerant
electrons with the localized moments. To derive an effective theory for only the localized
moments, one assumes that there are itinerant electrons flowing through the system which
are coupled to the moments through such a Kondo coupling, and the coupling is taken to
infinity such that the moments align [20, 21]. One also needs to assume ballistic transport,
furthermore the itinerant electrons are assumed non-interacting, and in such a scenario one
can write the energy for the interaction by analogy. However, the analogy only holds to
first-order in the magnetic potential. The result is the following approximate equation:

pa’B

ds;

dt

ds; pa®
=—S; X F; Si X — +——({-V)S; —
~vS; X F; + aS; X v - 5 (G-V)
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Here, e is the elementary charge, j is the current, a is the lattice constant, p is the spin
polarization of the current and £ is the magnitude of the force from the current due to non-
adiabatic effects. The third and fourth terms are now due to an electronic current through
the system, where the [-term does not come out from the derivation, instead it is added
afterward as a way to include a force that is perpendicular to the force term coming from
the current. One can imagine that it arises because the itinerant electrons are not perfectly
aligned with the localized moments. The procedure gives an extra force in the LLG equation
and the effect of the itinerant electrons is then reduced to a constant vector j in the equation
of motion for the localized spins. This results in a linear dependence of the skyrmion velocity
on the current [22-24]. However, if the system is simulated on a lattice, then there is a
critical current j. needed before the skyrmion starts to move [25]. A further simplification
to skyrmion dynamics is given by the Thiele equation [22], which assumes that the skyrmion
shape is constant. The Thiele equation is a drastic approximation, since only the center of
mass (CM) of the skyrmion is simulated. It is given by

G X (Vs —vg) + D(fvs —avy) =0, (1.11)

G = (0,0,47Q) is the gyromagnetic coupling vector, @) is the topological charge of the
skyrmion which will be addressed in section 2.3, D is the dissipative force tensor, v4 is the
velocity of the center of mass of the skyrmion and v, = —’”2%3 j is the velocity of the itinerant
electrons. The Thiele equation provides the following relationship for the current:

Vi=V|+ VL (1.12)

(1.13)

_ (B a—p _ (a=p)D/G) .
i (a T B(DjGr T a>VS My R

The Thiele equation is in good agreement with LLG equation simulations, except when
the current is low or when the skyrmion disintegrates. The Thiele equation was originally
proposed to model the steady state movement of magnetic domains [26]. Later it was adapted
as a description of skyrmions, where it describes the center of mass motion of a skyrmion. It
is a phenomenological equation, however, it can also be derived by an appropriate ansatz to
the LLG equation [25]. The equation is simple enough that it allows for analytical solutions,
which often capture effects observed in experiments such as the spin-Hall effect. However, as
with the LLG equation, the Thiele equation is far from an ab initio calculation.

Clearly, an explicit inclusion of the electronic degrees of freedom should allow for a more
detailed (microscopic) description of the skyrmion dynamics. To exemplify this point, let
us look at a situation where we have a skyrmion in an otherwise ferromagnetic background
coupled through a local Kondo coupling to itinerant electrons. The abrupt variation in the
external magnetic field gives rise to interesting electrodynamics for the electrons passing by
the skyrmion. There is an emergent electric field arising from the topological current density,
and similarly there is an emergent magnetic field dependent on the topological charge density
[25].

However, more interesting for our scopes is to view these interactions as torques. The itinerant
electrons transfer their angular momentum to the localized spins when they flow through
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the lattice, conversely the localized spins transfer their angular momentum to the localized
spins. The phenomenon is called spin-transfer torque and a variation of it is used to create
magnetic random-access memories [27]. Note that spin-transfer torque is only present if the
spins involved in the process are not aligned, since otherwise the energy is already minimized
in the Kondo-term.

Similarly, let us consider the case where the localized spins are in a state with a single
skyrmion in an otherwise ferromagnetic background, and a spin-polarized bias is applied
in the itinerant electrons such that spin-up electrons flow through the lattice. Thus, the
itinerant electrons are spin-up when they reach the skyrmion. They will align with the
localized moments of the skyrmion as they go through the skyrmion, assuming that the
movement is adiabatic. In the center of the skyrmion the itinerant electrons will be spin
down and when they are on the other side they return to spin up again. The twisting of the
itinerant electrons passing over the skyrmion creates a force on the skyrmion, which could
make it start to drift. In the Results chapter, we will see that at high enough currents the
adiabatic picture is no longer valid.

2.3 Magnetic skyrmions

In the 1960:s, Tony Skyrme modeled nucleons with a non-linear sigma model [28], which
describes scalar fields that have non-linear terms in the kinetic energy of the Lagrangian.
Skyrme found that the conserved charge of the field was a winding number, which was
interpreted as the baryon number [29]. To have baryons a non-trivial topology was needed,
i.e. the field needed to twist N times to have N baryons. The topology stabilized the solution
and thus the nucleons in Skyrme’s model, now known as Skyrmions. Later skyrmions were
also predicted in solid state systems [30, 31]. However, the experimental observation only
came very recently [10, 32]. The advances in experimental technology and increased study of
nano-scale systems has lead to a variety of different magnetic quasi-particles, some examples
include magnetic vortices, bubbles and domain walls. Skyrmions are typically identified as
a magnetic vortex with a non-zero integer topological charge. We consider two-dimensional
systems from now on, but the discussion can be generalized to higher dimensions. As a
function of where we are in the lattice (state space) the direction of the spin (target space)
will change. In this context, the topology is in the mapping of the state space manifold D
to the target space manifold S2.

M:D— S* (1.14)

The localized spins have a constant length and can point in any direction, hence the tar-
get space is a 2-sphere. If we impose either periodic boundary conditions or homogeneous
boundary conditions:
lim n(r) =ny n(r) =n(r+R) ', T, R € R?, (1.15)
r—reo
then the state space can be compactified into D = S2%. Here, n is the normalized spin texture
and ng is the texture at the edge of the lattice. We can view the mapping M between the

two 2-spheres as how a sphere can continuously wrap around another sphere. If the wrapping
is continuous, it must wrap around integer times. The ways in which a continuous mapping
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between a sphere of dimension i to a sphere of dimension n is known as the homotopy group
of spheres ;(S™) and to calculate such groups is in general a difficult task. Although when
the dimension of the two spheres is the same, we always have that the group is the integers,
i.e. in our case we have my(S?) = Z. For example, consider a state where all spins point
upwards, that is described by zero wraps. Whereas if we have a single skyrmion, then we
wrap around the sphere one time.
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Figure 1.2: Some examples of spin-textures from the model in section 2.4. The DMI type
is either Neel (N) or Bloch (B). The non-zero parameters are: a) J = 0.5 D = 0.1 (B), b)
J=05D=01(B),¢c)h=005J=05D=08(B) K=06,d) h=0.05J=05
D =045 (B) K=0.6,e) h=-0.05,J=05D =045 (B) K =0.6 and f) h=0.05 J =0.5
D =0.45 (N) K = 0.6. The color in the spins indicates the z-component, red is +1 and blue
is —1, and the arrows indicate the direction in the xy-plane. The spin-textures have charges

a)Q=0,b)Q=0,¢)Q=-2,d)Q=-1,e) Q=41 and ) Q = —1.

It is useful to consider a measure of how topology reflects into the system’s physical properties.
This generally corresponds to classify features which manifest as localized “defects” in a a

topological sense. In the case of skyrmions, an suitable indicator is the topological charge,
defined as:

=p(z,y)

~

1 - - 1
Q= yym /dxdy S- (0,8 x09,8) = E/dxdy p(x,y). (1.16)
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Here, S = S(z,y,t) is the spin density of the system, which is a function of the position and
time. One can derive a continuity equation for the topological charge density [25],

% (z,9) +V-j=0, j=(8-9,8%x8S,-S-9,8 xS,0), (1.17)
and if we are considering a large enough volume such that the current vanishes at the bound-
ary of the volume, one can integrate this equation to find that the charge in (1.16) is con-
served. In a continuum description, the topological charge is conserved. However, as soon
as we go to a realistic system or a lattice model the topological charge is not guaranteed to
be conserved. Skyrmions are stabilized by a finite energy barrier in the discrete case, once
the skyrmion state has been created the system is stuck in a new local minima in the energy
landscape. Typically it is the DMI that stabilizes skyrmions, but other ways are also possible
(33].

In Fig. 1.2, we have some examples of spin textures. All textures except b) are fully relaxed.
The spin texture in Fig. 1.2b), called a skyrmion crystal, is temporarily stable but relaxes to
Fig. 1.2a) after some time. Skyrmion crystals have been observed in experiments [34], but
with the parameters chosen the skyrmion crystal is not stable in our model. The topological
charge of the spins in Fig. 1.2a) is zero, since we do not have a complete turn. Locally
Fig. 1.2b) has topological charges, but for the whole lattice the charge is zero. The spin
texture in Fig. 1.2¢) has Q) = —2, since there are two closed blue loops. However, this is not
easy to see just by looking at the image. The last row of Fig. 1.2 displays typical skyrmion
configurations.

The particular type of skyrmion that is realized in a system depends on the symmetry of the
material. For example, in Fig. 1.2d), we have a Bloch skyrmion which looks like a vortex.
Another common skyrmion type is a Neél skyrmion, shown in Fig 1.2f): in this case, the spins
point outwards instead of along the boundary of the skyrmion. Skyrmions occur in very many
materials and at different temperatures. For illustration, in Table 1 we give a few concrete
examples of materials, together with the respective type of skyrmions supported. Often, but
not always, Bloch skyrmions appear in bulk materials with broken inversion symmetry. Néel
skyrmions are common for interfaces, where the surface breaks inversion symmetry.

Material Skyrmion type Temperature observed [K] Wavelength Ay
MnSi Thin Film Bloch <5-23 18 nm
FeGe Bulk Bloch 273-278 70 nm
(Pt/Co/MgO) thin layer Néel = 300 500 nm
Ga 'V, Sg Bulk Néel 9-13 17.7 nm

Table 1.1: Some examples of materials where skymrions have been observed, taken from [12].
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When moving to a lattice, it can be shown that a suitable definition of topological charge is
[35]

1
Q= Z Qiji (1.18)
{i,5,k}eA
eXp(zQUk/2) = (1 + Sz . Sj + Sj . Sk + Sk . Sz + mwkSl . (S] X Sk))/ngk (119)
Pijk = \/2(1+S¢-Sj)(1+Sj +Sk)(1+Sk-S;) (1.20)

The sum is over the triangulated lattice, where A is the set that contains the indices for the

lattice sites which span the triangles for every triangle in the lattice. 7;;, = sgn(S;-(S; X Sg)),

which ensures that the last term is positive. The formula for the topological charge is strictly

speaking for classical spins, but the formula can be extended to quantum spins

S; = % Q= ﬁ > Qui(Si.8;.8k). (1.21)
¢ {i.j,k}eA

It is somewhat unsatisfactory that () is not an observable in this formula. The scalar spin
chirality is an alternative which is an observable

1 ~ ~ N
Q== > Si-S; xS, (1.22)

T
{igkreA

but it is not an integer. This is the continuum definition of charge with S naively discretized
as quantum spin operators, therefore it can give an indication whether or not we have a
topological state but not more than that.

