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“Beyond the edge of the world there’s a space where emptiness and substance neatly
overlap, where past and future form a continuous, endless loop. And, hovering about,

there are signs no one has ever read, chords no one has ever heard.”

HARUKI MURAKAMI






Abstract

Since the discovery of two-dimensional topological insulators a decade ago, their one-
dimensional edge states have attracted significant attention due to their unique properties.
For example due to time-reversal symmetry, they are protected against elastic backscat-
tering and they propagate such that electrons with opposite spins move in opposite di-
rections. In fact, the only necessary symmetry to sustain the edge states is time-reversal
symmetry. Moreover in experimental setups, the axial spin symmetry seems to be absent.
This absence allows new processes to appear such as inelastic backscattering. However,
these consequences were neglected in most theoretical works where the spins are conside-
red to be polarized in the z direction.

The aim of this thesis is to provide a more realistic model taking into account a broken
axial spin symmetry. In this scheme, we show that a rotation of the spin quantization
axis as a function of momentum always appears. This observation leads us to develop a
deeper understanding of the size of the rotation related to the material parameters and
material models, using also realistic values. It also leads us to understand the implications
in real space in cases where translation invariance is lost and how to quantify the rotation
in such systems.

The new processes which arise when the axial spin symmetry is broken have important
consequences for transport in real materials. To see this, we consider a Hall bar with a
hole in its middle, i.e. an antidot. This enables us to create two tunneling regions in
order to probe the effect of this generic model. We also consider the effect of Coulomb
interactions around the hole, as they can be important in such geometry. We discover
that it is possible to probe directly the absence of axial spin symmetry. As experimental
evidence is important to investigate our theoretical findings, we propose spectroscopic
means to probe the spin texture.

Finally, we also consider one of the experimentally-known candidate materials, namely
InAS/GaSb heterostructures. From the k- p Hamiltonian, it is possible to show that their
bandstructure shows some anisotropies. The latter is also reflected in the spin texture of

their edge states.
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1 Introduction:

Topological insulators

Low dimensional systems (i.e. systems in one or two dimensions) have attracted a lot
of attention and research throughout the second half of the 20" century. They continue
to be an active and fascinating field of research. New processes occur in these systems
where their quantum nature becomes more apparent, and exotic states and phases can
emerge. One famous example is spin-charge separation in a one-dimensional system [1]:
the electrons can form particular quasiparticles whose quantum numbers cannot be traced
back to the original electrons and holes. One of the quasiparticles named the spinon has
a spin-1/2, but no charge, whereas another of these quasiparticles is called the holon. It
has no spin, but the charge of an electron. These two quasiparticles propagate at different
velocities and behave independently from the other. They were experimentally measured
in SrCuO, crystals [2, 3] and in quantum wires made by electron-beam lithography on

the upper layer of a GaAs-AlGaAs double quantum well [4].

With the fast pace of new materials discoveries and new technical opportunities, we
must be able to explore this area of condensed matter physics theoretically and expe-
rimentally. Examples of such low dimensional systems include nanowires, the ballistic
edge states of a quantum Hall bar or Bose-Einstein condensates using cold atoms in one-
dimensional optical lattice in one dimension. In two dimensions, we have the two dimensi-
onal electron gas, graphene or high-temperature cuprate superconductors. Theoretically,
the progresses in the ab initio methods and the explosion of computing power enable us
to probe numerically the stability and the physical properties of new compounds before
they can be synthesized. On the experimental side, the development of nanotechnologies
and more recently cold atoms created a new playground for condensed matter physicists
to explore these previously unusual systems.

The discovery of graphene [5], a free standing two-dimensional material, opened new
opportunities and brought new hopes for these exotic systems. Graphene hosts peculiar
properties: its bandstructure has a gapless linear dispersion relation. In the absence

of impurities, graphene is a semimetal, i.e. the overlap between the valence and the
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conduction bands is pointlike. Moreover, the linearity of the dispersion means that the
electrons can be described by spinless fermions with no mass term. They satisfy Dirac
equation and they are therefore called Dirac fermions. In addition, graphene can be
produced by exfoliation [5]. Graphene also features unique optical, thermal, electrical
and mechanical properties. Early in its discovery, about a decade ago, graphene also
inspired Kane and Mele to theoretically propose a new class of materials, which is called
two-dimensional topological insulators [6-8]. The generalization to a three-dimensional

version was made the year after [9-11].

Two-dimensional topological insulators differ from normal or also called “trivial in-
sulators” as they are predicted to be bulk insulators with gapless states located at their
edges. These edge channels are related to the topological nature of the band structure,
and should always exist at the interface with a trivial insulator. A few years later, topo-
logical insulators made of HgTe [12] and InAs/GaSb heterostructures [13] revealed their
unique properties in different experimental laboratories using transport setups. These
discoveries created a new vivid field of research as topological insulators may be useful in
other fields such as spintronics or quantum computing. This thesis hopes to contribute

to the understanding of these peculiar materials.

One focus point of the field is the study of the edge channels. They are characterized
by their helical nature [14]. This means that they always come in a counterpropagating
pair with opposite spin orientation. This property comes from the protection afforded to
the edge states by time-reversal symmetry, which is preserved in such system, as long as
there is not any magnetic field or magnetic impurities. In most theoretical works, the spin
orientation of the edge states is considered to be polarized in the z direction. However,
the axial spin symmetry is not essential for the existence of this topological phase. Only
time-reversal symmetry is crucial. Moreover in experimental devices, effects may arise
such as Rashba spin-orbit coupling or bulk inversion asymmetry [7, 15, 16] which do not
break time-reversal symmetry, but break the axial spin symmetry. The source of the spin
quantization axis symmetry-breaking can originate directly from the bulk material as bulk
inversion asymmetry, or in the case of Rasbha spin-orbit coupling, it can be induced by

an electric field or the substrate on top of which the topological insulator is grown.

In the absence of spin axis symmetry, the edge states remain helical, i.e. the states
counterpropagate. However, they do not now have a well-defined spin as they form a
combination of spin-up and spin-down. In momentum space, it was realized that close to
the Dirac point, i.e. the point where the edge states are crossing, the spin axis of the edge
states is rotating [17]. The aim of this thesis is to better understand the consequences
and the applications of a broken spin quantization axis. We will first try to quantify this

rotation as a function of the materials’ parameters and see how it is possible to enhance
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this effect. We will also extend the understanding of this rotation in real space and how it
could appear in experimental setups. Another aim of this thesis is to explain how to detect
the breaking of the spin axis symmetry through physical measurements and quantities.
It was pointed out that the broken spin axis symmetry should give some correction to
the conductance at finite temperature [17], but we will use transport and spectroscopic
setups to propose other means to detect it.

In this introductory chapter, we will start with the trending topic of topology in
condensed matter physics, a subject which resulted in the 2016 Nobel Prize in physics
being given to Thouless, Haldane and Kosterlitz. We will then focus our discussion on the
particular topic of two-dimensional insulators. We will then investigate the mechanisms
triggering such a phase as well as the subsequent models and possible materials. We will
conclude this chapter in introducing the concept of generic helical edge states, a central
notion to understanding the spin texture in two-dimensional topological insulators. It can
be noted that several reviews [18-23] and books [24-26] on this introductory theme and

beyond have already been written.

