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1 Introduction

Spintronics (spin-based electronics) is more and more included into conventional information
technology because it can significantly reduce the size of device structures and the power
consumption. Aside from that, it enables completely new device concepts. It is therefore a
very active field of research, often with close connection to applications. The giant magne-
toresistance (GMR) effect and, more recently, the tunneling magnetoresistance (TMR) effect
are commonly used in read heads of hard disk drives. Compared to conventional charge
based concepts, they allowed a dramatic increase of the storage density because of a much
higher sensitivity [3H5]. Nowadays, magnetic tunnel junctions in nonvolatile magnetoresistive
random access memory (MRAM) can be switched all electrically via the spin-transfer-torque
by injection of spin polarized currents [6], and many other spintronic applications may follow
as new materials are discovered [5].

Over the last few years, topological insulators (TIs) have generated great interest in the
field of spintronics [1}, 2, B, [7H14] because of their unique properties. Like trivial insulators,
they have a bulk energy gap separating valence and conduction band. Inside this bulk gap,
however, they feature topologically protected surface states or, in the two-dimensional (2D)
case, edge states [15, [16]. As Tls preserve time-reversal symmetry, edge or surface states
with opposite momentum have to have opposite spin. This has the consequence that currents
flowing into opposite directions carry opposite spin and elastic backscattering by time-reversal
symmetry preserving perturbations is strongly suppressed. For edge states of 2D Tls, such
scattering processes are even completely forbidden [17]. By inducing magnetic order into a
2D TI, it can be driven into a quantum anomalous Hall (QAH) state, where one of the two
edge state channels is gapped out so that only one unidirectional spin polarized edge channel
remains [18-20].

In this thesis, three different topics are studied which can all be seen in the context of Tl
based spintronics. The first topic is about currents flowing in gapless states of 2D Tls with lo-
cally induced magnetic order, studied by means of numerical quantum transport calculations.
Based on the obtained results, devices are conceived which are capable of creating, switching
and detecting pure spin currents, i.e. spin currents without net charge flow.

The other two topics are about measuring the spin of topological surface states, which
is crucial for the applicability and efficiency of Tls in spintronic applications. A method first
considered by Meservey and Tedrow [21], 22] uses tunneling from superconducting aluminum
films in a strong magnetic field to investigate the polarization of ferromagnetic materials. It
is shown that, by making some changes, this method can be used to measure the in-plane
spin component of topological surface states. By investigating another method called spin
Hall effect tunneling spectroscopy [23] 24], it is shown that tunneling from ferromagnets can
be used to give a relation between the in-plane and out-of-plane component of the surface
state spin. When the in-plane component is already known, this allows measurement of the
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out-of-plane spin.

The thesis starts with an introducing chapter about Tls and the QAH effect and their po-
tential role in spintronics to give a theoretical background for the rest of the thesis. In the
subsequent chapter, the model Hamiltonian, which is the basis for all calculations in this the-
sis, is introduced and examined analytically. After three chapters covering the three main

topics, a complete summary is given.



2 Thematic background

This chapter summarizes the discovery and basic properties of Tls and the QAH effect in
order to give a thematic background for the content of this thesis. Detailed introductions about
Tls can be found, e.g., in review articles by Hasan and Kane [17] and Qi and Zhang [25].
After this more general introduction, the topics of this thesis will be presented in the context of
potential applications of Tls in the field of spintronics. More general introductions to the field
of spintronics can be found in review articles by Wolf et al. [3], Zuti¢ et al. [4] and Bader and
Parkin [5].

2.1 Topological insulators

The advent of Tls began about a decade ago with the theoretical prediction [15] and suc-
cessive experimental realization [26] of the quantum spin Hall (QSH) effect in HgTe/CdTe
quantum wells. Similar to the quantum Hall (QH) insulator, which arises when a 2D electron
gas in a semiconductor is exposed to a strong magnetic field [27], the QSH insulator, or 2D TI,
features one-dimensional (1D) conducting edge state channels in an otherwise insulating bulk
gap (see Fig.[2.7) [15]. In a 2D semiconductor, a strong magnetic field causes the electrons to
move in circular orbits, which leads to a splitting of the electron states into quantized Landau
levels. At low temperature, the bulk of the semiconductor is insulating when the Fermi level
is located between two Landau levels, but the edges feature chiral edge states. These edge
states can be attributed to skipped cyclotron orbits of the electrons at the edges. When an
electrical field is applied, the cyclotron orbits start to drift and cause a quantized Hall conduc-
tance o,y = Ne?/h, where N is the number of filled Landau levels, e the electron charge and
h the Planck constant. An increase of the magnetic field increases the splitting of the Landau
levels so that the number of filled levels decreases. Hence, the resistance increases stepwise
with increasing magnetic field [17, 27].

Electrons in chiral edge states can only move in one direction along the edge so that forward
and backward moving electron channels are spatially separated in a system of sufficient width.
These electrons are then immune to backscattering from any defects because there is simply
no back-moving electron state at the same edge. While this robustness of the edge states
makes QH insulators interesting for low dissipation semiconductor devices, the requirement
of a strong magnetic field and low temperature makes them rather impracticable [17, [28].

The QSH effect, on the other hand, does not need an external magnetic field but originates
from strong intrinsic spin-orbit coupling. More precisely, the QSH effect is only robust in the
absence of magnetic fields, when time-reversal symmetry is preserved. Where the QH insula-
tor has only one edge state channel, the QSH insulator has (at least) two counter-propagating
edge state channels. Still, electrons in these edge states are immune to elastic backscattering



2 Thematic background

A

A

Figure 2.1: Schematic comparison of QH effect and QSH effect. Both effects feature 1D edge
states in an insulating bulk gap (the QH state between Landau levels). Electrons
in QH edge states are immune to backscattering because there is no back-moving
state at the same edge. The electron will just move around any defect. The QSH
state has two states per edge with opposite spin. Electrons can propagate either
clockwise or counterclockwise around time-reversal symmetry preserving pertur-
bations. As these paths differ by a total 2z rotation of the electron spin, corre-
sponding to a relative minus sign of the wave functions, they interfere destruc-
tively. Time-reversal symmetry requires that the edge state bands cross in a so
called Dirac point at K = 0. Figure inspired by Hasan and Kane [17] and Qi and
Zhang [28].
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from time reversal symmetry preserving perturbations because the edge states are helical, i.e.
counter-propagating electrons have opposite spin (see Fig.[2.1). In order to change its move-
ment direction, an electron has to change its spin. Depending on the path the electron takes
around any perturbation, the spin is rotated adiabatically by either = or —7 so that the two
paths differ by a total 27 rotation of the electron spin. As such a 27 rotation inverts the sign
of the electron wave function, the two reflective paths interfere destructively. This destructive
interference requires time-reversal symmetry. When time-reversal symmetry is broken, e.g.
by a magnetic impurity, the edge state transport becomes dissipative [25, 28].

The case of only one forward and one backward moving electron state with opposite spins
is the simplest. Generally, there can be multiple electron states per movement direction so
that backscattering without an inversion of the spin is possible and transport can become dis-
sipative. The QSH effect is therefore only robust when there is an odd number of forward and
backward moving edge states, which is characterized by a Z, topological quantum number
[25]. Since there is no dissipation in the QSH state, the two-terminal longitudinal conductance
should be quantized to 2¢2/h per pair of edge states [15], and indeed, a quantized conduc-
tance of 2¢2/h was measured for HgTe quantum wells beyond a critical thickness [26}, 29].

Prior to the discovery of the QH effect, quantum states were classified by broken symme-
tries. For example, crystalline solids break translational symmetry, magnets rotation symmetry
and superconductors gauge symmetry. The QH effect was the first quantum state which could
not be classified in this way because its properties are a matter of topology instead of the exact
geometry. This was the beginning of a new class of topological materials, which also includes
the QSH effect or topological insulator [28].

The mathematical concept of topology can most easily be understood using the example
of the 2D surfaces of three-dimensional (3D) objects. In topology, objects are not classified
by their exact geometry. Instead, objects that can be smoothly deformed into each other
are considered equivalent. For example, a sphere can be transformed into an ellipsoid by
smooth deformations. These objects are therefore topologically equivalent. However, in order
to transform the sphere into a torus (donut), a hole has to be created in the surface of the
sphere, which is no smooth transformation. Thus, 3D objects can be classified by the number
of holes the surface has, which is termed genus. In that sense, the donut is topologically
equivalent to a coffee cup despite the completely different geometry [17].

This concept of a smooth transformation can be transferred to physical many-particle sys-
tems with a gap, i.e. insulators. If the Hamiltonian describing such a system can be smoothly
transformed into the Hamiltonian of another system without closing the gap, the two systems
are topologically equivalent. One of these topological equivalence classes is the trivial insu-
lator, including atomic insulators and vacuum. Other classes are distinguished from the trivial
insulator by topological quantum numbers similar to the genus. The existence of gapless edge
states then already follows from this classification. Consider two systems described by differ-
ent Hamiltonians that cannot be smoothly transformed into each other, i.e. that have different
topological quantum numbers. When these systems are in contact, there has to be a point
where a transition from one system to the other has to happen. Since this requires a closure
of the gap, there must be gapless states located at the interface of the two systems. This
relation is called bulk-boundary correspondence and is directly connected to the change of
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the topological invariant along the interface [17].

All time-reversal invariant Hamiltonians can be assigned to two different classes classified
by a Z, topological invariant v, which is 0 or 1 for topologically trivial or nontrivial insulators,
respectively. A Bloch Hamiltonian H (k) that is invariant under time-reversal satisfies [17]

OH (k)07 ! = H(-k), (2.1)

where © = exp (i7.S,/h) K is an antiunitary operator representing the time-reversal symme-
try. In this expression, Sy is the spin operator and K complex conjugation. Kramers’ theorem
now states that, for spin 1/2 electrons, all eigenstates of such a Hamiltonian are at least
twofold degenerate because ©2 = —1. Any non degenerate eigenstate |x) of © and H (k)
would have constant eigenvalues ¢ so that ©2 |x) = |¢|[*|x) with |¢[> # —1. Consider now
a system that has a boundary. In that case, there can be states inside the bulk gap that are
bound to the boundary. If this is the case, according to the Kramers’ theorem, they have to
be twofold degenerate at all time-reversal invariant momenta. For other momenta, the degen-
eracy is lifted by spin-orbit coupling. Depending on the topological invariant, these momenta
are connected in a different fashion. If they are connected pairwise, it is possible to push the
boundary states out of the bulk gap by a smooth change of the Hamiltonian. So this case is
topologically trivial. However, if they are not connected pairwise, they are robust to smooth
changes of the Hamiltonian. In the first case, the Fermi level is crossed an even number of
times between two time-reversal invariant momenta. In the second case, the number is odd.
The change Av of the topological quantum number across the boundary is therefore related to
the number of boundary state pairs N (due to time-reversal symmetry, each boundary state
at k has a partner at —k) crossing the Fermi level via the bulk-boundary correspondence [17]

Ng = Av mod 2. (2.2)

The remaining question is: What bulk property distinguishes the topologically nontrivial
insulator from a trivial insulator? As mentioned above, the QSH effect arises in materials with
strong spin-orbit coupling. Strong spin-orbit coupling can cause an inversion of the normal
band order for parts of momentum space. If the bands forming the bulk gap are inverted at an
odd number of time-reversal invariant momenta, the system is in a QSH state. In HgTe/CdTe
quantum wells, the band ordering of the HgTe layer at the I' point, i.e. k = 0, changes as a
function of the quantum well thickness d. For layers thinner than a critical thickness d., the
bands have a normal ordering, so the quantum well is in a trivial state. When the thickness
is increased beyond d., the band ordering in the HgTe layer is inverted, so the quantum
well is in a QSH state [15]. In general, good potential candidates for new Tl materials are
therefore semiconductors with a rather small bulk gap and strong spin-orbit coupling, i.e. those
consisting of heavy elements [30].

There are multiple approaches to calculate the topological invariant v for a given band struc-
ture [25]. A simple algorithm by Fu and Kane [31] is based on the parity eigenvalues of occu-
pied energy bands at the time-reversal invariant momenta in inversion symmetric insulators.
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At each time-reversal invariant momentum I';, the product [31]

N
8 = ] éom (1) (2.3)
m=1

of the parity eigenvalues &2, (I';) = +1 of all occupied Kramers’ degenerate energy bands is
calculated. The parity eigenvalues of the Kramers’ pairs 2m and 2m — 1 are the same, and
the product runs only over these degenerate pairs. The topological quantum number v is then
determined by the product of all §;, i.e. in 2D [31]

(1) = H5 (2.4)

On the basis of this equation, it can be seen that v = 1 only if bands of different parity are
inverted at an odd number of time-reversal invariant momenta.

In 3D, four topological invariants can be defined. The generalization of Eq. to the
eight time-reversal invariant momenta of the 3D Berillouin zone gives the “strong” topological
invariant vg [31]

(- =]]o- (2.5)
However, by multiplying any é; for which the T'; are in the same plane [31]

(_1)Vk = H 5i:(n1n2n3)7 (26)

nkzlgnj;ék:(],l

three additional “weak” invariants (v11,13) can be defined. These invariants depend on the
definition of the lattice structure. A strong topological insulator (vy = 1) is the 3D generaliza-
tion of the QSH effect, with protected surface states on all surfaces. In that case, the surface
Fermi surface encloses an odd number of time-reversal invariant momenta. On the other
hand, if vy = 0, the system can be viewed as stacked QSH insulators, where the stacking
direction is defined by (v11413). Then, there are no surface states at the top and bottom sur-
face of the stack, only at the edges. As the surface Fermi surface encloses an even number
of time-reversal invariant momenta, these edge states are not immune to perturbations [31].

Even though this approach is only valid if the insulator has inversion symmetry, it has already
been of great use. For example, the proposal of the alloy Bi,Sb;_, by Fu and Kane [31] and of
the BisSej class by Zhang et al. [32] as 3D Tls is based on this approach. Additionally, it can
also be applied to insulators without inversion symmetry if the Hamiltonian can be smoothly
transformed into an inversion symmetric one since the topological invariant does not change
under such transformations [25].

The alloy Bi,Sby_, was the first material that was identified as a strong 3D Tl by observing
nontrivial surface states by means of angle-resolved photoemission spectroscopy (ARPES)
[33]. Later, also BiySes [34], BisTes [35, 136] and SbyTes [37] were identified in the same way.
These materials of the so called second generation have much simpler surface states and a
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Figure 2.2: Dispersion and spin orientation of surface states of a 3D TI. The dispersion forms
a nearly ideal Dirac cone (left panel), where the electron spin is locked orthogonal
to the momentum and therefore rotates around the Fermi surface (indicated by
red arrows). Some materials feature a hexagonal deformation of the Fermi sur-
face along with an out-of-plane spin component (right panel). The in-plane spin is
indicted by black arrows and the out-of-plane spin by color. Black lines are con-
stant energy contours. Both figures are based on analytical solutions of the model
Hamiltonian for BizSes (see section [3.2). The right panel shows only the lower
part of the Dirac cone.

larger bulk gap than Bi, Sb;_, and can be produced at a higher quality because they are com-
pounds instead of alloys [17]. Where Bi,Sb;_, has multiple, topological and non-topological,
surface states, these materials have only a single Dirac cone at the I'-point. Especially Bi,Ses
has surface states that form a nearly ideal Dirac cone, like in Fig. [2.2] with the spin lying
mainly in the surface plane and locked orthogonal to the momentum [38,139]. The spin there-
fore rotates around the Fermi surface because time-reversal symmetry again requires that
states with opposite momentum have opposite spin [17]. Besides, some materials, especially
BioTes [40, [41], show a hexagonal deformation of the Dirac cone along with an out-of-plane
spin component (Fig. [2.2). Like in the 2D case, scattering into states with opposite spin is for-
bidden when time-reversal symmetry is preserved. As the electron wave-function acquires a
minus sign, i.e. a m Berry phase, when it is adiabatically transported around the Fermi surface,
different reflection paths interfere destructively. This applies, however, only to a direct reversal
of the spin. Since there are now surface states with intermediate spin orientations, scattering
into these states is possible even by non-magnetic perturbations, even though such perturba-
tions cannot destroy the topological surface states. This leads to diffusive surface transport,
where a reversal of the initial electron spin is possible through multiple scattering events [17].
The locking of spin and momentum has been demonstrated in multiple spin-resolved ARPES
(SARPES) measurements, however with strongly varying values for the degree of the spin-
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polarization in the range of about 45%-100% [38l, 139} 42| [43].

The simple band structure, which allows theoretical modeling by a simple Hamiltonian
[32, [44] (see section [3.1), and the large bulk gap of up to ~ 0.3eV in Bi,Ses [32], poten-
tially enabling room temperature applications, established materials of the Bi;Ses class as
prototypical 3D Tls. Since they grow in only weakly coupled quintuple-layers (QL) of about
1nm, they can be produced in very smooth thin films down to a single QL by molecular beam
epitaxy [37, 145, 146]. This is very important for transport measurements and potential applica-
tions in spintronics. While calculations predict that the Fermi level resides inside the bulk gap,
this is in most cases not true for real samples because of imperfections that result in intrinsic
doping. Especially the surface Fermi level changes with time when exposed to air. Therefore,
the Fermi level is often even different for the bulk and the surface, resulting in bulk conductiv-
ity even when the Fermi level in ARPES measurements seems to be in the bulk gap. Partly,
this can be compensated by individual chemical doping of bulk and surface with nonmagnetic
dopants, but fine-tuning is difficult. In thin layers, however, the overall impact of bulk carriers
is reduced and the Fermi level can be fine-tuned by a gate voltage [17, [25].

Interestingly, when the thickness of these Tls is decreased down to the spatial extend of the
surface states at the top and bottom surface (below 6QL for BiySes [46] and 5QL for SboTes
[37]), also a QSH state can be realized in these materials [47H49]. When the surface states
from top and bottom surface overlap, they hybridize and open a gap in the surface state disper-
sion, which increases with decreasing thickness [46]. Then, as long as the thickness remains
above a certain threshold, the material remains topologically nontrivial and features 1D edge
states inside the hybridization gap. For Bi»Ses, this threshold is 3nm (3QL) [48], where the
hybridization gap measured by ARPES already has a size of about 138meV [46]. Even though
this is more than an order of magnitude larger than the gap size of the order of 10meV [15]
in HgTe quantum wells, it may still be to small for room temperature applications. However,
proof of principle measurements at moderate temperatures should be possible. Other newly
predicted 2D materials reach even larger gap sizes, similar to or larger than that of bulk BixSes
[50 51].

When magnetic ordering is introduced into a Tl, e.g. by doping with transition metal atoms
or by proximity to a ferromagnetic material, time-reversal symmetry is broken, and the surface
states are no longer topologically protected. But then, other interesting effects can be created.
Magnetic moments with anisotropy perpendicular to the surface of the Tl induce a ferromag-
netic exchange field in the same direction and open a gap in the surface state dispersion. If the
Fermi level lies inside this gap, this results in an insulating massive Dirac fermion state, which
may allow observation of many interesting effects [52]. A ferromagnetic exchange field parallel
to the surface, on the other hand, may cause a transition into a Weyl semi-metal, where a flat
surface band spans between two Dirac points [53] [54]. Particularly interesting effects arise
when magnetic ordering is introduced into 2D Tls. In that case, an out-of-plane exchange
field causes a transition into another topologically different state, the quantum anomalous Hall
(QAH) state.
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2.2 Quantum anomalous Hall effect

The QAH state is very similar to the QH state because it features quantized, but now spin
polarized topologically protected chiral edge states in an insulating gap. However, like the
QSH state it does not need an external magnetic field even though it requires breaking of
time-reversal symmetry. Instead, it relies on the intrinsic spin-orbit coupling. In fact, the QSH
state can be viewed as two copies of the QAH state connected by time-reversal symmetry
[55]. Because of this, the QAH effect was proposed to be observable in 2D ferromagnetic Tls
[18,[19].

Magnetic dopants with out-of-plane orientation induce a ferromagnetic exchange field in
the TI that acts as an additional mass term in the Hamiltonian, with opposite sign for the
two copies of the QAH state. The sign of the mass term defines whether or not the bands are
inverted, and its absolute value corresponds to half the gap size at zero momentum. So, when
the exchange field is increased, the gap of one state widens while the other one shrinks. If
the field is strong enough, this results in a band inversion for the one state, i.e. a phase
transition into a topologically trivial state, while the other one remains nontrivial. Which of the
two states remains, and consequently the propagation direction and spin of the edge states,
is determined by the sign of the exchange field [18][19].

The QAH state was first prosed to exist in Mn doped HgTe quantum wells [18]. However,
an additional Zeeman field is needed to polarize the magnetic dopants, because they do
not order spontaneously. This makes it difficult to distinguish the QAH effect from the QH
effect. Later, the QAH effect was also proposed for thin films of the new BisSes class of
3D Tls [19]. In addition to a potentially larger gap in the 2D state, the magnetic moments
order spontaneously with out-of-plane anisotropy in these materials [56]. A few years after
the theoretical prediction, the QAH state was observed in Cr and V doped (Bi,Se).Tes, with
a quantized Hall conductance of 0., ~ e?/h at temperatures of the order of a few 10mK
[20l 56, [57]. This temperature, however, is about two orders of magnitude smaller than the
Curie temperature and also much smaller than the predicted ferromagnetic excitation gap in
the edge state dispersion. Most likely, this is due to an overlap of the Dirac point with the
bulk valence band, resulting in a largely reduced effective excitation gap [57, 158]. According
to Qi et al. [59], the problem is that doping with a single element reduces the size of the bulk
gap, which could be overcome by codoping of (Bi,Se),Tes with | and V. They calculate a Curie
temperature of about 50K and an excitation gap of at least ~ 50meV for a film thickness of
5QL.

Another way to introduce ferromagnetism into a Tl is by proximity to a ferromagnetic insula-
tor (FMI) like EuS [60H62]. This has advantages as well as disadvantages. As the FMI forms
a very clean interface with the TI, no magnetic impurities are injected into the Tl so that the
bulk properties of the Tl should remain basically unaffected. Besides, it was recently shown
by Katmis et al. [62] that a BioSe3/EuS bilayer structure can retain a finite magnetization for
temperatures larger than 300K. EuS alone has a Curie temperature of about 17K, i.e. the Tl
stabilizes the FMI. A problem for some applications, like the QAH effect, could be that EuS
has in-plane anisotropy, which leads to an out-of-plane anisotropy in the surface of BiySe;
due to strong spin-orbit coupling. Still, there is also a finite in-plane component in BisSes,
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which becomes smaller as the thickness of the layers is decreased [62]. However, the biggest
problem is that, up to now, the theoretical excitation gap (~ 7TmeV) is much smaller than with
magnetic doping [61]. The penetration depth of the proximity field is about 1nm-2nm [61} 62],
which may be enough to turn thin TI films of 3nm-6nm into the QAH state, especially in a
sandwich structure with FMIs above and below the TI. Another advantage of the proximity
effect in hindsight of device structures discussed in this thesis is that it is potentially easier to
apply exchange fields that are locally restricted.

2.3 Spintronic

In conventional electronics, information is only carried by the charge of electrons. So, there
are only two states, charge (transport) or no charge (transport). Spintronics, on the other
hand, includes or solely uses the spin degree of freedom. This enables new device concepts
with increased functionality and decreased power consumption, but it requires engineering of
new materials and methods. In many cases, spintronic devices can be divided into generation,
transport and detection of spins, where the different aspects usually require different materials
[3 14]. Materials with strong spin-orbit coupling can act as generators and detectors, while
those with weak spin-orbit coupling are good at conserving the spin [9]. In Tls, the locking
of spin and momentum in surface or edge states promises both, efficient generation of spin
currents as well as long spin-diffusion lengths. Spin diffusion lengths of ~ 2um have been
reported for HgTe quantum wells [29, 63)].

The field of spintronics began with the discovery of the giant magnetoresistance (GMR) ef-
fect in heterostructures of two ferromagnetic layers separated by a thin nonmagnetic conductor
[3]. Depending on the relative magnetic orientation of the two magnetic layers, the resistance
of the heterostructure is either high (antiparallel) or low (parallel) because the polarized current
coming from one ferromagnet is largely reflected by the other one in an antiparallel orienta-
tion. Even larger changes in resistance can be achieved with the tunneling magnetoresistance
(TMR) effect, where the nonmagnetic conducting layer is replaced by an insulating layer [4].
This effect is based on quantum tunneling through the insulating layer, which has better spin
conserving properties. Both GMR and TMR effect are of great technological importance as
they find application in read heads of hard disk drives and in non-volatile magnetoresistive
random access memory (MRAM) [3]. Due to the spin-momentum locking in topological sur-
face states, a spin-polarized current injected into the surface will flow into a certain direction,
leading to a direction dependent resistance. Thus, similar effects can also be achieved in
heterostructures of Tls and ferromagnets [2, 64, [65].

In GMR and TMR devices, ferromagnets are used to polarize electrons, but it also works
the other way around. Currents of spin polarized electrons can transfer angular momentum
to a ferromagnet and thereby change its magnetization [3, 4, 166]. This effect, known as spin-
transfer torque, is of great current interest for all electrical switching of ferromagnetic domains
in spin-transfer torque MRAM (STT-MRAM) because it promises low power consumption and
good scalability and switching times [6]. Currently, the spin polarized currents for the switching
of STT-MRAM are generated by ferromagnets [6,[67], but the search for more efficient methods
goes on. One suggestion are Tls [12], and it has already been shown for Tl/ferromagnet [10]
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and Tl/ferromagnetic TI [68] bilayers that the spin-transfer torque generated by Tls is strong.

Since in many cases, the charge of a spin current is not needed, the generation of pure
spin currents without a net charge current is of great interest. A pure spin current produces
no magnetic field and the Joule heating is usually reduced [66]. While there are already a
few methods to produce pure spin currents, their efficiency is usually low. The most prominent
method, the spin Hall effect, where a current through a nonmagnetic 2D conductor produces a
traverse spin voltage due to spin-orbit coupling, reaches only charge spin conversion efficien-
cies of about 10% [66 [69]. The inverse spin Hall effect, i.e. the creation of a charge current
as a result of a spin voltage, is often used for the detection of spin currents, with the same
poor efficiency [66, [69]. Other methods for creating pure spin currents are the Spin Seebeck
effect [70] and spin pumping [71]. In Tls, every charge current is also a spin current, where
currents flowing in opposite directions carry opposite spin. So, when charge currents of equal
magnitude are driven in both directions, the charge currents cancel, but the spin currents add
to a pure spin current. As the charge currents are directly transfered into spin currents, this
promises to be very efficient. The investigation of how pure spin currents can be created,
switched and detected in 2D Tls with local ferromagnetic exchange fields is therefore at the
heart of chapter [4]

Whenever ferromagnets or Tls are involved in spintronic devices, the efficiency of the de-
vices depends on the polarization strength of the ferromagnets and the topological surface
or edge states. It is therefore crucial to get accurate quantitative values for the spin polariza-
tion. A widely used method for the determination of the spin polarization is SARPES, where
the spin polarization is determined from the polarization of photoelectrons. However, in the
case of Tls, SARPES measurements show no uniform result [38, 39, 42, 43]. Another way
of measuring spin polarizations is quantum tunneling between different polarized materials.
Meservey and Tedrow developed a method that utilizes the quasiparticle splitting in thin films
of superconducting aluminum in a strong parallel magnetic field for measuring the polariza-
tion of ferromagnets [21}, 22]. How this method can be applied to Tls is examined in chapter
This method, however, is limited to measuring the in-plane spin component. Therefore,
another approach, called spin Hall effect tunneling spectroscopy [23} 124], that uses tunneling
from ferromagnets is considered for measuring the out-of-plane component in chapter []
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3 Model Hamiltonian

There are currently two prototypical classes of TI materials that are often considered in model
calculations as they were the first materials found to be Tls and in most cases have a simple
band structure. CdTe/HgTe/CdTe quantum wells, which become a 2D TI beyond a critical
thickness of the HgTe layer, were the first material in which the QSH effect was measured
[26]. They can be described by a simple model Hamiltonian [15], but the small bulk gap of the
order of 10meV [15] significantly reduces the applicability in spintronic applications. Besides,
the QAH state, which is one of the main material requirements in this thesis, cannot easily be
achieved in HgTe quantum wells. The QAH state is proposed to exist in Mn doped HgTe, but
as the magnetic moments of the donor atoms do not order spontaneously, a small additional
magnetic field is needed to induce magnetic order [18].

Materials belonging to the Bi»Se; class (BioSes, SbyTes, BisTes, etc.) are 3D Tls in the
first place but can feature one-dimensional edge states in the thin film limit [48} [49]. So, a
corresponding model can be used for 2D and 3D calculations. These materials are also much
more attractive for spintronic applications. The large bulk gaps of up to ~ 0.3eV [32] potentially
allow room temperature application, and a QAH phase has already been observed in thin films
of these materials [20} 56, 57]. When doped with transition metal atoms, these Tls enter a
QAH phase without the need of an additional Zeeman field because they are ferromagnetic
with out-of-plane anisotropy [56]. For these reasons, calculations in this thesis are based on
a model Hamiltonian for the Bi,Ses class of materials, which is presented in the following
sections.