2.4 The effective Hamiltonian

Ideally one would want to do a full quantum mechanical calculation, where all microscopic
details is taken into account, but this is far beyond the reach of computers today. An
alternative is to do an ab initio DF'T calculation with some approximation, such as the
local density approximation for example, although it is not clear if that can capture the
strongly correlated effects. Inspired by the success of the Kondo model, we will consider a
system where there is a competition between itinerant and localized electrons. Therefore we
will consider an effective Hamiltonian for s-d electron systems. The model presented could
also describe a magnetic insulator or a thin film proximity coupled to a conductor, hence
the 2D system could be realized on a thin film Fe/Ir(1,1,1) or Pd/Fe/Ir(1,1,1) proximity
coupled to a conductor, hence the 2D system could be realized on a thin film Fe/Ir(1,1,1) or
Pd/Fe/Ir(1,1,1) as further discussed in [2]. Here, (1,1,1) is the Miller index of the thin film.
The system we consider is described by the following Hamiltonian:

H = H,(t)+ H,_q+ H,, (1.23)



2. THEORY 13

where,

Hs(t) = ZCJ-J(—ISS]I + aij . T)UU/C]'U/ —|— Z éig(t)fbig — B . Z éz‘, (124)
(ig) 10 )
Hs—d = —gZéz . Si, (125)

Hi=Y [Jij/2si .8, +D,;/2-8; x Sj} -B-Y 8, - K2 8. (1.26)

(i) i i
Here, and in the rest of the section, summation over repeated spin-indices is implicit. Also
¢! (ciy) creates (annihilates) a itinerant electron on site i with spin o, dl (di,) creates
(annihilates) a localized electron on site i with spin o, g is the Kondo coupling, B is an
external magnetic field, J;; is the Heisenberg exchange interaction which we will take to
be on the form J;; = J unless otherwise stated and D;; is the DMI. Henceforth, we will
refer to the localized electrons as localized moments or localized spins. Furthermore, %, is
the ordinary hopping, c; is the spin-orbit induced hopping, €;,(t) is the on-site energy,
Nig = c;cw, T = (Ty, Ty, 7.)T is a vector containing the Pauli matrices, SZ = dZUTM/dw/ and
S, = cjgrog/cioz. Concerning the DMI we will only talk about the magnitude D and type,
since the 77 dependence is then clear:

D;; = D(j, — iz, jy — iy, 0)" (Bloch),  Dij = D(j, — iy, iz — ju,0)" (Néel).  (1.27)
Similarly for the Rashba spin-orbit coupling oy;; we will only talk about the magnitude:
A5 = iaR(jy - 'L.yv ZJ? - j:m O)T (128)

Note that the first 7 in this equation is the imaginary unit, whereas the second is the lattice
site. One can imagine the directional dependence of ay; is gained due to the directional
dependence of the angular momentum matrix elements in (1.3).

Clearly we have two systems that only interact via their spins, one system contains s-electrons
and one contains d-electrons. In experiments, the skyrmions are observed in the localized
d-electron spins. In Table 1.1, we can see that typically the wavelength of skyrmions is
on the scale of tens of nanometers [12, 36], hence a classical treatment is often necessary.
Considering a lattice spacing on the order of a few Angstrém one realizes that there are
roughly 100 spins across, therefore a two-dimensional skyrmion consist of ~ 10000 spins.
Such sizes are currently out of the reach of a full quantum treatment, and often they even
justify a continuum limit, called the micromagnetic limit in the context of skyrmions.

Most people treat the localized spins classically through such micromagnetic simulations or
more sophisticated atomistic models, where the lattice structure is considered. Nevertheless,
these are entirely classical treatments, and in such simulations the s-electrons are neglected.
Instead, in our approach we keep the s-electrons as they are and take the classical limit of
the moments in (1.26) by letting S; — (S;) and determining the time-evolution using the
Ehrenfest theorem:

ds;
dt

=8; X | Y S(J;S;+ Dy x S;) — g{8:) — 2(B+ KS;.) | (1.29)
)
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The classical limit approximation is exact when |(S;)| = S — oo [37, 38]. The result is
an equation of the Landau-Lifshitz form, where we will add damping to get the full LLG
equation as mentioned in section 2.2 except from the current. In our case, the current enters
as the force g(8;). The spins have been rewritten as normalized vectors S; = (S;)/S. Since
the localized spins are now classical, they act as a set of external fields on the itinerant spins.

2.5 Observables

We will calculate a few key observables in the coupled spin-electron system. First is the cur-
rent from each spin-resolved lead «, where one can derive a formula by taking the derivative
of the number of particles in each spin-resolved lead and multiplying the result with their
charge: I, = q%. The particles in each lead can only go to the system. Hence the change
of particles times their charge is current. If one assumes that the Matsubara components are
included by attaching the leads slowly (we will discuss this in the next chapter section 1.5),

then one gets the Meir-Wingreen formula for the current [39, 40]:
I, = 2qRe{Tr([Z5 - G* + 28 - G<] (t,1)) }. (1.30)

In this form, it is clear that the current is essentially the trace of the collision integral. Hence
there is no need for time-propagating this expression since one can take the trace of the
collision integral. Another important quantity is the Density of states (DOS), given by:

DIE)= Y 6E-E)~Y o ;/:;2 = (1.31)

, where F, is the eigenvalues of the Hamiltonian. Strictly speaking, the delta function is
not a function, it is a distribution. However, when visualizing the density of states, one
often replaces the delta functions with Lorentzians of finite width. In experiments, there is a
broadening of the states due to either thermal effects or natural broadening. However, our €
is arbitrarily picked to aid the visualization of the DOS. The local density of states (LDOS),
which we denote by g(FE,i,0), is intimately related to the DOS:

g(E,i,0) =Y 6(E — E))|(io|\) %, D(E) = _9(E.i,0), (1.32)

where i is the lattice site, o is the spin and |\) is the eigenstate. For the LDOS, one also
needs to introduce a broadening in order to visualize. The form shows that the LDOS also
gives local information; the delta functions are weighed such that the spectrum is dominated
by the eigenstates, which are most prevalent on any given site and spin.

The Chern number is the hallmark of nontrivial topological behavior; for instance, it ap-
pears in the quantum Hall effect. In an adiabatic time-evolution, the system remains in its
eigenstates |n) up to a phase.

In(t)) = e ) (1.33)

Consider an adiabatic process where the parameters are {Ry,..., Ry} changed in a cyclic
fashion. One can show that one of the phases, called the geometric phase, is given by [41]:

T (C) = % A,-dR = / V x A, -da. (1.34)
c AT Tt
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Under ordinary circumstances, 7, (C') is zero since the integral is over a closed loop C. How-
ever, one can not always find a single A, (R) for all points R, where one of the conditions is
that B, is divergence-free. We will calculate the Chern number using the parameters {k,, k, }
using Berry’s formula [42], although the formula can be used with any set of parameters.

B, (ks k) Imz

m#n

(ks ky) |G ke, b)) (ks by)| 5 (ks Ky )
(B (ko ky) = En(ka, ky))?

(1.35)

The Chern number is now the integral over the Berry curvature:

Ch / / (ks ky)dk,dk,,. (1.36)

The parameters k, and k, are the k-space points acquired when one Fourier transforms the
Hamiltonian, which is justified by the fact that periodic boundary conditions are used when
the Chern number is calculated.



CHAPTER 2

Methodology

1 Nonequilibrium Green’s functions

1.1 The contour

We now turn to a discussion of how electrons are described within our scheme. In the absence
of electron-electron (e-e) interactions, and for finite electron-spin systems, a wavefunction
approach for the electrons is possible. However, with e-e interactions, and/or when the
system is in contact with reservoirs, NEGF provide a natural formalism. In the following,
we give those essential elements of the NEGF technique, necessary to follow the description
of our approach, or more details the reader is referred to [43]. The time-evolution of the
wavefunction is given by the time-evolution operator

d
Ut to) [1h(to)) = [¥(1)) @au(tat@ = H)U(t, t), (2.1)
where i = 1. The most general solution is given by:

.t / /
T L et i HE t >t

Z/{(t,to) - _ . N 14t
T L Jip HOOAE } t <t

(2.2)

where 7T is the time-ordering operator, which orders earlier times to the right. Similarly, we
have defined an anti-chronological ordering operator 7, which orders later times to the right.
For example:

T{A®)B(t+ 1)} = B(t + 1)A(t), T{A®)B(t+1)} = A{t)B(t+1). (2.3)

16
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The expectation value of an operator is on the following form

O(t) = (1) Ot) [1:(1)) = (W (to)] U(to, DO(ENU(L, o) (1)) (2.4)
= @to)| T{ o "M LOW T " L u(ty))  (25)
= (k)| T{ o OOt O [y (1) (2.6)
= (W(to)l T{OWe 71 L [y to)) (2.7)

we have ordered everything along the contour ¥ (see fig. 2.1). In (2.5), the anti-chronological
time-ordering operator orders everything along v_ whereas the chronological time ordering
operator orders everything along 7, and we have O(t) in the middle. Clearly, this structure
is captured by 75. Even if O(t) is in the Schrodinger picture, we need to write out the
time-dependence since we would not know where along the contour to put the operator O

A T+

ty —— ~ ¢t 7=+ D
® > > ®
< - — — >

0 < < L 5

w{ — 7= M

Y-
v o-iB

Figure 2.1: The contours drawn in the complex plane, v, and v_ are shifted an infinitesimal
amount of the real axis. The end and start points of each contour are explicitly written. The
arrows indicate the direction the operators are ordered.