1.1 Topology in condensed matter physics

The study of phases of matter and the properties that characterize them are an impor-
tant topic in condensed matter physics. Usually, the classification is done through Landau
theory [27], involving the symmetries that are spontaneously broken in each phase. These
symmetries can be either discrete or continuous. One typical example is liquid water
becoming ice. From one phase to the other, the translational and rotational symmetries
become spontaneously broken, as the ice forms a crystalline order. Nonetheless, this
description of phases of matter does not give a complete classification.

One of the first hints appeared in 1980 when von Klitzing et al. performed the first
measurement of the Integer Quantum Hall Effect (IQHE) in a two-dimensional electron
gas (2DEG) at low temperature and high magnetic field [28]. It was discovered that
the current is carried by the edge whereas the bulk remains insulating, resulting in a
longitudinal resistance of 0. The edge current leads to a quantized Hall conductance at

some particular values
OH = nﬁ’ (1.1)

where n is an integer, e the elementary charge and h the Planck constant. The first
experimental evidence of IQHE is shown in Fig. 1.1 [28]. We indeed observe drops in the
longitudinal voltage each time the Hall voltage reaches a plateau value. The measured
Hall voltages at the plateaus are determined by the value of the applied current multiplied

by the values of the Hall resistance. The latter is precisely quantized independently of the
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Figure 1.1: Hall voltage Uy and longitudinal voltage Upp measured as a function of the
gate voltage V, at a temperature of 1.5K and a magnetic field of 18T, figure taken from
Ref. [28].

geometric details of the measured sample or of the disorder on the mesa. This originates
from the topological nature of the conductance. In a semiclassical interpretation [29], the
electrons are localized on cyclotron orbits due to the high magnetic field. These orbits
are quantized, forming Landau levels. On the edge, the electrons cannot complete the full
orbit, but instead move along the edge in a skipping motion. The topological origin of the
Hall conductance quantization cannot be understood through the conventional Landau
theory in terms of an order parameter, but rather through a topological invariant, the
first Chern number, which can only be an integer independently of the details of the
setup [30, 31]. The system exists in a different phase at each different value of n, without
breaking any symmetry. Therefore, the system should go through a quantum phase
transition, each time the value of n is changed by an integer number.

Before continuing further in the direction of IQHE, we can focus on the consequences of
the appearance of this topological invariant. First, we should define what topology in the
context of condensed matter physics means. In mathematics, topology can be introduced
to classify a space by the properties that are preserved under a “smooth transformation”.
Smooth in this context that the transformation can be carried out continuously. Therefore,

the global properties of a space are those of interest, not the particular geometric details.
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As an example of the use of topology in mathematics, we can roughly say that we can
classify a space by the number of “holes” it has — the genus. A torus has a different
genus compared to a sphere. In a physical context, the meaning of topology is related by
analogy to this “smooth transformation”. We consider only Hamiltonians with a bulk gap.
Two Hamiltonians are considered as topologically equivalent, if we can change smoothly
one Hamiltonian into the other without closing this bulk band gap. A phase transition

between two distinct topological phases is only possible when the gap closes.

To characterize the different physical phases, we need a topological invariant, the
Chern invariant. Berry introduced in Ref. [32] the concept of a geometrical phase which
appears during the time-evolution of the wave function during adiabatic transport in
slowly varying fields. This “Berry” phase is distinct from the usual dynamical phase
e’'. On a closed loop, the Berry phase cannot be removed unless it happens to take
an integer value multiplied by 27. On a closed loop in the Brillouin zone, the Berry
phase appears as the & momentum is adiabatically varied [33]. Simon [34] pointed out
the equivalence between the invariant proposed by Thouless et al. in Ref. [31], namely
the Chern number and the Berry phase divided by 27, when the surface bounded by the
closed loop corresponds to the full Brillouin zone. The link with the mathematics of fiber

bundles was also clearly stated [35, 36].

At the interface between two systems in different topological phases, the gap has to
close in order to move from one topological phase to the other. This change of phase is
also characterized by a change in the topological invariant. Moreover, the gap closing is
mediated by gapless chiral edge modes. Here the meaning of chiral is that they propagate
only in one direction. They are bound to the edge of the two systems, where the gap
closes. In fact, these edge modes are a manifestation of the bulk topological invariant.
The first link between topology and edge modes was proposed in 1976 in Ref. [37] and is
called the bulk-boundary correspondence [18, 26].

Finally, if we return to the IQHE, we can present a model, which was introduced
by Haldane in Ref. [38]. This model inspired the theoretical discovery of topological
insulators, as we will see later. Haldane realized that the key ingredient in the observation
of the IQHE is not the external magnetic field but the breaking of time-reversal (TR)
symmetry. We will come back to the importance of this symmetry in the next section.
The Haldane model consists of spinless fermions on a honeycomb lattice. It is composed of
a hexagonal lattice, where the unit cells contain two sites and hence the lattice is formed
of two sublattices. The magnetic field is chosen such that in one hexagonal plaquette, the

total magnetic flux cancels. The tight-binding Hamiltonian can be written as [24]

H=t Z c;fcj + 1 Z e’“’”d’cj»cj + M Zgicj»ci, (1.2)
(i5) (i) i
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where t; is the nearest-neighbor hopping. The second term describes the next-nearest-
neighbor hopping t, which acquires an additional phase e~#i®. This phase originates from
the flux acquired during the hopping and v;; = 1 will change depending on the hopping
rotation direction. We will discuss about this phase in more detail in Sec. 1.4.1. Finally,
the last term is the inversion-breaking mass term [39], where ; = £1 if the particle is
on the sublattice A or on the sublattice B. The interplay between the inversion breaking
mass term and the broken TR-symmetry due to the flux enables us to compute a nonzero

Hall conductance.

1.2 Topological insulators

Haldane described a nontrivial topological state where TR-symmetry is absent. The
key idea was to have an internal magnetic field which resulted in a vanishing total magnetic
flux. Although it remained relatively forgotten for more than 15 years, it paved the
way to the discovery of topological insulators (TIs) [6], where TR-symmetry is this time
preserved. To preserve TR-symmetry, the idea is to have a magnetic field which points
in opposite directions for each spin orientation. This can be achieved in the presence of
spin-orbit coupling (SOC) which acts as an effective magnetic field and depending on the
spin orientation, but at the same time preserves TR-symmetry. We will come back to
SOC and its origin in the next section. Finally, note the deep link of TT with IQHE: they
are both members of the Hall effect family; indeed two-dimensional TIs are also called
Quantum Spin Hall Effect (QSHE). Moreover, QSHE can be seen as copies of IQHE
states, one for each spin direction, which feel opposite effective magnetic fields. We will
only discuss two-dimensional TIs throughout this thesis.

The presence of TR-symmetry has a crucial impact and important consequences on
fermionic particles, i.e. in particular on electrons. The effect of TR is to reverse the
arrow of time, namely ¢ — —¢. Its operator © acts on space and momentum operators as
OO0~ ! =z and OpO~! = —p respectively. This means that © can be generally written
as the combination of a unitary operator U and complex conjugation K: © = UK. It
leads to the fact that ©% = 1. For spin operators, TR-symmetry acts as 0501 =_G.
By historical convention, the TR-operator rotates the spin by 7 around the y axis, leading
to the following expression

0 =™K, (1.3)

such that ©? = £1 for bosonic and fermionic particles respectively. Furthermore, Kramers
theorem [40] states that fermionic particles are at least doubly degenerate under TR-
symmetry. For example if we take one eigenfunction |¢)) of H and [H, 0] = 0, then O|1))

is also an eigenfunction of H. Moreover, it has the same eigenenergy and it is orthogonal

6



1.3. Spin-orbit coupling

to [¢). One important consequence of Kramers theorem is that in a translation symmetric
space (e.g. in a crystal) it implies that the eigenstates of the Hamiltonian with momenta
k and —k have the same energy. Only at some special points of the Brillouin zone, named
Time-Reveral Invariant Momenta (TRIM), we have a pair of degenerate states. As an
example, in a two-dimensional Brillouin zone for a square lattice, the TRIM are located
at (0,0), (0,£7/a), (£7/a,0) and (£7/a,+n/a), where a is the lattice constant.