3.1 Effective model for the Bi,Se; class of 3D Tls

A model Hamiltonian for the BiySes class of materials has been derived by Liu et al. [44] by
symmetry principles and k - p perturbation theory. Considering Bi»Ses as an example, the
crystal consist of alternating Bi and Se layers that are stacked along the c-axis. Inside every
layer, the lattice is hexagonal, while the whole crystal has a rhombohedral crystal structure
with space group ng (R3m). Five layers of the crystal, i.e. three Bi and two Se layers, form
a so called quintuple layer (QL) with strong chemical bonding inside the QL. Different QLs are
only weakly coupled through the van der Waals force. A unit cell consist of three differently
oriented QLs in c-direction [44]. Due to the weak coupling of individual QLs, Bi»Ses and other
materials of the class can be produced with good precision down to about 1nm, i.e. one QL,
using molecular beam epitaxy [37, 45].

The four band model of Liu et al. [44] considers the two most important hybrid orbitals of
Bi and Se near the Fermi level. To get these orbitals, they start from the atomic orbitals of Bi
(6s526p3) and Se (4s%4p?) and successively take into account different interaction terms. As

13
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the outermost shells of both Bi and Se are p orbitals, only the p orbitals of the five atoms
within one QL are considered. The layered arrangement of Bi and Se atoms then causes a
level repulsion so that Bi states are raised in energy while Se states are lowered. Inversion
symmetry of the system allows to write these states in terms of bonding and anti-bonding
states, of which the Bi states |P1T, ) and the Se states |P2~, «) are closest to the Fermi
level. Here, & denotes the parity and a = p,, p,, p. the different p orbitals. As the z-direction
is different from the x- and y-direction in this layered system, these states split further so that
valence and conduction band are formed by the p.-orbitals. When spin-orbit coupling is taken
into account, these bands are inverted at the I'-point of the first Brillouin zone, and, due to the
different parity of the inverted bands, the material is a topological insulator. The four states
|P1},0) and |P2;,0), where o =1, | denotes the spin in the o, basis, can thus be taken
as a basis for the model Hamiltonian. Due to time-reversal symmetry, spin-up and spin-down
states have to be degenerate at any time-reversal invariant momenta.

By invoking the crystal symmetries, Liu et al. [44] end up with the following Hamiltonian in
third order of momentum k:

He = Hy + Hs (3.1)

with
Hy=ex + MK T+ B (k) TPk, + A (k) (T ky — TPky) (3.2)
Hs = RiT® (k3 — 3kok;) + Rol® (3k2ky — k7). (3.3)

The coefficients are given by ex = Co+C1kZ +Cakf, M (k) = Mo+ Mik? + Mok{f, A (k) =
Ao + Askif, and B (k.) = By + Bak?, where kff = k2 + k;. In the basis

at1l2t2)", (3.4)
which is a short form for the basis given above, the Dirac I"-matrices read
h2345 = (1) ® 01,71 ® 09,72 @ Lok, 73 ® Ioxa, 1 @ 03).. (3.5)

The Pauli matrices 7; and o; act in the orbit- and spin-space, respectively. Note that, compared
to Ref. [44], the order of spin and orbital degrees of freedom has been changed. M (k)
describes the momentum dependent gap for a particle hole symmetric case, where Mj is
half the gap size at k = 0. A particle hole asymmetry is introduced by the term ¢, where
Cy defines the Fermi level. A (kH) and B (k,) are spin-orbit coupling terms. They enable
transitions between the two otherwise decoupled orbitals. Hs contains only third order spin-
orbit coupling terms and breaks the in-plane rotation symmetry along the z-direction down to
a threefold rotation symmetry.

Parameters for this model Hamiltonian are obtained by Liu et al. [44] by applying k - p
perturbation theory to the wave functions at the I" point, obtained from ab intitio calculations.
They list parameters for BisSes, SboTes and BisTeg, but only those for BioSes and SboTes will
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3.1 Effective model for the Bi, Ses class of 3D Tls

| | BiySes (a) [44] | SboTes [44] | BizSes (b) [32] |

Ag (eVA) 3.33 3.40 4.1
Bo (eVA) 2.26 0.84 2.2
Co (eV) —0.0083 0.001 —0.0068
Cy (eVA?) 5.74 —12.39 1.3
C5 (eVA?) 30.4 ~10.78 19.6
My (eV) —0.28 —0.22 0.28
My (eVA?) 6.86 19.64 ~10
M, (eVA?) 445 48.51 —56.6
Ry (eVA®) 50.6 103.2 -
R, (eVA?) —113.3 —244.67 -

Table 3.1: List of parameters for the model Hamiltonian Eq. . Parameters in the first two
rows are directly taken from Ref. [44], while those in the third row are adjusted to
fit the conventions of Eq. (3.1). They belong to a version of the Hamiltonian that is
only of second order in momentum k, which is why R; and R are missing.

be used here (see table [3.1). Parameters for BiyTes are not used because the model Hamil-
tonian, which strictly speaking is only valid for small k, in that case shows no gap for large k..
Third order spin-orbit coupling terms, i.e. term proportional to A, and Bs, have already been
neglected in Ref. [44] and are therefore missing here as well. The lattice constants of Bi,Ses
are a ~ 4.14A and ¢ ~ 28.64A and of SbyTes a ~ 4.25A and ¢ ~ 30.35A [72].

After a unitary transformation [44]

U = (3.6)

[es}
. O OO

oo o+
o oo
|
-~

and neglecting third order terms, this Hamiltonian coincides with another Hamiltonian pub-
lished prior to this by the same authors in Ref. [32]. In the same publication, they give a
different set of parameters for BioSe; (see table 3.1), obtained by fitting the model to ab initio
band structure calculations. Even though these parameters may have some ambiguities due
to the fitting [44], they will be used along with the other parameters. For the case of a tetrag-
onal lattice, where the Hs term will be neglected, the model parameters for the Hamiltonian
containing only second order terms may be more appropriate. Unfortunately, only parame-
ters for BioSes are given in that publication. For SboTes, the parameters of the third order
Hamiltonian are used even if the H3 term is neglected.
Because the spin matrices

1 1 1
S, = §H2X2 ®o1, Sy= §H2><2 ®oz, S.= iﬂzxz ® o3 (3.7)
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3 Model Hamiltonian

are not generally invariant under unitary transformations, the spin in the Hamiltonian does not
necessarily coincide with the real electron spin. According to Ref. [44, 73], Eq. contains
the real spin, i.e. Eq. is valid, while the spin in the other Hamiltonian is a pseudo spin. In
that case, the real electron spin is given by S, = 1m3®071, Sy = sT3®02and S. = 1o, ® 03
[73]. Pseudo spin and real spin are therefore equal for the first orbital and connected by a =
rotation around the z-axis for the second orbital. Only S, is invariant under this transformation.
Since the model Hamiltonian Eq. contains the real electron spin, a ferromagnetic ex-
change field of strength V = (V,,, V},, V;) can be introduced by a Zeeman term of the form

3
Hz =) Vi ®0i =Iha®(V-0) (3.8)
=1

with o = (01, 02, 03).

3.1.1 Tight-binding-approximation

The main concept of a tight-binding-approximation is that electrons are strongly bound to the
atomic potentials at individual lattice sites. In that case, at least the low lying energy levels are
well approximated by the atomic potentials, and only the outermost electron orbitals contribute
to the chemical bonding of the crystal. The interaction of these atomic electron states causes
the degenerate atomic energy levels to split into bonding and anti-bonding states. For the
large amount of atoms in the lattice, this results in a continuous dispersion (energy bands)
and allows electrons to travel from atom to atom [74].

A single electron real space tight-binding Hamiltonian in second quantization can in a gen-
eral form be written as

H= Z Eiaa’oa’d;ragdia’a’ + Z tijaa’acr’d;'ragdja’a’v (39)

i,a,a’ 0,0’ i,5,a,a’ 0,0’

where i and j are lattice indices, a and a’ orbital indices and o and ¢’ spin indices. The
operator d;,, removes an electron with spin o from orbital a at lattice site ¢, while dj.w creates
an electron with the same properties. Local energies ¢;,4/54, like energy splitting of different
orbitals or spins and constant energy shifts, are given by the first term in Eq. (3.9). This term
can also include electrostatic potentials or ferromagnetic exchange fields. The second term
describes hopping processes between different lattice sites with transition matrix elements
tijaa’ao’, OFiginating from the overlap of the electron state of position ¢ with the potential and
electron state of position j. Due to the strongly localized atomic states, it is in most cases
sufficient to run the second sum only over nearest neighbors or at most next nearest neighbors
[74].

In the case of periodic boundary conditions and translational invariance, the Hamiltonian
can be transformed into momentum space by transforming the operators d;,., into Bloch func-

tions .
dige = —— eikI‘icka(,. (3.10)
VN ;
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3.1 Effective model for the Bi, Ses class of 3D Tls

Figure 3.1: Lattice structure of the two lattice approximations used in this thesis. In the tetrag-
onal lattice (left panel), a lattice site (red dot) is coupled to six nearest neighbors
(black dots). Coupling is isotropic within one layer (blue) and has an anisotropy
in z-direction (green). In the hexagonal lattice (right panel), there are six nearest
(black) and twelve next nearest (purple) neighbors within one layer. While coupling
to the nearest neighbors is isotropic, coupling to next nearest neighbors is differ-
ent along different crystal axes, which is indicated by different shades of purple.

Lattice constants a’ = a - 1/ @ and ¢ = % are effective versions of the real lattice
constants.

Here, R; is a basis vector of the crystal, N the number of lattice sites and the operator ¢y,
removes an electron with momentum k and spin ¢ from orbital a. k runs over all wave vectors
of the first Brillouin zone, with a discretization defined by the lattice. If periodic boundary
conditions and translational invariance are only given for some crystal axes, one can still use
a mixed representation of the Hamiltonian in real and momentum space, e.g. to describe a
system that has an interface in one direction but can be considered translational invariant in
other directions.

Depending on whether or not the sign of ¢;;,4/55- Changes when interchanging ¢ and j, the
summands of the second sum translate into terms that are odd or even in k;—, ,, ., respectively.
Odd terms couple orbital states with different parity, while even or constant terms couple those
with the same parity. The exact form is a matter of the underlaying lattice. Here, two different
approximations of the real Tl lattice are used.
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3.1.2 Tetragonal lattice

The simplest approximation of the TI lattice is a tetragonal lattice with z-anisotropy (see
Fig. 3.1). It has all symmetries of the original crystal structure except for the threefold ro-
tation symmetry around the z-axis, which enters only in third order into the Hamiltonian and
is neglected in this approximation. A lattice regularized version of the Hamiltonian given in
Ref. [32] has been given by Li et al. [75]. After adapting it to the conventions of the Hamilto-

nian Eq. (3.1), it reads

4

H (k) = €0 (K) Taxa + »_ms ()T, (3.11)
=1

where the coefficients are given by

€0 (k) = Co+2C1 (1 — cosk,) +2C (2 — cos ky — cosky) , (8.12)
my (k) = Agsinky, (3.13)

ma (k) = —Agsink,, (8.14)

ms (k) = Bo sin k‘z, (315)

my (k) = Mo + 2M; (1 — cosk,) + 2Ms (2 — cos kg — cosky) . (3.16)

For the tetragonal lattice, the lattice regularization is achieved by simply replacing £ with sin k
and k2 with 2 (1 — cos k). In the lattice regularized Hamiltonian, all wave vectors are normal-
ized to the lattice constants. Consequently, all material parameters are normalized as well and
have the dimension of an energy. All xz- and y- parameters (Ag, C> and Ms) are divided by

powers of @’ = a - \/? and all z-parameters (By, C and M) by powers of ¢’ = ;5. o’ and ¢/
are effective lattice constants, where a’ is chosen such that the size of the first Brillouin zone
of the 2D square lattice matches that of the actual hexagonal lattice. ¢’ is the mean atomic
distance in a unit cell with lattice constant ¢, consisting of 15 layers. As the reciprocal lattice
of a tetragonal lattice is tetragonal as well, all wave vectors in the first Brillouin zone run from
—m to 7 in steps of Ak; = 4.

Equation is written in terms of 4 x 4 matrices. However, it can also be expressed in
terms of pairs of creation and annihilation operators, CLM and cy..- When applied to a vector,
the matrix element m;; acts as an annihilation operator on the jth vector element and as a
creation operator for the ith element of the new vector, i.e. m;; = cicj. The basis Eq.
assigns orbital and spin indices, a and o, to the matrix indices 7 and j.

Then, by performing the inverse transformation to Eq. [29]

1 N-1
_ikR,
Ckao = 726 ‘ Zdiaav (317)
VNS

this Hamiltonian can be (partly) transformed into real space. A partial transformation of a
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3.1 Effective model for the Bi, Ses class of 3D Tls

cosine term is shown in the following for cos ky, i.e. after the transformation, the Hamiltonian
is in real space for the y-direction. x- and z-direction remain in momentum space. The
reduced 2D momentum vector is denoted as k = (kz, k), and N, is the number of lattice
sites in y-direction. Transfer matrix elements ¢, orbitals a and a’ as well as spins ¢ and ¢’ are
kept unspecified because the transformation is independent of them. The indices ¢ and j run
over all lattice sites in y-direction and k and k over all discrete momenta of the 3D or 2D first
Brillouin zone, respectively.

t g cos kyc;r( oo Ckao
k

1
:tﬁz e*v(Wi=vi) cos k d;r( . ,dkﬂw
Yk,i,j
t 1 iky (yi—y;+1 iky (y;i—y;—1 T
2 N (ez y(y, Yj ) + eZ y(y Yj )) df(l'algldf(jao'
k7i7j
L t
:iz (5i’j71 + 5i’j+1) df(ia/a’df(jag
k7i7j

*Z( o Tiao + h.c.)

In the third step, the completeness relation 1> _e™*(i=7) = §;; has been used. So, after the

k
transformation, every cosine term is transformed into nearest neighbor hopping terms along
the direction defined by the momentum. An analogous calculation for sin £, yields

t g sin k:ycir( oo Ckao
k
t i
=5; 2 g1 = 0ij1) dig oo
k7i7j

_172 (dT ]+l)a’a’dk]aU h. C)

7.7

Here, the sign of the hopping term is different for different movement directions. Momentum
independent terms simply transform as

_I,
£ ChrorChar = tdeja o Uiian (3.18)
k

When the Hamiltonian is completely transformed into real space, each lattice site (red dot
in Fig. is coupled to six nearest neighbors, where the coupling parameters for z- and
y-direction differ from those for the z-direction. Up to now, the lattice has still periodic bound-
aries, i.e. the lattice sites V — 1 and 0 for a given spatial direction are linked. A surface can
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be introduced by simply breaking this connection.

After transformation into real space, the Hamiltonian can be rewritten as a 4N x 4N matrix,
where each of the IV real space lattice sites is represented by a 4 x 4 (momentum dependent)
sub-matrix, which represents the orbital and spin degrees of freedom, a and o. As the Hamil-
tonian involves only nearest neighbor hopping, the matrix is a band matrix in the case of open
boundary conditions.

In a sufficiently thin film, where the surface states of the top and bottom surface are gapped
out, the 3D Hamiltonian can be approximated by an effective 2D Hamiltonian, where k. is
replaced by its mean value (k). If the confining potential is symmetric, the mean value is
(k;) = 0, and therefore, terms proportional to C, M; and By drop out in the effective 2D
Hamiltonian [55]. Paananen et al. [53] further introduced an effective 2D mass term

2
Mop = My + M; (LW) , (3.19)

where L, is the film thickness. This term reduces the size of the bulk gap in thin films and
eventually, when the film is reduced below a critical thickness, causes a phase transition into
a topologically trivial state.

3.1.3 Hexagonal lattice

As a second approximation of the real Tl lattice, a hexagonal lattice is chosen, which respects
all symmetries of the Tl crystal, including the threefold rotation symmetry around the z-axis.
When the lattice axes are chosen according to the right panel of Fig. the Hamiltonian
reads [2]

H (k) = €0 (K) Iuxa + Y _mi (k) + Ry (k) T° + Ry (k) T? (3.20)

with coefficients

4 1
eo (k) = Co+2C1 (1 —cosk,) + 502 (3 — 2cos ikm cos \ggky — cos k:x) ,

2 1
my (k) = Aoﬁ cos 5]% sin \égky,
2 1
mo (k) = _A0§ (sin ikgc cos \ggky + sin k$> ,

ms (k) = B() sin kz,

4 1
my (k) = Mo + 2M; (1 — cosk,) + gMg (3 — 2cos ikx cos \ggky — CoS k:I) .
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3.2 Analytical dispersion and surface states

Here, the coefficients ¢ (k) and m; (k)-m4 (k) have been adapted from Ref. [76] to fit the
chosen lattice orientation and the parametrization of Liu et al. [44]. Material parameters and
momenta are now normalized with respect to the lattice constants a and ¢’ = {%. After trans-
formation into real space, analogous to the previous section, these coefficients are hopping
terms to nearest neighbors, symbolized by black dots in Fig.[3.1] Again, the coupling strength
to all lattice sites within one layer is the same and differs from that to neighbors in other layers.

For the coefficients R, (k) and R4 (k), which are third order terms to lowest order in mo-
mentum, no lattice regularized versions where given in Ref. [76]. They can be written as

[2]

Ri1 (k) =2R, (cos \/gk‘y — COoS km> sin kg,

V3
3 ke

1
Ro (k) = 3\ng2 (cos \égky — cos ;km> sin
In real space, they represent couplings to two different sets of next nearest neighbors (pur-
ple dots) within one layer. Neighbors represented by R; (k) have a darker color than those
represented by Rs (k).

3.2 Analytical dispersion and surface states

In this section, (approximate) analytical solutions of the eigenvalue problem for the two lat-
tices are given. These solutions give insight into some quantities like bulk gap and surface
state dispersion and polarization. Besides, the analytical surface state approximation for the
hexagonal lattice is the basis for the derivation of the Meservey Tedrow method in chapter
and the spin Hall effect tunneling spectroscopy in chapter [6l Since the analytical solution
of the hexagonal lattice is of greater importance for the rest of the thesis and gives a more
detailed description of the Tl physics, a detailed derivation is shown only for that lattice. The
simpler solution for a tetragonal lattice, which has some relevance for the quantum transport
calculations, is briefly stated at the end of this section.

The bulk physics of the model Tl for sufficiently separated surfaces is well represented by
the Hamiltonian in momentum space, corresponding to an infinite system. Dispersion and
eigenstates of the bulk are therefore easily obtained by diagonalization of the 4 x 4 matrix
Eq. (3.20). The size of the bulk gap can then be read from the twofold degenerate energy
eigenvalues

e+ (k) :eoi\/m%+m§+(m3+732)2+m§+72% (3.21)

of the valence (—) and conduction bands (+). To get the exact surface states for a lattice
with Z lattice sites in z-direction and periodic boundaries in the other directions, a 42 x 47
matrix has to be solved. This can only be done numerically. An analytical approximation of
the surface states can be obtained under the assumption of well separated surfaces, following
Ref. [76].

For well separated surfaces, the system is considered half infinite with open boundary con-
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ditions v (ky, ky,2 =0) = 0 and ¢ (k;, ky, 2 = 0o0) = 0 for the surface states. Then, as a
first step, k, and k, are set to zero, and all k.-dependent terms are expanded up to second
order in k.. After the expansion, k. is replaced by the momentum operator —i0,. These steps
decouple the Hamilton matrix H into two identical 2 x 2 sub-matrices

My — (Cy + M) 62 — B0, )

H = z , 3.22
( B0, —My — (Cy — M) 9? (3.22)

coupling only orbital 1 T with 2 T and 1 | with 2 |, respectively.

A nontrivial solution that satisfies the boundary conditions must have the form
vl = ( s ) O (3.23)
2
with aq # a2 and Rea;—12 > 0. So, with the ansatz ¢ (z) = < Zl > e~ %, the eigenvalue
2

problem

My — (Cl =+ Ml) o? By U1 —az __ U1 —az
< —B()Oé —MU — (Cl — Ml) Oé2 ug € o E us € (324)

has to be solved. From the characteristic polynomial, the expressions

2
ECT + MyM; + 37(2) ECT + MyM;y + 37(2) E2 — M2
al =— + — 0 (3.25)
. (C? - M3) (€2 — M?)? (C? - M3)

for the exponent « and

(MO — (Cl + Ml) a? — E)
B()Oé

uy = 1, U = — (326)
for the vector components are obtained. To fulfill the boundary conditions, it follows from
Eqg. (3.23) that us has to be equal for ay, i.e. us (ay) = ua (a_). This relation can then be
solved for the energy

C1 My
E=— 3.27
M, (3.27)
of the Dirac point. When Eq. (3.27) is inserted back into Eq. (3.25), o3 simplifies to
o2 = (Mo, B LB ) Md M~ Ch) g o
==\ tepr-ap) T or-a e VT R
2
B3 My 4 (M7 - C%)
= ———— |11+ ———— . 3.29
iTye) WMI B 22
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3.2 Analytical dispersion and surface states

Here, it was assumed that M; > (7, which is the case for the investigated parameters.
However, the only difference when M; < (] is that £ in the right expressions has to be
changed to F, i.e. only the declaration of the exponents is changed. For the given parameter
sets, solutions with Rea: > 0 are obtained by taking the positive roots of a2.. The final vector

components [2]
M- M+ Gy
YEN T TN o (3.30)

of ¢ (z) are then obtained by inserting Eq. (3.27)-(3.29) into Eq. (3.26) and successive

normalization. So the two degenerate surface states at the Dirac point are [2]

(5} 0
1 0 -1z —aaz 1 U1 —a1z —ainz
¢1(2):N s (e71% —e2%) ¢2(2):N 0 (e7™1% —e™2%),  (3.31)
0 U9

where N is a normalization constant for the z-dependent part that will not be further specified.
Surface states with finite in-plane momentum can be obtained through degenerate pertur-
bation theory. For that purpose, all neglected terms are combined into the matrix

66 + mﬁl 0 Rl - 717?/2 my — Z.’rn2
B 0 ep+mly  mi+imy —Ri—iRo
He=1 Ry +iRy mu—imy & —m) 0 23
mi +imy —Ri +iRa 0 €0 — My
with reduced coefficients
1
€y = =y (3 — 2cos (?l@) cos <2kx> — cos (%)) )
3 1
my = =My <3 — 2cos <\2[k:y> cos (274393) — COos (k:r)>
The eigenvalues of
(e (Hin) o] (Hio) (3.33)
i (Hyn) 9 (Hrtbo)

are then the energy corrections, while the eigenvectors give the correct linear combination of
the unperturbed states. So, the perturbed surface states are given by [2]

Yt (b, ky, 2) = V191 + v2rbg (3.34)

with factors [2]
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3 Model Hamiltonian

(my — img) sgn (Rl F/mi +m3+ Rz)

vl (ka,ky) = (3.35)
\/m1 +m2 (7?,1 F\/m] +m2+R2>

\/<R1$ m%—i—m%—i—R%)
vo (kz,ky) = (3.36)

2
\/m%+m%+<7€1:? TERTER)

and corresponding eigenvalues [2]

C1 M, C C?
By (kg ky) = _1710 + € — ﬁllmﬁl + \/(m% +m3 + R?) <1 - Mg) (3.37)
1

Here, £ is for the upper and lower Dirac cone, respectively.
The spin polarization p = (p., py, p-) is given by the expectation value of the spin matrices

Yo =Dy ®o1, Xy=Ihxa®o0s, X,=I ®os. (3.38)

For the considered z-surface, the spin lies mainly in the surface plane

mi (R1 %4/ (m3 +m3 + RY))

pr =k (Batps) = 7 (3.39)
(mi +m3) + (R1 T \/(m% +mj + R%))
T ma (R1 F 4/ (m3 +m3 + RY))
Dy = Vi (Eyd}i) = 3 (3.40)
(m3 +m3) + (Ri %/ (m} +m3 +R3))
with a small momentum dependent out-of-plane tilt
2
m24+m2 — (R1 F+/(m?+m2+R2?
=Pl (Daehy) = . - ( : \/( : : 1)> (3.41)

.
mi +m3 + (Ry ¥ 1/ (md +m3 +RY) )

Since both considered orbitals have the same spin direction, the surface states are fully polar-
ized, i.e. [p| = y/p2 + p2 + p2 = 1. Dispersion and spin polarization of the lower Dirac cone
are shown in the right panel of Fig. [2.2]for the parameter set BioSes (a). The left panel of the
same figure shows the Dirac cone for parameter set Bi,Ses (b) with R; and Rs set to zero.
The different parameter set was chosen for illustrative purposes because it produces a better
pronounced Dirac cone. For parameter set BioSes (a), the Dirac point is very close to the bulk
conduction band so that only the lower part of a Dirac cone would be clearly visible.

24



3.2 Analytical dispersion and surface states

Concerning the tetragonal lattice, only analytical surface states at a y-surface in the 2D limit
are of interest. By an analogous calculation, one ends up with the edge state dispersion

MyCo
My

2
+ Agsin (ky) ( —]\(222> (3.42)
2

Ey (kr) = -

where the sign now corresponds to the slope of the edge state bands, not the part of the Dirac
cone. So, these edge state bands cross in the Dirac point. The corresponding edge states
are

1 0 —a4y —a-y
V() (y) = m 0 (6 —€ ) ) (3.43)
(—)iy/1+§
0
1 1-
Vo (W) = —== , : (7Y — e V) (3.44)
V2N | (-)iy 1+ &
0
with
5 2
al=—-9 |1+ —C3) (3.45)
+ ( 02 A2 :

and some normalization constant N. Depending on the sign of My — (5, the edge states
corresponding to the dispersion Eq. vary. Signs in brackets correspond to the case
My — C5 < 0, i.e. for example the parameter set BisSes (b).

These edge states have now only a z-spin, which is reduced to

=9l (Betbam) = (0) F o (3.46)

due to opposite spin orientations of the two orbitals. For the given parameter sets, the expo-

2_ 2
nents are given by the positive roots of Eq. (3.45). As \/1 + —%g 74(Mf42 )
0

spatial dependence of the edge states is a superposition of an exponential decay and a sine,
i.e. (e7Y — e~ Y) o e YR gin (ylmay ).

is imaginary, the
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4 Pure spin current devices and quantum
transport calculations

The recent experimental realization of a QAH effect in thin films of ferromagnetic Tls [20]
56, 57] (see section grants a possibility to control current and spin flow in topological
edge state channels. In ferromagnetic Tls, one of the two Tl edge states is removed so
that polarized edge currents propagate only in one direction along the edge. Propagation
direction and spin thereby depend on the magnetization direction perpendicular to the film
[18H20. 156, 57]. When ferromagnetism is induced into the Tl only locally, edge currents are
locally separated but not completely removed. Magnetic domains can therefore be used to
direct edge currents between different leads attached to the Tl film. By combining multiple
magnetic domains, devices that create, switch and detect pure spin currents can be devised.
A theoretical investigation of how edge currents can be steered by magnetic domains and
how this can be used to create pure spin current devices is subject of this chapter. The main
results of this chapter have been published in Ref. [1].

In mesoscopic devices, where the system size is smaller than the phase coherence length
of the material, currents flowing between different leads can be described in terms of a scat-
tering matrix. This scattering matrix can be calculated from the underlying Hamiltonian [77].
Consider now a homogeneous mesoscopic sheet with well separated edges of a 2D TI, with
helical edge states, or a QAH insulator, with spin-polarized chiral edge states. Then, if either
of the two materials is connected by leads and a voltage is applied, it is relatively easy to pre-
dict the currents flowing through certain leads. In this chapter, the interest is in the scattering
matrix of 2D Tls with local ferromagnetic exchange fields (FEF). To calculate the scattering
matrix of these more complex systems, multiple approaches exist. A widely used approach
is the non-equilibrium Green’s function (NEGF) formalism [78-80]. However, this approach
involves matrix inversions, which are computationally unfavorable, and the scattering matrix
can be calculated only for a single energy per calculational run [8, [77]. Here, following Krickl
and Richter [8, [81], the scattering matrix is calculated from the propagation of a wave packet
on a lattice. As the wave packet contains a broad energy range, the energy dependence of
the scattering matrix and, at the same time, the non-equilibrium local density of states can
be determined in a single calculational run. Besides, the wave packet transport calculations
require only matrix vector multiplications of sparse matrices instead of matrix inversions so
that much larger systems can be treated. Memory requirement and computation time scale
about linear with the number of lattice sites.

The quantum transport code used here was originally written in C++ and CUDA by Michael
Joppe [82] in his master thesis for 2D Tl devices. For this thesis, however, it has been sig-
nificantly enhanced regarding computation time, memory usage and functionality. Due to
these enhancements, it can now be applied to much larger systems, including 3D Tls, or
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4 Pure spin current devices and quantum transport calculations

Figure 4.1: Geometry of the thin Tl strips with homogeneous FEF. The FEF is only applied in
the yellow regions, where the black arrow shows the direction of the field corre-

sponding to the dispersions shown in Fig. 4.2/and

much longer propagation times. Using an additional program, unique device structures with
arbitrary geometries, local electrostatic fields and FEFs can be created by means of simple
commands and then put into the quantum transport code. Even heterostructures of Tls and
trivial insulators can be investigated.