The treatment above is useful if we are at zero temperature. If we consider finite temperature,
i.e., a system prepared in a thermal bath, then we can extend the contour to include those
effects. Consider a system with time-independent Hamiltonian H,;, which is prepared in a
thermal bath at inverse temperature 5. The ensemble average in quantum statistical physics
is calculated by using the density matrix p

oo BT { O () 10
0(2) = Tr(p()0(2)) = Tt (pT{ O(z)e S HE1) = e TTEZEIBMB) })

Tr( —i [, Hud? TW{OA(z)e_if% H(2')dz' })
= Tr( =T HMdZ) ) (2.9)

As long as the endpoints of the path ~,; satisfy

—if =z — z, (2.10)
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we can have whatever path vy, we want. The Hamiltonian is now defined along v,; where
we get Hy, and along 7 we still get H(t). Notice that:

To{ e L — U, UL 1) = T, (2.11)

Therefore we can write

Tr(e—ifw HMdz’,];Y{OA(z>€—if;/ H(z’)dz’}) ) Tr(e_ifw HMdz’E{OA(Z)efif& H(z’)dz’})

: - = - . - (2.12)
TI' (677, f'YM Hpdz > Tr (7%{6—7, f"y H(z')dz' }672 f"/]b{ Hpsdz >
(7. O(e)e i 1)
= - — ) (2.13)
Tr(TV{e_ZfW H(2')dz })
now the operators are ordered along the full v in Fig. 2.1.
1.2 Kadanoff-Baym equations
We define the one-particle Green’s function
Tr (Ty{?&(l)dﬁ@)e_ifv H(Z/)dzl}>
G(1;2) = (2.14)

1Ty <7ty{e*if7 H(z’)dz/}> )

Where, we have j = 1,2 for points one and two in the correlation function. We will use the
notation j = (z;,x;,0;) for brevity, we will later use the notation j* = (z; £, x;, 0;) where
7 is an infinitesimal. The operator O(z) in the previous section has now been replaced with
the field operators ¢ (1) and 97(2), where the field operator ¢)T(1) (1/(1)) creates (annihilates)
a particle at position x; with spin ;. Considering a general Hamiltonian for two-particle
interactions

(1) = [ e () (oo, i)+ ) (0 D). (215)

using the Heisenberg equation of motion on this Hamiltonian, one can show that the one-
particle Green’s function obeys the equation of motion.

id%G(l;z) —/d3h(1;3)G(3;2) =46(1;2) —i/d3v(1;3)Gz(173;2a3+> (2.16)
_idi%G(l;Q) - /d3G(1;3)h(3; 2) = 6(1;2) — @/d3G2<1,3‘;2,3>v<3; 2), (2.17)

where we have introduced the delta function along the contour and the two-particle GF":

(R {emied @ e h e
Go(1,2;1,2) = 2 Tr<7;{efiva(z’)dz’}> '

(2.18)



1. NONEQUILIBRIUM GREEN’S FUNCTIONS 19

The one-particle Hamiltonian and our potential are still time-diagonal
h(l, 3) = 5(t1 — t3> <X1|]Al(t1)|X3> ’U(l, 3) = (5(t1 — tg)U(Xl, X3), (219)
(G5 can be written as:

—i/dSv(l;S)G2(1,3;2,3+) :/E(I;S)G(S; %) (2.20)

—i/d3Gg(1,3_;2,3)v(3; 2) :/G(1;3)Z(3;2). (2.21)

We then get the Kadanoff-Baym equations [44]

i%G(l; %) - /d3[h(1; 3) -+ (1 3)]G(3:2) = 6(1: 2) (2.22)
4%@(1; %) — /d3G(1; 3)[h(3:2) + B(3:2)] = 6(1:2), (2.23)

we still have that A is time-diagonal but Y is not guaranteed to be time-diagonal. Note that
if we are working at the Hartree-Fock level, then ¥ is time-diagonal. The integral kernel ¥ is
called the self-energy and it takes into account effects beyond the mean-field. We now make
the integration with h over space implicit, i.e., in discrete form, it is a matrix multiplication.

[z‘d% _ h(l)} G(1:2) = 5(1:2) + /d32(1;3)(;(3; 2) (2.24)
(_
G(1:2) [—z’% - h(2)] _5(1:2) + /dSG(l; 3)%(3: 2) (2.25)

1.3 Langreth rules

We have introduced a framework to write the time dependence and equation of motion for
an operator concisely. However, it is not clear how to solve these equations on the contour.
Hence there is a need to project the equations onto the real axis. A function belongs to
Keldysh space if it has the form

k(z,2') = K (2)0(2, 2') + 0(2, 2)k™ (2, 2) + 0(, 2)k= (2, &), (2.26)
and obeys
E(2p, 7)) = k3(2o, ), K3(z,24) =k3(2,20),  K(24) =K(22) =K(2). (2:27)

With z_, 2" € v_ and 2,2, € v;. The singular part k° is zero for the GF, but for the
self-energy it represents the Hartree-Fock self-energy which is often absorbed into h. The
k< is called the lesser component and k- is called the greater component. From now on, we
consider only functions that belong to the Keldysh space. Notice that the field operators,
and therefore all physical quantities of interest belong to Keldysh space. Now if we have a
term on the form

c(ty,ta) = /dz a(ty, 2)b(z, ts), (2.28)
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we can always split the integration into several smaller intervals where a(t1,2) and b(z,ts)
are written in terms of their Keldysh components k<, k> and k°, which is the logic that
underpins the Langreth rules. We will not derive the rules, but we present them below.
First, we introduce a shorthand notation for integration over parts of the contour:

t B
a-b= / dza(ty, 2)b(z, t2) axb= —2’/ dza(ty, 2)b(z, ta). (2.29)
0

to
In the left-hand side, there is no explicit mention of the dependence on ¢; and t,. However,
this is understood from the context. If not, we will explicitly write out the dependence:

[a-b](t1, bs). (2.30)
Definition c(z, z") :fT dz a(z,z)b(z, z") c(z,2") = a(z, 2 )b(z", 2)
[05 =0 = 0]
k> (1, t)) = k(ty, t7) > =a>  pA L aR s> gl el ¢ =a>b<
k<(t,t’):k(t7,t’+) < =a< -bA+aR-b<+a-‘ x bl < = a<p>
KR (e 1) = KO (1)8(t — 1)) R _ R R R [ aBeT paseA
4ot — tH[k> (¢, ') — k<(t,t")] aBb> 4 a>ph
EA (e, 1) = kO (1)5(t — t') A A LA A a®b< 4 oa<pR
—o(t' — )k (¢, t)) — k<(t,t")] - Tl a®b> 4 >R
<pT o 4 Rp<
T T T T T a + a
kU(t, t') = k(t_.t") T =aT 3T —a< 6> +alubl | ¢ :{ aTo> 4+ a>ph
_ _ - - _ T, < < A
T _ T _ T T T _ a’b> —a™b
k (1,1’)_k(z+,tq_) T —a> . 6< —aT T ol bl ¢ _{ T _ Ry
k-‘(t,r):k(ti,tg—iﬂ') cl = aR 3l —‘,—a-‘ * oM cl =albl
k’-(‘r,t):k(tofi'r,t:l:) cl-:ct’--ZJ‘A‘<§»c11\/I#cl)r el = als]
kM('r,'r’) = k(tg — i, tg — i) M = M pM M = MM

Figure 2.2: The Langreth rules, the table is taken from [43]. Here, ¢, means that it is along
v+ and t_ means that it is along v_

The definition of the Keldysh components is given in the first column of the table. Along
7 (see Fig. 2.1) only k<,k> and k° are needed in principle, but k¥, k4, kT and k7 are
introduced to simplify equations. The retarded kf(t,#') and advanced k“(¢,#') components
have the useful feature that they vanish for ¢ < ¢’ and ¢ > ' respectively. To be able to write
functions of real variables along vy, we introduce the components k™, k!, and k. Here, kM
has both arguments along ~y,;, while the tail of the symbols | and [ indicate which of the
two arguments are along v,y.

The second column contains the rules to transfer our GFs and self-energies to functions of
real variables, and that column will be the one that is primarily used in the derivations.
In the last column, the table contains the information needed split a multiplication of two
functions into its Keldysh components. In the following we will work with the the Keldysh
components of the GF and of the self-energy.
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1.4 Generalized Kadanoff-Baym ansatz

The Kadanoff-Baym ansatz was originally derived for a system in equilibrium and the limit
of weak scattering; however, the ansatz is expected to be approximately valid in weak non-
equilibrium. When the ansatz is transformed from the frequency domain into the time
domain, it is not immediately clear if it obeys causality and certain asymptotic equations [45].
The solution was to slightly rearrange the terms within the ansatz such that these, among
others, conditions were met. Due to the ad-hoc modification, there is no clear theoretical
justification for the new ansatz, called the Generalized Kadanoff-Baym ansatz (GKBA).
However, in practice, the ansatz is often accurate. When the ansatz was initially proposed,
it was shown to correspond to a zeroth-order truncation of a Dyson-like equation. However,
a zeroth order truncation is not expected to give good results. The ansatz is given by the
following factorization [45]

G=(t, V) = iGR(t, )G<(t', V') —iG=(t, )G (t, ). (2.31)

GKBA has previously been studied in open system dynamics [46], where small 1D systems
in contact with tight-binding leads were studied. The numerical results showed that GKBA
is in good agreement with the full numerical solution in the limit of large hopping within the
leads, called the wide-band limit (WBL).

In the context of magnetic systems, it has been pointed out that GKBA can fail severely
when considering quantum transport [47]. The embedding self-energy is what makes electrons
tunnel in and out of the system; hence the authors in [47] refer to it as a tunneling function.
In that paper, a tunneling function with a rich sd-spectral structure was used, where the
tunneling function had been obtained from a previous ab-into calculation. The result was
that additional corrections beyond GKBA were needed. However, the WBL has a flat spectral
dependence, and therefore, it is not clear if WBL+GKBA calculations will suffer from such
problems.

1.5 Density matrix equation of motion

Using the Langreth rules on the Kadanoff-Baym equations (2.24) and (2.25), we can derive
the following equation of motion for the lesser Green’s function

{ii - h(tl)} G(t1,ts) = 6(ty —ta) + [ -GA4+ 2. G+ 21+ Q1] (11,t2)  (2.32)

dt,
T
G<(t1,t2) [@'g — h(tg)] =0t —to) + [GZ -2+ G- S5+ G x 21 (t,t2).  (2.33)
2

Now consider limy, 4, ((2.32) + (2.33)) and relabel t; — t.

<
S = 0. G(.)] = —[E7- 61+ 2674 8+ 6T () + e
Assume initial correlations are washed out:
<
D ), 654, 0] = —[£5- G4+ 2R 6] (4,0) + hee

dt



22 CHAPTER 2. METHODOLOGY

Instead of including such Matsubara terms, we let the system equilibrate before we start the
dynamics; hence we will have an unphysical regime at the beginning of the time evolution.
The self-energy corresponds to the macroscopic leads in our case. Therefore, we will attach
these slowly instead of having the Matsubara terms above. Such a procedure has been shown
to be justified [48, 49]. We employ GKBA:

AG<(L,1)
Z—

o~ (0,67 )] = —U dEE<(t, 1) GA(%,1) +/ de X (L, £) G (1, t)} + h.c.

to

— [/ At <(,1)GA(t, 1) +/ Aty tz?)(i GE(T,t) G=(t,1)

=0, since t>t

—iG<(t, 1) G (¢, t)) + h.c.