That the TI preserves TR-symmetry leads to a Chern number of n = 0. Nonetheless,
it is still in another topological class to the trivial insulator, a class which is characterized
by a Zs invariant, i.e. either v = 0 or v = 1 [6]. We can understand this result using
bulk-boundary correspondence. Note that now, due to Kramers theorem, the edge states
necessarily come in pairs, as they are Kramers partners. Moreover, these pairs are defined
as helical [14], as they must propagate in opposite directions with opposite spin axis. If
we have an odd number of pairs of edge states in the gap, it is not possible to eliminate all
of the edge states by gapping them out without violating TR-symmetry. However, if we
have an even number of pairs of edge states, we can eliminate them completely without
violating TR-symmetry, by gapping them out. We can then relate the difference between
two values of the Zy invariant to the number of edge states appearing at the interface

through the following equation
Av = Ng mod 2, (1.4)

where N is the number of Kramers pairs [18, 26]. As the Hamiltonian has to remain TR-
invariant, some terms such as elastic backscattering or magnetic impurities are forbidden.
This then leads to a protection of the edge states against such mechanisms, making them

robust against small perturbations.

1.3 Spin-orbit coupling

We saw that SOC plays an important role in the physics of TIs. It enables us to have
an effective momentum-dependent magnetic field, which does not break TR-symmetry.
Nonetheless, the presence of SOC in a material does not necessarily lead to a TI phase
and in most cases, no such phase will occur. SOC arises from the relativistic effects.
We can first distinguish two origins: one originating directly from the atoms and their
intrinsic structure and the other from the crystal structure. If we start with the atomic
part of SOC, we can consider the relativistic hydrogen-like model. Even though this
model is quite simplified, it gives already the first insights for the atomic origin of SOC.

7



Introduction: Topological insulators

The nonrelativistic hydrogen model [41-43] has Hamiltonian

2 Z2
g=r _2¢
2m, T

, (1.5)

where the first term is the nonrelativistic kinetic energy of the electron and the second
term is the Coulomb potential of the atomic nucleus felt by the electron. Z is the atomic
number. As the electron moves in the nuclear electric field, the electron experiences an
effective magnetic field. A coupling between the electron spin S and the orbital momentum

L =r X p appears [41-43], such that there is an additional term

_ L lav o1 ze
©2m2ctr dr ©2m2e? 3

Hgso L-S. (1.6)
There is then a coupling between the orbital angular momentum and the spin orientation
of the electron. We observe that the atomic number Z enters in the evaluation of the SOC
energy contribution. If we compute the energy difference induced by SOC, we get a Z*/n?
dependence, where n is the principal quantum number, indicating the electron’s shell.
Therefore, heavier atoms will present stronger SOC effects. In atoms, one consequence of
SOC is the appearance of the fine structure.

A very important consequence of atomic SOC for TIs appears in the inversion of
the bandstructure. The order of the valence and the conduction bands can get inverted
leading to a negative mass gap. To adiabatically connect a Hamiltonian with an inverted
mass gap to a normal insulator which has a positive mass gap, it is necessary to close the
gap. Therefore in case of a strong SOC which enables a band inversion, a TI phase can
emerge [8, 44].

If we consider crystalline structures, additional SOC arises if there is a lack of inversion

symmetry [43, 45]. This lack of inversion symmetry appears
e at the interface of the crystal, or
e if the crystal lattice does not have a center of inversion, or
e if there is locally a lack of inversion symmetry.

In the two first cases, the additional SOC is not responsible for creating a TI phase,
but are important sources for breaking the axial spin symmetry. The lack of inversion
symmetry at the interface is called Structural Inversion Asymmetry (SIA), which can
in some systems lead to (Bychkov-)Rashba SOC [46, 47]. If the crystal is grown in the
z-direction, there is an effective electric field E pointing in the z-direction at the interface

such that E = F,z. The electron moving at the surface will “feel” an effective magnetic

8
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Figure 1.2: Sketch of the Fermi surface and of the spin orientation in case of the absence
of inversion symmetry. Panel (a) shows the spin orientation in the presence of Rashba
SOC and panel (b) shows the spin orientation in the presence of linear Dresselhaus SOC.

field due to this electric field. The Rashba SOC term can then be expressed as
Hp = agp(z x p)- 0o, (1.7)

where ag is the Rashba SOC constant. This constant is material dependent. Rashba SOC
locks the electron’s spin to lie in the plane perpendicular to z and it imposes that the
spin axis is also perpendicular to the momentum. This is called spin-momentum locking

and its effect at the Fermi surface is shown in Fig. 1.2(a).

The lack of a center of inversion, typically in ITI-V semiconductors like GaAs or InSb,
is called Bulk Inversion Asymmetry (BIA), which can lead to Dresselhaus SOC [48]. It
was first noticed by Dresselhaus that close to the I' point, SOC can be expressed as

HEP = p [(02 — p2)pe0e + (07 — p2)pyoy + (02 — P)p:0-] | (1.8)

where vp is the Dresselhaus SOC constant. For a crystal grown in the z-direction, which
exhibit a 2DEG, it is possible to simplify the expression above [49]. We can estimate the
expectation values (k,) = 0 and Sp = vp(k?) . Moreover, we can only keep the linear

term in k, and k,. The Hamiltionian now becomes

Hp = ﬁD [pyay _pxaz] . (19)

The linear term also locks the spin in the surface plane perpendicular to z. However this
time, it imposes that the spin axis is parallel to the momentum. Its effect at the Fermi
surface is shown in Fig. 1.2(b). Note that at the interface of semiconductors without a
center of inversion, we will see the appearance of both SIA and BIA, and both effects will
combine resulting in a particular spin orientation at the Fermi surface. Moreover, they

will break the spin quantization axis symmetry. This will have important consequence for
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the appearance of a nontrivial spin texture.

Finally, we can also consider when inversion symmetry is locally absent in the crystal.
In this case, SOC can also arise and we will define it as “intrinsic SOC”. This type of SOC
is very important in relation to TT phases, as it can open a nontrivial gap at the Fermi
energy [7]. This gap will differ from the inversion-breaking mass term defined for example
in Haldane Hamiltonian in Eq. (1.2) or in Ref. [39], as the system becomes gapless at
some point to smoothly connect the states in these two types of gaps [7]. We will see an

example in Sec. 1.4.1.

1.4 Proposed models and materials

In the previous section, we introduced the concept of topology in condensed matter
physics, which led to the discovery of TIs. We pointed out the main features of TIs and
we stressed the importance of SOC in such systems. We have now enough knowledge
to move on to a more practical and realistic examination, where we explore the different

proposed models as well as the material candidates.