This chapter is structured as follows. In section the evolution of edge states in the pres-
ence of homogeneous FEFs is investigated to get a first estimate of the conducting channels
and their gap sizes and polarizations as well as the required field strengths. The concepts
of the quantum transport calculations are presented in section These concepts are then
first applied to a pure 2D system in section and based on the obtained results, pure spin
current devices are conceived in section The robustness of these devices with respect to
some effects present in real devices is checked in section

4.1 Evolution of edge states in a ferromagnetic exchange field

This chapter is mostly about scattering at magnetic domains in a 2D TI. It is therefore reason-
able to first look at the evolution of edge states in the presence of a homogeneous FEF. This
gives already a good estimate of the behavior of the propagating wave packet in sufficient
distance to potential scattering regions. The dispersion relation yields information on the size
and position of the bulk gap as well as the presence, degeneracy and propagation of edge
states. A closer look at the edge states gives additional information like the spin.

The dispersion relations shown in the following are calculated by exact numerical diago-
nalization of the Hamiltonian Eq. on a lattice with open boundaries in y-direction and
periodic boundary conditions in z-direction. Thus, the wavenumber k. remains a good quan-
tum number, and eigenvalues and eigenvectors can be calculated separately for each k, for a
1D chain in y-direction. This is done using built-in functions of the computer algebra program
Wolfram Mathematica. Parameters are chosen corresponding to a thin layer of Bi»Ses (pa-
rameter set (b) in Tab. with an effective Mop = 0.17eV, corresponding to a film thickness
of 15 layers. Analogous calculations for the case of a Tl constricted by vacuum (Fig. [4.7a)
have been done in Ref. [53,54]. Other parameter sets are briefly discussed in section
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4.1 Evolution of edge states in a ferromagnetic exchange field
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Figure 4.2: Numerical dispersion around the bulk gap of a Tl with homogeneous FEF V, of
various strength (see labels). The Tl is bounded by vacuum in y-direction, as
depicted in Fig. d.1a. When the FEF is increased, so far degenerate edge state
bands of opposite pseudo-spin split and the bulk gap closes. At a critical field
strength of V, = Mp>p, the system undergoes a quantum phase transition into a
quantum anomalous Hall state with only spin-up states remaining inside the bulk
gap. At V, = 2Moyp, the original bulk gap, indicated by horizontal red lines, is
restored.

For the case of a thin Tl strip with homogeneous FEF of strength V. in z-direction (perpen-
dicular to the surface plane) in contact to vacuum as depicted in Fig. [4.1j, the dispersion
is shown in Fig. 4.2l The lattice has a size of Y = 256 lattice sites in y-direction, and the
momentum discretization Ak, = % corresponds to X = 1024 lattice sites in z-direction.
Without FEF, conduction and valence band are separated by a bulk gap of about 0.3eV. Inside
this bulk gap, two twofold degenerate, approximately linearly dispersing bands of edge states
exist, which cross at £, = 0. Depending on the group velocity v, = fligTb;’ electrons in these
edge states propagate either in positive or negative x-direction along the edge. Considering a
thin Tl sheet of finite size, these edge states form two channels with opposite pseudo-spin and
opposite propagation direction along the edge. Edge states contributing to one channel are
orthogonal to those of the other channel. All edge states propagating clockwise, i.e. in posi-
tive z-direction at the upper edge (larger y-values) and in negative direction at the lower edge,
have only contributions from orbital 1 T and 2 |, where orbital 1 1 is dominant. This leads
to a net positive z-polarization. Edge states propagating in the opposite direction have only
contributions from orbital 1 | and 2 1 and therefore a net negative z-polarization. However,
the absolute value of the spin polarization p = |Cy/Ms| =~ 0.35 is the same for both types of
states. In the following, these pseudo-spin states will therefore be referred to as spin-up and
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4 Pure spin current devices and quantum transport calculations
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Figure 4.3: Numerical edge states of a Tl bounded by vacuum. (a)+(b) show the case without
FEF, where in (a) k, = —0.1 and v, > O andin (b) k, = 0.1 and v, < 0. There
are two edge states each, with opposite pseudo-spin on opposite edges. Edge
states have only contributions from either 1 T and 2 | or 1 | and 2 1 so that the
dominance of orbital 1 results in a net positive or negative z-polarization. With
positive FEF V, = 2M>p ((c)+(d)), only edge states with pseudo-spin up exist.
Again, in (¢) k, = —0.1 and v, > 0 and in (d) k; = 0.1 and v, < 0.

spin-down states, according to their predominant spin direction. Four edge states with a com-
mon energy are shown exemplarily in Fig.+b for |k;| = 0.1. The phase of the eigenstates
was adjusted so that orbital 1 is real and orbital 2 imaginary, and only these components are
shown.

When an FEF is applied, the edge state bands split and the bulk gap becomes smaller.
Spin-up bands are shifted towards higher momenta, while spin-down bands are slightly shifted
towards smaller momenta and gradually become part of the bulk bands while further increas-
ing the field. At V, = Mpbp, valence and conduction band of the bulk states touch and the
spin-down states completely disappear. For even higher field strengths, the bulk gap reopens,
but the spin-down edge states remain absent. The system now features only edge states with
spin-up and clockwise propagation direction (see Fig. [4.3c+d), i.e. it is in a quantum anoma-
lous Hall state. To utilize the full size of the Tl bulk gap in devices with local FEFs, the bulk
gap of the Tl with FEF has to span the full energy range of the pure Tl bulk gap, which is
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4.1 Evolution of edge states in a ferromagnetic exchange field

Figure 4.4: Numerical dispersion around the bulk gap of a Tl with homogeneous FEF V, of
various strength (see labels) in contact with a pure Tl as shown in Fig. [4.p. Like
in the vacuum restricted case, the system undergoes a quantum phase transition
into a QAH state at V, = Mop. However, the spin of the edge states is opposite,
while the propagation direction is the same. At V, = 2Mop, the original bulk gap,
indicated by red horizontal lines, is nearly restored. Overlapping with the lower
band edge and slightly reaching into the bulk gap, two more edge state bands,
marked by red arrows, of opposite pseudo-spin exist.

achieved for V, > 2M>p. For the used Bi,Ses parameters, this corresponds to V, > 0.34eV.
The two edge state bands now cross in the conduction band. They have thereby a slightly
modified group velocity compared to the case without FEF. The degree of spin-polarization,
however, remains the same as without FEF, as can already be seen from the analytical ap-
proximation of edge states (section[3.2). An FEF in z-direction acts like an effective parameter
Met = Mop + V, and therefore has no influence on the spin-polarization. Here, &+ belongs
to matrix elements acting on the spin-up and spin-down vector components, respectively. An
FEF of opposite sign yields the same dispersion relation with interchanged spin states, i.e. in
the QAH state, only spin-down edge states with counterclockwise propagation direction exist.
In the following, a Tl with an FEF that is strong enough to drive the Tl into a QAH state will be
referred to as a ferromagnetic topological insulator (FTI).

In Tl devices with local FEFs, there are naturally not only interfaces with vacuum but also
with a pure TI. The edge states emerging at such an interface can be studied with the geom-
etry depicted in Fig. @.7b. Compared to Fig. [4.1p, the FEF has been restricted to Y = 128
lattice sites in the middle of the sheet, thereby creating two boundaries of the FTI with a pure
TI. In order to remove other edge states normally emerging at the Tl-vacuum interfaces, the
first and last lattice site in y-direction have been linked to create periodic boundary conditions.
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4 Pure spin current devices and quantum transport calculations
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Figure 4.5: Edge states of an FTI with V, = 2M>p bounded by a pure TI. (a) k&, = —0.1 and
vy > 0. (b) k;, = 0.1 and v, < 0. The edge states are localized at the interface
and have pseudo-spin down, in contrast to the vacuum interface. Compared to the
vacuum bounded case, the edge states are also less localized and have a smaller
spin-polarization.

Without FEF, there are logically no edge states, because there is no interface, and the size
of the bulk gap is the same as for the Tl bound by vacuum. With FEF, the bulk gap narrows
until it closes at about V, = M»p and edge state bands start to separate from the bulk bands.
For higher fields, the bulk gap reopens with a pair of edge state bands with pseudo spin-
down, crossing at k, = 0 inside the gap. The corresponding eigenstates are localized at the
interface between Tl with and without FEF (see Fig.[4.5). This is in contrast to the Tl-vacuum
interface, where the remaining edge states for a positive FEF had pseudo spin-up. However,
the propagation direction along the edge of an FTI with positive FEF surrounded by a pure Tl
is the same as for the one surrounded by vacuum. Though the pseudo-spin is the same as for
the vacuum interface, i.e. the eigenstates have only contributions from the same two orbitals,
the degree of spin polarization is smaller (p ~ 0.16 at the peak position). The group velocity
of the edge states is slightly higher than that of edge states at a Tl-vacuum interface without
FEF. Additionally, while the original bulk gap was restored for V, = 2M>p at the FTI-vacuum
interface, it is now effectively reduced at the lower gap edge and cannot be further increased
by increasing the field. Overlapping with the lower gap edge and slightly reaching into the bulk
gap, two more edge state bands exist. These states have only contributions from orbital 1 1
and 2 |, but the polarization is strongly spatially dependent. If the FEF is increased beyond
V., = 2Mp>p, these bands are gradually pushed into the bulk gap. However, as they do not
cross the bulk gap, they are not topologically protected and may therefore be removable from
the bulk gap by smooth changes of the Hamiltonian.

Anin-plane FEF always opens a gap in the edge state dispersion at the Tl-vacuum interface,
independent of its strength (Fig.[4.6@). Additionally, it enables spin-flip scattering as it couples
the former decoupled pseudo-spin states. So, a combination of these two effects may also
have practical use in spintronic devices for blocking certain edge state channels. Besides,
any device allegedly only having FEFs perpendicular to the surface may in practice have in-
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4.1 Evolution of edge states in a ferromagnetic exchange field

Figure 4.6: Dispersion of a Tl with in-plane FEF bounded by vacuum. (a) Already a small
field of V,, = 0.1Mop = 0.017eV opens a visible gap in the edge state bands.
(b) Higher fields (V,, = 0.5M>p) widen the gap in the edge state bands but, at
the same time, shrink the bulk gap. (c) For very high fields (V,, = 4M>op), a flat
band emerges that spans between two Weyl nodes. The material is then called a
Weyl semi metal [53],54]. (d) An FEF in z-direction results in a favorable gap size
already for smaller fields (V, = 0.3Map).

plane components as well, e.g. at domain boundaries, where the magnetization rotates from
positive to negative (see section4.5.1).

When the in-plane field is increased, the gap in the edge state bands becomes bigger and
the bulk gap becomes smaller. The best relation between the two gap sizes is realized for
V,, &~ 0.5Mpp for a y-field (Fig. [4.6b) and V,, ~ 0.3Mpzp for an z-field (Fig. [4.6d). The z-field
yields the overall better result and this already at a smaller field strength. For higher fields, first
the bulk gap closes at V,,,, = Mzp, and then, the material transformes into a Weyl semi metal
if the field is orthogonal to the edge, i.e. in this case, directed into the y-direction (Fig. 4.6c)
[53,54]. In a Weyl semi metal, the bulk bands touch in two “Weyl nodes” and a flat band spans
between these two points. Even though flat bands will sometimes emerge, Weyl semi metals
will not be discussed in detail in this thesis.

Dispersions corresponding to Fig. [4.6b+d but at an FTI-TI interface are the same in the
vicinity of the gap edges, only without any edge states inside the bulk gap.
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4 Pure spin current devices and quantum transport calculations

4.2 Transport algorithm

In order to get the time-evolution of a given quantum state « (7, ty) in a system described by
the Hamiltonian H (t), the time-dependent Schrédinger equation [83]

o ) = H (1) (1) @)

has to be solved. For a general time-dependent Hamiltonian, the solution of the Schrédinger
equation can be written as [83]

1/1(7'775) = U(t7t0)¢(rat0) ’ (42)

where 1 (7, o) is the solution at time ¢y and [83]

. t

U (t,to) = T exp <_;1 / H (t') dt’) (4.3)
to

the time-evolution operator. The time-ordering operator T sorts all following time-dependent

factors downwards from high time values on the left to low values on the right. In the case of

a time-independent Hamiltonian, Eq. (4.3) reduces to [83]

U (t,tg) = exp (—;H (t — t0)> . (4.4)

Since H (to + nAt) commutes with H (to + mAt) for all n and m inside a time-ordered prod-
uct and exp (AB) = exp (A) exp (B) for commuting A and B, Eq. (4.3) is equivalent to [83]

i

U (£, to) = exp (—hH (to+ (N — 1) Ap) At> o exp (—;H (to) At> . (45)

Here, At = % (N — o0) is the discretization of the time-interval [¢, ¢] into N infinitesimal
subintervals. This product notation with finite IV is the basic concept of the numerical time-
evolution. Starting from an initial state ¢ (r, to), ¥ (v, to + nAt) is calculated successively via

the recursion relation
Y (7, to + nAt) = exp <—;H (to+ (n—1) At) At> P (r,to+ (n—1)At). (4.6)

If the Hamiltonian is time-dependent, the time-steps At have to be small enough to assume
H (t) to be approximately constant during the time-step. For a time-independent Hamiltonian,
the size of At is only a matter of convergence (see section[4.2.2).

The general setup for all transport calculations is shown in Fig. It consists of a Tl strip
in real space (blue) with periodic boundaries in xz-direction and open boundary conditions in
y-direction. In the middle of the Tl strip, a scattering region (orange) of arbitrary size exists,
which may contain FEFs, electrostatic potentials, special geometries, and even other materi-
als. A wave packet constructed from edge states (see section can be placed in one of
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4.2 Transport algorithm

start wave packets exit wave packets

Figure 4.7: General setup for quantum transport calculations. It consists of a long Tl strip
in real space (blue) with open boundary condition in y-direction and a scattering
region (orange) indicated in the middle of the strip. Boundaries in z-direction are
usually periodically connected, with an absorbing imaginary potential at both ends.
Start wave packets ¥, of different spin and propagation direction (see labels) can
be placed at either of the four positions shown in the left figure. Additionally, spin-
up wave packets are indicated by green color and spin-down wave packets by red
color. Arrows show their propagation direction. Probabilities for scattering into the
four edge state exit channels can be calculated through a Fourier transformation
of the time-dependent overlap with exit wave packets @3 (see section|4.2.4). ®4
are just spatially shifted versions of ¥,. Taken from Ref. [1].

the four starting positions \I/i(left figure), where the spin is also denoted by color, i.e. green

for spin-up and red for spin-down. For example, \Ifj is a wave packet with spin-down that
moves from left to right, i.e. in positive z-direction. During time-evolution, this wave packet
will enter the scattering region and may thereby be scattered into one or multiple of the four
exit-channels (right figure). Besides other observables (see section[4.2.4), energy dependent
scattering rates into these channels can be calculated from the time-dependent overlap with
shifted copies @i of all four starting wave packets. To avoid repeated passages of the wave
packet, imaginary potentials, which absorb incoming wave packets, can be added at the ends
of the strip (see section{4.2.3).

4.2.1 Wave packets

Wave packets for quantum transport calculations are constructed from eigenstates of the
Hamiltonian Eq. without FEF in contact to vacuum. The eigenstates are calculated
by exact numerical diagonalization, analogous to section [4.1] Periodic boundaries are ap-
plied in z-direction and open boundaries in y-direction. So, for a given k., one gets a set of
one-dimensional eigenstates w};z (y), depending only on y. The corresponding dispersion is
therefore similar to that shown in the upper left panel of Fig. From these eigenstates, only
those belonging to the edge state bands are chosen and then sorted into four groups (denoted
by v), according to the sign of their group velocity v, (k;) = %aEagiz) and their spin. v can
therefore take the values 1 +, | +, T —, and | —, in consistence with the previous section.
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4 Pure spin current devices and quantum transport calculations

The chosen edge states are not only from inside the bulk gap but also to a certain degree
from outside the bulk gap as long as the edge state bands and bulk bands are well separated.
This increases the width in momentum-space and thereby results in a better localization of
the wave packet in real-space and a smoother energy cut-off at the gap edges. Especially, the
momentum cut-off is moved out of the bulk gap. The states x,, (k.,y) of each group are then
Fourier transformed in &, to form wave packets that are located around x( on the z-y-lattice
in real space [1}, 8]

1 e (o
U, (z,y) = EZT]V (kz) xv (kz, y) ehe(T=m0) AL, (4.7)
ke

The sum runs over all k, contributing to x, (kz,v), with a discretization of Ak, = 2% for X
lattice sites in z-direction. By weighting the states of each group v with a Gaussian distribution

(k) = — Lo (4.8)
N (ke 2n i) :
of width d, located around the mean value kg of the k., the momentum cut-off at the ends of
the edge state bands is smoothed out.

Although this is the general principle of constructing the wave packets, the real process of
calculating and grouping the eigenstates encounters some difficulties. As discussed before,
the edge states for a given k, are at least twofold degenerate and may therefore be superpo-
sitions of the two orthogonal spin states residing on opposite edges. At k, = 0, they are even
a superposition of all four edge states since the edge state bands cross at k, = 0. In addition
to these effects due to degeneracies, hybridization of edge states from opposite edges in a
finite system opens a small gap at £, = 0 and mixes the different spin states in the vicinity of
k. = 0 as well. In order to separate the different spin states, the numerical eigenstates have
to be linearly combined. This is done in a Mathematica program by applying the following
scheme.

First, an energy range around the bulk gap is defined that determines the ends of the edge
state bands. Then, for a given k., the edge states are picked from all eigenstates within this
energy range. When the Hamiltonian is shifted in energy so that the crossing of the edge
state bands happens at zero energy, the requested edge states are simply the states with the
smallest positive and negative absolute energy values, respectively. For k, < 0, edge states
with positive energy have negative group velocity and vice versa. Now, linear combinations of
these edge states are created to get edge states that are localized only at one edge and have
the correct group velocity.

As a start, a k9 < 0 is chosen that is somewhat in the middle between Dirac point and the
ends of the edge state bands. By this, the corresponding edge states are well localized at the
edges and the eigenstates are only linear combinations of the two edge states with the same
group velocity, residing at different edges. Close to the point where the edge state bands touch
the bulk bands, the localization of the edge states gets worse so that it is no longer a valid
assumption that an edge state is effectively zero at the opposite edge. However, these “edge”
states have to be included into the wave packet to achieve a sufficient momentum width and
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an energy overlap beyond the bulk gap. Why this overlap is needed can be seen in section
At k.o, the two eigenstates of each band are now linearly combined and sorted by the
following mechanism.

As group velocity and spin are unambiguously linked to the edge at which an edge state
resides, the edge can be used in place of the spin to sort edge states. The edge state with
a higher weight in the left half (1 < y < %) is therefore associated with this edge and the
other state with the opposite edge. At k., it is reasonable to assume that an edge state has
to be effectively zero at the other edge. Hence, to remove contributions of the right state from
the left state, the right state is multiplied with the relative weight in one of the four orbitals of
the two edge states at the rightmost lattice site and then subtracted from the left state. To get
the best result, the orbital with the highest absolute value on the right side of the left state is
chosen. After normalizing the new state, this is done in reverse order, removing unwanted
contributions from the left side of the right edge state.

From there on, as there is always a set of already prepared edge states for the previous k..,
linear combinations are created based on the overlap with these states. Starting from k¢, k.
runs in small steps first in positive and then in negative direction to a maximal and minimal
value, determined by the defined energy range and the dispersion. The new edge states
1;, picked from all eigenstates of the Hamiltonian, and the desired states ¢; can then be
combined in a system of linear equations ¢ = C¢ with Cj; = (¢;]1;). Under the assumption

that the edge states vary slowly as a function of k., C}; is replaced with C}; = <¢; !1/%>, where

the <Z>;. are the members of the four groups of sorted edge states with momentum closest to
the one currently investigated. ¢ can then be obtained by multiplication with the inverse of C,
i.e. o = C 1.

This scheme can be applied for all remaining values of k., even if the eigenstates are
fourfold degenerate (Dirac point) and have contributions from different spin states at the same
edge. When there are only two edge states within the defined energy range around the bulk
gap, only qb; from the same edge state bands are invoked. Due to the particle hole asymmetry,
this is usually the case at one end of each band.

The algorithm depicted in this section works for all parameter sets, even in the case of
multiple layers in z-direction. Concrete values for lattice dimensions and the width d of the
Gaussian distribution will therefore be given in the corresponding sections. In the case of mul-
tiple layers in z-direction, all eigenstates and wave packets get an additional z-dependence,
which however, changes nothing in the presented algorithm. The weighting factors for the first
part are simply just extracted from a single layer.

By invoking symmetries of the Hamiltonian, the computation time and memory requirement
can be significantly reduced. For a Tl with boundaries in y- (and z-) direction, the Hamiltonian
H (k) for a given k, still commutes with the twofold rotation operator around the x-axis, while
other symmetries are broken. So, there exists a set of common eigenvectors. In momen-
tum space, this operator is given by it3 ® o1 [44]. As its operation in real space is © — =,
y — —y, 2 — —z, its mixed representation is given by Jy.z ® (i3 ® 01), where Jy. is the
(Y - Z) x (Y - Z) exchange matrix. This matrix has two 2Y - Z-times degenerate eigenval-
ues, corresponding to eigenstates that are either symmetric or anti-symmetric under rotation.
These eigenstates are combined into a transformation matrix 7', where the first 2Y - Z rows
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belong to the first eigenvalue and rest to the second. When this transformation matrix is ap-
plied to the Hamiltonian, the transformed Hamiltonian H' (k,) = THT' separates into two
independent sub blocks H; (k;) and Hs (k;) with half the dimension of H (k). Eigenstates
and eigenvalues of these matrices are then calculated by exact numerical diagonalization.
When the Hamiltonian is shifted in energy so that the crossing of the edge state bands hap-
pens at zero energy, the requested edge states are simply the states with the smallest positive
and negative absolute energy value of each sub block. After resizing these eigenstates to the
dimension of H (k,) by adding zeros, they are transformed back into eigenstates of H (k,) by
applying 7. These eigenstates are then treated just like before.

Because H (k) in the mixed representation transforms as H (—k,) = PH (k,) P! under
inversion P = Jy.z ® (13 ® [ax2) [44], it is sufficient to calculate the edge states for &, < 0.
Edge states with k£, > 0 can then be obtained by applying the inversion operator P to these
states.

The construction of wave packets from these edge states is performed directly on the GPU
device, previous to each time-evolution run. This is much faster than reading the wave packets
from a file and allows adjustments of the width d of the Gaussian distribution.

4.2.2 Numerical time-evolution

The numerical time-evolution implemented by Michael Joppe [82] is based on a Taylor expan-
sion of the time-evolution operator. For small time-steps, for which the Hamiltonian is assumed
to be constant, the time-evolution operator can be approximated as

i W (L H (t0) (t—to))"
U (t,to) — e~ H(to)(t—t0) Z( h (0)'( 0)) : (4.9)
n!
n=0

where nmay is the expansion order. When applied to an initial state 1 (¢¢), the new state v ()
can be calculated through the sum

Tmax

V() =D tn, (4.10)
n=0
where the summands are calculated via a short recursion relation
IAT
vo=%(to),  Yn=———H(to)¥Yn-1. (4.11)
In order to achieve convergence, the effective time-step A7 = =10 is chosen as 0.5 or

smaller. This corresponds to real time steps of At = t —t5 < 3.3-107%s. The sum
is terminated when the norm of the highest order term drops below machine precision, i.e.
1% || < 10716 for double precision.

So, time-evolution of a wave packet is mainly about multiplication of high dimensional ma-
trices and vectors. Due to the tight-binding character of the Hamiltonian, which only involves

nearest neighbor hopping, the matrix contains mainly zeros. It is therefore unfavorable and,
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because of the size of the Hamilton matrix, even impossible to perform the multiplication in
the natural way. The convenient way in such a case would be to save only nonzero matrix
elements along with their coordinates. This leads already to a significantly reduced amount of
data, but the calculation of the matrix vector product is not easily parallelizable due to possible
write conflicts. Write conflicts occur when elements contributing to the same element of the
new vector are processed on different threads at the same time.

Here, the fact is used that the action of the Hamilton matrix on a wave packet vector is
the same for each lattice site, aside from varying parameters and boundary conditions. This
allows to implement the action of the Hamiltonian into the code in a way that each component
of the new vector is calculated as a predefined sum over components of the old vector. Instead
of saving the Hamilton matrix, varying model parameters and boundary conditions can easily
be passed in terms of functions or lists of values with only the dimension of the lattice. As
the calculation of each vector component can now easily be assigned to a single thread, no
write conflicts can occur and the whole process can be parallelized. Specifically, due to the
large size of the lattice and equal arithmetic operations for each lattice site, the calculation can
benefit from massive parallelization on a GPU.

Compared to a CPU, which has only few but fast cores, a GPU has a lot more but slower
cores (e.g. 512 cores for the NVIDIA GTX 580 used here). Unlike CPU cores, GPU cores
are not independent but grouped into multiple so called streaming multiprocessors, which
are restricted to one common operation at a time. Computation on a GPU is therefore only
effective if the same arithmetic operations are applied to a large amount of connected data,
which is the case here. However, computation on a GPU has some downsides as well. First,
all data that is to be saved or processed further on the CPU has to be copied from the GPU
device memory to the standard host memory through a rather slow connection. If a lot of these
processes are needed, this can significantly reduce the profit gained by the GPU computation.
Second, when it comes to calculations of observables, usually sums over vector elements are
needed. When the vector is gradually reduced by calculating partial sums, it comes to a point
where the GPU is no longer operated at full capacity and thereby looses its advantage. In that
case, it is often faster to copy data to the host memory for further processing on the CPU. So, a
fast code has to be parallelized both on GPU and CPU, in which one has to trade computation
times against copy times. Computations on the CPU are parallelized with OpenMP. Third,
even though GPUs are great for processing huge amounts of data, the actual system sizes
that can be effectively processed on a single GPU are rather limited due to comparatively small
device memory. This can partly be overcome by distributing calculations over multiple GPUs.
Since the tight-binding model involves only nearest neighbors, the amount of data which has
to be exchanged between different GPUs between each expansion step is small. Memory
usage as well as GPU computation time therefore scale close to linear with the number of
GPUs. Aside from this, computation on GPUs is a rather new field and in that still under
development. The first official support for scientific computation on GPUs through NVIDIA
was only released in 2006 [84] and has made enormous progress since then.

Typical computation times for 2D simulations on a single GPU (NVIDIA GTX 580) range
from less than one minute to a few minutes, depending on the simulation time. 3D calculations
need between about 40 minutes for smaller systems and up to about three hours for larger
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4 Pure spin current devices and quantum transport calculations

systems and longer simulation times. The largest systems treated in this thesis have a total of
7,372,800 lattice sites, where the two orbital and spin degrees of freedom at each lattice site
are represented by 4 complex numbers in double precision.

A quick test with a modified program version solely running on the CPU revealed an about
43 times faster computation for the GPU code (single GPU) compared to a computation on
a single CPU core (Intel Xeon E5620 with 2.4GHz), already for a 2D lattice. For larger (3D)
lattices, the advantage may be even larger because the GPU is better utilized and the impact
of computations and instructions on the CPU side, which are largely independent of the lattice
size, is reduced. On a single computer with eight CPU threads, computation times for the pure
CPU code scaled about linear with the number of CPU threads up to four threads.

4.2.3 Boundary conditions

Devices studied by quantum transport calculations in this thesis inhabit two kinds of boundary
conditions. First, there are surfaces or edges of the device material where it is in contact with
vacuum. These boundaries are handled with open boundary conditions. Numerically, this is
realized by evaluating only lattice indices contributing to the device and initializing the vector
components of all other lattice sites with zeros so that they do not contribute to the predefined
sums. The vector representing the scattering area always covers a complete rectangular
cuboid in which the device structure is embedded. Out of bound indices are handled by
referring to additional vector elements containing zeros. By this, the arithmetic operations are
the same for each GPU thread.

A second kind of boundary condition is needed at the ends of the device with periodic
boundaries. During time-evolution, a wave packet may dissolve or split into multiple parts due
to scattering. Thus, in order to detect all parts of the wave packet leaving the device through
edge state channels, long propagation times may be needed. As already detected parts of
the wave packet must not reenter the device, either the size of the device has to be increased
along with the propagation time or the wave packet must somehow be absorbed at the device
ends. The first method would result in a memory requirement linear in propagation time and a
computation time quadratic in propagation time, which is impracticable. As already mentioned
above, the solution is to add a small negative imaginary potential [85]

Vabs (55) = —iV; (ZL‘) T4xq (4.12)

to the Hamiltonian at both device ends, which is capable of absorbing incoming wave packets.
The potential strength V; (x) has to be designed in a way that combines good absorption with
small reflection probability. If the potential is too small, the wave packet is not completely ab-
sorbed, but if it is to steep, part of the wave packet will be reflected. To make things worse, the
lattice structure of a tight-binding model breaks every potential down into a series of poten-
tial steps. Following Refs. [82, 185], the potential is chosen to increase linearly on an interval
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[z0, x0 + Az] towards the ends of the Tl stripe

Ax(%i%)i(zof:p) .
‘/;(x): {Vmax Az 3 |f.’IIO§(L'§Z'0+AJ} (413)

0 else,

where the + sign belongs to the left/right edge, and Vinax determines the maximal value of the
potential.