_ [ /t: AT (£ DGAE 1) + / CAFSR (L Dp(GA(E t)} e

to

We used: G<(t,t) = —ip(t), and now write:

dp(t b _ b _
% +i[h(t), p(t)] = — U At X<(t,1)GA(t,1) +/ dtZR(t,ﬂp(f)GA(t,t)} + h.c. = R(t).
to to
(2.34)
Which gives the time-evolution of the density matrix.
1.6 Wide band limit and non-interacting approximation
Consider a central system with leads @ = 1,..., M — 1 attached to it; these act as an

environment that only interacts with the central system. The leads do not interact with each
other. We write the leads in terms of their eigenstates ka; the connection between system
and environment eigenstates is a given by T),... The central system evolves with an arbitrary
interacting Hamiltonian of our choice. Hence, we have the following structure

Doa = Z Gka(t)cltacka harve = Z Vin (1) c I Cn + Z Vijmn (T c c CmCn (2.35)
k igmn

hart =Y Tuka(t)chcra + hoc. Tupa(t) = Tuka(t)s(t), (2.36)
nk

where the hjsy, Hamiltonian corresponds to the Hamiltonian of our central system. As shown
in the following, it is possible to integrate out the explicit dynamics of the leads, and exactly
account for their contribution in terms of an additional self-energy in the propagator for
the central regions. We will vary the hopping between system and environment using the
function s(t), where the hopping between leads and system is given by t,(¢t) = ¢;s(t). The
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Hamiltonian of system and environment can be written in block form.

hll 0 e th
0 h h
- 2 2 (2.37)
hart hare o0 hauw

where every entry in the matrix is a block matrix. Consider writing the many-body self-
energy in the same block form; since only hjsy; contains interaction terms, we have ¥, =
OariOa 2. On the other hand, the Green’s function is not block-diagonal. Let us write
the Kadanoff-Baym equations for the three types of Green’s functions we have

[ d no__ /

z& — hoa(z )} Gon(2,2) = 0(2,2) (2.38)
z& — hm(z)] Gorr(2,2") = han (2)Garne (2, 2) (2.39)
1% — hym(z )} Guum(z,2)=0(z,2") + Z haraGan (2, 2")

+ / Sart(2, ) Garar (2, 2/)d3 (2.40)

By direct substitution, one can verify that the Green’s function for system-environment is
given by

GQM(Z,ZI) :/Gaa(z,Z)haM<Z)GMM(Z,Z/)dZ. (241)

Therefore we get the following equation for the GF of the central system:

{zdd—z —~ hMM(z)l Gunm(z,2') = 6(2,7) / ZhMa )Gao(2, 2)hani (2) Garn (2, 2')dz

Ya (z,Z)

+ /EMM(Z, Z)GMM(E, Zl>d2

o

=4(z,2") + / (Ear (2, 2) + Zem(2, 2)|G(2,2'), where X.,(z,2) = ZEa(z,Z). (2.42)

The only effect the environment has on the system is an extra contribution to the self-energy.
Let us consider that the leads are described by a tight-binding Hamiltonian

= —1 Zc cj + Z Va(2)cl e, (2.43)

For the tight-binding model, the eigenvalues and the eigenstates are known. Therefore, we
can diagonalize h,(z) and calculate tlge analytical form of X.,,. In this case, the eigenstates
are time-independent, which means T, (t) = Thke- In order to adequately describe an
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environment, the leads are semi-infinite. Meaning that the leads are infinitely long but only
as wide as our system. Taking the wide-band limit (WBL) gives us the following formulas
for the embedding self-energies [6, 46, 50]:

N5t t) =1 Tas(t)s(t)e ' di VoDdr / fle— p)e = qe (2.44)

SRt 1) = —ims(t —t)s(t)s(t) > Ta (2.45)

The complete derivation is in Appendix 1. Physically the WBL means that the local density
of states at the edge of the leads is taken to be constant, and practically the hopping ¢, within
the leads is taken to infinity while keeping the ratio v = t?/t;, fixed. For the 1D tight-binding
model, the local density of states at the first site is

1 e\’
D(e) = —1/1— | — —2ty, 2t 2.46
@=gyt-(5) ez (2.46)

and as t, becomes large, this semi-circle flattens out. However, in the direction perpendicular
to the edge of the system, there is still variation in the density of states.

With all of these simplifications, the time-evolution is still quadratic in time since we need
to propagate the integral in the RHS of eq. (2.34), i.e the collision integral. The difficult
part is the advanced Green’s function, which is written numerically in a discretized form:
GA(jA,t), where j = 0,..., N. Hence, we need to update N advanced GFs to make a time
step from t = (N — 1)A to t = NA. This means we need N? operations to get to time t.
Hence it is quadratic in time.

In the G1-G2 scheme [5], one propagates the collision integral directly; this yields a time-
linear scheme for most many-body self-energies [5]. To derive the evolution of the collision
integral within the G1-G2 scheme, one takes the derivative of the collision integral, which
gives you (among other things) the Hamiltonian of the system. With an embedding self-
energy, it is not clear how to implement G1-G2 since the embedding self-energy is strictly
speaking evolving with the Hamiltonian of the environment, and therefore, we get the Hamil-
tonian of the environment when taking the derivative.

Some authors have nevertheless continued along this route. As a result, an additional term,
coming from the Green’s function within X.,,, needs to be time-evolved [51]. The scheme is
time-linear. However, the new term is the same dimension as the environment, and therefore,
the computational complexity scales with the dimension of the environment. Our environ-
ment is infinite, and therefore, this scheme is not applicable.

Another scheme was proposed in [6] where the integral in (2.44) is approximated by doing
an efficient pole expansion of the Fermi function. Technically the Padé approximant of the
Fermi-function is computed, which gives a sum of 1/e-terms, and when performing the inte-
gral over € in (2.44), we get a sum over the poles. The idea of the approximation was born
around seven years earlier than the actual implementation, since people knew that the Padé
approximant could be applied to calculate the current [52]. The current is mathematically
very similar to the collision integral.

With this approximation, the time dependence of the embedding self-energy is changed. Now
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when taking the derivative of the collision integral, one gets terms which have a simpler tem-
poral dependence; hence the collision integral can be propagated directly, and the scheme
is time-linear. The authors of this approach use a finite ¢,, meaning that if one closes the
contour using Jordan’s lemma in (2.44), there are ¢, /7 poles within the contour. This could
justify the procedure since one would need a maximum of 5t,/m poles to find convergence;
however, using an efficient pole expansion allows for much fewer poles. Nevertheless, at small
ty, it is not justified to use Jordan’s lemma since the integral along the semi-circle might not
vanish. The authors in [6] use 10-20 poles when applying their approach to a two-level system.
Thus, 10-20 integrals must be computed for every «. All things considered, 40-80 quantities
need to be updated at every time step, a significant improvement from quadratic time, albeit
too costly for our needs (the system under consideration is fairly large).

In the treatment presented here, the reservoirs are semi-infinite and treated within the wide-
band limit. Building on recent literature [6, 51], we consider a non-interacting approximation
to the collision integral, which allows for high-speed computations with a linear time scaling.
Our approach offers a good trade-off between computational time and accuracy and allows
us to simulate finite but very large systems as required to describe skyrmions textures. We
can solve the integral in (2.44) analytically

< N S(f)s /e—ifttha(ﬂdt_ (=t /B _in o
S (8, 1) Xa:ra (t)s(t) ( R =B /26(t t)) (2.47)
-y (e—i J VAT (4 — ) s()s(t') — T /26(t — t')sQ(t)> (2.48)
S8t 1) = —ims(t — )57 (1) > Ta. (2.49)

The derivation of (2.47) is in Appendix 1. It could be that there is a rewriting of 1/ sinh(t — z)
into the form f(t)g(x) that would yield an exact time-linear solution. However, we are not
aware of such a rewriting. These analytical forms are nevertheless useful since one can now
consider approximations to the sinh function instead of the whole lesser self-energy. The
dependence on t and t’ in the lesser self-energy is not as clear. Instead of approximating
the self-energy, we will consider another route; rather, we approximate the advanced Green’s
function directly. Another way to make the RHS of (2.34) time-linear is to write everything
on the form f(¢t — x). Hence we make the following approximation

/ ai > e~ Va®AIN (1 F)s(t)s(H)GAE ) ~ / ai > e JVa@dip (+ — )s(t)s(HGO(t — )

to to

« «

GA<t, t/) _ ZH(t/ . t>€iftt, dx (Ho+Hg(x)) ~ Go(t . t/) G0<t . tl> — Z@(t/ . t)eiftt, dacHo7
(2.50)

where Hg(z) is the Kondo interaction between the localized spins and itinerant electrons.
This is a drastic approximation; however, it is also a very practically useful simplification
and corresponds to neglecting a higher-order effect. The spins are not coupled explicitly to
the leads; the spins only interact with the electrons. The spin Hamiltonian in the advanced
Green’s function describes a process where the leads interact with the electrons, which in
turn interact with the spins. Within our approximation, this process can still happen, but
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then it happens in two steps. We attach the system and leads during a time 7 and apply the
bias suddenly after the leads have been attached

) 2( j2r) if < \% ifa=L17
sin“(mwx /27 frx<r
s(z) = {1 | Va(z) =0(x—7){ -V ifa=RT. (2.51)
e 0 otherwise

With these reasonable choices, the term under integration in (2.50) can be written on the
form ), A;(t — t); thus, the time-evolution can be made time-linear. The details are given
in Appendix 2. With this procedure, one quantity needs to be time-propagated every time-
step when ¢ < 7, and two when 7 < t. We will consider the low-temperature limit, but the
approach is the same for finite temperatures. For future reference, we call the approximation,
approximated wide band limit (AWBL)
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2 Numerical Implementation

2.1 Propagation of electrons

To solve (2.34) we do the following ansatz:
p(t) = U(t, 0)r(H)UT (£, 0) U(t,0) = T{e—i I hmdw} (2.1)

This gives an equation for r(t)

dz(f) — U (1, 0)R(HU (¢, 0). (2.2)
We can integrate this equation
T+A

(T + A) = r(T) = / U (1, 0)R(U (£, 0)dt (2.3)

_ /A U(0,T + u)R(T + w)U(T +u, 0)du (2.4)

— U(0,7) / S UM T+ WRT 4+ wU(T + 0, T)de UT,0). (25)

J/

-~

1

Now we approximate the Hamiltonian in the propagator and R(T +u) ~ R = (R(T + A) +
R(T'))/2 with their midpoint values

U(T 4 u,T) ~ ¢~ Mut0?) h = (h(T) + T+ A))/2. (2.6)

Using the Campbell-Baker-Hausdorff formula

_ [t . 3 (u+O@u?))? i(ut Ou?))?
[ /0 (R viut 0@l B~ g (n, Y - S (h, (h, R .)du
AR 2O %[h, R — . (2.7)

p(T+A)=U(T + A,0)r(T + A)UNT + A,0)
=U(T + A, T)[p(T) + IUNT + A,T).