1.4.1 Kane-Mele model for graphene

Chronologically, the first model for TIs was designed for graphene. Kane and Mele [6,
7] generalized the model developed by Haldane [38], where the phase-dependent hopping
now originates from an intrinsic SOC. It leads to an opening of the gap at the K and K’
points which, is of opposite sign at these two points. As noted in the previous section, this
gap cannot be adiabatically traced to a simple inversion-breaking mass [7]. The phase-
dependent hopping comes from the fact that the electron hopping to the next-nearest
neighbor site feels the electric field emitted from the intermediate site. The electric field
induces an effective magnetic field on the moving electron. This effective magnetic field
generates a phase for the electron, which depends on the spin of the electron and on
the position of the intermediate site, as shown in Fig. 1.3. The Hamiltonian is fully TR
invariant. Moreover, if there is a perpendicular electric field or a substrate, Rashba SOC
appears due to the breaking of inversion symmetry. As explained before, this term does
not break TR symmetry either, but it does break spin axis symmetry. Nevertheless, the
Zy invariant is stable as long as the Rashba term is not sufficiently large to close the gap
[7, 50]. The Kane-Mele (KM) model can be written in a tight-binding form as

Hyy = —t Z cle; +idso Z vijclsie; +idra Z cl(s x dyy).c;, (1.10)
(i5) {@z) (@)

10



1.4. Proposed models and materials

Figure 1.3: Sign of the phases resulting from the intrinsic SOC.

where ¢; = (cjt,¢j)7 is a spinor. t is the nearest-neighbor hopping, Aso is the intrinsic
SOC and Ag; is the Rashba SOC. v;; = %1 is the phase described above, resulting from
the induced effective magnetic field when the electron hops to its next-nearest-neighbor.
This is the same phase presented in the Haldane model in Eq. (1.2). It will take the value
+1 if the electron makes a “left turn” (resp. “right turn”), as indicated in Fig. 1.3. s is
the physical spin and &Z-j is the unit vector between the site j and the site i. We define

the translation vectors between neighboring sites as

a [—1 a 1 a 1
N R R AT

where a is the lattice constant. The unit cell is formed by two equivalent atoms (a & b)
represented in red and in blue respectively in Fig 1.3. We can describe the spinor ¢; in
terms of elements of the sublattice a; and b;. We must consistently take into account the
hopping to the nearest and to the next-nearest neighbors. The lattice unit vectors are
a; =09 — 0; and ay = 03 — d3.

We Fourier transform the Hamiltonian into momentum space, such that the operators

j J

The Hamiltonian can be rewritten as

become

Hiow = 3 W (k) Hacns ()0 (K), (1.13)

where U(k) = (a4(k), by(k), a;(k), b, (k))”. The Hamiltonian is now expressed in terms of
the Bloch matrix

e(k) -1

(
—7(k) —e(k)  po(k) 0

Hicw (k) = , (1.14)

11



Introduction: Topological insulators

L)

T T -

0 L =x

Figure 1.4: Sketch of a TI nanorribon of length L. The inside is hollow. At each end,
there are two edge states propagating in opposite directions and are characterized by their
momenta.

where the different terms appearing in the Hamiltonian are k-dependent

(k) =t [1 - ¢V/Biake/2 iaky /2 | ek] , (1.15)

£(k) = 2Xs0 [sin(aky) — 2sin(ak, /2) cos(v/3ak, /2)] , (1.16)

(k) = z’)\;l [<_\/§ —i)+ emky(\/g - 2i6\/§iakz/2€iaky/2} ’ (1.17)
pa(k) = M;“ [(\/ﬁ i)+ e (/3 4 4) — 2ie—ﬂiakz/2e—iaky/2] . (1.18)

We would like to model a T1 nanoribbon, i.e. a hollow cylinder. As the nanoribbon is
surrounded by vacuum, edge states will appear localized at both ends of the nanoribbon,
as shown in Fig. 1.4. We can understand this using bulk-boundary correspondence in
Eq. (1.4), as vacuum is a trivial insulator. We partially Fourier transform Eq. (1.10) in

the y-direction using

czky = Z eiky“jc;’j , Clk, = Z e_iky“jcm. (1.19)
J J

It is possible to plot the band energy spectrum as a function of momentum, because there
is still one periodic direction. Note that the there are two pairs of edge states due to the
finite length of the ribbon, i.e. there are two states at x = 0 and two states at x = L. An
example of such nanoribbon using KM model is shown on Fig. 1.5. We set a =1, t =1,
Aso = 0.2 and Ag; = 0.05. The gap A is determined by the strength of the intrinsic SOC,
A/2 = 3v/3)g0. Note that the edge states start at the K and K’ points where the Dirac

cones open and cross at the TRIM k, = 7. Rashba SOC breaks particle-hole symmetry
(E(k) = —E(k)).

12



1.4. Proposed models and materials

Figure 1.5: The energy spectrum of the KM Hamiltonian for a nanoribbon of L=32 unit
cells. Weset a=1,t =1, A\go = 0.2 and Ag; = 0.05.

1.4.1.1 Silicene, Germanene & Stanene

It was soon noted that SOC in graphene is too small to generate a measurable gap
[51, 52]. In order to increase SOC, we can use heavier elements than carbon as we saw
in Sec. 1.3. We replace the carbon atoms by silicon, germanium or tin atoms to form
silicene, germanene or stanene respectively. From first principles calculations [53, 54|, the
gap is large enough to hope for room-temperature experiments due to the enhanced SOC.
Due to buckling of the structure, an additional intrinsic Rashba SOC term appears in
these non-graphene systems [54]. Tt is expressed as
2 \ t .
3Rz > pcl(s x dy)- o5, (1.20)

)

HR,2 - —Z

where f1;; = £1 is a phase for the sublattice a and b respectively and aij is the unit
vector between the site ¢ and the site j. It is still possible to apply an electric field or use
the substrate to induce a tunable Rashba interaction like in Eq. (1.10) [55]. We can also

Fourier transform this Hamiltonian, to have the Bloch matrix

0 0 —ps(k) 0
0 0 0 ps(k)

Hr2(k) = a0 0 0 | (1.21)
0 p3k) 0 0

13



Introduction: Topological insulators

Figure 1.6: The energy spectrum of silicene described by the KM Hamiltonian and A o-
term, for a nanoribbon of L=32 unit cells. Weset a =1,¢ =1, Aso = 0.2, Ag;;1 = 0 and
Ar2 = 0.5.

where p3(k) is given by

p3(k) = %AR,Q sin(ak,) + cos(V/3ak,/2) sin(ak,/2)

(1.22)
+V/3i sin(v/3ak, /2) cos(ak,/2)| .

As for the KM model, we can partially Fourier transform the Hamiltonian and produce
a plot for the energy spectrum of a nanoribbon as shown in Fig. 1.6. We set a = 1
and ¢ = 1 such that A\so = 0.2, Ag;; = 0 and Ag2 = 0.5. There are a few differences
compared to the case of extrinsic Rashba SOC: the intrinsic Rashba SOC preserves the
particle-hole symmetry but its effect is weaker (between Fig. 1.5 and Fig 1.6, there is a
factor 10 between the two Rashba SOC strengths).