Absorption parameters, Vimax and Az, for efficient absorption can in principle be estimated
from the dispersion of the surface states [82, [85]. However, to get an optimal absorption be-
havior, further parameter tuning is required. For the 2D transport calculations, the absorption
parameters Vinax = 1.2eV and Az = 20 are taken from Ref. [82]. These parameters are
relatively robust since backscattering due to the imaginary potential is still forbidden. When
the z-direction is included into the transport calculations, the imaginary potential can cause
backscattering, so the potential slope has to be shallower. In that case, the dispersion esti-
mation was of no big help. Sufficing absorption results are obtained with Vipax = 0.15eV and
Ax = 30 for SboTes and Viyax = 0.20eV and Az = 40 for SbsTes on an insulating substrate
and for BiySes.

4.2.4 Observables

During time-evolution, a wide variety of observables can be calculated from propagating wave
packets after each time-step. Besides the norm of the wave packet, which is used to measure
the stability of the time-evolution, the most important observables are the energy dependent
scattering matrix and the non-equilibrium local density of states (LDOS). Together they pro-
vide the necessary information for constructing spintronic devices. While the square of the
absolute value of the scattering matrix provides detailed information on the probabilities for an
incoming electron of certain spin, movement direction and energy to be scattered into defined
exit channels, the LDOS shows the path it takes.
Given the time-dependent overlap [1}, 18]

Cpa (t) = (Pp (2,y) U (2,9, )| Vo (z,y)) (4.14)

of a propagating wave packet ¥, with exit wave packets ® 3, calculated for discrete time-steps
during time-evolution, the energy dependent scattering matrix Ss , (E) is calculated through
a discrete Fourier transformation in time. The corresponding scattering probabilities of a wave
packet ¥, into exit channels ®4 are then given by the square of the absolute value of the
scattering matrix [1, [8]

v? ( ’

[Sp.0l* (B) = 7= [2_Coa (1) "/ AL
t

B)
@) o (E) (@19

Here, a prefactor removes the afore introduced weighting factor 1 (E) and dependencies on
the density of states, through the absolute value v (E) of the group velocity. 7 (E) is obtained
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from Eq. (4.8) by substituting

B —
k. (E+) = Farcsin ( ib a> ) (4.16)

which is the inverse of the edge state dispersion
Ey (k) =a+tbsink, (4.17)

for an arbitrary parameter set. The sign hereby equals the propagation direction, in consis-
tence with the wave packet index v, and «a is the position of the Dirac point. In general, a and
b have to be obtained by fitting the numerical dispersion of edge states, but in the case of the

2D model, a = —MA}—? and b = Ay /1 — AC/[—% can be read from Eq. (3.42). Because k, (E-+)
2

and ko have always the same relative sign for a given index v and the absolute values are
independent of v,

1 _ (arcsin(Es_;‘)fko)Q 4 18
B — 4
(27rd2)1/46 4.18)

n(E) =

is independent of v. For the chosen sign convention, kg has to be calculated for a wave packet
with positive group velocity. As a function of energy, the absolute value of the group velocity
evaluates to

v(E) = ‘;agé]zm) :‘:I:Zcoskzz
b E—a\’
= 21— 4.1
e ( . ) (4.19)

where k, has again been substituted by Eq. 1> after replacing cos k. with \/1 — sin? (k).
As long as energy is conserved during time evolution, i.e. for time-independent Hamiltonians,

the sum over all exit channels 3 for a given start wave packet a must satisfy

> 18sal* (E) < 1VE. (4.20)
B

This condition can be used as an initial quality check of the time-evolution. Because the
scattering matrix is only sensitive to edge states, the sum can always be smaller than one if
scattering into bulk states happens.

LDOS at the Fermi energy Er for electrons entering through channel a are proportional to
the time-integral over the propagating wave packet [8]. The LDOS

1 2

T
|¢EF ‘2 (I‘, y) TR U (:Ua Y, t) \Ila (:Ea y) eiEFt/hdt (421)
n(Er)T Jo
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gives the probability to find an electron with energy Er that enters through channel « at a
certain position. Without absorbing boundaries, the probability to find the electron anywhere
in the device is one. Via the factor ¢’£r/" the Fermi energy can be chosen within the energy

range of the wave packet. This can be shown by expressing the wave packet ¥, =  "¢;1; in

J
terms of eigenvectors 1; of H:

e :
lim / U (x,y,t) Uy (2,y) e PrH/ Mt
0

1 /T .
= lim / e*‘Ht/hchz/JjelEFt/hdt
0 -

T—ool

J
LT i Ept/h
= - —iEjt/he oy ot BTy

1T,
= lim > et / i(Er—Ej)t/h gy
0

T— 00—
J
=D cj¥i0E B,
j

The integrand is one only if £; = Er and oscillates in the complex plane in all other cases so
that the integral approaches a Kronecker delta for long times. In the case of discrete times,

Eq. (4.21) reads
1 2
2 S D iEpt/h
[YEe|" (%,y) n(EF)TEt U(x,y,t) Uo (z,y) e At . (4.22)

Multiple calculations for different £’ can be performed during one time-evolution run.

4.3 2D transport calculations

From the dispersion relations shown in section 4.} possible edge state channels can already
be identified. Local and time-dependent effects, however, e.g. at interfaces of sections with
different dispersion, cannot be extracted. In order to get information about the path an electron
with certain spin, energy and propagation direction takes through a given device structure, nu-
merical quantum transport calculations are performed according to the scheme presented in
the previous sections. Simulations shown in this section are based on the tetragonal Hamil-
tonian Eq. in the 2D approximation, and resulting scattering probabilities have in parts
already been shown by Michael Joppe in his master thesis [82]. Results of this section which
are relevant for the pure spin current devices in section have been published in Ref. [1].
The overall lattice size is 1024 x 128 lattice sites with a scattering region of size 128 x 128
in the middle. Taking the in-plane lattice constant a = 4.14A of Bi,Ses, this corresponds to
real sizes of 424nm x 53nm and 53nm x 53nm, respectively. Wave packets are constructed
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1024 Jattice sites away from the lattice ends with a Gaussian distribution function (Eq. (4.8)) of
width d = k’“agi\;;fmi”, where kmax — kmin = 0.156 is the momentum range of the involved edge

states. Time-steps are At = 0.259%,.

In a device without any modifications in the scattering region, i.e. no FEF etc., a wave
packet will only propagate along the edge it started on, and the probability to detect it in the
corresponding exit channel should therefore be one. Even though no new physically relevant
information will result from such a simulation, it can be used to determine the feasible energy
range of the scattering matrix. Results for a simulation of the start wave packet \Ifj are shown
in Fig. The shown energy range is the full energy spectrum of the wave packets. Inside
the bulk gap, which is indicated by vertical black lines, the wave packet is perfectly transmitted
along the lower edge of the device, i.e. |S¢+7¢+|2 = 1. Outside the bulk gap, however,
S, +..+|* shows some oscillations and even exceeds unity before it drops at the outer edges.
This effect is known as Gibbs phenomenon. It emerges due to a Fourier transformation at a
jump discontinuity and is therefore an effect of the finite energy range of the wave packet or
steep changes in the scattering probability. By increasing the energy range beyond the bulk
gap, it is possible to push oscillations originating from the finite energy range out of the bulk
gap, but it is not possible to completely remove them. As a result, no quantitative assumptions
can be made based on scattering probabilities outside the bulk gap. Outside the bulk gap, the
scattering probability may also be reduced due to scattering into the coexisting bulk states.
However, as the overlap of edge and bulk states is small, scattering is marginal in the absence
of any perturbations.

4.3.1 Out-of-plane field

As discussed in section [2.2] FEFs can be induced into the Tl either through the proximity
effect, by capping with a ferromagnetic insulator, or via doping with transition metal atoms.
This can lead to different spatial inhomogeneities. For the beginning, however, the FEFs are
considered homogeneous within magnetic domains. Spatial inhomogeneities of a proximity
field will be studied in section

In section it has been shown that an FEF of sufficient strength perpendicular to the
surface (in z-direction) of a 2D Tl in contact with vacuum removes only edge states with
one spin direction, leaving the other edge states basically untouched. At an interface with a
TI, either without FEF or with FEF of opposite polarization, additional edge states emerge.
The pseudo-spin of the edge states thereby depends on the interface type. Considering for
example an FEF in positive z-direction, edge states with spin-up exist at the interface with
vacuum or a trivial insulator and edge states with spin-down at the interface with a TI. If the
FEF is now restricted to a small area of the Tl device where it is in contact with the device
boundary (vacuum) on one side and with a pure Tl on all other sides, it is expected that a spin-
down wave packet moves around this area, while a spin-up wave packet should pass straight
through. Quantum transport calculations largely confirm these assumptions. According to
section an FEF of | V| = 0.34eV is needed to achieve these effects for the whole bulk gap
and is therefore chosen for the following simulations. By looking at LDOS, it can be clearly
seen that a spin-down wave packet (\I/Ir) encountering such a positive FTI leaves the edge
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Figure 4.8: Scattering probabilities of the wave packet \Ilj ina Tl strip without scattering region
after an evolution time of 7 = 1000(}\,. The shown energy range is that covered
by the edge states contributing to the wave packets. The range of the bulk gap is
indicated by vertical black lines. Even though there are no perturbations present,
|S| 4.1+ ]2 deviates from unity at the edges of the energy range and has even values
bigger than one. This effect, called Gibbs phenomenon, arises due to the Fourier
transformation at the energy cut-off of the wave packet and can therefore not be
completely removed.
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Figure 4.9: LDOS at a local FEF (orange) of strength V, = 0.34eV in positive z-direction (in-
dicated by black arrows) located at the lower edge of a Tl stripe (blue). (a) A spin-
down wave packet (\I/f) takes a detour around the FTI as no spin-down channel

exists at the FTl-vacuum interface. (b) A spin-up wave packet (\1;; ) coming from
the opposite direction at the same edge moves straight through the FTI. Arrows
in the color of the wave packet show the propagation direction. The Fermi energy
is chosen as EF = 0eV, about in the middle of the bulk gap. Figures taken from
Ref. [1].

and moves around the FTI (Fig. ). On the other hand, a spin-down wave packet (\IIT’)
coming from the opposite direction moves straight through the same FTI (Fig. [4.9p), just as
expected. However, LDOS show only the path for one specified energy, which is chosen as
Er = 0, approximately in the middle of the bulk gap. To get a quantitative, energy dependent
measure of the device efficiency, one has to look at the scattering probabilities. Inside the
bulk gap, the spin-down wave packet is perfectly transported from left to right (see Fig. 4.10).
Outside the bulk gap, the transmission probability |S¢+,¢+\2 now drops instantly to very low
values, meaning that scattering into bulk states is strongly enhanced compared to Fig. 4.8
The reason for this is that the momentum of the wave packet is changed at every corner of the
FTI, making scattering into the much more numerous bulk states more likely. As the density
of states is higher below the bulk gap, the effect is more prominent. Any part of the wave
packet that is scattered into bulk states remains basically undetected as the scattering matrix
is insensitive to bulk states. As a consequence, no notable scattering probability is measured
for the other exit channels. Scattering into spin-up channels is even completely forbidden
because spin-up and spin-down states are completely decoupled in the 2D Hamiltonian as
long as there is no in-plane FEF. In the following, therefore, only spin-up or spin-down channels
will be shown as long as the Hamiltonian forbids spin-flip scattering.

The transition probability of the spin-up wave packet v through the FTI is one for the
biggest part of the bulk gap as well (see Fig. [4.11). Only at the lower edge of the bulk gap,
it drops rapidly. As has been seen in Fig. a positive FEF gives rise to additional edge
states with pseudo-spin up at the FTI-TI interface. So, at the two points where the wave
packet enters and leaves the FTI, it is scattered into this additional channel going around the
FTI. A very low group velocity with momentum dependent sign results in long dwell times in
this channel. Only for very long evolution times (at least ten times longer than shown), the
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Scattering probabilities corresponding to the setup shown in Fig. after an
evolution time of 7 = 20006%,. Inside the bulk gap, the wave packet is perfectly
transferred around the FTI into the <I>Ir exit channel. Outside of the gap, the
probability drops instantly to nearly zero due to increased scattering into bulk
states at all corners of the FTI. These parts remain basically undetected since
the scattering matrix is insensitive to bulk states. The steep drop in the scattering
probability causes Gibbs oscillations inside the bulk gap. No notable scattering
into other exit channels is measured.
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Figure 4.11: Scattering probabilities corresponding to the setup shown in Fig. after an
evolution time of 7 = 2000&. As spin-flip scattering is forbidden by the Hamil-
tonian, only spin-up channels are shown. Over the vast majority of the bulk gap,
the wave packet is perfectly transferred through the FTI into the @T* exit chan-
nel. Only at the lower end of the bulk gap, the transmission probability drops
rapidly due to scattering into the additional edge states at the FTI-TI interface

(see Fig.[4.4).

transmission probability approaches one for the whole bulk gap. Scattering into bulk states for
energies above the bulk gap is less prominent compared to Fig.[4.10 because the propagation
direction of the wave packet is conserved at the FTl area.

When the FTl is extended towards the opposite edge of the Tl strip, the incoming spin-down
wave packet \Ilir is no longer transferred into the <I>ir exit channel because the spin-down path
is now removed from the other edge of the FTI as well. Instead, it moves along the edge
of the FTI towards the opposite edge and then in negative z-direction, leaving the device
through the ®| exit channel (Fig. ). Reflection into the counter propagating channel
is now logically perfect inside the bulk gap as there is no spin-down channel inside the FTI.
Inverting the polarization of the FEF closes the main path at the FTI-TI interface and opens
that at the FTl-vacuum interface. Hence, the spin-down wave packet can now pass through
the FTI and leaves through the <I>¢+ exit channel (Fig. ). Transmission through the FTI
is again perfect for the biggest part of the bulk gap (see Fig. [4.13). Only at the lower bulk
gap edge, the wave packet is still reflected into the counter propagating channel because
of the additional edge states at the FTI-TI interface. The low group velocity in these states
requires again long propagation times (about 7 = 100005) in order to detect the majority of
the reflected wave packet.

The dispersion at the interface of two FTls is similar to that of an FTI-Tl interface. As a result,
at such an interface, spin-up and spin-down wave packets propagate in the same direction
(Fig. [4.14). Propagation into the opposite direction happens at the FTI-vacuum interfaces,
like in Fig.[4.12p. Interchanging the magnetization directions of the two domains changes the
paths, i.e. propagation from left to right happens along the domain wall and from right to left at
the vacuum interfaces. Scattering probabilities are similar to Fig. i.e. reflection happens
only at the lower edge of the bulk gap.

The observation of chiral fermion modes at such a domain wall is consistent with the ex-
istence of similar states at a domain wall on the surface of a 3D Tl [17]. Here, an instant

48



4.3 2D transport calculations

Figure 4.12:

LDOS at EFr = 0eV of the spin-down wave packet \I/j encountering an FEF
of strength V, = +0.34eV that is spanning the whole width of the Tl strip. (a)
If the FEF is directed in positive z-direction, the wave packet is reflected into
the counter propagating <I>¢_ exit channel. (b) An FEF in negative direction can
be traversed by the spin-down wave packet, just like the positive FEF can be
traversed by a spin-up wave packet (Fig. [4.77). Thus, the incoming wave packet
remains at the same Tl edge and leaves through the <I>f exit channel. Figure (a)

taken from Ref. [1].
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Full reflection- (left) and transmission-spectrum (right) of the spin-down wave
packet \111r at a negative FEF that spans the full width of the Tl strip, as shown in
Fig.[d4.12b. At the lower edge of the bulk gap, the wave packet is reflected by the
FTI into the counter propagating spin-down channel at the opposite edge, while
the rest of the bulk gap shows perfect transmission. The scattering matrix was
calculated after a propagation time of 7 = 100006%\,. At lower propagation times,
only a small part of the reflected wave packet is detected due to the low group
velocity in edge states at the FTI-Tl interface.
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4 Pure spin current devices and quantum transport calculations

Figure 4.14: At a domain boundary, both spin-down (a) and spin-up (b) wave packets can only
propagate in one direction along the boundary. Propagation into the opposite
direction happens along the FTl-vacuum interface, analog to Fig. 4.12b. Figure
(b) taken from Ref. [1].

inversion of the magnetization at the domain wall was assumed. The effect of a rotation via
an in-plane magnetization is discussed in section 4.5.]

4.3.2 In-plane field

So far, only FEFs perpendicular to the surface plane were considered in transport calcula-
tions, i.e. devices with a local QAH state. In such a device, the two pseudo-spin states are
completely decoupled. As has been shown in Fig. an in-plane field opens a gap in the
edge state dispersion and couples the afore decoupled pseudo-spin states in the Hamiltonian.
A local FEF with in-plane polarization may therefore give rise to spin-flip scattering and can
block wave packets of both spin states due to the gap opening.

The scattering probabilities of the spin-down wave packet \I!j encountering a local FEF with
Vyy = 0.5Mpzp are shown in Fig. As has been shown in Fig. [4.6b, such a field reduces
the bulk gap to about half its original size. Outside this reduced bulk gap, the wave packet is
strongly scattered into bulk states and partly detected, through re-scattering into edge states,
in all four exit channels. In this energy range, the scattering probabilities diverge because of
a Fourier transformation of strongly varying values in combination with a large normalization
factor. It is therefore a numerical artifact and of no physical meaning. Inside the reduced bulk
gap, the scattering probabilities basically split into two parts. In the upper part of the bulk
gap, the FEF opens a gap in the edge state dispersion, so the wave packet cannot pass. It
is therefore reflected at the TI-FEF interface (Fig.[4.16fa+b). However, in contrast to the case
with an out-of-plane FEF, there are no edge states at the TI-FEF interface. So, the wave
packet changes its spin and is almost completely scattered into the (I)T_ exit channel. Only
a tiny part tunnels through the FEF (Fig. [4.176p) because edge states penetrate significantly
into the FEF on a length scale bigger than half the FEF width of 128 lattice sites so that edge
states from opposite sides of the FEF overlap.

Below this gap, the wave packet is still mainly transferred through the FEF with small en-
ergy dependent reflections of increasing amplitude towards the gap. These Fabry-Pérot type
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Figure 4.15: Scattering probabilities of the incoming wave packet ‘Ifj at a local FEF with V}, =
0.5M>p. Inside the reduced bulk gap, scattering happens only into the two exit
channels at the bottom edge. For energies within the edge state band gap, the
wave packet is reflected with spin-flip into the o exit channel at the same edge.
Below this gap, the wave packet is mainly transmitted through the FEF into the
<I>Ir exit channel. Outside the reduced bulk gap, the wave packet is scattered into
bulk states and is in parts detected in all exit channels. Values bigger than one
are artifacts of a Fourier transformation of strongly varying values. The evolution
time was 7 = 5000y
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4 Pure spin current devices and quantum transport calculations

Figure 4.16: LDOS at an FEF with y-magnetization of strength V,, = 0.5M2p. (a)+(b) The
Fermi level is chosen as EF = 0.05eV, within the edge state band gap. Due to an
overlap of edge states, part of the wave packet tunnels through the FEF. (c)+(d)
At the Fermi level Er = —0.05eV, the wave packet is largely transferred through
the FEF. Especially inside the FEF, interferences of the repeatedly reflected wave
packet can be clearly seen.

resonances originate from interferences of reflected parts of the wave packet within the FEF
[8,182,183], as can also be seen in the LDOS in Fig. [4.76c+d. The peak positions of the trans-
mission spectrum coincide with discrete energy levels within the FEF and therefore narrow
with increasing width of the FEF.

The above observations are quantitatively independent of the sign of the FEF and qualita-
tively independent of the in-plane direction of the field (see Fig. [4.17). Additionally, the FEF
acts in the same way on spin-up and spin-down states. A spin-up wave packet \If? moving
from left to right at the upper edge shows the same energy dependence in reflection and
transmission as the spin-down wave packet at the lower edge, of course with opposite spin.
The same holds for wave packets coming from the right.

4.3.3 Parameter stability

So far, only one parameter set for BioSes was investigated, and the question is whether or not
the observed effects are independent of the parameter set. This investigation, however, will
be restricted to the QAH phase.

Taking the other parameter set for Bi;Ses ((a) in Tab. [3.1), the effective 2D parameter
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Figure 4.18: Numerical dispersion of a 2D Bi»Sej3 sheet (parameter set (a)) in the normal state
(V. = 0) and QAH state (V, = 2|Map| ~ 0.4eV). In the QAH state, bulk states
from the valence band are pushed up in energy with increasing FEF.
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kX

Figure 4.19: Numerical dispersion of a 2D SbsyTeg sheet in the normal state (V, = 0) and QAH
state (V, = 2 |My| =~ 0.2eV).

Eq. iEb for My is Mpp = Mo + My (LL)Q ~ —0.198¢V for L, = 15. The first differ-
ence between parameter set (a) and (b) can be seen in the dispersion (Fig. [4.18). Without
FEF, the edge state dispersion is basically the same, only that most of the bulk bands of the
valence band now have a minimum at k&, = 0. When the material is driven into the QAH
state by adding an FEF of strength V, = 2|M3p|, the bulk gap spans only the upper half of
the original bulk gap and the crossing of the edge state bands happens at higher energies,
inside the conduction band. An increase of the FEF pushes the valence bands up even further
and makes the overlap of the gaps of QSH and QAH state even worse. Another difference
can be found by looking at the edge states. For the parameter set (b), edge states moving
clockwise had only contributions from orbital 1 1 and 2 |, where 1 1 was dominant. Now,
these states have only contributions from 1 | and 2 1, where 2 1 is dominant, i.e. the direction
of the pseudo spin remains the same. This is consistent with the analytical approximation in
section The degree of spin polarization p = |Cy/M3| ~ 0.68 is much higher than for the
other parameter set. As analog changes apply to all other edge states, changes in a quantum
transport calculation are only a matter of the deviating dispersion. For V, = —2 |Myp|, a wave
packet starting at the position \Iij is only transfered through the magnetic barrier for energies
within the smaller gap. For all other energies, it is scattered into bulk states. Interestingly, for
V. = 2|Mayp|, the wave packet is perfectly reflected towards the opposite edge by a barrier
spanning the full Tl width, although the gap at the TI-FTl interface has about the same size as
that at the vacuum interface.

For SbyTes, the effective 2D parameter for a sheet thickness of 15 layers would be only
Mop =~ —0.0096eV, resulting in a very tiny gap. Therefore, the thickness is increased to 20
layers, resulting in Mop ~ —0.1eV. For these parameters, the dispersions (Fig. are
very similar to those of the Bi,Se3 parameter set (b). In the QAH phase, all bulk states are
removed from the initial bulk gap and the crossing of the edge state bands happens inside
the gap. Higher fields now result in an even larger gap. Consequently, simulations with these
material parameters show perfect transmission and reflection properties. Concerning the spin
of the edge states, clockwise moving edge states have only contributions from orbital 1 | and
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2 1. The dominance of the first orbital, however, now results in a negative pseudo spin for
these states, with an absolute value of p ~ 0.22.

Results for in-plane fields are qualitatively equal to those in section[4.3.2]for both parameter
sets.

The effective parameter Mp, which originates from a quantum well approximation of a thin
Tl sheet, accounts only for the bulk gap and in that decreases with decreasing sheet thickness.
So, when Myp changes sign, the material becomes a trivial insulator. On the other hand,
the hybridization gap of surface states from the z-surface should increase with decreasing
thickness (see Ref. [46]). This seems to be a contradiction and raises the question, to what
extent or in what thickness range this parameter yields a realistic effective gap size for the
thin sheet. To overcome this issue and to get a more realistic picture, Tl sheets with a finite
thickness that do not need a quantum well approximation will be studied in section

4.4 Pure spin current devices

Now that it is known how electrons in edge states propagate in the presence of local FEFs, this
information can be used to construct spintronic devices. Specifically, the goal is to construct
devices that create, detect and switch pure spin currents. For that purpose only local FEFs
with out-of-plane polarization are used since they conserve pseudo spin and bulk gap size.
The size of device structures is only a matter of the spatial extend of edge states. In the
present case, edge states are extended over about 50 lattice sites (Fig. and the width of
the Tl strips was correspondingly chosen as Y = 128 lattice sites with FEFs of size 128 x 128
or 128 x 64, corresponding to edge lengths of about 26.5nm — 53nm. Some newly detected 2D
materials with large band gaps show edge states with a spatial extend of only about 1nm [51],
potentially allowing very small device structures. The presented devices have been published
in Ref. [1].

4.4.1 Generator

Any electron propagating in topological edge states carries a defined (pseudo) spin so that a
charge current has always a superimposed spin current. Depending on the direction of the
charge current, the spin current transports either spin-up or spin-down, where, in the case
of BisSes, a clockwise current transports spin-up and a counterclockwise current spin-down.
Thus, by driving charge currents of equal magnitude in both directions along the edge, the
total charge current sums to zero, while a net spin transport remains, i.e. a pure spin current.

A possible device for creating pure spin currents in such a way is shown in Fig. Charge
currents are injected into and extracted from the Tl (blue) via three metallic electrodes (gray).
The extracting electrode in the middle is grounded. So, when a voltage V is applied be-
tween this electrode and the two outer injecting electrodes, charge currents will flow from the
negative, injecting electrodes to the extracting one. By placing two FTls (orange) of opposite
z-polarity (denoted by black arrows) in front of the injecting electrodes, these currents are spin
filtered and forced into the paths along the outer edge of the Tl sheet. Only spin-down elec-
trons can pass the lower, negative polarized FTI. They propagate counterclockwise through
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o

Figure 4.20: Schematic of the spin current generator. A voltage V;, applied between two
injecting and one extracting metallic electrode (gray) attached to a Tl sheet (blue),
gives rise to charge currents flowing along the edges of the TI. Two FTls (orange)
of opposite z-polarity act as spin filters on the injected currents and thereby block
the direct current flow between electrodes. The resulting charge currents along
the outer edge cancel each other but produce a net spin current flow. Spin-up
and spin-down electron paths are indicated by green solid and red dashed arrow
lines, respectively. The direction of the out-of-plane polarization of the FEFs is
shown by black arrows. Taken from Ref. [1].

the device and then along the outer edge of the other, positive polarized FTI into the absorbing
electrode. The same holds for spin-up electrons injected through the upper metallic electrode.
In both cases, electrons of opposite spin are reflected by the FTI and then scattered with spin-
flips at the metallic contacts. If the FTI is extended towards the metallic contact, only electrons
with correct spin are injected in the first place. However, if the FEF is induced via the proximity
effect, it is probably easier to produce devices with this small Tl area to avoid an overlap of
ferromagnetic insulator and metallic electrode.

The direct conversion of charge currents into spin currents makes the proposed device very
efficient. Two electrons with a total charge of 2¢, flowing from the two injecting electrodes
to the extracting one, transport a total spin of ph along the outer edge of the device, where
0 < p < 1 is the spin polarization of the edge states. Thus, the conversion efficiency of the
device [1] .

€ls
0=—-"=05 (4.23)

hje
is given by a quotient of spin current density js and charge current density j.. This conver-
sion efficiency can be compared to the spin Hall angle ©gf, which is used to quantify the
conversion efficiency of the spin Hall effect. Taking the relatively low edge state polarization
p = Co/M> ~ 0.35 of the model used here, the conversion efficiency is © ~ 0.175. This is
already better than the best conversion efficiency of O ~ 0.1 [66] achieved with the spin
Hall effect. Considering reported spin polarizations for different T| materials, ranging between
about 0.3 and 1 for surface states on the top surface [39H42, I86H93], even much higher ef-
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ficiencies could be achieved. To give an accurate estimate of the efficiency, the actual spin
polarization, especially for the side surfaces, has to be clarified. The other material parame-
ters presented in Tab. [3.1]yield © = 0.34 (p ~ 0.68) for BisSe; (a) and © ~ 0.11 (p =~ 0.22)
for SbQTeg.