The number of commutators to include in (2.7) is a convergence parameter just like the
time-step. There is a local error O(A?) coming from the term RA, since that term can be
derived using the midpoint formula of the integral. Therefore one does not gain much by
going to higher orders than two, nevertheless a local error of O(A3) is good enough for our
purposes. In eq. (2.9) we can see that the I is what creates non-unitary dynamics, it can be
traced back to the ansatz, which required r(t) instead of p(0) as in unitary dynamics. The
value of the Hamiltonian (T + A) and the RHS R(T'+ A) is not known at time 7, therefore
a predictor-corrector method will be used.
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2.2 Propagation of spins

One could naively propagate the Landau-Lifshitz equation:
ds;
dt

using a normal differential equation solver such ha fourth-order Runge-Kutta:

=Fi(t) X 5;(t) = Ai(t, Sy), (2.10)

Si(t+A) = Si(t) + %([Ai]l +2[Ad)s + 2[As + [AY), (2.11)

where [A;]1, [Ai]2, [Ai]s and [A;]4 is the right hand side of (2.10) evaluated for various times
and spins. Now take the square magnitude of both sides in (2.11):
2

Si(t + A)> =|S;(t)]° + %([Aih + 2[Aq]2 + 2[Ad]z + [Adla| - (2.12)

The cross terms are approximately zero since F;(t) X S;(t) - S;(t) = 0. We can see that the
norm of the spins is not constant unless A; = 0. The drifting of the norm will happen with
any numerical solver of the form (2.11). Instead we consider a geometric integrator, called
the Depondt-Mertens algorithm [53], which does not change the norm. Since the spins evolve
on the unit sphere, the solution is a SO(3) rotation matrix:

Si(t) = Qi(t)S;(0). (2.13)
To obtain the matrix @Q(t) is a difficult task, instead we consider:
Qi(t + A) = R;(t")Q4(1), t* e [t,t+ Al. (2.14)
Where R is a rotation matrix, hence we can update the spins explicitly
Si(t+ A) = Ri(t")S:(t), tr e[t t+ Al

Now if we take the magnitude of both sides we can see that norm is conserved due to
RTR = I. The matrix form of the rotation is given by:

h2u + cosw hehyu — h,sinw  hghu + hy,sinw
R; = | hahyu + h,sinw hfju + cosw hohyu — hysinw | . (2.15)
hah.uw — hysinw  hyh,u+ hysinw h2u + cosw

The site index i has been dropped in the matrix for brevity, all of these quantities have time
and spin dependence which is not explicitly written. The rotation axis is h; = F;/|F;|, the
rotation angle is w = A|F;| and u = 1 — cosw.

2.3 Code

The code was written in FORTRAN. To find the initial configuration of the spins, we do
a simulated annealing procedure, where the temperature is slowly decreased in a Monte-
Carlo simulation of the spins. This gives us an initial configuration which is loaded in before
performing a simulation.

We introduce the itinerant electrons by finding the self-consistent initial state with the spins.
This is done by introducing a Gilbert-damping in the spin equation of motion and doing the
following loop a set number of times:
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Calculate forces on the spins from the other spins F; g, the forces from the electrons on
the spins F; ., using |®) and S;. If this is the first iteration put F; = 0.

Find the Hartree-Fock ground state |®?) by diagonalizing the Hamiltonian h(S;) .

Propagate the spins one time-step S; — S?, using the forces F; ,; and F, s.

. Find predicted forces F} ; and F} ¢ from |®P) and S respectively.
. Find the new HF ground state |®) by diagonalizing h((S; + S¥)/2)

. Propagate the spins one time-step S; — S;, using the forces (F; ¢ + erl)/Q and (F; s+

F;s)/2 and go to 1

However, before this iteration starts the spins are relaxed in absence of electrons, since this
is computationally much easier and therefore makes convergence faster.

After the initial state has been found the coupled system time-evolves by a predictor-corrector
method similiar to the on used to find the initial state

1.

Calculate forces on the spins from the other spins F; (¢), the forces from the electrons
on the spins F, .;(¢) using p(t) and S;(¢).

. Propagate R(t) — RP(t + dt)
. Propagate p(t) — pP(t + dt) with (2.34) using (R(t) + RP(t + dt))/2 and h(S;(t))

Propagate S;(t) — SY(t + dt), using the forces F; ,(t) and F; 5(¢).

. Find predicted forces ¥}, (t + dt) and F}¢(t + dt) from pP(t + dt) and S}(t + dt)

respectively.

. Propagate R(t) — R(t + dt) using pP(t + dt)

Propagate p(t) — p(t + dt) using (R(t) + R(t + dt))/2 and h((S;(t) + SE(t +dt))/2)

. Propagate S;(t) — Sj(t + dt), using the forces (F;(t) + ¥} (t +dt))/2 and (F;s(t) +

F; s(t +dt)P)/2.

.sett —t+dt and go to 1
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Results

1 Skyrmion transport

In this chapter, we present results for the skyrmion dynamics in the presence of leads when
a symmetric spin-up bias is applied. In our experience, a spin-polarized bias must be used
to move skyrmions with currents consistently. The Thiele and LLG equations support this
since the current has zero effect when p = 0 in (1.13) and (1.10) respectively. The leads are
connected to the spins+-electrons central region according to a slow switching-on protocol,
while the bias is applied suddenly. Their explicit temporal profile is shown in (2.51). As
previously discussed, in the literature skyrmion transport is almost always dealt with using
the LLG or the Thiele equation, yielding a linear velocity as a current function. As a first
case study, we consider the movement of the center of mass (CM) of the skyrmion when
various biases are applied.

We will use the same set of parameters in this section unless otherwise stated. We use: ¢ =1,
B =1(0,0,0.05),t; = -1, K =0.6, a = 0.01, ag =0, J = 0.5, D = 0.4 (Bloch type), v = 0.1,
7 =200, u = 0 (start at half-filling) and V' = 2. In order to make the skyrmion stable in the
benchmark, we had to use different parameters due to the small size of the system. When
considering the skyrmion velocity as a function of current and bias, we need to vary the bias
and increase the coupling between leads and system to get access to the non-linear regime of
velocity as a function of current.

30
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1.1 Approximation benchmark

To benchmark the approximated wide band limit (AWBL), we consider a small system that
still captures the relevant physics. We use a 16-site strip which is two sites wide and attach the
leads during 200 units of time, whereafter a symmetric spin-up bias is applied. To benchmark
skyrmion transport, we start with the skyrmionic initial state; however, in a strict sense, the
configuration would not be considered a skyrmion. After the bias has been applied for 300
units of time, we look qualitatively at how much the skyrmion has moved in both cases.

90000,{000)00000 " — Approsimation
@000 b00) 00000 oof e
s00000d’! (609 900

QR000000" '00) | Qo0
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eseccced &9 * Gee C) M3 0 20 a0 a0 500

time

Figure 3.1: Benchmarking the AWBL treatment of the leads using a 2x16 spin texture and
a corresponding layer of electrons. a) the initial relaxed spin structure; b) the spin texture
at t=500 obtained via the exact WBL, c) the same structure at t=500 as obtained from the
approximate treatment and d) shows the spin-up occupation of the first site, which is circled
in green in a). ¢ =1, B=1(0,0,0.05),t;s=—-1, K =06, a=1,ag =0, J =05, D =04
(Bloch type), v = 0.5, 7 = 200, p = 0 (start at half-filling) and V' = 3. The color in the spins
indicates the z-component red is +1 and blue is —1, and the arrows indicate the direction in
the xy-plane

There is a disagreement in the occupation when the leads are attached, from t=0 to t=200
(see Fig. 3.1d)). Once the leads have been attached and the bias has been applied, the
behavior remains qualitatively the same. However, we note that this regime is of no physical
relevance here, and only needed to connect adiabatically system and leads.

Likewise, the movement of the spin texture is in the same direction in both cases. It is
expected that the current is slightly different in the full WBL compared to AWBL since, in
the AWBL, a factor in the collision integral is neglected.
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1.2 Base case
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Figure 3.2: (left) the movement of the center of mass and (right) the spins at t=200. To
highlight the non-trivial topology, the z-component is removed from the spins in the ferro-
magnetic sea since they are just spin-ups. ¢ = 1, B = (0,0,0.05), t, = —1, K = 0.6, a = 0.01,
ar =0, J =0.5, D = 0.4 (Bloch type), v = 0.1, 7 = 200, u = 0 (start at half-filling) and
V' = 2. The color in the spins indicates the z-component red is +1 and blue is —1, and the
arrows indicate the direction in the xy-plane.

In this section, we analyze the role of disorder (i.e. the presence of impurities) on skyrmion
dynamics. To have reference results, we consider a region of 40x20 spins, and look at the
dynamics of a clean sample (henceforth referred to as “base case”). In the base case and in
the impurity cases, we have a potential V' = 2 in the leads and coupling v = 0.1 between
system and leads. The skyrmion starts off with the relaxed spin texture in the center and
starts to drift towards the right corner, with a slight movement downwards. There is a force
right due to the current, but the force downwards must be due to something else. Namely, it
is due to the spin-hall effect, which in this context can be thought of as the Magnus force in
fluid dynamics. When a sphere moves in a straight line through a fluid while rotating, the
Magnus force causes the trajectory to bend away from the expected straight path.

We can see that the velocity in the x-direction is not linear. The velocity ramps up, then
slows down, and finally starts to ramp up again. Additionally, there are some small-scale
oscillations, which are especially visible in the y-direction. The oscillations could be due
to the discrete nature of the lattice sites since the skyrmion has an ideal radius at which
it occurs. When it is between lattice sites, the skyrmion gets distorted but returns to the
original configuration when it is at the new site. The skyrmion moves very slowly, in the
y direction. Overall, the results is that the skyrmion oscillates back and forth a few times
before going to a new site.

1.3 Impurity cases

We know the trajectory the skyrmion takes in the base case. Hence we can put impurities
in its path. In the heatmaps of Figs. 3.3-3.5, the impurities are marked in green, where
the impurities correspond to a reduction in the symmetric exchange interaction J. The
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symmetric and antisymmetric exchange interactions are how the spins interact. Therefore,
it is expected that the skyrmion will be hindered by a smaller interaction. Technically we
reduce the coupling on a few sites as follows:

which is changed at ¢t = 100 to not disturb the system before the bias is applied at t = 200.

Case 1: A small impurity on the skyrmion path
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Figure 3.3: The center of mass movement of the skyrmion (left), and some snapshots of
the z-component of the localized spins (right). ¢ = 1, B = (0,0,0.05), t, = —1, K = 0.6,
a =001, ag =0, J = 0.5, D = 0.4 (Bloch type), v = 0.1, 7 = 200, u = 0 (start at
half-filling) and V' = 2. The color in the spins indicates the z-component red is +1 and blue
is —1, and the arrows indicate the direction in the xy-plane.