1.4.2 Bernevig-Hughes-Zhang model for HgTe heterostructures

Soon after KM, Bernevig, Hughes & Zhang [8] (BHZ) developed another model for
two-dimensional TI. They used the zinc blende structure of a heterostructure formed by
a layer of HgTe sandwiched between two layers of CdTe. Zinc blende lattices are two
interpenetrating face-centered cubic lattices, and they are a common crystal structure for
binary compound semiconductors. Due to the strong SOC, the s-band and the p-bands
get inverted near the I'-point in the HgTe layer. This is not the case for the CdTe layer,

as the SOC effect is weaker. We see the band structure of the two layers near the I'-point

14
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Figure 1.7: In panel (A), the bandstructure is plotted in each layer near the I'-point.
On the left, we have the bandstructure for HgTe, which has an inversion of the I's and
I's bands. On the right, we have the bandstructure for CdTe. Panel (B) shows the
band inversion in the effective model. If the length is shorter the critical value (left), the
insulator remains trivial. Otherwise (right), it becomes a TI. Taken from Ref. [8].

in panel A of Fig. 1.7 [8], where I'; and T'g are p-bands and I's is an s-band.

It is possible to describe this system as an effective 2D system from k - p theory
[49, 56] with only two spin-degenerate bands: one electron band {|E;,+),|F1, —)} and
one hole band {|Hy, +), |H1, —)}. The states are confined to the HgTe layer. The inversion
of these two effective bands, and thus also the topological phase transition occurs at a
critical length d. = 6.3nm. Below that critical value, the system is a trivial insulator and
above it, it becomes a TI as shown in panel B of Fig. 1.7 [8]. More about zinc blende
heterostructures and & - p theory will be presented in Chap. 4.

The effective two-dimensional Hamiltonian is expressed in the following manner

Ha, = 37 0 (0 Han (k)90 = 37 91k (h . ) o0, (129
" " 0 k)

where ®(k) = (E,(k), H, (k), E_(k), H_(k))”. h(k) is a massive Dirac Hamiltonian
h(k) = e(k) +d(k) - o, (1.24)
where e(k) = C—D(kZ+k}), d(k) = (Ak,, —Aky, M — B(k2+k}))" and 0 = (0%, 0Y,0°)"
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Introduction: Topological insulators

are the Pauli matrices acting on the pseudospin of the subbands. A, B, C, and D are
parameters that depend on the original layers. M is the band gap at the I'-point, so
that when M is negative there is a band inversion. The system is in a TI regime if
0 < M/(2B) < 2. With this notation we can rewrite the Bloch matrices as

HBHZ(k) = €(k)]l4x4 + dl(k) Oy ® Sy + dg(k) . O'y (029 ]lgxg + dg(k) Oy ® ]12:52, (125)

where s is the physical spin. This continuous model can be regularized on a square lattice,
such that k; ~ sin(k;) and k? ~ 2—2cos(k;). It is interesting to note that the Hamiltonian
is still block diagonal. Nonetheless, as the lattice is now formed of two types of atoms,

inversion symmetry in the bulk is not preserved [57]. This leads to an additional term
—A

Hpia (k) = , (1.26)

0 0
0 A
A 0
-A 0 0
where A is a material parameter. We now observe a term coupling the spin compo-
nents. Structural asymmetry can be induced by an electric field, leading to k-dependent

correction terms [16]. We Fourier transform the Hamiltonian back to real space,

4D 4B

_ i i t i

Hpnz =(C — e ) E (eijaeijtf + hz’jahij0> + (M — e ) § (%-gez‘ja - hijohij0>
130 1j0

D
T T T T
+ pel Z (€i+1,jaeij<f + € j110Cijo T ity jolijo + hi,j-i—lahijff)
ijo
b ! f Al . h hl . h
+ 2 €it1,joCijo T € jr10Cijo — Nig1 jollijo — N jr10bijo (1.27)

ijo
+% € igt 08y gt 1€ gy — 1€y 5 i)
ij

A
+ % Z <62~L7j+10hijg — ezj_lghijg> + A Z <€L~Thij¢ — hngeijJ,) + h.c.
ij

ijo

)

where each site (i,7) has two orbitals: the electron-like orbital e;j, and the hole-like
orbital h;j,. This enables us, after partially transforming the Hamiltonian, to plot the
band structure on a nanoribbon, as we observed for the KM model and silicene as shown
in Fig. 1.8. Weseta=1, A=5 B=—-1, M =-2,C=D=0and A =0.3. Note that
the crossing of the edge states occurs at the TRIM k, = 0 and BIA does not break the

particle-hole symmetry.
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1.4. Proposed models and materials

Figure 1.8: The energy spectrum of the BHZ Hamiltonian and BIA for a nanoribbon of
L=32 unit cells. Weseta=1, A=5 B=—-1,M=-2 C=D=0and A =0.3.

Historically, the HgTe heterostructure was the first experimental realization of 2D T1I
in 2007 [12]. Konig et al. manufactured different sizes and thicknesses of heterostructures
by molecular beam epitaxy. They measured the resistance for a four terminal Hall bar
when the Fermi energy is tuned by the gate voltage V, into the bulk gap. The results can
be seen in Fig. 1.9 [12]. If the system is in the trivial regime (I), d < d., and the resistance
is very high, which is what is expected of a normal insulator. If the system is larger than
the critical width (ITI) & (IV), the resistance is quantized to R = h/(2€*), which is what
we expect for ballistic edge states. It is also the case in the inset for different temperatures.
Nonetheless if the length is longer than the mean free path (II), the resistance deviates
from the quantized value due to the disorder. Other transport measurements, including
non-local resistance measurements, were performed confirming the presence of edge modes
[57-60]. Finally, another proof of the existence of edge states in the T1 regime was provided
by experiments unsig a superconducting quantum interference device (SQUID) [61, 62].
A superconducting loop scans the device, and measures the magnetic field induced by the
current. Inverting the Biot-Savart law, the current density can be extracted enabling us
to image of the current in the sample. It is also possible to spatially visualize the edge

states via scanning gate microscopy [63].

1.4.2.1 InAs/GaSb heterostructures

Another similar structure to HgTe heterostructure is the one formed from a layer of
InAs and a layer of GaSb sandwiched between two layers of AISb. This heterostructure

was theoretically proposed in 2008 [15]. It is possible to derive an effective Hamiltonian
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Figure 1.9: Resistance (conductance) measurements in the trivial regime (I), where the
resistance is maximal showing a gap and in the inverted regime (II, III & IV), where the
conductance should always be G = 2¢%/h. In the insert, several resistance measurements
at different temperature. Taken from Ref. [12].

similar to the BHZ Hamiltonian (1.23). In this case, the trivial and non-trivial regimes
are not only governed by the width of the central layer(s), but also the back voltage
which enables us to switch between the two regimes, creating a more versatile tool for
studying a topological phase transition. Secondly, neither of the two central layers have
a band inversion in the central layer as shown in Fig. 1.10. It is the broken gap of the
heterojunction which creates an inversion of the band. This leads to a spatial separation
between the two bands, where the electron-like band is more localized in the InAs layer
whereas the hole-like band is more localized in the GaSbh layer. Additional terms appear
due to the lack of structural and bulk inversion symmetry [15], which couples again the

two spin blocks.

0 0 Aok, +ik) Ay
0 0 Ag Ac(ky — iky)
Hpa (k) = : 1.28
sl =1 A (s — ik, Ao (1:28)
0 0 i€ (ke —ik,) O
0 0 0 0
Hsia (k) = . . ) (1.29)
—i€ (ky +ik,) 0O 0 0
0 0 0 0
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Figure 1.10: Band structure in the z-direction. The conduction band is indicated in each
layer in green and the valence band is indicated in red. The (dashed) blue line shows the
effective inverted bands representing electron-like and hole-like behavior near the I'-point.

where Ag, A, Ay, and &, are material parameters. Note that BIA is nearly negligible in
such a heterostructure [64], but the Rashba SOC seems to play an important role [65],
More on this topic and on InAs/GaSb heterostructures will be presented in Chap. 4. After
this theoretical prediction, experimental evidence of QSHE through transport measure-
ments were first found in 2011 [13]. In the following years, other transport measurements
were made on this heterostructure to confirm the presence of edge states [66-73]. In a
similar manner as in the Hg'Te heterostructures, SQUID measurements were able to image
current densities [74]. Very recently, evidence of trivial edge states, i.e. edge states remai-
ning also in the trivial regime appeared using both transport and SQUID measurements
[75, 76].