The spin currents are also very robust regarding spin-flip scattering. As long as there are no
time-reversal symmetry breaking perturbations, spin-flip scattering is forbidden. However, in
real devices there will always be perturbations like impurities or the Rashba effect (see further
sections and[4.5.4). These effects become especially relevant when devices get larger
than the spin-flip mean free path of topological edge states, which is reported to be about 2um
[29] 63]. But even in these cases, where a single current along an edge may be destroyed,
the pure spin currents remain very robust. First of all, whenever there are FTls, channels for
spin-up and spin-down electrons are spatially separated and spin-flip scattering is therefore
not possible, even if there are impurities. Aside from FTls, spin-flip scattering can happen, but
the scattering probability of spin-up and spin-down electrons is the same due to reciprocity.
So, the loss in spin-up electrons is the gain in spin-down electrons and vice versa. If there
is only one scattering site, this is intuitively clear. Consider therefore two scattering sites with
scattering probabilities v; and v». An electron encountering a scattering site 7 is scattered with
probability -y; and transmitted with probability (1 — ;). So, for electrons encountering the two
scattering sites from the left, the fractions of all electrons moving to the left, in the middle and
to the right after each scattering event are given by the following scheme (columns indicate
the position, arrows the direction):

n (1 ;’Yl) (1 =) (1 =12)

—

1-—m)’7% (1-m)7
%

—

(I—=y)my2 (=) —=9)77
ﬁ

-

1-7)’m7 1 -m)m

— —
I=v)7v 1—7)1—7)%n
— —

As the same diagram, with ~; and ~s interchanged, holds for electrons coming from the right,
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the sum over all fractions of electrons moving from left to right between the scattering sites is:

L=7)> ()" + Q=712 (1172)"
n=0 n=0
:Z (m72)" — Z (’Yl’ﬂ)nﬂ
n=0 n=0
=Y ()" =D (11" + (1172)°
n=0 n=0

=1

Analogously for the sum right to both scattering sites:

o o0
Y2+ 71 (1 —72) 27172 (I=m) 1—’722%72 =--=1

The results for the opposite directions are obtained by interchanging +; and ~2. As this
scheme can be easily extended to arbitrary numbers of scattering sites, spin-flip scattering
does not affect the pure spin currents. It only increases the resistance of the device and thus
the required voltage to drive these currents. The only condition is that the scattering probability
of each scattering site is less than one.

4.4.2 Detector

As pure spin currents cannot be detected directly by measurement instruments, they have
to be transformed into charge currents. Usually, this is done by the inverse spin Hall effect.
In the present case, however, where the spin current results from charge currents in two
counter-propagating spin channels, a simpler way is to split the spin current back into its two
parts. These parts can be measured separately by conventional measurement instruments
as voltage drops with respect to the common ground with the spin current generator. The
detector shown in Fig. is therefore basically an inverted version of the generator. Two
FTls of opposite z-polarization separate one spin component each by blocking the other one.
A positive FTI blocks the spin-down component, and the spin-up component can be measured
as a voltage drop V. Analogously, the spin-down component yields a voltage drop V,;; when
the spin-up component is blocked by a negative FTI. Local measurements of this kind have
already been successfully performed on 2D Tls [94] and FTls [20} 56}, 57]. A pure spin current
is characterized by V3 = Vy, and the net spin transport can be calculated from the voltage
drop with additional information on device resistance and edge state spin polarization. Again,
the small Tl areas right to the FTls are not generally necessary. When they are present,
the metallic electrodes enable spin-flip scattering processes and thereby inject electrons with
opposite spin into the TI. However, only electrons with the correct spin can reenter the rest of
the device since the FTI blocks the other component.
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Figure 4.21: Schematic of the spin current detector. The detector works like an inverted gen-
erator. A spin current is split into its two counter propagating spin parts by local
z-polarized FTls of opposite polarity. By this, the charge flow in spin-up and spin-
down channels can be measured separately as voltage drops V;; and Vg, with
respect to the common ground with the generator. For a pure spin current, these
voltages have to be equal. Taken from Ref. [1].

4.4.3 Transistor

Having a generator and detector for pure spin currents, the last device needed for applications
is a transistor. A transistor for pure spin currents must be switchable between two states. In the
“off”-state, it has to reflect both spin components, and in the “on”-state, it must be transmitting.
Both states must preserve the spin current in the rest of the device. To realize this by using only
out-of-plane FEFs, at least four domains in two blocks are needed. A single block with either
positive or negative z-polarization can only block spin-down or spin-up electrons, respectively.
So, for realizing the “off”-state, a sequence of two blocks with opposite polarization is needed.
These blocks may be spatially separated to avoid domain wall structures. In Fig. 4.22p, the
left block has negative z-polarization and blocks the spin-up part of the spin current. The
right block has positive z-polarization and blocks the remaining spin-down part. To make
these two blocks passable in the “on”-state, a half of each block has to be switchable to the
opposite polarization such that the blocks form domain walls in the middle, like in Fig.
It is thereby unimportant which half of each block is switched. Consider for example the
case where the top domains of both blocks have positive and the bottom domains negative
polarization (Fig. [4.22b). Then, electrons in both spin states can propagate from left to right
along the outer edges of the device and from right to left along the common channel at the
domain wall.

Since spin-up and spin-down channels are not separated at the domain wall, scattering be-
tween these channels, e.g. by magnetic impurities, is possible. However, the scattering rates
from spin-up into spin-down channels and vice versa should be the same and therefore com-
pensate each other. Examples that include scattering processes between these two channels
are shown in section[4.5.fland 4.5.41

A simple idea for simultaneously switching both magnetic domains is shown in Fig.[4.22c. A
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Figure 4.22: The spin transistor device has two states. (a) In the “off”-state, two spatially sepa-
rated FTI blocks of opposite z-polarization block both spin components of the spin
current. (b) By inverting the magnetization of a half of each FTI block, the barriers
become passable in both directions for both spin components. The polarization
of switchable domains is indicated by dashed black arrows. Domains with solid
arrows are fixed. (¢) The magnetic domains may be switched simultaneously by
the magnetic field (gray), induced by a current through the wire (purple). Taken
from Ref. [1].

current through a wire winded around the two FTI blocks induces a magnetic field of opposite
polarity for the two switchable domains, so both domains can be switched at the same time.
For that purpose, the polarity of the other two domains has to be fixed, i.e. they have to have
a higher coercive field. A conventional way to achieve this is exchange bias pinning with an
antiferromagnetic material [95].

The magnetic field at a distance = to a wire with current I is H (z) = L. Assume a

2rx”

distance of d = 25nm between wire and FTls, which have a width of d = 25nm as well. So,

the effective field created by two wires on both sides of an FTl is Heg (z) = 5= (% + 3d£x>

with the field minimum Hpin = %3% in the middle of the FTI. Reported coercive fields are
H, ~ 1440% for EuS (a ferromagnetic insulator) on BiySes [60] and H. ~ 8000% for Fe on
Mn doped BisTes [96]. To create fields of such strength by a single wire loop, a relatively high
current of I = ?’QLdein ~ 0.2mA — 1mA is required, potentially causing heat problems.

Alternatively, the domains can be switched by an external field, e.g. with a write head
like in a hard disk drive. This may, however, be slower if the write head has to move from
transistor to transistor, and if it is not possible to switch both domains at the same time, charge
currents will flow along the right edge of the transistor device during the switching process.
It is therefore worth thinking about alternatives for the transistor device that can ideally be
switched all electrically.

A possibility would be to use a single FEF block with in-plane magnetization, which has
energy dependent transmission properties. By applying a gate voltage, the Fermi level could
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then be shifted within the bulk gap between the transmitting and reflecting part. However,
because of the resonances in the transmitting part, the transistor would be less efficient than
the one using only out-of-plane fields, and as the already reduced bulk gap is split into two
parts, the maximal operation temperature is much smaller. If only the reflecting part of an
in-plane FEF is to be used as an insulating barrier, the FEF has to be disengageable to make
the barrier transmitting in the “on”-state. Generally, a problem could be that Tls of the BisSes
class show out-of-plane ferromagnetic anisotropy [56], so it may be problematic to achieve a
stable in-plane FEF.

A new class of materials called topological crystalline insulators is protected by mirror sym-
metry. This symmetry can be broken by simply applying a gate voltage and thereby opening
a gap in the edge state dispersion [97]. If spin current generator and detector can be realized
in these materials as well, they might be a great alternative.

4.5 Towards more realistic modeling

In the previous sections, it has been shown that FEFs can be used to steer currents in edge
states of 2D Tls by means of the QAH effect and that this can be used to create, switch and
detect pure spin currents. However, these results were obtained with ideal conditions, and the
question is how more realistic device modeling affects the obtained results. Real devices will
contain domain wall structures (section [4.5.1)) whenever two magnetic domains are in contact
and will also have material imperfections that result in locally varying electrostatic potentials
and edges (section[4.5.3). Aside from neglecting such effects, a big simplification was that the
Tl was modeled by a real 2D Hamiltonian under the assumption of inversion symmetry. Since
materials of the Biy Ses class are 3D Tls that show 2D behavior only in thin films where the
surface states from the top and bottom surfaces hybridize, simulations with a finite thickness,
based on the full 3D Hamiltonian should be more accurate (section [4.5.2). This 3D modeling
further enables the examination of effects like broken structural inversion symmetry by an
insulating substrate (section and spatially inhomogeneous exchange fields due to the
proximity effect (4.5.5). Except for a 2D domain wall structure, these effects have not been
studied in Ref. [1].

4.5.1 Domain walls

Whenever two magnetic domains of opposite magnetization are in contact, a domain wall
structure forms at their interface. At the domain wall, the magnetization rotates continuously
over a finite length scale from one direction to the other. Different variables thereby determine
whether the rotation happens more in the domain wall plane (] ® 1 or | ® 1, Bloch-type)
or perpendicular to the plane (J—1 or |«T, Néel-type) [98]. Concerning the spin current
transistor, where two ferromagnetic domains with opposite z-polarization touch, the FEF will
have in-plane components in between. As an in-plane FEF is known to open a gap in the
edge state dispersion and to give rise to spin-flip scattering, this may alter the functioning of
the device. Here, it is shown that, although spin-flip scattering happens, the overall device
functioning is unaffected by a domain wall structure.
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The following results have been discussed in the supplementary material of Ref. [1], how-
ever with the wrong representation of the spin matrices ¥, and ¥, for the used Hamiltonian.
Here, as the Hamiltonian contains the real spin, the spin matrices are correct. A direct com-
parison of the different results shows that the Néel wall features presented in Ref. [1] equal
those of the Bloch wall presented here and vice versa.

In the transistor device, a domain wall is located at y = y, parallel to the z-axis, where the
z-magnetization switches from negative (y < yg) to positive (y > yp). The position dependent
direction vector of the FEF then reads [99]

ng (y) = (j:l/ cosh 7 —gyo ,0, tanh Y ;yo) (4.24)

for a Bloch wall and

ny (y) = <0, +1/ cosh Y _éyo , tanh Y —5y0> (4.25)
for a Néel wall. Depending on the =+ sign, rotation of the magnetization is either via a positive
or negative in-plane magnetization. As the main results, i.e. dispersion and scattering rates,
are independent of the sign, it is chosen to be +. The width of the domain wall, characterized
by &, is according to Wakatsuki et al. [99] only a few lattice sites and is adapted to be ¢ = 4.
The results, however, are qualitatively independent of the domain wall width as long as it is
small compared to the spatial extend of the edge states.

Dispersions for both types of domain walls are shown in Fig. In both cases, there is a
twofold degenerate edge state band with positive slope that belongs to the outer interface of
the Tl with vacuum and is unaffected by the domain wall. Other edge state bands, i.e. those
with negative slope, are located at the domain wall. For a Bloch wall, the edge state band
is again twofold degenerate and not much different from that without in-plane field. However,
the edge states are no longer z-polarized as they have contributions from all four orbitals, as
shown exemplarily for k, = 0 in Fig. So, the pseudo spin of an electron entering the
domain wall is no longer conserved. In the case of a Néel wall, the edge state bands at the
domain wall split and additional bands emerge at the lower bulk gap edge. Band separation
as well as the number of additional bands increases with increasing domain wall width €. The
edge states have again contributions from all orbitals.

Wave packets propagating along the domain wall are scattered into both exit channels with
the same propagation direction (dashed and dotted lines in Fig. and [4.26). The exact
energy dependence of the individual scattering probabilities thereby depends on the length of
the domain wall. Because spin-up and spin-down wave packets are scattered symmetrically,
the total transmission into the two exit channels (solid lines) still sums to unity for almost the
full energy range of the bulk gap. Only at the lower bulk gap edge, reflection into the two exit
channels with opposite propagation direction happens due to the additional edge states at
the FTI-TI interface (compare Fig. and, in the case of the Néel wall, also at the domain
wall. All in all, a domain wall structure leaves the functioning of the proposed transistor device
basically unaffected.
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Figure 4.23: Though a domain wall features in-plane polarizations, no gap opens in the edge
state dispersion. The dispersion of a Bloch wall is shown in (a). It has two
twofold degenerate bands of edge states, from which those with positive slope
are located at the FTl-vacuum interface and those with negative slope at the
domain wall. The dispersion of a Néel wall shown in (b) is somewhat more com-
plex. Edge state bands spanning the bulk gap with a positive slope are again
the twofold degenerate edge states at the vacuum interface. The degeneracy of
the states at the domain wall is now lifted, but they still have only negative slope
inside the bulk gap. At the lower bulk gap edge, additional states emerge that are
only weakly located at the domain wall. Red lines indicate the bulk gap of a pure
TI.
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Figure 4.24: Edge states at a Bloch wall, exemplarily shown for k, = 0. (a) and (b) corre-
spond to edge states of the two degenerate bands. As these edge states have
contributions from all orbitals, i.e. notonly 1 t+and 2 | or 1 | and 2 1, they are no
longer z-polarized. Only nonzero components are shown.
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Figure 4.25: Scattering probabilities of the wave packets ¥, and \IJT_ at a Bloch wall of width
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& = 4. As these wave packets are scattered symmetrically, the total transmission,
i.e. the sum, is unaffected by the domain wall. At the lower bulk gap edge, both
wave packets are largely reflected by the FEF.
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Figure 4.26: Scattering probabilities at a Néel wall, analogous to Fig. As the additional
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bands at the domain wall reach deeper into the bulk gap than those at the FTI-
Tl interface, scattering happens on a wider energy range. Reflection, however,
seems to be reduced.
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Figure 4.27: Numerical Dispersion of 15 mono-layers of Bi,Ses (parameter set (b)). The sur-
face states located at the z-surfaces are hybridized and opened a gap of about
52meV. Due to the finite width of 256 lattice sites in y-direction, the 1D edge
states inside this gap show a small hybridization gap as well.

4.5.2 Finite thickness

So far, all calculations were performed with a strictly 2D Hamiltonian, where the &, wave vector
was replaced by its mean value (k.) = 0 for a symmetric quantum well potential [55]. This had
the consequence that the Hamiltonian was completely decoupled into two sub blocks, forming
the two pseudo spin states. In reality, however, Tls of the Bi»Ses class are 3D Tls. Only in
a finite range of thicknesses, when surface states of top and bottom surface are hybridized
but the material is still topologically nontrivial, they become 2D Tls within the hybridization
gap. For BiySes, Y. Zhang et al. [46] showed by ARPES measurements that surface states
hybridize below 6 quintuple layers (QL) and vanish at 2 QL, i.e. the Tl becomes a ftrivial
insulator. The biggest nontrivial hybridization gap of 0.138eV is achieved at 3 QL, i.e. 15
mono-layers. This is less than half the bulk gap of the effective 2D Hamiltonian. Thus, using
the full 3D Hamiltonian Eq. in real space with 15 layers in z-direction should give a more
realistic description of the thin Tl sheets considered here.

For BixSes (parameter set (b)), the numerical dispersion (Fig. for 15 mono-layers
shows a hybridization gap of only about 52meV, i.e. less than half the measured gap but
consistent with calculations by Linder et al. [47]. It has, however, to be considered that
the model is based on a free standing TI, i.e. a Tl surrounded by vacuum on all sides. In
measurements, however, the Tl resides on a substrate and is subjected to residual gas atoms
in the vacuum. How this may affect band structure and transport properties is discussed in
section4.5.4]

Unfortunately, the other parameter set for BioSes shows no edge states in this thin film
limit, independent of the film thickness. To examine the reason for this absence, the absolute
values of parameter set (a) are linearly tuned into those of parameter set (b) while keeping
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Figure 4.28: Numerical eigenvalues of a 15 mono-layer BisSes system at k£, = 0 as the pa-
rameters are linearly tuned from set (a) (x = 0) to (b) (x = 1). Only the sign is
kept corresponding to set (a). The width of the system is Y = 1024 lattice sites.
At about x =~ 0.45, the system undergoes a quantum phase transition from a
topologically trivial to a nontrivial phase.

the signs. When A is a parameter of set (a) and B the corresponding parameter of set (b),
the tuned parameter is given by C (x) = sign (A) (|A| (1 — z) + |B|x). Figure shows
the corresponding numerical eigenvalues at k£, = 0 of a system with 15 mono-layers and
Y = 1024 lattice sites when the parameters are tuned from (a) (x = 0) to (b) (x = 1). At about
x =~ 0.45, the hybridization gap closes and reopens at higher values with edge states inside
the gap. So, the two parameter sets represent two topologically distinct phases in the thin
film limit, where parameter set (a) is topologically trivial. Other theoretical work investigating
the thin film properties using the model by Zhang et al. [32]] used the same parameter set (b)
[47H49]. Experimental data supporting the existence of edge states could not be found.

In the following, the focus will be on SboTes, which has multiple reasons. First, the QAH
effect has been measured in doped (Sb,Bi)s Tes[56, 57], which should have more resemblance
to SbyTes than to BisSes. For BisSes, there are no known measurements of topological edge
states in the 2D limit or a QAH effect. So, as one of the parameter sets yields a topologically
trivial behavior, it would be wise to first check whether or not BisSes thin films feature protected
edge states. However, the main reason is that BioSes (parameter set (b)) is computationally
somewhat difficult. The edge state bands in BisSes touch the conduction bands in close
vicinity to the gap edge, making the localization of edge states inside the hybridization gap
worse than in SbyTe;. To compensate this, the width of the Tl sheet has to be increased.
Additionally, the overlap of edge and bulk states at the upper gap edge has to be chosen
relatively small, and therefore, the scattering spectrum inside the gap is stronger distorted by
the Gibbs phenomenon. Apart from this distortion, the results are qualitatively consistent with
those for SbayTes.

The hybridization gap of SbaTe; (~ 43meV) is even smaller than that of Bi,Ses, but the
Dirac point is placed approximately in the middle of the gap, and the edge state bands touch
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Figure 4.29: Numerical dispersion of 15 layers SboTeg with varying out-of-plane FEFs V..

Without FEF, the hybridization gap has a size of about 43meV (marked by red
lines). With FEF, two of the four edge state bands open a gap, while the other
two remain basically unchanged. In contrast to the 2D case, the system enters a
QAH state already at arbitrarily small fields. When the FEF exceeds the size of
the hybridization gap, two of the four edge states are completely removed from
the gap. Even higher fields result in an increased gap size.
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Figure 4.30: Local spin expectation values of an SboTes edge state in the upper band at &, ~
—0.031. The edge state is located at the lower edge (y = 0) and moves in
negative z-direction (clockwise movement). The expectation value of 3, is zero.
Note, that the shown X, expectation value resembles a pseudo spin as the two
orbitals have opposite spin. The sum of the absolute values of both orbitals sums
to one with the ¥, expectation value.

the bulk bands in greater distance to the gap edges (see Fig. [4.29). So, the edge states
are better localized. Wang et al. [37] examined thin films of SbyTes via ARPES, but the
hybridization gap could not be measured because the Fermi level was located approximately
in the middle of the bulk gap. For applications, however, it is beneficial that the Fermi level
lies inside the gap without the need of further tuning via chemical doping or application of a
gate voltage. The spin of the edge states is now not strictly oriented in z-direction but has a
y-component that depends on the k,-momentum as well as the spatial coordinates y and z
(see Fig. [4.30). At the edge and for central z-layers, the spin is mainly in z-direction with a
pseudo spin in quantitative agreement with the 2D case. For larger y-values, a y-component
emerges that is tilted from a negative to a positive component as one goes from one z-surface
to the other. Along with this, the total z-spin is reduced and the z-pseudo spin changes to a
positive value towards the z-surfaces. When k, is changed, the overall picture remains the
same with small changes of the absolute values. Edge states moving in the opposite direction
at the same edge have a reversed spin at each lattice site. Even though the main direction
of the pseudo spin is opposite compared to the 2D BiySej states, the notation of spin-up and
spin-down states for the start and exit positions of the wave packets will be kept as in Fig.

As can be seen in Fig. [4.29] the transition into the QAH phase now happens differently
compared to the 2D model. In the 2D model, a small FEF splits the edge state bands of
opposite pseudo spin but does not open a gap. Only if the FEF exceeds half the size of the
bulk gap, a phase transition happens. Now, already an arbitrarily small FEF opens a gap in
the dispersion of edge states with pseudo spin antiparallel to the field, while the other edge
states remain basically unaffected. This is in better agreement with experimental realizations

68



4.5 Towards more realistic modeling

of the QAH state where only small FEFs were achieved up to now [20, 56} 57]. When V.,
exceeds the size of the hybridization gap, these states are removed from the gap, and the gap
size increases with increasing field strength.

In the case of BisSes, another phase transition happens for high fields. For V, > | M| the
bulk gap hosts again four non-degenerate edge state bands, however all with approximately
the same spin. Whether this is a model artifact or a real effect cannot be said as FEFs induced
in (Sb,Bi)2Tes up to now are way to small to reach this transition. In V doped (Sb,Bi)2Tes, the
achieved effective excitation gap in the edge state dispersion is only about 50ueV, due to an
overlap with the bulk valence band, while the real excitation gap may be 2-3 times as large
[57]. In Fe doped Bi»Ses, the induced gap in the surface state dispersion can reach up to
50meV [52].

Wave packets in 3D are constructed analogously to those in 2D with some changes regard-
ing the involved momenta. Due to the small gap, the number of edge states in the gap as
well as the spanned momentum range is very small. In order to achieve a sufficiently local-
ized wave packet, the energy range of involved edge states is strongly extended beyond the
hybridization gap. To increase the number of edge states per wave packet and to get a good
overlap of consecutive edge states in the creation process, the eigenstates are calculated with
a discretization of Ak, = %. This is a fourth of the previous discretization. Due to the strong
localization of the wave packet and periodic boundary conditions in x-direction, the actual sys-
tem size of the simulated device can be chosen differently. Here, the device is composed of
three parts, rowed along the z-direction. Incoming and outgoing wave packets are placed in
the two outer parts with a length of X = 384 lattice sites, and the time-dependent overlap is
only calculated within these parts. For a start, width and height are Y = 256 and Z = 15,
respectively. The middle part is the scattering area and can have arbitrary dimensions. Its
size is chosen to be 256 x 256 x 15 with an FEF of size 128 x 256 x 15 in the middle. The
FEF has therefore the same length in x-direction as before. Only the width and hight have
been adjusted to the new device dimensions. The width of the Gaussian distribution Eq.
is chosen as d = ’“m#_};'” where kmax — kmin &~ 0.156 defines the momentum range of the
involved edge states. Since the transport calculations for 15 layers of SboTes without any
further modifications show no significant deviations from the real 2D calculations, only a few
examples are presented in the following to show minor differences.

Without FEF (Fig. [4.31), basically no scattering happens. Only near the Dirac point, which
is located at about —0.13eV, a small fraction of the wave packet is constantly transferred to
the opposite edge. As there is a constant flow towards the opposite edge, the dip in the
transmission curve and the peak in the reflection curve become more pronounced when the
device length is increased. When the device width is increased to Y = 384 lattice sites, the
effect vanishes. The reason for this flow towards the opposite edge is that the real eigenstates
of the device with a width of Y = 256 lattice sites slightly differ from those in the wave packet.
Near the Dirac point, eigenstates from opposite edges hybridize due to an overlap in the finite
system so that eigenstates located at one side have a small contribution from the opposite
side. In the 2D simulations this effect was not present because the edge states where stronger
localized at the edge due to the larger gap. Due to the smaller energy overlap at the gap
edges compared to the 2D case, the Gibbs phenomenon cannot be entirely removed from the
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Figure 4.31: Scattering probability into spin-down states of the wave packet \IJIr in a 15 layer
ShoTe; system without FEF. Black vertical lines indicate the hybridization gap.
Due to the overall small energy range, the Gibbs phenomenon cannot be en-
tirely removed from the hybridization gap at the lower end of the gap. Residual
contributions to the backscattering channel @ " in the vicinity of the Dirac point,
located at about —0.13eV, can be attributed to a hybridization of edge states from
different edges.

hybridization gap at the lower end of the gap, and therefore, the transmission appears to be
lower than one. Scattering into spin-up states does not happen and is therefore not shown in
Fig.[4.31]

To get rid of the flow towards the opposite edge, the device width is increased to Y = 384
lattice sites for all device parts in all following simulations if not stated otherwise. The wave
packets, however, can still be constructed from the edge states of the smaller lattice. When
the edge states are linearly combined according to the overlap with previous edge states,
the small effect of the hybridization at the Dirac point is automatically removed, i.e. the edge
states are independent of the device width as long as the device is wide enough.

With an FEF in z-direction, the results of the real 2D devices are basically reproduced. In
Fig. it has been shown that the excitation gap in the edge state dispersion reaches the
size of the hybridization gap for V, = 44meV, so perfect reflection should be expected. How-
ever, from the scattering probabilities in Fig.[4.32p, it can be seen that a small fraction of the
wave packet traverses the magnetic barrier in the vicinity of the Dirac point, located at about
—0.13eV. Due to an overlap of edge states located at opposite sides of the barrier, electrons
can tunnel through the barrier. This can be overcome by either increasing the width of the
barrier or, like shown in Fig. [4.32p, by increasing the FEF. A larger FEF increases the gap
size and thereby reduces the spatial extent of edge states at the edges of the magnetic bar-
rier. Outside the hybridization gap, scattering into bulk states, or more precisely the hybridized
surface states, results in a gradually decreasing reflection probability.

When the FEF is switched to V, = —66meV, transmission through the magnetic barrier
becomes almost perfect inside the hybridization gap and again drops gradually outside of
the gap (see Fig. [4.33). Only at the lower end of the gap, the transmission probability drops
slightly already inside the gap, hinting towards a reduced gap size at the TI-FTI interface.
Simulations with V, = —44meV and V, = —100meV show the same scattering spectra inside
the hybridization gap, so this effect seems to be independent of the field strength in this range.
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Figure 4.32: Scattering probabilities of the wave packet \I/IL into spin-down exit channels for a
positive z-polarized FEF in the middle of the device. (a) The FEF (V, = 44meV)
has about the same size as the hybridization gap. Near the Dirac point, a small
fraction of the wave packet tunnels through the magnetic barrier, while the rest is
reflected within the energy range of the hybridization gap. (b) When the FEF is
increased to V, = 66meV, the penetration length into the barrier is reduced and
reflection becomes perfect.
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Figure 4.33: When the sign of the FEF is reversed (V, = —66meV), the wave packet \I/Ir is
perfectly transferred through the magnetic barrier for almost the full energy range
of the hybridization gap.
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Figure 4.34: Scattering probabilities of the wave packet - at domain walls of Néel and Bloch
type with ¢ = 4 (compare section [4.5.7). The two magnetic domains have field
strengths of V, = £66meV. The scattering probabilities for \I'I are complemen-
tary, so the total transmission probabilities of both wave packets sum to one in
both exit channels. Numbers in brackets specify the lengths of the domain walls.

In all cases, no scattering into spin-up states happens even though the two pseudo spin states
are no longer strictly decoupled.

As already arbitrary small FEFs open a gap in the dispersion of one spin type, the FEF
does not need to exceed the gap size to achieve this kind of switching behavior, like it was
the case in the 2D calculations. However, for smaller fields, the reflection is restricted to the
energy range of this excitation gap and a much wider barrier is needed to avoid tunneling
because the localization of edge states at the TI-FTI interface becomes worse when the field
is reduced.

For a domain wall, the results are also very similar to the 2D case (compare section
and [4.5.7). Without rotation via an in-plane component (not shown), the wave packets are
perfectly transferred along the domain wall without spin-flip scattering for energies inside the
gap. Outside the gap, the transmission probability drops rapidly. When the field is rotated
via an z- or y- polarization from one z-polarization to the other (Fig. [4.34), the spin of the
propagating wave packet can change along the domain wall. Still, the sum of both transmitted
wave packets is one for both forward-moving exit channels and no scattering into back-moving
channels happens. For the Néel wall, the energy dependence of the individual transmission
probabilities changes when the length of the domain wall is changed. In the case of the Bloch
wall, the scattering spectrum is independent of the domain wall length, and generally, only
small fractions of the wave packets are transmitted into the exit channel with spin different from
the initial spin. To achieve a sufficient spatial separation of exit wave packets and wave packets
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Figure 4.35: Scattering spectrum of the wave packet ‘I’f encountering an FEF of strength
V., = 66meV in z-direction. The wave packet is reflected with a spin-flip for
almost the full energy range of the gap. A dip near the Dirac point, but at the
same energy nearly no contributions in all other exit channels, indicates that part
of the wave packet gets trapped in a flat band at the TI-FTI interface.

propagating along the FEFs, the length of the scattering area was increased to X = 512 lattice
sites.