As an example of small impurity disturbance, we consider a square of four lattice sites where
the exchange is reduced. One can imagine that such disorder is due to an adsorbate atom in
the center of these four lattice sites. These lattice sites are right in the path of the skyrmion,
i.e., to the right of the skyrmion’s initial position, and shifted one lattice site downwards
since the skyrmion travels slightly downwards in the base case.

Looking at the movement of the center of mass in Fig. 3.3. In the x-direction, it seems
like the skyrmion does not feel the effect of the impurity until it is on top of it, since the
movement of the center of mass is quite similar to the base case before t ~ 750. However, if
one looks closely, it moves slightly slower. The y-movement tells a different story; rather, in
the y-direction, the skyrmion starts to pick up speed when it approaches the impurity. One
could imagine that it is the movement in the x-direction which is transferred downwards.
After the skyrmion has entered the impurity, it can not escape; from ¢ = 750 to t = 1500,
the skyrmion is stuck to the impurity. The skyrmion can move around as long as some part
is still on the impurity, which is what we see after ¢t = 750. A few times during the dynamics,
there are bumps, which indicate that the skyrmion gathered velocity to try to escape but
was pulled back again by the impurity.
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Case 2: A small impurity near the skyrmion path

—  Reuga(t) — Roaa(0)
—  Rewmy(t) — Reay(0)
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Figure 3.4: The center of mass movement of the skyrmion (left), and some snapshots of
the z-component of the localized spins (right). ¢ = 1, B = (0,0,0.05), t, = —1, K = 0.6,
a =001, ag =0, J = 0.5, D = 0.4 (Bloch type), v = 0.1, 7 = 200, u = 0 (start at
half-filling) and V' = 2. The color in the spins indicates the z-component red is +1 and blue
is —1, and the arrows indicate the direction in the xy-plane.

Looking at Fig. 3.4, one can see that the impurity is moved two lattice sites upwards
compared to the previous case; now, the impurity is slightly below the skyrmion’s path. At
the beginning of the dynamics, the movement seems very similar to the previous case, i.e.,
the x-movement is slightly reduced, and there is a significant movement downwards.
Nevertheless, the movement does not force the skyrmion inside the impurity. In the center
of the mass movement of Fig. 3.4, and the snapshots at t = 500, t = 600 and ¢t = 800 of Fig.
3.4, one can see that the skyrmion goes underneath the impurity. If the system is infinite,
then the skyrmion would continue downwards. This illustrates at the microscopic level, an
important constraint in racetrack memory engineering: namely, one wants a racetrack that
is large enough such that the skyrmions can get around but not so large that the skyrmion
can escape.

From the movement which is seen we speculate that there is a repulsive force from the edges.
In short, the repulsive force from the edges of the lattice can be understood as that the
skyrmions radial function wants to decay as slowly as possible; note that this radial function
is classical and not a quantum mechanical wavefunction.

The skyrmion’s spin-down (blue) part in Fig. 3.2 is only 4x4 spins. However, a rotation in
the xy-components of the spins can be seen in a 12x12 sites area, and outside of that, the
spins rotate in the opposite direction. This configuration is the fully relaxed configuration,
the lowest energy state for the skyrmion. In such a configuration, the skyrmion presence
is much more significant than expected by looking only at the central 4x4 spin-down part.
When the skyrmion is forced towards the lower edge, it likely wants to return to the lower
energy state in the center, in other words, to the state where there are some lattice sites
between the skyrmion and the edge of the lattice.
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Case 3: A larger impurity configuration

—  Reowma(t) — Rewe(0)
—  Rowy(t) — Rowy(0)
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Figure 3.5: The center of mass movement of the skyrmion (left), and some snapshots of the
z-component of the localized spins (right). We use g = 1, B = (0,0,0.05), t;, = —1, K = 0.6,
a =001, ag =0, J = 0.5, D = 0.4 (Bloch type), v = 0.1, 7 = 200, p = 0 (start at
half-filling) and V' = 2. The color in the spins indicates the z-component red is +1 and blue
is —1.

Fig.9, shows the skyrmion dynamics for the case of a “columnar” impurity that covers al-
most the whole lattice in the y-direction. Again the impurity is two lattice sites thick, and
here, with four sites at the top and the bottom left unperturbed. The characteristic bump
downwards in the y-component of the center of mass is also seen here, but it is twice as big
as the ones seen in the previous cases.

As it can be seen in the center of mass movement in Fig. 3.5, the velocity in the y-direction
is large before the skyrmion is halted. As a result, the skyrmion is very small in the snapshot
at t = 500, which could indicate that it is almost annihilated. The return toward the center
is most likely aided by the lower wall in this case. However, the impurity almost certainly
also plays a role since we have seen that the skyrmion can not escape the impurity when it
is inside.

After t = 500, the skyrmion recoils upwards, but the collision with the top does not seem
as severe as in case 1. Likely, this is because the velocity is lower while the skyrmion is
already stuck. Furthermore, for t = 500, it also looks like the skyrmion keeps moving in
the x-direction. In the snapshot at ¢ = 750, we can see that some movement is due to the
skyrmion expanding to the right. However, at later times the skyrmion shrinks again to
achieve its final position at ¢ = 1500.
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1.4 A new regime

In this subsection, we vary the bias V' and use two different couplings v in order to fully
explore the skyrmion movement as a function of current. We consider the velocity as a
marker for different regimes of skyrmion dynamics. However, a velocity only captures part of
the picture of the movement of the skyrmion since, often in our simulations, the movement
is far from a constant translation. The velocity is calculated by measuring the change in the
center of mass of the skyrmion before it gets close to the boundary and dividing the distance
by the time it to reach the boundary.
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Figure 3.6: We use: ¢ = 1, B =(0,0,0.05), t, = —1, K = 0.6, = 0.01, ag = 0, J = 0.5,
D = 0.4 (Bloch type), 7 =200 and p = 0 (start at half-filling). In a) we plot current versus
bias in the leads, b) show the center of mass velocity parallel to the current, and c) shows
the center of mass velocity versus the bias in the leads.

Close to the boundary, there is a repulsive force on the skyrmion that prevents it from
colliding; if we use a large current density, the velocity can be so large that the skyrmion
collides with the wall and gets annihilated or sticks to the wall where it gets a topological
charge of 1/2. However, before this happens, the large current could create other skyrmions.
Now consider velocity dependence on current (Fig. 3.6b)). The switch from no movement
at all to linear movement is expected from the LLG equation, where the point at which
this happens could be related to the energies within the spin system compared to the force
the itinerant electrons exert on the skyrmion. As the skyrmion moves a lattice site, it is
temporarily in a higher energy state; if the force is too weak, it relaxes to the original lattice
site, which is what we see for currents j < j. ~ 2 (the small scale oscillations which we saw
in the center of mass in Fig. 3.2 are consistent with this argument).
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Figure 3.7: Difference between the spins of the itinerant electrons and the localized moments
for a case within the linear regime and one in the non-linear regime. We use: g = 1,
B = (0,0,0.05), t; = —1, K = 0.6, « = 0.01, ag = 0, J = 0.5, D = 0.4 (Bloch type),
7 =200 and p = 0 (start at half-filling).

At some point, increasing the current in the system does not significantly increase the
velocity at which the skyrmion moves. This signifies the breakdown of the adiabatic picture
where the itinerant electron spin is aligned with the localized spins. In Fig. 3.7, we can see
a much larger difference between localized and itinerant spins when we are in the non-linear
regime. The assumption used to derive the linear current relation was that the coupling is
strong enough that the spins of the itinerant electrons align with the spins of the localized
moments. Unsurprisingly, we see that the formula fails when the assumption breaks down.
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2 Characterization of the itinerant electrons
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Figure 3.8: Snapshoots of the localized spins during the dynamics. The sites which are
considered in the LDOS calculation are marked in green. t;, = —1, ag = —0.5, g = 2.5,
B =(0,0,0.02), K =0, « =0, J=0.1, D =0.05 (Néel type), v =0, u = 0 and the form of
the laser is in Appendix 3. The color in the spins indicates the z-component red is +1 and
blue is —1, and the arrows indicate the direction in the zy-plane.
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So far, our focus has been largely on the spin dynamics associated with the skyrmion. How-
ever, it also very interesting to look closely at the behavior of the itinerant electrons and
their spins. To this end, we turn to the case of skyrmion photocreation in a spin+-electron
system, first considered in [2]. There, it was shown that an efficient and fast mechanism for
photocreation originates from the direct coupling between light and electrons in the presence
of Rashba spin-orbit interaction. Not much attention was given to the characterization of
the electron dynamics, something that we intend to address in the following. The indicators
to qualify the behavior of the electrons will be the topological charge, the electronic local
density of states, and the Chern number.

In this section, we use v = 0 throughout since the leads could act as a dissipation source and
reduce the chances of skyrmion nucleation. The laser is applied between t = 0 and ¢t = 90, it
has frequency w = 0.5, it is strongest in the center of the lattice, and it decays outwards with
a Gaussian profile with ¢ = 6. The mathematical details are in Appendix 3; here, we focus
on the behavior of the itinerant electrons. To minimize the effect of the boundary, periodic

boundary conditions are used. Furthermore, we pick the parameters: t, = —1, agr = —0.5,
g=25,B=(0,0,0.02), K=0,a=0,J=0.1, D=0.05 (Néel type), v =0 and p = 0.

2.1 The topological charge

Due to the periodic boundary conditions,
the topological charge is always an integer.

Additionally, the strong Kondo coupling be- 0.0 pree s ‘

tween the layers forces the spins to be very —_— Qo
aligned, and hence a skyrmion is created in —0.2} Qit ||
the localized moments immediately after one

has been created in the itinerant electrons. —04}

Importantly, a skyrmion is created first in o

the itinerant electrons, which means that it —06h

is the localized spins that react to the itin-

erant spins. —0.8}

Often charges are conserved in physics; how-

ever, it does not seem so in this case. If _1ol ‘ I e e
that is the case, a skyrmion of charge +1 190 192 194 fime 196 198 200

is created in the localized moments after the

skyrmion with charge —1 has been created in

the itinerant electrons. If, on the other hand, Figure 3.9: The topological charge for the
we change the sign of the Kondo coupling to itinerant and localized moments. t, = —1,
antiferromagnetic coupling, then the charge ar = —0.5, ¢ = 2.5, B = (0,0,0.02), K = 0,
will be approximately conserved. Since the « =0, J = 0.1, D = 0.05 (Néel type), v = 0,
two textures will tend to anti-align, we get p = 0 and the form of the laser is in Appendix
that Q;, + Q;: = 0. However, as it is the case 3.

in Fig. 3.9, there will also be a transient time

such that the charge is not perfectly conserved. However, the charge would be conserved over
long time scales.
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2.2 Local density of states

The local density of states is directly accessible through scanning tunneling microscope ex-
periments, and the results of this section could thus be experimentally tested. It may also be
important to understand the density of states to engineer the itinerant electrons in skyrmion
applications. Since skyrmions are on the scale of nanometers, local variations are expected
to be non-negligible. We will see that the presence of a skyrmion drastically affects the local
density of states.
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Figure 3.10: The LDOS and the DOS for two representative points in time. a) the DOS at
t =5, b) the DOS at t = 250, c¢) the LDOS at ¢ = 5 for all sites and spin projections and
d) LDOS at t = 250 for all sites and spin projections. The inset in d) shows the LDOS for
the lattice sites (z,y) = (1,23),(3,23) and (7, 23) with spin-up, which is indicated in Fig. 3.8
and above the heatmap in Fig. 3.11. We use the parameters t; = —1, ag = —0.5, g = 2.5,
B = (0,0,0.02) and the spin texture is given in Fig. 3.8.