1.5 Generic helical edge states

In the models and materials presented above, several mechanisms were responsible
for breaking the axial spin symmetry either intrinsically or extrinsically. It is therefore
necessary to develop a more general framework, where only time-reversal symmetry is
assumed. In this framework, the edge states are called generic helical edge states [17].
They are still characterized by their helicity, but they are no longer eigenstates of the
spin operator. Using time-reversal symmetry, the right-moving edge state ¥ (k) in a

translation-invariant system is linked to the left-moving edge states 1_ (k) through:

Ty (F)T™ =y (—k),

(1.30)
To_ ()T = —o, (),
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Figure 1.11: A sketch of the edge state dispersions plotted with respect to momentum. In
panel (a), the axial spin symmetry is preserved, leading to orthogonal edge states at any
momenta. In panel (b), the axial spin symmetry is broken, leading to a possible overlap
for the edge states when their momenta differ.

where T' is the anti-unitary time-reversal operator. Elastic backscattering is still not allo-
wed: a term such as ¢! (k)y_ (k) + h.c. would violate time-reversal symmetry. Moreover,

due to Kramers’ theorem, any overlap at the same energy would vanish, for example
(Y (=F)[v4(k)) = 0.

Nevertheless, new processes such as inelastic scattering induced by electron-electron
interactions are now allowed. The overlap for states with different momenta can be finite
[17, 77, 78], even if time-reversal symmetry is preserved. An example of such a case
can be seen in Fig. 1.11. In panel (a), the edge states are indeed spin eigenvalues. The
overlap is zero by construction, independent of momentum and inelastic backscattering
is forbidden. In panel (b), the edge states no longer have any axial spin symmetry.
Therefore, the overlap vanishes if the modulus of their momenta is equal due to TR-
symmetry, i.e. (¢_(%k)|v4(k)) = 0, but it might not be the case at other momenta.
Such a finite overlap between states of different momenta, such as those joined by the
dashed blue line in Fig. 1.11 enables new processes. It can lead to new phenomena, such
as a correction of the conductance at finite temperature [17, 79] or new interference effects

in transport calculations [80, 81].

It is possible to relate the chiral basis (¢4 (k), ¥_(k))” to the spin basis (1(k), (k)T

at any momentum & through a SU(2) momentum-dependent matrix By,

Uy (k) v (k)
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By is only determined by unitarity and time-reversal symmetry. Its most generic form is

B, — <c?s(9k) —sin(&k)> 7 (132)
sin(fx)  cos(6y)

where 6, measures the rotation of the spin axis at the value of k. 6, should be even in
k, due to time-reversal symmetry. We can set the direction of the spin axis, such that

By = 1545 at the Dirac point & = 0. If we expand By, up to k%, we find

Bkm< ! _<k/k°)2>, (1.33)
(k/ko)? 1

where kg can be understood as the characteristic scale for the rotation of the spin quantiza-
tion axis. kg is a central concept in this thesis as it enables us to obtain some information
about the spin texture and it can be quantified. Here, the spin texture describes the spin

axis orientations in the edge states.

1.6 Outline

The remaining parts of this thesis are organized in the following manner. In the next
chapter, we will start by describing how to extract the spin texture in a translational inva-
riant system. As the system needs some boundary with a trivial system to get edge states,
we focus our study on nanoribbons. This will enable us to extract the first information
about nontrivial spin textures. Nonetheless, nanoribbons and translation invariant sys-
tems are not very realistic systems for more concrete measurements. We go on to probe
how the nontrivial spin texture is expressed in real space. We will start by considering
a rotationally invariant disk. We discover that in such system we can replace the lattice
momentum by the total angular momentum. It is still possible to argue that such systems
still preserve some spatial symmetry. Therefore, the last step will be to explore the spin
texture in the absence of any spatial symmetry, i.e. in flakes. We will be able to show
that the spin textures in nanoribbons and in disks or flakes coincide. Finally, as the spin
texture can be extracted locally, we will investigate its spectroscopic properties.

In chapter 3, we study a Hall bar transport setup using our prior knowledge of the
spin texture in (angular) momentum space. With the help of an antidot (i.e. a hole in
the middle of the Hall bar), we will probe the spin texture in two cases: either neglecting
Coulomb interaction for the electrons located on the antidot, or considering the Coulomb
blockade regime. In the first case, we will use Landauer-Biittiker formalism to compute

the (non)local resistance and understand the role of the spin texture. The results will
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be compared to numeric calculations. In the second case, we will use Fermi’s golden rule
to compute the current flowing through the antidot in the sequential and cotunneling
regimes. We will be able to detect a direct change of the tunneling current due to the
nontrivial spin texture if the antidot is in the cotunneling regime.

Finally in chapter 4, we will focus on InAs/GaSb heterostructures. We will start with
a small introduction about k- p theory and how to apply it to heterostructures. From the
k - p Hamiltonian, we will derive an effective two-dimensional Hamiltonian, considering
perturbatively the terms with components perpendicular to the growth direction. This
Hamiltonian will exhibit anisotropies, therefore we expect that the band structure will be
influenced by the crystallographic direction of measurement. We then compute the band
structure for nanoribbons in different orientations. From there, we will apply the same
method as in chapter 2 and extract the spin texture. We show that the spin texture will
depend explicitly on the crystallographic orientation of the nanoribbons.

We summarize the findings presented in this thesis and propose new possible avenues

of research and remaining open questions in chapter 5.
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2 Spin texture of generic helical

edge states

After presenting the essential concepts relevant for this thesis, we first focus on the
notion of generic helical edge states. We realized in Eq. (1.31) that it was possible to relate
the chiral basis to a spin basis through a momentum-dependent matrix By. Therefore, B,
enables us to extract information about the spin texture. However, it is not possible to
extract directly the matrix numerically, but we can extract ky. To do so, one approach is to
consider the scattering of edge states propagating in opposite directions on a nanoribbon
similar to the one in Fig. 1.4, where the edges are parallel to the y direction. In the case of
an impurity localized at (xo, yo), which generates a potential that has a wavelength shorter
than the Fermi wavelength, but larger than the penetration length, the backscattering
Hamiltonian can be expressed as Vod(y — yo). By comparing it in the chiral basis with
the Hamiltonian which originates from an impurity violating translation invariance, we
get [17]

|:B]Z2Bk1:| - :/d$¢:k2($a?Jo)¢+,k1($,y0)- (2.1)

Near the Dirac point, the low-momentum expansion from Eq. (1.33) enables us to make

the following approximation
] - —2 (1.2 2
[BkQBkl] ~ kg ? (k2 — K2) . (2.2)

We have now means of obtaining some information about the spin texture. Most of the

results presented in this chapter were published in Ref. [77].
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2.1 Extracting the spin texture in momentum space

In order to extract the numerical value of ky, we have to modify slightly our expression

for the spin texture by adding the modulus

K(kyi, k) = ‘/dm/fi,kz(l’;yo)?/&,kl (z,90)| = k52 |k% - k§| . (2.3)