Major differences arise for the case of an in-plane FEF. In the 2D case, an in-plane FEF
opened a gap in the edge state dispersion at the Tl-vacuum interface and at the Tl interface of
a local FEF no edge states existed at all (Fig.[4.6). The scattering spectra, therefore, showed
transmission for some energies and reflection with spin-flip for other energies (Fig. and
[4.17). Figure[4.35|shows the scattering spectrum for a device with 15 layers and V,, = 66meV.
The wave packet is now perfectly reflected with a spin-flip for the whole energy range of the
hybridization gap with only a narrow dip around the Dirac point. At the energy of the dip, only
very small peaks show up for all other exit channels. So, the missing part of the wave packet
has to be trapped somewhere in the device. A look at the time-resolved absolute value of
the wave packet shows that, after the main part of the wave packet has been absorbed at the
device ends, a small part still remains at the edge of the FEF at the position where it impacted.
On long time scales, this part of the wave packet propagates very slowly along the Tl interface
of the FEF. At the same time, the wave packet becomes wider and diffusion between the two
Tl interfaces of the FEF happens. All of this hints towards the existence of slightly bended flat
bands at the TI-FEF interfaces and a gap of at least the size of the hybridization gap at the
vacuum interface.

When the FEF is further increased (Fig.[4.36), the dip in the reflection spectrum becomes
wider and the wave packet at the FEF edge moves faster, probably due to an increased
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Figure 4.36: Reflection spectrum analogous to Fig. for V, = 100meV (a) and V, =
22meV (b). For higher fields, the dip becomes wider, while it vanishes for small
fields.

bending of the flat band. Besides, the stronger field results in a stronger focused wave packet
at the edge of the FEF and a strongly reduced diffusion between the two edges. When the
FEF is reduced, the dip gets narrower and eventually vanishes. For small fields like V, =
22meV (Fig. [4.36p), the wave packet is completely reflected for the whole energy range of
the hybridization gap. To reduce tunneling through the FEF, especially for small fields, the
lengths of the scattering area and the FEF have been increased to X = 512 and X = 256,
respectively.

Simulations with FEFs in y-direction of various strength, ranging from V,, = 22meV to V,, =
100meV, show only diffuse scattering into all exit channels for the whole hybridization gap. All
simulations with an in-plane field are independent of the sign of the field and of the start wave
packet in the sense that all wave packets are scattered in the same way.

4.5.3 Material imperfections

Despite all efforts to produce Tls as perfect as possible, any real device will always feature
some imperfections. First, there may be impurities in the crystal, which result in spatially
varying potentials. Secondly, in order to produce certain device structures, etching processes
are required. These etching processes lead to rather random positions of edge atoms instead
of clean edges [8].

Following Ref. [8], the electrostatic impurity potential at the lattice position r = (x, y, z)T is
modeled as

_r—rp)?

Up (r) = Y Une  2° (4.26)

where the sum runs over all lattice positions r,, so that the impurities are Gaussian correlated

on the length scale p. The random potentials U,, are created Gaussian distributed as well, with

a mean value U, defined by <Ui?np (r)> = UZ. Uy is adopted to be 2meV, while the correlation

length is chosen to be 10 lattice sites. Note that by choosing a correlation length in terms of
lattice sites, the actual correlation length in terms of meters is different for different spatial
directions due to different lattice constants. To reduce the computational effort, the sum is
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terminated at 3p in each spatial direction. With these parameters, the impurity potential has
local maximal values of about +8meV, i.e. about 20% of the hybridization gap.

Random edge positions are created by successively removing atoms from the lattice with
a probability depending on the number of occupied neighbor lattice positions. The maximal
deviation from the clean edge is given by the number of removing cycles, which is chosen to
be 10.

The effect of these material imperfections is tested in multiple simulations for SbsTes without
FEF and with FEF of strength V, = £66meV or V,, = 66meV. The dimensions of the scatter-
ing area and the FEF are again 256 x 384 x 15 and 128 x 384 x 15, respectively. As the effects
are randomly generated, multiple calculational runs are performed for each configuration.

Random variations of the edge positions seem to have no impact on the scattering spectra,
which is no big surprise since topological edge currents are supposed to be insensitive to the
exact device geometry. A local potential, on the other hand, can locally change the energy of
edge and bulk states so that edge states may be scattered into puddles of bulk states. Due to
the smaller overlap with surrounding edge states, electrons will usually be scattered multiple
times inside these puddles before they reenter the edge states. As these elastic scattering
processes still conserve the spin, electrons leave the puddle with the same spin and prop-
agation direction, though within the puddle, the spin states are mixed by spin-orbit coupling.
Due to the finite dwell time inside these puddles, the scattering spectra are sometimes some-
what lower at the hybridization gap edges on an energy scale corresponding to the impurity
potential extrema (see Fig. [4.37j). Outside the gap, where edge and bulk states coexist, a
stronger effect of the potential is observed because edge states are no longer protected from
elastic scattering processes. With z-field (V, = +66meV), the effect inside the gap is less
pronounced. In the case of an z-field (Fig.[4.37pb), the impurity potential has an impact on the
dip in the reflection spectrum, originating from a flat band at the TI-FEF interface. Though the
depth of the dip, i.e. the probability that an electron enters the flat band, is changed, it never
completely vanishes, indicating a robustness of the flat band with respect to this kind of per-
turbation. However, it can have some impact on the propagation along the TI-FEF interface.
In one calculational run, the wave packet remained more focused at the impact position and
showed no collective motion along the interface.

Changing the correlation length does not change the qualitative effect of the impurity po-
tential. A larger correlation length makes it only more likely that puddles get large enough to
have an effect, i.e. a notable effect is observed more often.

Essert et al. [100] showed in transport calculations for HgTe/CdTe quantum wells that, when
dephasing is included into the transport calculations, up to 50% of the wave packet is reflected
with spin-flip by such a puddle. The reflection probability depends both on the dephasing time
and the dwell time in the puddle.

4.5.4 Broken structural inversion symmetry

Up to now, it was assumed that the Tl is surrounded by vacuum on all sides, which is an
insulator with an infinite gap. In reality, however, the Tl resides on a substrate, i.e. an insulator
with a finite gap. This finite gap allows Tl states to penetrate into the substrate and changes
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Figure 4.37:
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the dispersion of states close to the interface. It has been shown by ARPES measurements
that in thin films of BioSes, grown by molecular beam epitaxy, the hybridized surface states on
the top surface show a Rashba-type spin-orbit splitting. This splitting is attributed to a potential
gradient induced by structural symmetry breaking due to the SiC substrate [46]. With Rashba
effect, spin-up and spin-down bands are relatively shifted by +ak),, where « is the Rashba
coupling parameter and & the in-plane momentum. Split bands cross at & = 0 [101]. For
Sbs Tes thin films, no Rashba splitting was observed, but only the lower part of the Dirac cone
was measured [37].

Additionally, the Tl may be capped by an insulating layer to prevent the surface from aging
or because the FEF is introduced via the proximity effect. So, there might be insulating layers
below and above the TI, potentially with different gap sizes. A Rashba spin splitting of conduc-
tion bands in 3D BiySes due to deposition of donor atoms or absorption of gas molecules on
the surface has been observed with SARPES as well [101]. So, when the structural inversion
symmetry of the Tl is broken by an insulating layer below or on top of the TI, the band structure
and, more importantly, the transport properties may be altered.

In the following, the effect of an insulting layer on one or both sides of the Tl layer will be
studied in transport calculations. The Tl is again modeled as 15 layers of SbyTes. Insulating
layers are modeled using the same parameters except for the parameter My. To make the
material insulating, the sign of M is reversed. Varying gap sizes, which are given by 2Mj,
can then be achieved by changing the value of M, for the insulating layer. The SiC substrate
used in Ref. [46] has a gap of about 3eV [102], corresponding to My ~ 1.5eV.

The left panel of Fig. shows the 2D projection of the square of the absolute value of
the propagating wave packet without insulator (left) and with insulator (right). Brighter col-
ors represent higher values, where black is about zero and yellow the maximum. It can be
seen from the side view that the wave packet penetrates into the insulating layer below the
Tl and from the top view that its spatial extend in the surface plane is reduced, indicating an
increased gap size. This is confirmed by the dispersion shown in the right panel. Compared
to the hybridization gap of the free standing TI, indicated by red lines, the gap has increased
at the upper edge by about a factor of two from ~ 43meV to ~ 88meV. Additionally, the con-
duction and valence bands, i.e. the hybridized surface states of top and bottom surface, show
Rashba splitting. This was not observed in ARPES measurements on SbyTes thin films [37].
However, only the lower part of the Dirac cone was observed in those measurements and the
substrate was different from that in the BioSe; measurements. Besides, the calculated split-
ting in the valence band is less pronounced than in the conduction band, especially compared
to calculations for BioSe3 (see below). As the dispersion does not resolve the k, momentum
component, the Rashba coupling parameter o cannot easily be resolved. Anyways, a quanti-
tative analysis of the Rashba effect is not meaningful due to the phenomenological modeling
of the insulator. The spatial extend of the edge states as well as the gap size depend on the
size of insulator gap. A smaller insulator gap results in a larger hybridization gap and stronger
localized edge states.

For BioSes, the effect of the insulator is different in the sense that the gap size remains
basically the same with only a small energy shift (see Fig. [4.39). Furthermore, significant
Rashba splitting can now not only be observed for the bulk states but also for edge states
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Figure 4.40: Scattering probability of \Ifi“ into <I>1r without barrier. Even though transmission is
perfect, i.e. no scattering happens, the probability could not be tuned to one for
the whole gap.

above the Dirac point. Here it is important to note that the insulating layers for SbyTes and
BioSe; are not the same except for the gap size. All other model parameters are chosen
equivalent to those of the TI. It may therefore be that the hybridization gap of BioSes increases
as well when the material parameters of SbyoTes are used for the insulator. So, to get a more
quantitative picture of the effect of the substrate, real model parameters for the insulating layer
as well as its coupling to the Tl are needed. It can, however, be summarized that an insulating
layer most likely induces Rashba splitting and may affect the hybridization gap. Therefore, the
effect of the insulating layer on the transport properties of Sb,Tes is examined in the following.

For that purpose, new edge states are generated and an insulating layer is added below
the whole device structure. Due to the broken inversion symmetry, neither the twofold rotation
operator along the x-direction nor the inversion operator can be used to reduce the dimension
of the eigenvalue problem. However, the system still has twofold rotation symmetry along the
z-direction so that only edge states for k., < 0 have to be calculated. Since the increased gap
size involves much better localized edge states, a device width of Y = 256 is sufficient. The
width of the wave packet was chosen as d = kmagi\;’gm'" where kmax — kmin ~ 0.166. Depending
on the length of the FEFs, the length of the scattering area is either X = 256, for an FEF with
length X = 128, or X = 512, for longer FEFs.

Even though the conditions seem to be better with the increased gap size, it was not pos-
sible to tune the wave packet so that the scattering spectrum is normalized to one. Already
the scattering spectrum without barrier (Fig. shows variations from unity of the order of
5% for the whole gap so that an error of this magnitude has to be considered in all follow-
ing results. Scattering into other exit channels is not present without barrier even if material
imperfections are added.

The perfect transmission or reflection behavior changes when an FEF is introduced. Figure
shows the scattering spectrum of the wave packet \IJIr for an FEF of strength V, =
90meV (about the size of the gap) spanning the whole width of the TI strip. The barrier
has a length of X = 128 and is only added to the top 15 layers, i.e. only to the TI. It can
be seen that the broken structural inversion symmetry, due to the insulating layer below the
TI, destroys the perfect reflection behavior. About 10% of the wave packet is scattered into
the spin-up exit channels with about 5% per channel. Only the other spin-down channel has
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Figure 4.41: Scattering spectrum of the wave packet \Ilf for an FEF of strength V, = 90meV
spanning the full width of the TI strip. About 10% of the wave packet is scat-
tered into spin-up exit channels with about 5% per channel. There is basically no
scattering into the ® " exit channel.

basically no contributions. From the time-resolved absolute value of the wave packet, it can be
seen that these scattering processes happen at the points where the wave packet encounters
and leaves the FEF. Simulations with a negative FEF (V, = —90meV) or with other start
wave packets show qualitatively the same scattering spectrum with about 10% loss into exit
channels of opposite spin. Again, impurity potential and random edge positions show no
significant effect.

Simulations so far showed that the broken structural inversion symmetry induces spin-flip
scattering only in the presence of an FEF. Scattering thereby only happens at the points
where the wave packet enters or leaves the barrier because spin-up and spin-down states
coexist only in these points at the barrier. In a device where two FEFs of opposite polarity
are in contact, however, spin-up and spin-down states coexist along the whole domain wall.
Figure shows scattering spectra of simulations for a domain wall of length X = 128 and
FEFs of strength V, = +90meV for the top and bottom half of the barrier, similar to previous
domain wall simulations. A Bloch or Néel wall like rotation of the field at the domain wall is
not considered here. It can be seen that about 5% of each wave packet end up in each of
the two reflective exit channels, i.e. only about 90% are effectively transmitted. This increases
the resistance of the transistor device but does not destroy a pure spin current because the
sum of both wave packets is equal in the spin-up and spin-down channel. In the transmitting
channels, the sum of both wave packets is equal as well. However, the incoming spin-up
wave packet is mainly transferred into the spin-down channel and vice versa, indicating that
the spin of the wave packet changes continuously along the domain wall. Simulations with
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Figure 4.43: Scattering spectra of the wave packet W at domain walls of various length X
with FEFs of strength V, = £90meV. The spin of transmitted electrons depends
on the length of the domain wall as well as the electron energy.
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Figure 4.44: Dispersion of 15 layers SboTes sandwiched by 5 layers of an insulator with 3eV
gap. Red lines indicate the gap of the freestanding TI. Compared to the case with
an insulator only below the TI, the gap has increased to about 120meV. Rashba
splitting is no longer present.

different domain wall lengths support this assumption (see Fig. [4.43). When the length of the
domain wall is changed, the distribution over the two transmitting channels changes, while
the total transmission probability remains about constant. The probability that an electron
changes its spin along the domain wall thereby depends on the length of domain wall as well
as the electron energy.

If an insulating layer with the same material parameters is added below and above the
Tl sheet, the structural inversion symmetry is restored. As a consequence, no significant
changes of the scattering spectra with respect to the free standing Tl appear. Capping the Tl
with the same material used for the substrate may therefore be reasonable, also with regard
to the potentially increased hybridization gap. The dispersion of SboTes with 5 layers of an
insulator with a gap of 3eV below and above the Tl is shown in Fig. Rashba splitting
can no longer be observed, and the gap size has increased even further to about 120meV.
Since the hybridization gap tends to increase in the presence of an insulator, quantum well
structures of SbyTes and a similar but topologically trivial material, e.g. Sb.Ses, may be
interesting. In addition to the potentially increased gap size, the Tl would be decoupled from
the substrate, and by this, potential gradients as well as lattice mismatches should be reduced.
For Sb,Tes sandwiched by an insulator with the same parameters but reversed sign of My,
the hybridization gap has a size of about 117meV. The tendency that a smaller insulator gap
results in a wider hybridization gap therefore does not generally extend to the case with two
insulating layers.

Even though the broken structural inversion symmetry induces spin-flip scattering, this
should have no big effect on the functioning of the proposed spintronic devices. As the scatter-
ing processes are the same for spin-up and spin-down electrons, the loss in spin-up electrons
should in most cases compensate that in spin-down electrons and vice versa. Deviations from
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the perfect behavior can only arise, when the number of scattering sites is different for spin-up
and spin-down channels. This is, however, only the case for the transistor in the “off”-state,
where the different spin channels are blocked by two consecutive magnetic barriers. As the
blocking is no longer perfect, the device can have residual charge currents along the right
edge, where no current should flow at all.

4.5.5 Inhomogeneous exchange field

FEFs are induced in Tls either by doping with transition metal atoms [19, 156, [57] or by a fer-
romagnetic insulator via the proximity effect [60, [61]. Here, however, the FEF was considered
homogeneous within the magnetic domains. So, the question is how inhomogeneous FEFs
change the device properties or rather under what conditions they reproduce the desired prop-
erties. While the homogeneous field should be a valid approximation for the doping case, it
clearly does not well represent the proximity induced field, which has a finite penetration depth
d, and may break structural inversion symmetry. Assuming a strictly exponentially decaying
field strength, the proximity field at a distance d to the surface of the Tl is given by

d

V, = Voe %, (4.27)

where 1} is the field maximum at the surface layer. For EuS the penetration depth is about
1nm-2nm [61) 162], i.e. about 5-10 mono-layers. Here, d, = 5 will be used, however with
significantly increased field strength compared to EuS. The scattering area has an increased
size of 512 x 384 x 15 with an FEF of size 256 x 384 x 15 in the middle to reduce tunneling
processes through the magnetic barrier that can be attributed to weakly localized edge states
at the TI-FEF interface. Insulating layers, representing the ferromagnetic insulator or the sub-
strate, are not included in this section because the material parameters, which are necessary
to produce quantitatively representative results, are lacking.

The scattering spectrum of the wave packet \IJIr when a z-polarized proximity field is applied
only from the top, is shown in Fig.[4.45/for V, > 0 and in Fig.[4.46|for V < 0. Starting with the
positive field, the first thing to mention is that, for the field strength used for the homogeneous
field (V, = 66meV), a huge part of the wave packet passes the magnetic barrier. Two narrow
peaks with about 100% transmission appear near the gap edges and a broader, smaller one
around the Dirac point. The field is now to weak to completely remove the edge states from
the gap, therefore the two narrow peaks. As a smaller field results in a weaker localization
of the edge states at the TI-FEF interface, the wave packet can tunnel through the barrier for
energies around the Dirac point. By increasing the width of the barrier, the broader peak may
therefore be removable. When the field strength is increased by about a factor of two, both
effects vanish. Besides these spin conserving effects, in both cases also scattering into exit
channels with opposite spin is present. For the higher field strength, about 10%-20% of the
wave packet is scattered into these exit channels, depending on the position inside the gap.
Again, the effect is bigger for smaller fields. For the negative field, the scattering probabilities
into exit channels with opposite spin are the same as for the positive field. Reflection without
spin-flip is nearly absent, already for the smaller field strength.
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Figure 4.45: Scattering spectrum of the wave packet \llf at a positive z-polarized proximity
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field of varying strength decaying only from the top layer. For small fields, a huge
part of the wave packet traverses the magnetic barrier into the <I>j exit channel
and the spin-up exit channels have significant contributions, too, especially near
the Dirac point. A better result is achieved with an about two times higher field.
Then, there is nearly no tunneling into the <I>¢+ exit channel. Still, about 10%-20%

of the wave packet is scattered about equally into both spin-up exit channels.
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Figure 4.46: Scattering spectrum of the wave packet \I/ir at a negative z-polarized proximity
field of varying strength decaying only from the top layer. The scattering proba-
bilities into spin-up exit channels are basically the same as for the positive field.
Contributions to the <I>J channel are insignificant.
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Figure 4.47: Scattering probabilities of the wave packet \Ilj into spin-down exit channels for
proximity fields of the same sign decaying from the top and the bottom. (a)

V, = 66meV and (b) V, = —66meV. This configuration reproduces the mean
field result already for the same small field strength, provided the barrier is wide
enough.
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Figure 4.48: Reflection (with spin-flip) and transmission probability of the wave packet \I/Ir
for proximity fields of opposite z-polarization from the top and the bottom. For a
broad energy range, the wave packet is almost completely reflected by the barrier
with a change of its spin. No scattering into the other exit channels happens. The
spectrum is similar to that of a small homogeneous z-field.

Spin-flip scattering is an effect of the broken structural inversion symmetry, and can there-
fore be removed by simultaneously adding proximity fields from the top and the bottom. It is,
however, questionable whether or not a Tl can be grown directly on top of a ferromagnetic
insulator. Fields added from the top and the bottom result in a field that is overall stronger,
and for a sufficiently wide barrier, the switching properties of the homogeneous field are al-
ready achieved at V, = +66meV (see Fig. [4.47). In the middle of the Tl layer, the field in
this case has a minimal value of only about 26.7meV. This value is much smaller than the
minimal homogeneous field strength of 44meV that is required to remove all edge states from
the hybridization gap (compare Fig. 4.29).

Another interesting observation is that, by adding proximity fields of opposite z-polarization
from the top and the bottom, a reflective behavior similar to a homogeneous z-field can be
achieved (see Fig.[4.48). It is thereby unimportant which proximity field has which orientation.
So, if it is possible to create such a device structure, it would be very useful for Tl based
spintronic devices. If one of the ferromagnetic insulators has a higher coercive field, e.g.
by antiferromagnetic pinning, the device structure with two proximity fields can be switched
between three different states (both fields up/down/different) by applying magnetic fields of
varying direction and strength. The same reflective behavior can be achieved with fields that
are homogeneous in the top and bottom half of the Tl layer.

When the magnetic moments of the donor atoms or the ferromagnetic insulator are aligned
by an external magnetic field, a misalignment of device and external field may result in small
deviations of the resulting FEF from the desired orientation. As this can add an in-plane
component to an otherwise out-of-plane field, the switching properties of devices based on
the QAH effect may be altered. Besides, the in-plane anisotropy of ferromagnetic insulators
like EuS results in an in-plane component inside the Tl as well (see discussion in section[2.2).
Calculations with a tilt of up to 20° away from a perfect z-orientation show that the effect is
rather small. In the case of a tilt into z-direction about 5%-20% of a wave packet is transferred
into exit channels with opposite spin (see Fig. [4.49). Nearly nothing is transferred into the
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Figure 4.49: Scattering spectrum of the wave packet ‘I’f encountering an FEF of strength
V., = —66meV that is tilted by 6 degrees into z-direction. Only a relatively small
fraction of about 5 — 20% of the wave packet is scattered into exit channels with
opposite spin orientation.

other exit channel with the same spin. For a tilt into y-direction, the effect is much smaller with
less than 5% off-scattering at a 20°tilt. Changes of the scattering rates are approximately the
same for positive and negative z-fields. Random impurity potentials and rough edges show
no big influence on the scattering spectra.

4.6 Summary

By numerical time-evolution of wave packets in 2D Tls with local FEFs, it has been shown
that these structures can be used to steer spin polarized edge currents. In the absence of
in-plane fields, the edge state pseudo spin is conserved and a 100% steering efficiency can
be obtained. Using only out-of-plane fields, which are naturally stable in the BixSes class
of Tls, devices were conceived, which are capable of creating, switching and detecting pure
spin currents with high efficiency. Because charge currents are directly converted into spin
currents, these devices can be more efficient than other state of the art concepts. The large
bulk gap of the 2D Tl model promises even operation at room-temperature, provided that the
induced FEFs are just as strong. As the size of device structures is only dictated by the spatial
extent of edge states, they can be reduced to a very small scale in large gap Tls.

More realistic calculations were performed using thin films of 3D TlIs. These calculations
showed smaller bulk gaps but a QAH effect already for arbitrary small FEFs, in consistence
with experimental observations. Even though some realistic effects can change the spin of
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propagating electrons, the pure spin current devices were shown to be very stable because
scattering events in different electron channels largely compensate each other. Sizable devi-
ations of 10%-20% arise only due to a breaking of structural inversion symmetry or a global
in-plane field component. These effects may, however, be avoidable by careful device engi-
neering. If they are present, they can cause a small residual charge current at the right side of
the spin current transistor in the “off”-state because the number of scattering sites for spin-up
and spin-down current is unequal in that case.

Due to the rather small size of the hybridization gaps and currently achievable magnetic
excitation energies, measurements of the proposed devices will require relatively low temper-
atures. To achieve room temperature applicability, other materials with larger 2D gaps have to
be considered and the excitation gaps have to be enhanced.
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Due to their intrinsic locking of momentum and spin, Tls make interesting candidates for spin-
tronic applications. In many cases, e.g. when combined with ferromagnets [2), 64} |65] or
in the spin current devices discussed in the previous chapter, the efficiency of Tl based de-
vices strongly depends on the surface state spin polarization. Thus, to give a quantitative
measure of the efficiency of Tl based spintronic devices, it is crucial to get a precise pic-
ture of the surface state spin texture of Tl materials. Currently the most prominent method
for measuring the surface state spin is spin- and angle-resolved photoemission spectroscopy
((S)ARPES). In ARPES measurements, photoelectrons emitted by a crystal due to irradiation
with a strong monochrome light source, e.g. a laser, are analyzed in terms of their energy
and emission angle, which are in direct connection to the vacuum momentum. By applying
energy and momentum conservation laws, the dispersion of the initial electrons in the crystal
can be determined from this information [103]. SARPES additionally determines the spin of
photoelectrons, which is assumed to be conserved in the photoemission process [104].

For 3D Tls of the Bi,Ses class, it was theoretically predicted that the spin lies mainly in
the surface plane and is orthogonal to the momentum. Due to a hexagonal deformation
of the Fermi surface, some of these materials also feature a small out-of-plane polariza-
tion, which increases with momentum. SARPES measurements confirm these predictions.
However, where theoretical calculations predict in-plane spin polarizations of about 50%-65%
[42] 87, 88], values reported by SARPES measurements show no uniform result but vary be-
tween about 45% and up to 100% [38, 39, 42, 43]. The reason for this discrepancy is that the
spin polarization of emitted photoelectrons in SARPES measurements can be manipulated
by the photon energy and the geometry of the setup. Hence, it can deviate from the spin
of the original electrons in topological surface states, i.e. for Tls, the spin is not necessar-
ily conserved in the photoemission process [39, 42, (104, [105]. An alternative approach for
measuring the spin polarization would therefore be useful to verify SARPES measurements
and theoretical predictions. This alternative could be based on spin polarized tunneling. Liu
et al. [24] investigated topological surface states in a spin Hall effect like fashion, using spin
polarized electrons tunneling from a ferromagnet. However, they did not determine the sur-
face state spin polarization, only the charge spin conversion efficiency. A closer look at such
a device is taken in chapter ] Here, another method, developed by Meservey and Tedrow
[21] 22], based on quantum tunneling from a thin superconducting film, will be investigated
regarding its applicability to Tls.

It was shown by Meservey, Tedrow and Fulde [106] that a strong parallel magnetic field
splits the quasiparticle states of spin-up and spin-down electrons in thin (approximately 50A)
superconducting aluminum (Al) films. In a magnetic field of strength B, the BCS energy
spectra of opposite spin are shifted by 4+ 5 B with respect to the spectrum without magnetic
field. So, the total spectrum, i.e. the sum of both, shows four peaks (see Fig.[5.1). uz is the
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Figure 5.1: In a strong parallel magnetic field, the BCS density of states of a thin layer of
superconducting aluminum splits. Electron states are shifted either in positive or
negative direction with respect to the chemical potential 1, depending on whether
their spin is parallel or antiparallel to the applied field. The sum of both spectra
features four peaks whose relative hight can be used to measure spin polarizations
in tunneling experiments.

Bohr magneton. As the spin of electrons tunneling from this superconducting layer, through
an insulating layer (1), into the surface of a third material is conserved in the tunneling process
[21], such a device structure can be used to measure the polarization of this material.

If the material is ferromagnetic, electron spins in the ferromagnet and the superconduct-
ing aluminum film are aligned either parallel or antiparallel because of the strong magnetic
field. So, when the conductance of this tunnel junction is measured, the polarization of the
ferromagnet can be calculated from how the different densities of states of spin-up and spin-
down electrons in the ferromagnet change the relative hight of the four peaks in the split BCS
spectrum. When the ferromagnet is unpolarized, i.e. a normal metal, the conductance of the
junction simply reproduces the split BCS spectrum shown in Fig. because the densities
of states of spin-up and spin-down electrons are equal at the Fermi level. Different densities
of state of spin-up and spin-down states result in an asymmetric tunnel spectrum, where the
BCS density of states of spin-up states is reduced and that of spin-down states increased or
vice versa, depending on the sign of the polarization. Consequently, the spectrum of a fully
polarized ferromagnet, which has only states of one spin type at the Fermi level, would show
only one of the two shifted spectra.

In a TI, the spin of surface electrons does not align with the magnetic field. Instead, it
rotates with momentum around the Fermi surface so that all spin orientations are equally
populated. So, when the above scheme would be applied to a Tl, the measured polarization
would always be zero. In fact, the Tl in total is unpolarized in the absence of an electric field.
The solution to this issue is to make use of the fact that electrons with opposite spin move in
opposite directions. When only electrons moving, e.g., in positive x-direction are measured,
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the resulting tunneling spectrum contains information about the surface state spin, which can
then be extracted by involving the geometry of the device. The device geometry, in that case,
can be expressed by a simple geometrical factor that can also contain effects like spin-flip
scattering.

In section the process of extracting the surface state spin polarization from a tunnel
spectrum is derived, with a subsequent numerical test. Instead of measuring the spin polar-
ization for a given geometry, one can also measure the geometrical factor for a given polar-
ization and extract the spin-flip mean free path, i.e. the length after which an electron loses all
information on its original spin. This is done in section Part of the concepts used in this
chapter have already been published in Ref. [2] but in a different context.