In Fig. 3.10c), we can see that the local density of states does not vary much when we are
in a ferromagnetic state. The local density of states essentially consists of the tight-binding
result split up in two bands, one for spin-up and one for spin-down. The tight-binding result
is what one gets if the model only had the hopping t,, and the density of states, in that case,
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is a sharp bump at £ = 0. We get a splitting into two bumps because the localized moments
act as a constant external field in the z-direction. The spin-up band is lower in energy and
lies at an energy —g since the electrons gain an energy g if they align with the localized
moments. Likewise, the spin-down band lies at +g since the electrons lose an energy g if
they align with the localized moments.

When a skyrmion has been created, the spins are no longer spatially constant, in Fig. 3.10d)
we can see that there is certainly much more variation in the local density of states than in
3.10c). To further understand the variation of the local density of state, we look at 15 lattice
sites in the spin-up subspace.
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Figure 3.11: Local density of states for the lattice sites at t =250 x = 1,...,15 and y = 23
with spin-up, which are shown above the heatmap and are indicated in Fig. 3.8d). t; = —1,

ar = —0.5,g = 2.5, B=(0,0,0.02) and the spin texture is also given in Fig. 3.8d).

The x-axis of the heatmap in Fig. 3.11 is discrete, whereas the y-axis is continuous. We can
see that the local density of states at sites one and two essentially has a single band, i.e. we
get the spin-up band as in Fig. 3.10c). Similarly, the sites after ten also have a single band;
if we continued up to the last lattice site in the x-direction, we would still see the same local
density of states since we are outside of the skyrmion. The sites in the skyrmion’s center
have a spin-down peak instead of the spin-up peak, which can be seen at sites 6-8. When
going from inside to outside of the skyrmion, we see a mixing of the two bands, which can
be seen in sites 3-5 and 9-10.
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2.3 Chern number

A nonzero Chern number indicates a nontrivial k-space topology, analogous to a walk around
a Mobius strip, where one ends up on the other side. In the present case, the walk is in k-
space, and a nonzero Chern number indicates that a phase has been picked up during a cyclic
adiabatic change of parameters. In this case, the Chern number is calculated for a single band
in the bandstructure and thus indicates whether or not the bandstructure is topological. Due
to the high computational cost, we only present the Chern number for a handful of points in
time.

The skyrmion and the non-zero topological

charge appear at t ~ 190, but we see a non-

zero Chern number at ¢ ~ 90. The emer- 1.0
gence of the Chern number happens during
the end of the laser pulse, which is sent into
the system. Therefore, the laser has driven
the system into a non-trivial state. One can
imagine that the laser carried a non-trivial
topology which was transferred to the sys-
tem, but how to quantify this is not clear
at this stage. The non-zero Chern num-

— Laser
0.5} ®E ® Chern number

Chern number
(@)
(@)

ber is temporarily lost until it re-appears at —1.0 e rvee
t ~ 200 again in the form of a skyrmion. 0 50 1OQ 150200 250
Hence it appears as if the topological charge time

is not conserved, but this might be because
not everything is considered. However, then
we also need to answer where the charge goes
between times t = 125 and ¢ = 190, which
could be explained by the Chern number go-
ing to other bands.

Strictly speaking, the Chern number is de-
fined for a non-degenerate band; however,
since the spins evolve with time, we have a Hamiltonian with a strong time dependence
and, therefore, plenty of variation in the band structure. In addition, the bands cross; thus,
to treat the problem rigorously, one would have to look at a subset of bands that only cross
each other and no other bands after a particular time. A subset is hard to find in the present
case since the bands show plenty of movement after the laser has been shone on the system.
The Chern number is nevertheless an essential observable since it is directly related to the
Hall conductance. The Hall conductance is the quantized conductance in the quantum Hall
effect. Due to the non-zero Chern number, one could expect quantized conductance in a
skyrmion system. However, it is hard to measure such conductance since the skyrmion will
most likely move as a result of the current applied. One can have a better chance to measure
the conductance in a skyrmion-crystal state, where the skyrmions are essentially locked in
their place by other skyrmions (as in Fig. 1.2b)).

Figure 3.12: Chern number for the first excited
state and the laser is drawn schematically. t, =
-1, ag = —0.5, ¢ = 2.5, B = (0,0,0.02),
K=0,a=0,J=0.1, D=0.05 (Néel type),
v =0, p = 0 and the form of the laser is in
Appendix 3.



CHAPTER 4

Conclusion and outlook

In this thesis, we simulated magnetic skyrmions with a Kondo lattice Hamiltonian, where the
localized movements are treated classically, and the itinerant electrons are treated quantum
mechanically. The Kondo lattice is the central system that was coupled to metallic leads that
represent a macroscopic environment. To deal with the embedding self-energy arising from
the leads, it was necessary to develop a new approximation, which we call the non-interacting
approximation.

The code developed allowed us to expand on previous results for a coupled spin-electron sys-
tem [1, 2]. The first result was that we found a nonlinear regime for the skyrmion velocity as
a function of current; such a regime is not considered in the literature to the best of the au-
thor’s knowledge. The new regime is highly nonadiabatic and could lead to new unobserved
skyrmion behaviors since experiments are typically in the linear regime. The new regime is
characterized by a decoupling of the spins of the localized and itinerant electron, which is
gradual in the finite system we have. However, if one goes to an infinite system, there could
be a discontinuous decoupling, much like in a phase transition.

We have presented some representative results for skyrmion movement in the presence of
impurities. To treat the disorder formally, one usually considers disorder averaging, which
means that the average is taken over many different strengths and positions of the impurities.
The averaging then gives the average effect of an impurity. We have considered only a few
different types of impurities and all with the same strength, but it would be interesting to
see what happens in general.

We have explored the itinerant electrons in some detail by looking at experimentally observ-
able quantities, such as the local density of states. The local density of states is interesting
since it can be probed directly in experiments. One further development is to go closer to
experiment by picking parameters from a DFT calculation and including more terms in the
Hamiltonian. An obvious improvement in that direction is to include interactions between
the itinerant electrons, such as Coulomb interactions. These interactions could be included
in the description without much effort with the second Born approximation, which is a good
approximation when the magnitude of the interactions is small.
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The code can deal with leads and a laser, a natural continuation is to set 7 # 0. Skyrmion
nucleation in the presence of the leads is interesting since this would be much closer to
what happens in an actual experiment. One could imagine that the leads are detrimental
to skyrmion nucleation, which could be the case since they act as a source of dissipation.
However, the leads also act as a source of electrons which could help facilitate skyrmion
creation. These questions will be continued to be explored after the project is finished.

In principle, skyrmions can also be created by a strong electric current, which is an addi-
tional interesting further development. We have seen such things in the simulations, i.e.,
when the current is considerable, there are many nonadiabatic effects, and a skyrmion is
created. Sometimes it is stuck to the wall where the current was induced. Creation by a
current is easier, but it could offer less control of the nucleation since it is expected that the
skyrmion is created close to the leads. It is worth to point out here that an equally important
scenario related to the creation of a skyrmion is when the latter is destroyed by light (i.e.
skyrmion erasure). This is certainly within the scope of our approach.

The band structure is interesting not only from a fundamental perspective. To be able to
engineer skyrmion applications, knowledge of the itinerant electrons is essential since it is
often these which are manipulated directly. The phenomena in the localized spins only come
as a secondary effect due to the interaction with the itinerant electrons. Such ideas warrant
a further investigation of the band structure. The Chern number is calculated from the band
structure, and a nonzero Chern number was found in some scenarios, indicating that the
itinerant electrons are topological. However, we already knew this due to them having a
nonzero topological charge. In the literature, there is little discussion of the conservation of
charge since it is believed not to be the case in natural systems. Nevertheless, it could still be
that some quantity is not taken into account, which would give a conserved charge. If there
was charge conservation, this could have great theoretical and experimental consequences.
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CHAPTER b

Appendix

1 Full WBL derivation
The embedding self-energy is

S =Y "8 =Y hra(2)Gaalz, 2han(2) (S.1.1)

The connection between system M and environment is just the hopping

Ny
Y [aichlziw t+al Ny + h.c.} . t(2) = tysin(zm/(27)) (S.1.2)

o iy=1

:_tza a]-|-z —|—,uaal (S.1.3)

the environment GF is non-interacting, hence it can be written on the form [43]
Gaalz2) = —iT{e " h [0, 2) F(h) — 0(z, 2) f(R0)] T{e oot (81,0

T B el ool i (Vo | (S.1.6)

The tight-binding Hamiltonians can be diagonalized by a fourier-transform

Gaalz, 2) |k = —z’ékk/’r{e—“wz—to)e*ifti)(Va(wH”’dx}[ (2,2) f(era) — 0(Z, z)f(e;m)] (S.1.7)
7—-{ picha(Z—t0) i Jiy (Va (fﬂ)ﬂ‘)dz} (S.1.8)

= —ilygee "R EmATE Vet (92 2) Fega) — O(Z, 2) fna)] (S.1.9)

(S.1.10)
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Consider the matrix-form of the embedding self-energy introduce real-space basis a, b and
momentum-space basis p, k

I%;hm Xal [pXp| Gaal(2, 2) [K)K] [DXb] hant (2) 1) (S-1.11)
—nghiwa Jia (alk) [Gaa(z, 2)]kw (k1D) [hans (2)]b; (S.1.12)
= % t1(2)0i,0 010,010, Jia (A1) [Gaalz, 2)]i (KID) [61(2)0j,0.0,, 006, ] (S-1.13)
= ;zacajzac sin(zm/27) sin(z7 /27)t2 ; (Liy|k) [Goal2, 2)]ix (k|17,) (S.1.14)

one can show that the eigenstates of the 2D tight-binding Hamiltonian with open boundary
conditions is

|/<;>—\/NT N iz (”kw“?)sm(%) /i) (S.1.15)

This gives
. 2 2
5% = bivacljsa, Sin(zm/27) sin(zm /27)t] N FIN, 1 (S.1.16)
.o Tk . Tkyiy . Tkydy _
gsm <Nx 1> sm(m) sin (m (Goalz, 2)|kk (S.1.17)
We now consider the relevant components of the self-energy.
2 2
(251 = bivaclj,a. sin(zm/27) sin(zm /27)t] N+ 1N, 1 (S.1.18)
. Tk, . k1 i wkyJ _
;SIHQ (Ng; - 1) SIH<TZ_?J1> sm(ﬁ) (Gaalz, 2)5 (S.1.19)
2 2
= i0i,0.0}, 0, SIN(27/27) sin (27 /2787 (S.1.20)

t
"N, +1N, +1

ki kyj ‘ i [*
) () (e e
(S.1.21)

. o Tk
S sin (N
koky

We have a finite width of the strip, however, the leads extend to infinity in x-direction, hence
k,m/(N, + 1) can be treated as a continuous variable.