The absolute value makes this expression gauge invariant. When we extract the wave
function of the edge states in our nanoribbon geometry, we need to diagonalize the Ha-
miltonian at each momentum k. This adds an overall U(1) phase for each eigenfunction:
this phase will be the same for the eigenfunctions at a given momentum, but the dia-
gonalization procedure does not set the phase between two eigenfunctions at different

momenta. We expect the spin texture to have the following properties:

e If there is no term mixing the spins, such as structural or bulk inversion asymmetry,

the spin texture cannot be found, i.e. K(ky, ko) = 0 for all &y, k.
e Its strength will be determined by the value taken by &y 2,

e At k; = ko, the spin texture vanishes, i.e. K(ky,k;) = 0 for all k. The two eigen-
functions come from the same diagonalization procedure, they will be orthogonal

by construction.

e At ky = —ko, the spin texture also vanishes, i.e. K(ky, —k;) = 0 for all k;. The two

eigenfunctions are TR-partners, thus they are orthogonal due to Kramers’ theorem.

e Near the Dirac point (E = 0), the spin texture should behave as IC(ki, ks) =~
ko [k — k3.

We will see in the next sections how to generalize the spin texture IC(kq, k2), when we lose
translation invariance.

Practically, we implement the KM model (1.10) or BHZ model with BIA (1.27) on
a nanoribbon in the same manner we already did for Figs. 1.5 and 1.8. During the
diagonalization procedure, we get the energy and the eigenvalues ¢4y, (z,10). We can
assume that yo = 0, since the system is translation symmetric. Then the integral (2.3) can
be directly computed by summing each overlap along the z-axis (the integral is changed
to a sum, as there are a finite number of sites in the x-direction). The spin texture for
the BHZ model is shown in Fig. 2.1. We use the same parameters as in Fig. 1.8 except for
the BIA parameter set at A = 0.5. It is totally symmetric with respect to momentum,
showing a hyperbolic structure. This symmetry is not surprising, as the BHZ Hamiltonian

with BIA preserves particle-hole symmetry.
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Figure 2.1: The spin texture of the BHZ Hamiltonian including BIA for a nanoribbon of
L=32 unit cells. Weseta =1, A=5 B=—-1, M =-2,C=D=0and A =0.5. In
panel (a), we have the three-dimensional plot and in panel (b), the corresponding contour
plot.

We can extract in the same manner the spin texture for the KM Hamiltonian, where
the spin mixing is created by Rashba SOC Ar;. In this case, the texture is shown in
Fig. 2.2. We use the same parameters as in Fig. 1.5. We observe a small asymmetry
where the spin texture deviates at large k from the perfect hyperbolic structure. Note
that the full Hamiltonian is not particle-hole symmetric. Nonetheless, at low energy, the
quadratic structure of the spin texture remains a good approximation and can still be
used to evaluate the value of ky 2.

The effect of the intrinsic Rashba SOC term written in Eq. (1.20), which appears
in materials such as silicene, can also lead to a nontrivial spin texture. From the same
parameters used in Fig. 1.6, we can plot the spin texture. They are shown in Fig. 2.3
and in contrast to the spin texture with the extrinsic Rashba SOC Ag i, it is this time
symmetric, as the full Hamiltonian preserves particle-hole symmetry. Nonetheless, the
intrinsic Rashba SOC has a weaker effect, as there is a factor of 10 between the magnitudes
of the two Rashba SOC in Figs. 2.2 and 2.3.

To extract the spin texture, we need to get the numerical value of k; 2 We used two
methods, which led to similar conclusions and parameter values. The first method is
to take the fits at constant value of ky (or ky), where the only fitting parameter is the
constant in front of |k? — k2| and we average the fitting values to get ko. The other method
is to directly perform a two-dimensional fit on the spin texture. If we start with the BHZ

Hamiltonian, we can get the scaling of ky? with respect to the BIA parameter A,
ko? o< |Al, (2.4)
which is independent of the length of the ribbon as we can see in Fig. 2.4. We used same
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Figure 2.2: The spin texture of the KM Hamiltonian for a nanoribbon of L=32 unit
cells. Weset @ = 1, ¢ =1, Aso = 0.2 and Ag; = 0.05. In panel (a), we have the
three-dimensional plot and in panel (b), the corresponding contour plot.
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Figure 2.4: Parameter dependence for k;? in the BHZ Hamiltonian including BIA for a
nanoribbon of L=32 unit cells. Weseta =1, A=5 B=—-1, M =-2 C=D=0.
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Figure 2.5: Parameter dependence for k; 2 in the KM Hamiltonian for nanoribbons of
L=32 as function of A\go (a) and Ag; (b). Weset a =1, ¢ =1.

parameters as before (a =1, A=5 B=—-1, M =-2,C=D=0).
Regarding the KM Hamiltonian, we have two parameters which can influence the
extracted value of ky?: the intrinsic SOC and the extrinsic Rashba SOC. kq scales with

the modulus of Rashba SOC and as the inverse square root of the intrinsic SOC modulus

-2 x |/\R,1|

"7 Vol

This scaling can be seen in Fig. 2.5, where the parameters are kept similar in comparison

(2.5)

to the previous plots (a =1, and t = 1).

For silicene, germanene and stanene, we decide to compute realistic values of ky 2, but
we exclude the extrinsic Rashba SOC. This can be justified as the extrinsic one can be
tuned with an external electric field and its maximal value remains much weaker [55]. If
we use the parameters from first principles computations [54], we get the results which

are summarized on Table 2.1. We can see that for heavier elements such as germanium
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ky2a—? kod
Silicene 2.4341-1077 2027
Germanene  6.8594 - 107° 121
Stanene 1.0282- 1074 99

Table 2.1: Values of ky? and ko multiplied with @ = v/3a, the distance between two unit
cells, for silicene, germanene and stanene. The system parameters are taken from Ref. [54]
and the effect of extrinsic Rashba SOC is not considered.

or tin, the full rotation happens for a length of about 100 Brillouin zones.

We have now a good understanding of the spin texture on a nanoribbon, where the
dependence on momentum is clearly stated. We have an explicit procedure to extract this
information. We also determined the dependence on material parameters for different
models and offered some realistic values of the spin texture. Note that results for the

BHZ model with structural inversion asymmetry, Eq. (1.29), were published in Ref. [78].

2.2 Extracting the spin texture in a real space: con-

tinuum disks

Nonetheless, the notion of nanoribbon and momentum is not clear in an experimental
realization. As we saw in Sec. 1.4, most of the experiments were made to measure some
transport properties using Hall bars. Translation symmetry is lost and there is not neces-
sarily any other spatial symmetry. The first step is to understand the spin texture when
the rotational symmetry is still preserved, using disks.

To analyze these TIs disks, we use the continuous version of the BHZ model from
Eq. (1.23) and bulk inversion asymmetry from Eq. (1.26). The latter is responsible for
the nontrivial spin texture as we realized in the previous section. To have no penetration
of the edge states in the surrounding media [82], we assume that the disk is surrounded
by vacuum (i.e. the TT is surrounded by an infinite potential) as shown in Fig. 2.6. The
edge states then counterpropagate at the radius R, the boundary between the TT disk
and the infinite potential.