5.1 Derivation

In this section, a method for extracting the spin polarization of topological surface states from
the tunneling spectrum of an Al/I/Tl junction is derived. The basis for this is the model Hamil-
tonian for a hexagonal lattice Eq. (3.20), which provides a more realistic description of the
surface state spin texture than the tetragonal lattice. For simplicity, the aluminum film is de-
scribed using the same Hamiltonian with different parameters. In principle, a magnetic field
has an effect on the topological surface states as well. However, while a magnetic field or-
thogonal to the surface would result in a Landau quantization [44], a parallel field only causes
a shift of the Dirac cone in momentum space [107]. The effect of the magnetic field on the
surface states is therefore neglected in the following.

Given an initial state |m) and a final state |n) with energies E,,, and E,,, the transition rate
through an insulating barrier can be calculated by Fermi’s golden rule [83]

2

L,
h

(En = Ew) |[(n |Hr|m)|?, (5.1)
provided that the states are only weakly coupled. Fermi’'s golden rule is obtained by first
order time-dependent perturbation theory, where the two states are considered unperturbed
for times ¢t < 0 and a constant perturbation exists for ¢ > 0. In tight-binding approximation
with nearest neighbor coupling, the transition Hamiltonian [2, [108]

Hr=—Cp Y df . orChokyas +hC. (5.2)

kx:ky,aﬂ'

couples the last lattice site of the state |m) to the first lattice site of the state |n), leaving
spin, orbital and in-plane momentum unchanged. dzzkyw creates an electron with in-plane
momenta k, and k, and spin o in orbital « of the first lattice site of |n). Ckokyao dEStroys an
electron with the same properties at the last lattice site of |m). The transition matrix element
C'p depends on the properties of the insulating layer. However, as it cancels in the final results,
the value is somewhat arbitrary. For simplicity, it is chosen to be Cg = 1eV in numerical
calculations. So, if ¢ represents the last lattice site of |m) and ¢ the first lattice site of |n),
the matrix elements can be calculated as (v | Hr| ¢) = —CptT ¢, with the additional condition
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that the in-plane momenta are conserved.
At finite temperature, the probability for an eigenstate with energy E to be occupied is given

by the Fermi function
1
f(E)=——F. (5.3)
1 + ek’BT

When a voltage U is applied to the tunnel junction, initial and final states are occupied with
probabilities f (E,, —eU) and f (E,), respectively. So, the tunneling current from the alu-
minum film into the Tl is given by

- _er m —eU) [1— f(Ep)] T (5.4)

and in the reverse direction by

This leads to a net current flow [2]

[(U) = Inosn (U) o (U) (5.6)
- ez - eU f ( n)] | (5-7)
- 2% [ (B = €0) = £ (Ba)] [ [Hr | m) 25 (B~ Bw). (59

By differentiating this expression with respect to the applied voltage, the differential conduc-
tance (DC) [2]

1

_dr )
n|H E, - E,, .

is obtained, which is measured in experiments.

As mentioned above, the surface state spin polarization cannot simply be extracted from
the total DC. Instead, one has to make use of the coupling of spin and propagation direction
of surface electrons. A simple device to do so is shown in Fig. When a voltage is applied
between the aluminum electrode (Al) and the two metallic electrodes (M), placed on opposite
sides of the aluminum electrode, spin polarized electrons are injected into the Tl. Depending
on their spin, which is conserved in the tunneling process, these electrons will end up at either
of the two metallic electrodes since electrons with opposite spin move in opposite directions.
The influence of scattering processes that alter the spin and thereby the propagation direction
of surface electrons shall be neglected for the beginning. The DC with respect to a specified
electrode can be calculated by introducing a function f () into the DC formula. f (¢) gives
the probability that an electron in topological surface states with initial movement direction
defined by the in-plane polar angle ¢ ends up at the specified electrode [2]. For the case

92



5.1 Derivation

Figure 5.2: Most basic device for applying the method of Meservey and Tedrow to Tls. Elec-
trons injected into the TI through the aluminum (Al) electrode are measured at
either of the two metallic electrodes (M), depending on their spin. All electrodes
are separated from the Tl by an insulating layer (yellow). The large spatial extend
of the device in y-direction, compared to the distance of the electrodes d, reduces
the impact of boundary effects at the device ends to a negligible amount. For
simplicity, the width [ is assumed to be equal for all electrodes.

shown in Fig. where all electrons with positive group velocity v, = %QTE; > 0 end up

at the right electrode, the corresponding angular dependent probability distribution is simply
given by the function [2]

f(¢)=:{é for e [~3, 3] (5.10)
else.

In order to derive a formula for the spin polarization, the analytical eigenstates and energies
of the surface states are expanded up to second order in k, and k,. With k = |/k2 + kg

the coefficients vy (k. ky) and vs (kz, k) (Eq. (3.35) and (3.36)) depend only on the in-plane
polar angle ¢

ky + ik, k (sin g + i cos ¢) 1 (o=
ky, k) = Y —+ — 4+ ile—3), 5.11
v ke ko) =700 V2 V3¢ &)
1
ko k) = —= 5.12
UQ( y) \@ ( )
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and the eigenstates (Eq. (3.34)) become

+ /]VI}\/;lCle—z’(ga—g)
1 M

= ! e~ MF _ gT*27) 5.13
Y+ () \/§N i\/We_i(“”_%> ( ) ( )
1

Mi+Cq
My

Remember, + is for eigenstates of the upper and lower part of the Dirac cone, respectively.
Equation describes surface states where the polarization lies solely in the surface plane
and is always perpendicular to the in-plane momentum. As both orbitals have the same sign,
these surface states are fully polarized. This is in contrast to the edge states of the 2D Hamil-
tonian used in the previous chapter, where different polarization directions of the two orbitals
lead to an overall reduces polarization. In that case, the polarization was given by 1\% Here, to
achieve a finite, tunable spin polarization —1 < p < 1, the sign of the third entry in Eq.
is reversed so that the orbitals have opposite spin, and the roots are rewritten in terms of
the polarization p = 1\0711 As the spatial dependence is equal for all eigenstates and only the
lattice position next to the insulting barrier is relevant for the DC, the spatial dependence can
be dropped. Constant prefactors will cancel in the polarization formula, which is a quotient of
DCs, and can be neglected as well. In a normalized form, the surface states then read [2]

T+ pe(#7%)
e =5| 2 | (514
V1i=p

The corresponding energy eigenvalues are not affected by the sign change because the sign
change is only a matter of the spin-orbit coupling term in z-direction, which does not enter into
the surface state energy eigenvalues. When expanded up to second order in k, and k,, the
energies E+ (Eq. (3.37)) depend only on the absolute value of the in-plane momentum and
are independent of ¢ [2]

Oy M, o) ) [ C}
Be = — — ML ) K2+ Agy /1 — 2Lk 5.15
+ M, +<02 M, 2> 0 M2 (5.15)

Using the same Hamiltonian Eq. (3.20), the aluminum film in the normal phase is modeled
using parameters Cy; = C7 = Cy = 0.25eV, Cy = —0.75eV and Ag = By = My =
M; = Ms = Ry = Rs = 0. These parameters lead to four decoupled, degenerate bands with
metallic dispersion. The Fermi level is located approximately in the middle of the bands so that
the density of states is nearly constant in the energy range of the Tl bulk gap. Eigenstates with

[VE]

[NIE]
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a certain polarization can be constructed by linearly combining the corresponding eigenstates

Y (z,ky) = sin zk, , etc., (5.16)

o O o+

which are basically those of an infinite one-dimensional potential well. So, for the required
polarization in the x-y-surface plane, there are two degenerate eigenstates

e Al 0
. 1 1 . 0
1/1,141 (2, k2 0m1) = \ﬁ sin zk, 0 ) ¢§xz (2, k2 pa1) = E sin zk e~ Pl
0 1
(5.17)

Here, ¢ 4; is the in-plane polarization angle, and sin zk, describes the spatial dependence in
z-direction. In the following, z = 1, i.e. the surface lattice site, will be used. To assure energy
and in-plane momentum conservation in the tunneling process, k, is expressed in terms of
energy E and total in-plane momentum &

Co+Cy (2+k2) - F
2C 4 ‘

Equation (5.18) is obtained from the bulk dispersion Eq. (3.21) by expansion up to quadratic
order in k, and k, and subsequent inversion. From Eq. (5.14) and (5.17/), the transfer matrix
elements of the junction can be calculated

k. = arccos

(5.18)

| (v | Hr| zpi>|2 = ic% sin? k. (k) (1 4+ p) [1 Fsin (o — ¢)], (5.19)
| (% |Hr| ¢i>|2 = ic% sin? k. (k) (1 — p) [1 +sin (pq — @)]. (5.20)

Depending on the polarization p, which was introduced as an asymmetry between the two
orbitals, tunneling happens more into one orbital or the other, so that for p = 41, the tunneling
probability into one orbital vanishes completely. As the two aluminum states are degenerate,
the sum of both matrix elements can already be calculated

(bt | Hr| ) ? = (ol [ Hr| )| + | (0% | He| )| (5.21)
= SOBsin® ku(k) [1F psin (. — ). (5.22)

From this expression it can then be seen that even in the case of p = =£1, the tunneling
probability into all surface states is nonzero except for the case when the polarization of Tl
and aluminum states is exactly antiparallel. Nevertheless, the probability gradually decreases
away from the parallel configuration.

The superconducting phase of aluminum is introduced by multiplying these transfer matrix
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elements with the shifted BCS densities of states [22] [109]
|E + upB|—il
VUE £ pupB| —i0)? — A2

Ny (E) =Re (5.23)

where the + (-) sign is for spins oriented antiparallel (parallel) with respect to the applied
magnetic field. Both the superconducting gap A and the quasiparticle-lifetime broadening I"
depend on the quality of the aluminum film. For the gap A = 0.35meV was chosen, corre-
sponding to a critical temperature of T, = 2.3K. In high quality aluminum films, a higher 7., of
2.4K-2.5K [21,[106] results in slightly larger gap sizes up to A ~ 0.38meV. The quasiparticle-
lifetime broadening I" produces a broadening of the peaks in the BCS density of states due
to a finite lifetime of the Cooper pairs. Its value is chosen as I' = 0.03meV to approximately
reproduce the broadening effects considered in Ref. [110]. The exact values for A and I" are
rather unimportant for the derivations shown here as long as A > T, so that the features of
the density of states remain clear.

When Eq. and are inserted into Eq. (5.9), the sum can be replaced by an
integral over k and . For electrons with parallel orientation with respect to the magnetic field,
the DC then reads

const. (o g |<¢AJ|HT|1/}+>|2
G_(T,U, = dkk d N_(E
(T Vo) =5 [ aw [ w(f ) it ()
2
cosh? (g;;TU)

where the two terms under the integral represent the upper and lower Dirac cone, respectively.
While ¢ coincides with the propagation direction of surface electrons for the upper Dirac cone,
the propagation direction is rotated by =« for the lower Dirac cone. kg is a momentum cut-off
to restrict the integral to the valid momentum range of the surface state approximation. By
making the reasonable assumption that f () = f(—¢), i.e. the device is symmetric with
respect to the x-z-plane, the p-integral of the lower Dirac cone can be rewritten as

/7r do 1+ psin(pa — ¢)] f (@ — )

—Tr

/_ —T 0
(¢'=p—m) / dy’ [1 — psin (gpAl — tp’)] f (90/)

—27

™
dof (@) [1 — p(singa; cos o — cos 4 sin )]

(f(p+2m)=F(p)) /

—T

(F(@)=f (=) / dof () [1 — psin g cos ] . (5.25)

—T

As the last steps also apply to the upper Dirac cone, the two p-integrals are the same. So,
G_ (T,U, ¢ 4;) can be separated into a product of a -integral, containing the device geometry
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and relative polarization of topological surface states and aluminum film, and a k-integral,
denoted by G’ (T, U), containing the densities of state

™

. const. [0
G_(T,U,pa) =/ dof () (1 — psin 4 cos @) T / dkk
0

—T

sink,(k)N_ (E;)  sin®k.(k)N_ (E_)
EL-U E_-U
cosh? ( 2ZBT ) cosh? ( SEnT )

= [ ot (9) (1= psinparcos) 6 (1.0). (5.26)

—T

An analogous calculation yields for electrons with spin antiparallel to the magnetic field

Gy (T,U, pu1) = / dof () (14 psin g cos ) Gy (T,U) (5.27)

-7

where G’ (T, U) depends on N, (E) instead of N_ (E). The total DC is then given by the
sum of Eq. (5.26) and Eq. (5.27)

G (T7 Uv SOAI) =G_ (T’ U7 @Al) + G+ (Ta Ua SDAZ) 3 (528)
which, in the case of the device geometry Eq. (5.10), equates to
G(T,U,pn) = (m—2psinga) G (T,U) + (7 + 2psingpy) G, (T,U). (5.29)

A numerical solution of Eq. is shown in Fig.forT =04K, o4 =5, p=1,and u =
0.2eV. The chemical potential 1 is chosen in the lower Dirac cone, close to the Dirac point,
where the hexagonal deformation of the Fermi surface and the out-of-plane polarization are
small. For comparison, the DC calculated with numerical eigenstates of the full Hamiltonian
Eaq. is shown as well. These eigenstates were calculated on a hexagonal lattice with
50 lattice sites in z-direction and in-plane momenta k£, and &, uniformly distributed over the
first Brillouin zone with a discretization of %QWW To achieve a sufficient energy resolution,
N = 48000 was chosen, corresponding to a real space sample width of about 20um. The
propagation direction of surface electrons was determined from how the energy eigenvalues
change with small variations of k, and k,, i.e. from a difference quotient. Aluminum states
are described by the analytical expressions in Eq. (5.17). The DC is then obtained from
Eq. and an analogous expression for an antiparallel field by replacing the k- and -
integral with a sum over all Tl eigenstates and aluminum states that satisfy energy and in-plane
momentum conservation. Both curves are in good agreement with only small deviations due
to the simplifications made in the analytical surface state approximation.

Now that an analytical expression for the DC is known, a formula for the spin polarization can
be derived. Assume that the densities of states of the Tl and the aluminum film are constant
as a function of energy for the energy scale of the superconducting gap, aside from the BCS
density of states. Then, G’_ (T,U) and G’ (T,U) can be expressed in terms of an unsplit
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Figure 5.3: Calculated total DC of an Al/I/TI junction with respect to the right electrode of
the device shown in Fig. Parameters are B = 3T, T' = 0.4K, o4 = 7,
p =1, and p = 0.2eV. The red curve is obtained from numerical integration of
Eq. (5.29), while the blue curve is calculated from numerical eigenstates of the
full Hamiltonian, including out-of-plane polarization terms. Dashed lines are third
order polynomials h (U), fitted to the outermost tenth on each side of the DC
curves.

DC G'(T,U), in analogy to Ref. [22]. It is also assumed that there is no significant spin-
orbit coupling, which is small for thin aluminum films. With spin-orbit coupling, the separate
densities of state are no longer symmetric around u, while the unsplit density of states is
symmetric [111]. This effect, however, is neglected in this thesis. When effects like spin-orbit
coupling are included into the determination of the polarization of ferromagnets, this is done by
a comparison of theoretical and experimental curves [110], which should be applicable here
as well.

As can be seen in Fig. the densities of state are clearly not constant in the present case
because of the Dirac cone like dispersion of the topological surface states. This issue can be
easily solved by fitting a low order polynomial i (U) to the DC (dashed lines in Fig. , while
sparing out the part with strong influence of the BCS density of states, and then multiplying
the whole DC with the inverse %U) (see Fig. . After this procedure, the small deviations
of the two DC curves in Fig. are no longer present, indicating that Eq. is a good
approximation.

In terms of the unsplit DC G’ (T, U) and

™

Fi(pa) = / dof (@) (1 £ psinpycos ), (5.30)

—T

the four peaks of the total DC in Fig.[6.4]can then be written (in analogy to Ref. [22]) from left
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Figure 5.4: DC curves shown in Fig. |5.3| after multiplication with ﬁ Analytical approxi-
mation (blue, dotted) and numerical calculation (red, solid) are now in very good
agreement. Black crosses mark the positions of the four peaks of the analytical
approximation. For details see main text.

to right as

T,~x+b)+ F_ (pa) G' (T, —z — b), (5.31)
T,—x+3b) + F_ (pa) G' (T, —z +b), (5.32)
Tz~ )+ F_ (o) G' (T,z— 3b). (5.39)
T,x+b)+F_ (pa)G (T,z—b). (5.34)

QQAQQ

Here, ex ~ A + upB is the energy difference between an outer peak (g1 or g4) and the
chemical potential u. eb ~ ppB is the shift of the BCS density of states in a magnetic field.
Note that these values for x and b and therewith the peak positions are only approximate
values. Therefore, not all peaks may be met exactly by Eq. (5.31)-(5.34) due to broadening
effects of the BCS density of states. In principle, the positions can be chosen arbitrarily as long
as they are chosen symmetric around the chemical potential 1. To reduce errors, it is therefore
best to choose the positions so that the slope of the DC curve is small at these positions. In
Fig. the positions (crosses) are chosen so that the highest outer and inner peak are met
exactly. The two remaining peak positions are then given by the symmetry requirement.

By using the symmetry G’ (T,U) = G’ (T, —U) with respect to the chemical potential .,
G’ (T, U) cancels when calculating the following quotient:

(94 —92) — (g1 —g3) _ F4 (par) — F- (par) S dip] (9) cos o (5.35)

(91— 92) + (91 —93)  Fi (o) + F- (o) = peinga ST def ()
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This expression can then be solved for the polarization p

p=0a=9) = (=93 (5.36)

(94 — 92) + (91 — g3) sinpa;

Calculation of the polarization p thus only requires knowledge of the relative hight of the four
peaks in the total DC and a factor [2]

_ T dof (¢)
T dof (@) cos g’

accounting for the geometry of the device. The geometrical factor v can be calculated for
arbitrary devices as long as f (¢) = f (—¢), and some interesting device examples are shown
in section[5.1.2] For the basic device (Eq. (5.10)) shown in Fig. v = % is obtained. When
this value is inserted into Eq. along with the height of the four peaks in Fig. the
resulting polarization values are p ~ 0.9995 for the analytical expression and p ~ 1.0038 for
the full numerical calculation. Numerical calculations for the other metallic electrode on the
opposite side of the aluminum electrode yield p ~ —1.0038, consistent with the locking of spin
and momentum.

The absolute values are in good agreement with the actual in-plane spin polarization of
(about) 100%, however with the wrong sign. As the spin of surface states in the lower Dirac
cone rotates counterclockwise around the Fermi surface, according to Eq. (5.13), surface
states with positive propagation direction must have negative spin. Additionally, in the deriva-
tion of Eq. (5.36), the surface state spin polarization was always perpendicular to the momen-
tum. As this may not always be the case, it is useful to rewrite the formula so that it contains
the relative orientation of spin polarization and applied magnetic field Ay 4; instead of the
absolute field orientation ¢ 4;

(5.37)

p=91=0)—(g1=g2) v (5.38)

(91— 93) + (94 — g2) cos A

So, by maximizing the DC, i.e. minimizing A 4;, the direction of the surface state spin polar-
ization is obtained. For Ay, = 0 and v = 1, Eq. coincides with that of Tedrow and
Meservey [22]. v = 1 is obtained for 2D devices with propagation only along one axis, i.e.
f(p) =0 (¢). Inthat case, all electrons reaching the metallic electrode have the same spin.
Real 2D setups that investigate the edges of a thin Tl sheet are difficult to realize, especially
because of the out-of-plane spin of the edge states. A device for approximating a 2D device
on a 3D surface is presented in section

5.1.1 Influence of the out-of-plane polarization

By application of an additional gate voltage, the chemical potential of the Tl can be changed
and the energy dependence of the spin polarization may be studied. Figure shows the
obtained polarization values based on the full Hamiltonian for chemical potentials throughout
the bulk gap. Only values near the Dirac point are missing because the kink in the density of
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Figure 5.5: Dependence of the spin polarization on the chemical potential p. Polarization
values (crosses) are obtained from numerical DC curves based on the full Hamil-
tonian for T' = 0.4K and B = 3T. There are no systematic deviations from p = —1
(black line) for all i as well as different crystal orientations.

states of the surface states prohibits a direct fit of the DC curve, which is necessary to remove
energy dependencies of the densities of states. "Measurements” are shown for two different
orientations of the Tl crystal with respect to the device geometry, i.e. one measurement has
been performed along the z-direction, like before, and one along the y-direction. Except for
small random deviations, both measurements yield p ~ —1, independent of . Due to the
hexagonal deformation of the Fermi surface along with an out-of-plane polarization compo-
nent, this is not intuitively clear. To estimate the impact of the out-of-plane polarization onto
the measured in-plane polarization, the analytical surface state approximation is extended to
include an out-of-plane tilt of the surface state spin.

The out-of-plane polarization ¢ (E, ¢) depends on energy and oscillates around the Fermi
surface with an alternating sign in steps of Ay = %. Assuming that the in-plane polarization
remains perpendicular to the in-plane momentum, the surface states are approximated as

++/1 £ qocos3p\/1 + pe_i(sp_g)
1 1 F gp cos 3pp/1 +
U (P, g0, 0) = 5 VIFacosiey _?( )
2| F/TEqocos3py/T—pe ¥z
VIFqocos3py/T—p

, (5.39)

with spin expectation values

Pl = (W 12| 94) = /1 — g& cos? 3gpsin g, (5.40)
P, = (YL |Zy L) = :F\/l—qgmpcos ®, (5.41)

Pl = (VL[S ¢h) = +qo cos 3p, (5.42)
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satisfying n =  /p/2 +pj? +p2Z = p. qo (E) is the maximum of the out-of-plane polarization

at energy E (the energy dependence is omitted in most equations) and cos 3¢ the angular
dependence. The quality of this approximation is shown later in section With this new
approximation, the matrix elements become

1 . .

‘<1/J1141 |Hr| ¢;:>‘2 = ZC% sin? k.(k)(1+Dp) [1 Fi/1- qg cos? 3 sin (pa; — cp)} ,  (5.43)
1 i .

‘<¢2Al |Hrp| ¢’i>‘2 = ZC% sin® k.(k) (1 —p) [1 +4/1— qg cos? 3psin (pa; — 4,0)} , (5.44)

and their sum is

1 . .
|(ai | Hr| ¢§:>’2 = 50123 sin® ki, (k) [1 Fpy/1 — gt cos? 3psin (o — 90)] : (5.45)

Under the assumption of low temperature, so that gy (E) ~ qo (U), v/1 — g3 cos? 3¢ can be
handled as an additional factor to p in the next calculation steps because cos? 3¢, like f (¢),
is symmetric around ¢ = 0. Accordingly, the factors Fy (¢4;) simply change into

™
Fi (o) = / dof (¥) <1 + py/1 — g3 cos? 3psin p4; cos gp) . (5.46)

-7
The quotient of the peak positions

(94— 92) — (91— 93) _ F'i (par) — FL (pa
(94 —g2) + (91 —93) Fi (pa)+ F (pa

)
)

f_ f(@)\/mcosgo
J2

= psiny Wﬂ o7 (9 (5.47)
therefore results in the same relation
) /
G o= e
with a modified factor
: JZ def () (5.49)

T J7_def (¢ )v/1 — g2 cos?3pcos

For the case shown in Fig. 6.5, a maximal out-of-plane polarization of about qg ~ 0.17
at the lower edge of the bulk gap results in a relative change of v of onIy ~ 1.008 for
measurements along the x-direction. So, the influence of the out-of-plane poIarlzation is only
of the order of the accuracy with which the polarization can be read from the DC curves and
is far from being detectable in real experiments. The reason for this small influence of the out-
of-plane polarization in 3D devices is basically that the overlap of eigenstates of the aluminum
electrode with the out-of-plane component of Tl surface states is the same for spin-up and
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spin-down states and for all ¢ 4;.

For measurements along the y-direction, the impact of the out-of-plane polarization is even
slightly smaller (77/ ~ 1.007) because the out-of-plane spin is zero for surface states with mo-
mentum parallel to the measurement axis, which have the largest contribution to the DC. In the
case of a measurement along z, the out-of-plane spin was maximal along the measurement
axis. As the out-of-plane spin component of the new surface state approximation Eq.
is not invariant under arbitrary in-plane rotations, 4’ depends on the relative orientation of the
crystal with respect to the device. To get 7/ for a measurement along y, one has to rotate the
crystal with respect to the device axes, i.e. in this case replace cos 3¢ with cos (3g0 — g) in
Eq. , because a rotation of the device, i.e. f(¢) — f (go — g) violates the symmetry
assumption f (¢) = f (—).

The impact of the out-of-plane component becomes stronger in 2D device structures as
f(p) =6 (p) yields 77/ ~ 1.015. However, when the crystal is rotated by 7 with respect to the

device, the out-of-plane polarization is ¢ = 0 along the measurement axis, i.e. Y. So,
the out-of-plane component can be avoided by measurements along different crystal axes. As
the effect is still very small, it is, however, unlikely that the out-of-plane spin can be measured
from the angular variation of +'.

5.1.2 Geometrical factor

The essential difference between the polarization formula for ferromagnets and Eq. is
the geometrical factor . As already small changes of ~ alter the obtained polarization value,
it is crucial to derive «y as precise as possible. In the following, the function f (¢), representing
the probability for an electron starting at an angle ¢ inside the Tl to end up at a specified
electrode, will be derived for some interesting cases. f (¢) can be obtained by dividing the
number of trajectories starting at an angle ¢ that reach the electrode by the total number of
trajectories.

Basic geometry with scattering

So far, it was assumed for the basic device that an electron initially moving in positive x-
direction will end up at the right electrode. However, this is only true as long as there are
no spin-changing scattering processes. In real devices, there will always be scattering and
an electron will thereby gradually change its movement direction. Only elastic scattering pro-
cesses that directly flip the spin to the opposite orientation are forbidden in the absence of
time-reversal symmetry breaking perturbations. As scattering processes reduce the apparent
spin polarization measured by the device, scattering processes should be compensated for
by an increased geometrical factor .

In the case of the device shown in Fig. the path length for an electron starting below
the Al electrode towards the metallic electrode in positive z-direction is _*-. Here, ¢ is the
movement angle with respect to the xz-axis and z the distance of two lines parallel to the y-
axis, one in the Al electrode and one in the M electrode. When ¢ is the mean spin diffusion
length, i.e. the length after which an electron loses all information on its original spin, the
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probability for an electron to reach the other line is

1 =z
Py (w,¢) = 5 (1+¢ ) (5.50)

and correspondingly to be scattered to the opposite direction

1 =
Ps(z,0) =5 (1 —e ﬁ‘cw‘) . (5.51)

So, the DC with respect to the right electrode consists of those electrons that initially move in
positive x-direction and are not scattered and those initially moving in negative direction but
that are then scattered towards the positive direction. By averaging over all possible distances
d < x < d + 2l of the two lines, this results in

WA g —q—if1 [(1+eTe) i pe[-F, 3]
flp) = /d art ==l ) (5.52)

2 2 1—eﬁ) if pe [-m,—3]. [5.7],

where [ is the width of the electrodes and d their spatial separation (see Fig.[5.2). From this
expression, the geometrical factor ~ has to be calculated numerically for specified values of d,
[ and & (see Fig. . As f(p approaches for all  if £ is large compared to z, i.e. all spin
information is lost, the ratlo should be kept small in order to measure the spin polarization.

Semi circles

Another approach to deal with small spin diffusion lengths is to reduce path lengths as much
as possible. In the device shown in Fig. which consists of a circular aluminum electrode
enclosed by two metallic semi circles, the mean path length is equal for all . Besides, no
boundary effects at the device edges are involved as the aluminum electrode is completely
enclosed.

For a given angle ¢, electrons from the circular fragment with area

A’ = R? arccos <1 — h) — (R; — h) V2R;h — h? (5.53)

R;

cannot reach the right electrode. Thus for an electron moving under an angle ¢, the probabil-
ity to reach the right electrode is 4 A , where A = 7 R? is the area of the aluminum electrode
with radius R;. The hight h = R; — R, cos ¢ of the fragment can be expressed in terms of the
two radii and ¢, and after some simplifications, A’ reads

2

R, R
A = RZ2 arccos (R cos <p) — RoRijcospy |1 — R—g cos? p. (5.54)

()

As the outer radius R, is bigger than the inner radius R;, Bo 05 becomes bigger than one
when the red line in Fig. -does not cut the inner circle. In that case, A’ becomes imaginary,
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@

Figure 5.6: In a device structure with a circular aluminum electrode enclosed by two metallic
electrodes formed as semi circles, the path length is independent of the propaga-
tion angle ¢ and boundary effects are reduced. The right panel shows a sketch for
the construction of f (). Electrons from the red encircled area A’ do not reach
the right electrode but the left.

and the probability for an electron to reach the right metallic electrode is therefore given by
the real part of 454

1 (0]
f () = 1-— ;Re {arccos <1; cos cp>
2
_f;j cos W} (5.55)
(RozRi) 1 .
~ o 1= (el —cospsin|p]). (5.56)

Analytical solutions for v can only be obtained for the two limiting cases R, =~ R; (y = 13—67r2)
and %’) — 0 (y = 3)- The latter is the same factor as for the basic device geometry.