[S5]S = 0(2 — 2)i6i,0,0),a. sin(zm/27) sin(zm /27)t] (S.1.22)

Ny +1

k, kg 1 [7 . _
Zsm(N7r _i 1) s'n(%)eﬂf (Vale +“)d””7r /0 df sin® (0)e k72 f (e},
(S.1.23)
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change variables to €., = —2t;, cos 0 — 2t, cos(%) = €, — 2ty cos 0, call it €

2 ki Ky
[E%]S = 0(2 — 2)i6i,0,0j,a. sin(zm/27) sin(zm/27)t] N, 1 kz sin(%) sin(%)

(S.1.24)
. rz 1 Eky+2tb 1 . —
e )z (Va(“”)”)dx—/ —sin(G)e_“(z_z)f(e)de (S.1.25)
m Eky_th 2tb
_ . : o 2
= 0(Z — 2)idi,0.0j,0. Sin(27/27) sm(z7r/27)t12m (S.1.26)
. . €k, 12 _ 2
Zsm(—ﬂ%zy ) sin(—ﬂkyjy )e_ifzz(Va(xH”)dxl / vl 1 - (Eky 6) 6_i6(z_§)f(€)de
" Ny +1 Ny +1 s ey 2t ?tb 2ty }
/;(Z)
(S.1.27)
(S.1.28)

take the WBL ¢, — oo while vy = 7/t is fixed, physically we assume that the local density
of states at the first site p(e) is constant hence p(0) = 1/(2¢;) is used.

2

(X515 = 0(2 — 2)idi,0,05,a, sin(27/27) sin(Zw/QT)vNy 1 (S.1.29)
Zsin mhyly sin KL e”'f;(v‘l(x)*“)dmi /OO e 72 f(e)de (S.1.30)

- N, +1 N, +1 i

Yy
Tolii - o
= ZQQ(Z — Z)/ e~ =3 f(€)de (S.1.31)
2 oo
The retarded environment GF is given by
[Goa(z,2)|E, = —0(2 — 2)idppe ez [z (Val@)tn)de (S.1.32)
We can follow the same procedure as for the lesser self-energy to get
2
alR __ N - . . .
(X517 = —0(z — 2)idi,a.05,a, sin(2m/27) sm(z7r/27)”yNy 1 (S.1.33)
i vty Y i ( TFudy i g2 (Va1 /OO —ie(=2)
Iz Val® T — mEd S.1.34
;Sln(Ny+1>Sln<Ny+l e o _Ooe € ( )
2
= —10;,0,0j,a, SIN(27/27) sin(Zﬂ/ZT)’yNy 1 (S.1.35)
. mhyly . ThyJy —i [Z(Va () +p)da 1 =
stm(m> sm(m etz a 5(5(z —2) (S.1.36)
Tl

= —isin®(z7m/27) Lol iz —2) (S.1.37)
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The WBL matrix is given by

ISP R NP A N o in (220} sin (—edy S.1.38
P15 = Vi OacsiDacor Ny+1sm<Ny+1)Xsm(N +1) (5.1.38)

ky Y

The alpha label contains coordinate a. = 1, N indices, N is the rightmost site. Here we have
included spin o =T, |, this is the only place the spin enters, the spin subspaces are decoupled
within the leads.

There is one integral which needs to be evaluated in order to get the analytical expression
for the lesser self-energy. Here we write ¢ instead of ¢t — ¢’ for brevity.

< _ _ —iet __ —iet _ —tet me
I~ = /_oo de f(e — p)e = /_OO de 1o opem® /_OO de T opem® €

Close contour in lower half plane since ¢t < 0, write = ¢ 4 in. The poles are at 3(e, — u) =
—im — 2min with n € Z

oo o 1 oo ‘ }
< _ _o._rs —ient _ . —(m+ipB+2mn)t/B
I~ = 2mZe Res {—1 +65(6nﬂ)] 27?2/526
n=0 n=0
BN _9mni TP | L in/B
— 27i/Be wt/B—iut e 2mnt/B _ 2971/ Be wt/B—iut __ —¢ ipt -
/B ; /8 1 — e2nt/8 sinh(nt/3)
el 1 i) (e (s 2m)if8)
1+ eBlen—p) e—i/B(m+2mn)+p 1+ ePle—n) e—>i/B(m+2mn) 1+ ePe
~lim BT gy iBr 4

20 1 4 ei@+m) 2501 — (1 + (ix) + O((iz)?))
To generalize this result we consider the behavior for ¢ close to 0.

o—ini in/B — pind ir/B
sinh (xt/5) /5 + O((wi/B)?) 7’{ /

je~

} + () (S.1.39)

Hence

<= P{ei‘”%} 4 w3(t)

Since this is an integral coming from the lesser self-energy it is multiplied by 6(t¢), which
means that in total we have:

P{ewt%} +6(t)m /2

The low temperature limit is then

je it
73{ . }+(5(t)7r/2 when  — oo
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O(t)o(t) gives d(t)/2, since

o0 , 0 1 o 1 s 1 o o - 1 y
/ dE H(t)e—zet — / dE R / dEI : e—ze te—zet = dE / del e—zet—.e—ze t
oo oo 2 J_o €+ 21 ) _ o o € 4+
1 ° ) > 1 o
— _2_ dE (_iﬂ_e—zet + 73 / dEI (_/) 6—2(6 +€)t)
T J _o — o0 €

L N T R
—5/ dee 5 | deP{/ dxx_e}—WS(t)

(e o] o0 o0

The second integral is the Hilbert transform e~** in x, if ¢ # 0 then the Hilbert transform
is isgn(t)e~* which gives ~ §(t) when integrated with € and therefore it is zero. If t = 0 we
have the Hilbert transform of a constant, hence it’s again zero.
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2 Approximation derivation

In the main text it is claimed that an integral on the following form gives a time-linear
evolution:

/ i > e~ Va®AN (¢t — F)s()s(H)GO(t — T) (S.2.1)

to o

—s0y [ e O DsOE - = O L) (522

T _ o t o o
I(t) = / dfe e VeOIEN (4 — Ds(H)GO(t — 1) + / df et Va®UN (1 — Ds(DGO(t — 1)

to T
(5.2.3)
T t
= / dt e=Vet=DA (¢ — 1) sin(nt/27)°GO(t — 1) + / dt e=Vet=DA (t — DGOt — 1)
to T
(S.2.4)
= Loa(t) + La(t) (8.2.5)
T _ 1 1 . - 1 .- 1 1 1
I _ d7 —zVa(t—ﬂA t—1 - - —imt/T _ — imt)T Ot—t :—IO R o
a,l /to € a( _>(2 46 46 G ( _) 9 a,l 4 a,l 4 a,l
(5.2.6)
I2(t+A) = / At emVeltFA=DN (t + A — D) TGO(t + A — 1) (S.2.7)
t
OT—A ‘ ‘
= / dye Vo=V A (t — )™ WHA/TGO (1 — g)) (S.2.8)
to—A
to T T ) )
- (/ o) -/ )dye—w-yma(t )TN ) (3.2.9)
0—A to T—A
to T
_ eiQA/T[gl<t) + (/ _/ )dy efiVa(tfy)Aa(t . y>eiﬂﬂ(y+A)/7G0(t o y)
' to—A T—A
(S.2.10)
) A ) )
~ eI (1) + 5 e Vallmto TN (8 — tg + A)e /TGOt — 1y + A)
(S.2.11)
4 e Vol A (1 — 1)t t 2T GO+ — to)] (S.2.12)
Al ivatt—r+a) iQn(r) /7 0
-5 le At =74+ A)e G'(t—T1+A4)) (S.2.13)
+ e Val=mA (¢ — 1) AT GO — 1) (S.2.14)
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So we need to evolve two GF:s, G°(t — ty) and G°(¢t — 7). The second one is only needed
when ¢ > 7, since before then this integral is up to t + A and the change of variables on gives
one new interval instead of two.

t+A
Lo(t+ A) = / At e VetFADA (1 + A - DGOt + A — 1) (S.2.15)
t
- / dye VeI (t — y)GO(t — y) (S.2.16)
T—A
= Ino(t) + / dyeVall=VA (t — 4)GO(t — y) (S.2.17)
%[ V=T AN (- T+ A)GO(t — T+ A) (S.2.18)
“Val=mA (= 7)GO(t — 7)} (S.2.19)

This integral requires the GF G°(t — 7) which we are already computing.

3 Laser used

To analyze Laser we use Peierls substitution and since the system is finite we need to include
the electric potential ¢

Hy(t) =Y ePcl (—tI+ oy - T)oorCior + 3 _ €io(t)itig =B+ > &, (S.3.1)
(i) ior i

Hs—d = —QZ§Z . Si, (832)

Hi=3|78:8;+Dy 8 x 8] =B 3.8 - K} 5. (533)
@) ‘ z-

+ Y (i — g 0) Pl Cige r im0 QoD iy o)/ (20 (S.3.4)

e

te = tqg = 45,A = 2 4, is the x-component of the index and ¢, is the center point in the
lattice in x-direction.

—iv/2Asin(wt) sin?(nt /(2t,)) t <t
fe =1 —iv2Asin(wt) cos?(m(t —tg)/(2t.)) t < tq+t. (S.3.5)
0 tg+1t. <t
—A0.06+/2 cos(wt) sin® (7t /(2t.)) t<te
¢ = ¢ —A0.06v/2sin(wt) cos®(m(t — tg)/(2t,)) t <tq+t, (S.3.6)
0 ta+t. <t

0;; are the Peirels phases obtained by integrating over the Gaussian envelope-function and
they are multiplied by f, if the hopping is in x-direction otherwise they are zero. 0.06 is a
constant which arises due to us choosing a near infrared laser. For more information see [2].
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