Approximate 2D

Device geometries discussed so far are only capable of measuring the mean in-plane spin
polarization. This is sufficient if the investigated material has in-plane rotation symmetry or at
least can be approximated as such, like the top surface of the BisSe; class of materials. In
materials without in-plane rotation symmetry, e.g. the side surfaces of materials of the Bi,Ses
class [2], the polarization can be very anisotropic and the mean spin polarization is thus less
meaningful. To get the full angular dependence of the spin polarization, one has to reduce
the angle from which electrons are detected. A device geometry capable of this (Fig.[5.7) was
presented in Ref. [2] to mimic a 2D tunnel magnetoresistance device on the surface of a 3D
TI, and is discussed in the following. It consists of two small electrodes of length [ and hight
h, separated by a distance d. Here, one of these is the (injecting) aluminum electrode and
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Figure 5.7: Device structure for selectively measuring the angular dependence of the surface
state spin polarization. Only electrons moving in the direction of the small metallic
electrode contribute to the measured DC. All other electrons are captured by the
U-shaped metallic electrode. Modified from Ref. [2].
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Figure 5.8: Sketch for deriving the geometrical function f () for the device structure shown
in Fig.[5.7](left panel), and angular dependence of f (i) (right panel) for I = h and
two different values of distance d. f (p) becomes more strongly focused around
@ = 0 when going from d = h (red line) to d = 4h (blue line). Figures are
reproduced and modified from Ref. [2].

one the (extracting) metallic electrode. Another metallic electrode, partly enclosing the small
electrodes, captures all electrons not moving in the direction of the small metallic electrode
so that only electrons from a small angular fraction are detected. The angular fraction can be
tuned by the ratio of electrode height h and spatial separation d.

The function f () can be derived from the sketch shown in the left panel of Fig.[5.8] Just like
for the basic geometry with scattering, two parallel lines, separated by a distance z, in the two
small electrodes are considered. Electrons starting at an angle ¢ from the line in the aluminum
electrode can only reach the line in the metallic electrode if they come from the top or bottom
fraction of the line of size k' = h — x tan ||, where ¢ is limited by |¢| < ¢, = arctan % So,
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Figure 5.9: Geometrical factor ~ for the basic device geometry as a function of spin diffusion
length ¢ for two distances d and [ = 1. £ can be obtained from the quotient of
these curves (inset), which is independent of the polarization. To get an accurate
result, both distances and £ should be of the same order of magnitude.

by averaging over all distances d < x < d+ 2[, the angular dependent probability %’ becomes

a2z —d - T h
flp) = /d dxl—z (1 - Etan |g0|> ) <arctanx - |<p|> ,  (56.57)

where the Heaviside step function O restricts ¢ to the allowed range for a given x. From this
expression, v can be calculated numerically for specified values of d, [ and h. The angular
dependence of Eq. is shown for some example values in the right panel of Fig.
demonstrating that f (¢) is strongly focused around ¢ = 0. This can also be seen from the
corresponding v factors, v ~ 1.0226 for d = h and v = 1.0034 for d = 4h, i.e. v approaches
the 2D value v =1 (f (¢) = d ()). In both cases, [ = h.

In the derivation of f (¢), the U-shaped metallic electrode played no role, and therefore, its
exact shape needs not to be specified as long as it captures all electrons not moving in the
direction of the small metallic electrode. It could as well be split into multiple small electrodes
in order to measure the spin polarization along different crystal axes in one device. For that
purpose, a modified version of the circular device with R, > R; and the metallic semi circles
split into multiple smaller parts might be most suitable.

5.2 Spin diffusion length

Besides a high spin polarization of surface states and a large bulk gap, a long spin diffusion
length is one of the most important requirements on Tls for spintronic applications. As has
been shown in section the geometrical factor can be modified to include spin diffusion.
The linear dependence of geometrical factor and apparent spin polarization therefore allows

107



5 Meservey Tedrow method

to measure the geometrical factor for a given spin polarization instead of the reverse process.
When all other parameters are known, the spin diffusion length can be obtained by a simple
fit. If the apparent spin polarization is unknown, the spin diffusion length can still be obtained
from how the geometrical factor changes with the distance of the aluminum and metallic elec-
trode. This requires multiple devices because, even if no bias voltage is applied to certain
metallic electrodes in a device with multiple parallel electrodes, tunneling processes between
the Tl and these electrodes may change the polarization and propagation direction of surface
electrons. These devices, however, should be build from the same sample to reduce errors
due to varying material qualities, i.e. different polarization values and spin diffusion lengths.
Then it can be assumed that the polarization is the same for different distances d; between
aluminum and metallic electrode, i.e.

P = Xi (di) vi (d;) (5.58)

with ( - ) .
g1 —93) — (g4 — 92
= . 5.59
X (g1 — g3) + (94 — g2) cos Ay (5:59)

So, the quotient
Y1 (d1)  x2(d2)

Y2 (d2) X1 (d1)
is independent of the unknown polarization, and the spin diffusion length can be obtained by
a fit to calculated quotients for different diffusion lengths. This is shown exemplarily in Fig.
for the basic device with spin scattering, but it would work for other device structures as well.
In order to get accurate results, &, di, d2, and |d; — da| should ideally be of the same order of
magnitude. Too large distances compared to £ result in too small measured signals and too
small distances in too small variations of 7—; as a function of &.

Because of varying material qualities, it is reasonable to always first measure the spin diffu-
sion length of a material before measuring its spin polarization in order to get results that are
as precise as possible.

(5.60)

5.3 Summary

Meservey and Tedrow have shown that the BCS density of states of superconducting alu-
minum films splits in a strong parallel magnetic field. By measuring the DC of tunnel junctions
with ferromagnets, they were able to measure the polarization of the ferromagnet. In this
chapter, it has been shown that, by measuring the differential conductance with respect to
electrodes in defined spatial directions, the in-plane spin polarization of topological surface
states can be measured. For that purpose, the polarization formula by Meservey and Tedrow
has to be modified to include the device geometry. More complex device geometries allow
measurements of the momentum dependence of the polarization for anisotropic surfaces.
Even though the surface states can have a significant momentum dependent out-of-plane
spin component, the measured polarization is shown to be basically only the polarization of
the in-plane component. Aside from the spin polarization, also the spin diffusion length of
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topological surface states should be measurable by inverting the polarization formula, even if
the spin polarization is unknown.
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6 Spin Hall effect tunneling spectroscopy

The method of Meservey and Tedrow, discussed in the previous chapter, could be great for
measuring the spin of electrons in topological surface states. However, it can only measure the
in-plane spin component because the measured in-plane polarization is basically unaffected
by an out-of-plane spin component (see section[5.1.7). To get a measure of the out-of-plane
component, tunneling electrons with out-of-plane spin are needed, which can be realized in a
tunnel junction with a ferromagnet (FM).

Liu et al. [23] developed a method, which they called spin Hall effect tunneling spectroscopy.
This method allows to study the charge spin conversion efficiency of materials, i.e. the spin
Hall angle, in a tunnel junction with a FM. In conventional (scanning) tunneling spectroscopy
(STS), material properties are extracted from the dI/dV characteristics of an unpolarized
tunneling current. By applying a bias voltage, the energy dependent density of states and
therefore also the energy gap can be measured. STS measurements on Tls indeed show
densities of states in consistence with ARPES measurements [25, [112]. In SHE tunneling
spectroscopy, a polarized current is injected into the investigated material and, in the presence
of strong spin-orbit coupling, gives rise to a measurable transverse voltage. The functioning
of this new method has been shown by Liu et al. for normal metals [23], where the transverse
voltage originates from the SHE, and for Tls [24], where it originates from the spin-momentum
locking of surface states. A schematic of the device for the Tl case is shown in Fig.

In this chapter, it is shown that the SHE tunneling spectroscopy may be used to measure
a relation between in-plane and out-of-plane spin polarization of topological surface states.
Time-reversal symmetry requires that the in-plane spin rotates around the Fermi surface be-
cause states with opposite momentum must have opposite spin. As the same holds for the
out-of-plane component (see Fig. [2.2), an out-of-plane polarized tunneling current gives rise
to a transverse voltage as well. When the spin Hall voltage is measured for in-plane and
out-of-plane polarized currents, the densities of states and properties of the insulating barrier
drop out in the quotient and a relation between the two spin components of the topological
surface states can be obtained. So, if the in-plane polarization has been determined through
other measurements like the method by Meservey and Tedrow (chapter [5), the out-of-plane
polarization can be obtained.

6.1 Derivation

The derivation of the relation between in-plane and out-of-plane component is in many aspects
analogous to calculations in chapter[5]and is therefore kept rather short.

When a voltage is applied between lead 1 and 3, electrons will tunnel into surface states of
the Tl and give rise to a tunneling current I (U). Depending on the initial spin of a tunneling
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Figure 6.1: Schematic of the device structure for SHE tunneling spectroscopy as devised by
Liu et al. [24]. An alternating current is applied between lead 1 and 3 to inject
spin-polarized electrons into the surface states. Due to spin-momentum locking,
this induces a voltage between lead 2 and 4.

electron, it will propagate either towards lead 2 or 4. A spin polarized current from a FM can
lead to an asymmetry between electrons propagating into the two leads, and the resulting
asymmetric charge accumulation therefore gives rise to a voltage Vsy between these leads.

The change dg% of this voltage is thus proportional to the difference of the differential conduc-

tances (DC) G (U) = %g) of the tunnel junction with respect to the two leads. The absolute
value of the Hall voltage Vsy depends on many aspects like device dimensions, properties
of the insulating layer and spin and momentum relaxation processes. Here, however, only
relative voltages for different magnetizations of the FM are of interest, and such effects, which
are also strongly dependent on the device quality, are neglected.

Topological surface states are described by a simplified form of Eq. (5.39)

++/1 + gsign (cos 3¢)/T + pe_i(“"_%)

- _ 1 1 F gsign 3p)v1+
b (1,0%) = 5 vigasenlosiavite (6.1)
2 [ /1% gsign(cos3p)y/T —pe ¥~ 2
/1 F gsign (cos 3p)/T — p

where the out-of-plane spin ¢ (F) cos 3¢ is replaced by its mean value

q(F)= 3(‘]077(E) /6 dy cos 3 (6.2)

ol

multiplied with the sign of its angular dependence. By this, all appearing integrals can be
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solved analytically and the final formula is independent of the explicit angular dependence of
the out-of-plane spin. As has been shown in section tunneling currents depend only
weakly on the measurement direction for tunneling electrons with in-plane polarization, and
out-of-plane polarized tunneling electrons couple to the in-plane spin component indepen-
dently of ¢. So, the overall error due to this simplification should be small.

Eigenstates of the FM are modeled analog to those of the aluminum film in the previous
chapter. For the beginning, only fully polarized eigenstates of the FM are considered. A
finite polarization will be introduced later by assuming different densities of states for spin-
up and spin-down states. The tunneling probability from ferromagnetic states with in-plane

polarization (see Eq. (5.17))

e~ lpr 0
1. 1 1. 0

T/J;F (k27 SOF) = ﬁ s11 kz 0 5 ¢S20F (kz, SDF) = \ﬁ sSin kz e_iS@F (63)
0 1

into the topological surface states is thus obtained by replacing g cos 3¢ with gsign (cos 3¢)
and p4; with ¢ in Eq. (5.45)

|(Wpr [ Hr| )| = %C?B sin? k. (k) [ 15 py/T = Psin (pr — 9)] (6.4)

The momentum k. (k), orthogonal to the tunnel barrier, is given by Eq. to assure en-
ergy and in-plane momentum conservation, and the transition matrix element of the insulating
barrier is again chosen as C'sz = 1eV for numerical calculations. Analog to the construction
of eigenstates with in-plane polarization (Eq. (5.17)), eigenstates with z-polarization can be
constructed. In fact, the z-polarized states are already the four degenerate eigenstates. The
two degenerate eigenstates with positive polarization are

1 0
Yl (k) =sink 0 Y2, (k) =sink 0 (6.5)
z+ z z O 9 z+ z z 1 .
0 0
and those with negative polarization
0 0
1 . 1 2 : 0
,_ (k) =sink, E Vi (k) =sink, 0 (6.6)
0 1
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6 Spin Hall effect tunneling spectroscopy

For FM states with positive z-polarization, the individual matrix elements

-2 1 . _ .
‘<1/J;+ |Hr| wiﬂ = ZC% sin® k. (k) (1 + gsign (cos3p)) (1 + p), (6.7)
-2 1 . _ .
(Y2, |Hr|ve)|” = ZC’% sin? k. (k) (1 « gsign (cos 3¢)) (1 — p) (6.8)
depend on the in-plane polarization p, which was introduced into the topological surface states
as an asymmetry of the two orbitals with opposite in-plane spin. The sum of both matrix

elements, however, is independent of p because the coupling to the in-plane spin does not
depend on its sign

(o | Hr 1) = [0l [Hr 92) |+ [(02 [He| 1)
= %c}g sin? k, (k) (1 « gsign (cos 3¢)) . (6.9)

Analogously for negative z-polarization
_ 1 _
[ (v [l ) = SO sin? k. (k) (1% gsign (cos 3¢)) (6.10)

For an arbitrary ferromagnetic state ¢, the DC with respect to a direction defined by f ()
is

0 s - 2
G(T,U) :CO;St'/Ok dkk/ dgp<f(¢) [(¥r |Hr| 4 )]

cosh? (gg;rj)
| (v |Hr| 1/1>’2>
cosh? (gg;TU ) .

After inserting the matrix elements, this expression can be rewritten as

+ f(p—m) (6.11)

const. [0 i
Gr (T.0) = = [ akk [ do (£ (009 (0) A (0)+ 1 (0= m) 0" () A- (1)

—T

(6.12)
Here, Ay (k) = M is equal for all 1z and g () contains the remaining parts that
y A1+ cosh2<gf ;]) F g1 \¥
B

distinguish the different states. However, all states satisfy ¢” (¢ +7) = g% (¢). When the
temperature is low and g (E) varies only slowly as a function of £, g (E') can be taken out of the
integral, i.e. §(E) ~ q(U). Then, under the assumption that f (¢) = f (¢ +27) = f (=),
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6.1 Derivation

Eq. (6.12) can be simplified to

CcO

nst. [*o 4
Gr (T,U) = /0 ik / dof () (57 () Ay (k) + 9% (0 + ) A_ (k)

T

ko ™
- CO;St'/O dkk (A, (k) + A_ (k))/ dof () gt ()

—Tr

~Go(1.0) [ dof ()5 (o). 6.13)
For mirror symmetry of the device with respect to the y-z-plane, the geometrical function for
the other lead is given by f’ (¢) = f (¢ + ), and consequently, the difference of the DCs can
be written as -

MG (T,0) = Go (T,0) [ dof (0) (oF (#) = 9" () (6.14)
In the device structure shown in Fig.[6.7] all electrons initially moving in positive direction end
up in the corresponding lead so that (compare Eq. (5.10))

f(g) = {1 for pe [ =3, 3] (6.15)

0 else.

Considering now the concrete matrix elements in Eq. (6.4), and (6.10) the resulting AG
for a fully polarized FM can be easily calculated and are given by

AG‘PF (T7 U, QOF) = Gy (Ta U) 2p \% 1- 62 (U) sin pp (616)
and .
AG.. (T,U) = +Go (T,U) Sq (V). (6.17)

In the case of a finite polarization of the FM, the total DC differences AG between the two
leads are given by a weighted sum of terms with opposite FM polarization. So, for an in-plane
polarized FM

AGip (T, U, or) = Go (T,U) 2p\/1 — ¢ (U) sin prAnip (6.18)
is obtained, where the direction of the in-plane polarization ¢ has to be adjusted to the
polarization of surface states with propagation direction along the x-axis, i.e. in this case
¢ = 5. For a FM with out-of-plane polarization

™

AGop (T, U) = Go (T, U) = (U) Angp (6.19)

w]

is obtained. Here, An = ny — n_, with ny + n_ = 1, is the relative density of states of
spin-up and spin-down states, and the indices ip and op stand for in-plane and out-of-plane
polarization of the FM, respectively. The quotient of Eq. (6.18) and (6.19) can be solved for
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the out-of-plane polarization g (U) and is independent of Gy:

1

L4 (AGp Angy _x 2
AGop Anjp 6psinppr

q(U) =

(6.20)

So, if the anisotropy of the FM and the in-plane polarization of the Tl are known, the mean
out-of-plane polarization of the Tl can be determined by measuring AGjp, and AGop.
Assuming that the approximation

q(E,p) = %qo (E)cos3p (6.21)

for the out-of-plane polarization is good (= is for the upper and lower Dirac cone, respectively),
q (E, ) can be calculated from g by

s €os 3¢

= +3(B) L cos 3¢. (6.22)

E) -
3 f:/r(/jﬁ dy' cos 3¢’ 2

Q(Ea@ = :l:(j<

However, since only the alternating sign of cos 3¢ was used in the derivation of Eq. (6.20),
a different angular dependence can be assumed as well. In theory, the angular dependence
could even be determined from how AG,, changes when the Tl crystal is rotated with respect
to the device structure.

6.2 Numerical test

In this section, the validity of Eq. (6.20) and (6.22) will be tested by comparison with nu-
merical calculations. For that purpose, AGj, and AGgp are calculated with numerically exact
eigenvectors of the full Hamiltonian Eq. (3.20), analog to section Because the numer-
ical eigenstates are only given for discrete momenta, the integrals in Eq. have to be
replaced by a sum over all numerical Tl eigenstates and analytical FM eigenstates that fulfill
energy and in-plane momentum conservation. The Tl eigenvectors are calculated by exact
numerical diagonalization for 50 (BixSes) or 200 (SboTes) real space lattice sites in z-direction
and a hexagonal in-plane momentum discretization of %ﬁ. Their propagation direction is
determined from a difference quotient, i.e. from changes of the corresponding eigenvalues
for small variations of the in-plane momenta k, and k,. Figure shows the resulting AG
curves for two different parameter sets (Bi»Se3 (a) and SbyTes) and energy values inside the
corresponding bulk gaps. For simplicity, the tunneling currents are assumed to be fully polar-
ized in either y- or z-direction. A reduced polarization would only scale the whole curves to
lower values. At low temperature (10K), AGj, is nearly zero at the Dirac point and in its vicinity
increases about linearly to either side. Decreases at the gap edges can be mostly attributed
to increased decay lengths of the surface states as they merge into the bulk states.

AGop has a wider minimum at the Dirac point and then increases strongly towards the gap
edges because out-of-plane polarization and density of states increase at the same time. As
the mean out-of-plane polarization is smaller than the in-plane polarization and the contribu-
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Figure 6.2: Numerical DC differences AG at 10K inside the bulk gap for y- and z-polarization
of the FM. AGj, shows a clear kink at the Dirac point, while AG,, has a wider
minimum. For both materials, AGjp, is about two orders of magnitude larger than
AGop. The overall smaller values for SboTes result from weaker localized surface
states and a lower density of states.

tions of two-thirds of the surface states compensate each other for an out-of-plane polarized
tunneling current, AGyp is about two orders of magnitude smaller than AGj,. However, the
shown absolute values are of no physical meaning because they largely depend on device
properties like size, material and thickness of the tunneling contact and other material prop-
erties like spin and momentum decay lengths. The absolute values for SboTes are overall
smaller because the surface states reach deeper into the bulk and therefore have smaller
absolute values at the surface. Besides, the density of states is somewhat smaller.

As a next step, the mean out-of-plane polarization is calculated from these curves, with pa-
rameters p = Anjp = Angp = 1 and pr = 7, and is then compared to the energy dependent
mean value dana (E) of the analytical z-polarization p. (k, ky) (Eq. ). To calculate the
mean value of the analytical polarization, k, and k, are expressed in polar coordinates, where
the momentum £ is calculated numerically by solving the dispersion E. (kcos g, ksin @)
(Eq. (3.37)) for k for a given E and ¢. Then, gana (E) can be obtained by numerically cal-
culating

(B — S0 42K () =k (B, 0) cos i,k (B, 9)sin )] 623

S deok (B, )

Both operations, solving the dispersion for k£ and calculating the integrals, are performed using
build-in functions of Mathematica. As can be seen in Fig. G (F) and Gana (E) coincide
very well. Only for BisSes, g (E) slightly exceeds the analytical value for low energies, i.e.
where ¢ (E) becomes larger. The reason for this deviation is the replacement of g cos 3¢ by
its mean value in Eq. (6.1). This leads to a changed angular dependent weighting of the
matrix elements for tunneling from a FM with in-plane polarization and thereby causes a slight
overestimate of AGjp in Eq. (6.20). Consequently, the smaller numerical value for AGjp results
in an overestimate of g (E).

A comparison of the angular dependent analytical polarization along a constant energy

contour E, i.e. p, (k(E, ¢) cos g,k (E, ¢)sin¢), and Eq. (6.21) is shown in Fig. [6.4] for three
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Figure 6.3: Comparison of the mean polarization g (), obtained from the numerical DCs, and
the energy dependent mean value Gana (E) of the analytical out-of-plane polariza-
tion. A small deviation is only visible for BioSe3 towards the lower edge of the bulk
gap. For higher energies and for SboTes, no notable deviations exists.
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Figure 6.4: Comparison of Eq. (solid colored lines) and the analytical polarization
p. (k(E,p)cosp, k(E,¢)sing) (black dashed lines) for three different energies
throughout the bulk gap. Apart from a small scaling factor of the amplitude, the
curves coincide very well.

different energies. Apart from small amplitude deviations, coming from the overestimate of
d (E), the two curves are in very good agreement and therefore justify the approximation of Tl
surface states in Eq. (5.39). When p and ¢ are determined from the spin expectation values of
the numerical eigenstates, the maximal deviations between Eq. (3.39)-(3.41) and Eq. (5.40)-
5.42) for Bi;Ses are only max |p, — p.| ~ 2 - 1073 and max ‘px/y —p;/y ~ 3.107% at the
lower edge of the bulk gap and get smaller towards the Dirac point.

6.3 Summary

Due to the locking of spin and momentum in topological surface states, a spin polarized current
which is injected into the surface of a Tl results in a directional surface current. When metallic

118



6.3 Summary

contacts are connected to opposite sides of the TI, this gives rise to a measurable voltage
between these contacts. In this chapter, it has now been shown that, by measuring these
voltages for tunneling currents with in-plane and out-of-plane polarization, a relation between
in-plane and out-of-plane spin polarization of the topological surface states can be given.
Especially, when the in-plane spin is known from other measurements, the out-of-plane spin

can be derived by a simple formula.
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7 Summary and conclusion

Tls are rather new materials with great potential for applications in spintronic devices and
are therefore studied intensively in current research. The first topic of this thesis was about
electronic transport in edge state channels of 2D Tls with local FEFs and the possibility to
create pure spin current devices from such structures. The electronic transport was studied
by quantum transport calculations on a lattice. Wave packets, constructed from topological
edge states, were placed in lead positions of the investigated structure and then their prop-
agation through the device structure was studied by numerically applying the time-evolution
operator. As the wave packet contains a broad energy range, the energy dependent scatter-
ing probabilities into defined exit channels could be calculated for the whole Tl bulk gap in a
single calculational run from the time-dependent overlap with wave packets placed along the
exit channels. Non-equilibrium densities of state, which show the paths electrons can take
between different leads, were obtained from integrating the propagating wave packet during
the time-evolution. The tight-binding character of the Hamiltonian describing materials of the
BioSej class allowed an efficient implementation of the transport code on a GPU device using
CUDA with favorable computation times even for relatively large systems.

Transport calculations for Tl sheets described by a 2D Hamiltonian showed that local FEFs
perpendicular to the surface plane locally cause a quantum phase transition into a QAH state.
In the presence of the FEF, one of the two spin polarized edge state channels is removed
from the Tl-vacuum interface and shifted to the inner edge of the FEF. Reversing the FEF
interchanges the two channels. Even though FEFs generally break time-reversal symmetry,
fields perpendicular to the surface do not cause spin-flip scattering. FEFs with polarization
parallel to the surface, on the other hand, open a gap in the edge state dispersion and cause
scattering processes that can reverse the spin and propagation direction of electrons in edge
state channels.

By combining multiple local FEFs with positive and negative polarization perpendicular to
the surface, devices were conceived that can create, switch and detect pure spin currents.
A pure spin current arises when spin polarized currents of equal magnitude are driven in
opposite directions along the edge so that the charge currents compensate each other while
the spin transport remains. As these devices directly convert charge currents into pure spin
currents, they can be much more power efficient than other state of the art methods like the
spin Hall effect. To measure the pure spin currents, they are simply split back into the two
counter propagating charge currents.

An experimental realization of the proposed devices with state of the art materials can be
challenging but should be possible. The QAH effect has been measured in thin films of V-
doped (Sb,Bi)2Tes, however only at very low temperatures because the magnetic excitation
gap in the edge state dispersion and the Curie temperature are relatively small. The challenge
in devices where the QAH effect is locally induced by chemical doping is then to tune the Fermi
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7 Summary and conclusion

level into the gap for all device parts. Introducing the FEF by proximity to a ferromagnetic
insulator may be the more promising alternative because no dopants are introduced into the
Tl and the Curie temperature is higher. However, so far no QAH effect has been measured in
such systems. To achieve room temperature applicability, other 2D Tls with larger bulk gaps
of about 0.3eV have to be used and the magnetic excitation gap and Curie temperature have
to be strongly enhanced to the same level.

Quantum transport calculations based on the 3D Hamiltonian showed that the pure spin
currents should remain very robust in the presence of certain perturbations because spin-up
and spin-down currents are scattered equally. Small distortions of the pure spin current can
only arise when the number of scattering sites is different for spin-up and spin-down currents.
Assuming no random time-reversal symmetry breaking perturbations, this can only be the
case for the transistor in the “off”-state, where the counter propagating currents are reflected
by two consecutive magnetic domains. In that specific case, a broken structural inversion
symmetry or an in-plane field component can result in a small residual charge current where
no current should flow at all. Careful device engineering may resolve even this potential
problem.

As a second topic, quantum tunneling from thin superconducting aluminum films into topo-
logical surface states was investigated as a method for measuring the surface state spin polar-
ization. Knowledge about the spin polarization is essential for the efficiency of many Tl based
spintronic applications. This method, which was first applied to ferromagnetic materials by
Meservey and Tedrow, relies on the splitting of the BCS density of states in a strong parallel
magnetic field into a spin-up and a spin-down part. As the spin of electrons tunneling from the
aluminum film into the ferromagnet is conserved, the polarization of the ferromagnet can be
calculated from the relative height of four peaks in the tunneling spectrum.

Tls have no net polarization, but spin and propagation direction of electrons in surface
states are locked. A mean value for the surface state polarization can therefore be obtained
from measuring only tunneling electrons that flow off in a defined direction in the surface of the
TI. Starting from an analytical approximation of aluminum states and TI surface states that ne-
glects the out-of-plane spin component, a modified polarization formula, analogous to the one
by Meservey and Tedrow, was derived. This formula takes into account the spin-momentum
locking of surface states as well as the device geometry. The main difference between the
two formulas is then a factor v that has to be calculated from a function describing the an-
gular dependent probability for a surface electron to reach a certain electrode on the surface.
This function can also include effects like spin-flip scattering and, by solving the polarization
formula for v, the spin-flip mean free path can be measured as well, even if the polariza-
tion is unknown. Application of the polarization formula to tunneling spectra obtained from
numerically exact eigenstates of the full 3D Hamiltonian showed that this method is largely
insensitive to the out-of-plane spin component of the topological surface states. Essentially,
only the polarization of the in-plane component is measured.

To obtain the out-of-plane component, another method was investigated that involves tun-
neling from a ferromagnet, which can have polarizations parallel and perpendicular to the
surface of the TI. Due to the locking of spin and propagation direction, a polarized current in-
jected into the surface of a Tl will flow off mainly in one direction. When two metallic electrodes
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are attached on opposite sides of the Tl, this leads to a measurable voltage between the two
electrodes. Such a voltage has already been measured in experiments for a ferromagnet with
in-plane polarization.

The difference in differential conductances with respect to the two electrodes, which is pro-
portional to the measurable voltage, was again calculated from analytical approximations of
ferromagnetic states and topological surface states, now including a mean out-of-plane spin
component. When this difference is measured for parallel and perpendicular polarizations of
the ferromagnet, all unknown material properties should drop out in the quotient. The analyti-
cal expression of this quotient was then solved for the mean out-of-plane spin, where the only
additional parameters are the polarization anisotropy of the ferromagnet and the in-plane spin
polarization of the topological surface states. By applying a model for the out-of-plane spin,
the angular dependence can be calculated from the mean value. A comparison of the mean
polarization, obtained from calculating the differential conductance differences from numeri-
cally exact Tl eigenstates of the full Hamiltonian, with the correct analytical values showed
good agreement. Only when the mean out-of-plane component reaches values of the order
of 10%, the polarization formula slightly overestimates the polarization.
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