Circular geometry for TT was also studied in other works. In Ref. [83], Michetti and
Recher investigated the energy spectrum as well as the wave functions for Aharonov-Bohm
rings and disks using the BHZ model, Eq. (1.23), and structural inversion asymmetry,
Eq. (1.29). The case of an antidot (an infinite TI with a circular hole in its middle)
using only the BHZ model was also studied in Ref. [84]. Ref. [85] used the KM model
for silicene where disks with and without intrinsic spin-orbit coupling were investigated

under a magnetic field. Finally, short cylinders of three-dimensional T1 were investigated
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P T
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Figure 2.6: Sketch of the T1 disk, surrounded by an infinite potential. R labels the radius
of the disk, whereas r denotes the radial distance. The edge states are (counter)clockwise
propagating at the boundary between the two media.

in Ref. [86].

As mentioned above, we use the BHZ model, Eq. (1.23), with bulk inversion asymme-
try, Eq. (1.26). We set C'= D = 0 as these material parameters do not interfere with the
topological nature of the TI disk, but merely break the particle-hole symmetry. We need
to transform from the momentum space representation of the Hamiltonian to real space

by replacing k, = —id, and k, = —i0,. The Hamiltonian becomes

‘H = Hpuz + Heia

(2.6)
= —iA(0,0, @ 5, — 0y0y ® Loga) + (M + BI2 + BO)o. @ Loy + Aoy @ 5.

As the system is rotationally invariant, it is advantageous to transform the coordinates into
the polar ones x = rcos(¢), y = rsin(¢). The partial derivatives become 9, = cos(¢)0, —
iwlz, 0y = sin(¢)0, + i@lz, where [, = —i0, is the orbital angular momentum. The

bulk inversion asymmetry term is not affected by this change of coordinate, but the BHZ

Hamiltonian now reads

. . L,
Hpuz = —A (emz@sziar% ® s, 4 €97 20, ® ]]-2z2>
T
12 a (27)
+ (M + BO? — B= + Bi) 0, ® Loyo.
T T

Note that the system does not commute with the orbital angular momentum [,. We define

a total angular momentum j,, such that

1
This angular momentum commutes with the Hamiltonian [H,j,] = 0, therefore there
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Spin texture of generic helical edge states

exists a basis where the elements are both eigenstates of the Hamiltonian and of the total

angular momentum operator. This basis fulfills
3=Y5(r, 0) = j¥;(r, ¢). (2.9)

When this differential equation is solved and the periodicity is set, the angular part of

the wave function is completely established. The differential equation leads to

\IIJE1+(T7 ¢) \Iij1+(r)6i¢/2
U (7, g (r)eie?
]Hl-‘r( ¢) _ it ]H1+( ) | ‘ (210)
Uip,—(r, @) Ui, (r)e
\Ilelf(ra ¢) \D]’H1*<7ﬂ)ei¢/2

The periodicity of the wave function imposes ¥,(r, ¢) = V,(r, ¢ + 27), such that j is a
half-integer, 7 + 1/2 € Z.

Solving the radial part requires more sophistry. To start with, we apply the Hamilto-

nian to the wave function HW¥;(r, ¢) = EW;(r, ¢), creating the following set of equations:

(U +1/2)

1
(M + B> — B + B;@T - E) Wip (1)

r

j—1/2
r

+ Ai <_8'r‘ + > Vim+(r) — AV;m,—(r) =0

+1/2
4 (_ar Il ) Uyprs () + AT (1)

2
j+1/2

. 2
+ (—M — BO? + pUZ L2 ply E) U4 (r)=0
" (2.11)

A\DJ'HlJr(T) + Ai (ar + ) \Ijolf(r)

- 2
(s Bor—BY=Y2 gy Cp) s )0
T r2 r JE1

— AUy, (r) + Ai (& -~ 1/2) Vjm-(r)

r

: 2
var-pa2+ YN gy pyeg, =0

r

The ansatz for each radial component is

Uja(r) = V;aZ;(\/pr), (2.12)
where Z; is a Bessel function of the first or second kind, or a Hankel function, depending
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2.2. Extracting the spin texture in a real space: continuum disks

on the boundary conditions. « encodes the subband and the spin degrees of freedom
a ={F,/H;,£}. The Bessel functions above obey the following useful recursion relation
[87]

J
VPZja(Vr) = Z;(/pr) F 0:Z;(\/pr)- (2.13)
It enables us to eliminate all the differential parts from the coupled equations as

(a,? _ g + %ar) Z,(Jr) = (ar + 3%1) (ar - %) Z(JP) = —pZi(/ir). (2.14)

We have now only linear coupled equations, which can be compactly rewritten into a

matrix equation.

M—Bp—E Ai\/p 0 ~A Uip
~Aiyp —M+Bp—E A 0 Vs | _ oo

0 A M—Bp—E Ai\/p Uip,

~A 0 ~Aiyp ~M+Bp—-E) \ W,
(2.15)

Our solutions appear when the determinant of the matrix vanishes, det(H) = 0. It yields

the following characteristic polynomial:
[(M — Bp)® — B? + A% + A%p]* —4A2A%p =0 . (2.16)

The four roots of this quartic polynomial equation are labeled p,, n = 1,2,3,4. Note
that if A = 0, # is now formed of two identical blocks and p,, is doubly degenerate. The
closed form of these roots can be expressed as functions of A, B, M, A and E, but we

omit them here as the expressions are very lengthy.

One of the boundary condition should be that the wave function should not diverge
at r = 0. This constraint requires a Bessel function of the first kind, labeled J;(,/pr).

The full wave function can be expressed as

(M — Bp,)* — B> + A? — A%,
2A\/pn(M — Bp, — E)
Ji—12(\/Pnr)e 2
Ui(r,0) = > A | (M = Bpo)? — B2 — A2+ A%, wp | 21D
n QA(M — Bp, — E) Jj—1/2( pnT‘)e
(M — Bpn)® — E* + A? + A?p,

i NN Jis1/2(y/Pnr)e?

where A,, are constant parameters to ensure the normalization of the wave function. The

Jj+1/2( pnT)ew/Q
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Spin texture of generic helical edge states

TT regime is respected by the chosen values of the parameters A, B, M and A. Moreover,
E should be smaller than M to have solutions for the edge states. The second boundary
condition enables us to find the energy: the wave function should vanish at the boundary
between the TI disk and the vacuum V,;(r = R,¢) = 0. This condition on the wave

function leads to a null determinant for the following coefficient matrix:

Cdjp12(VP1R)  Gdjgiy2(VP2R)  GJjg1/2(/P3R)  Gdjyry2(y/PaRR)
dot | Jim2WPIR) - i (VReR) Jimap(VPsR) T (VPaRR)

mJi—12(vP1R) m2Ji—12(y/P2R) m3Ji—1)2(\/P3R) madj—1)2(\/PaRR)

Eidi2(ViR)  &Jip2(VD2R)  &3Ji12(D3R)  §adja/2(\/PaRR)

Y

(2.18)
where the coeflicients are
M — Bp,)> — E?> + A% — A%p,
6=t Pn) L (2.19)
VDn(M — Bp, — E)
M — Bp,)?> — E? — A\?> + A?p,
— P >_ — o A (2.20)
(M — Bp, — E)
M — Bp,)? — E? + A? + A?
6 = | ) TA A (2.21)

VPn

By substituting numerical values of the parameters A, B, M and A, and choosing a disk
size R as well as the value of the total angular momentum j, the determinant (2.18)
gives only two solutions for the energy: one for +F and one for —FE. This is in perfect
agreement with the particle-hole symmetry of the Hamiltonian. Using this energy and the
numerical values of the parameters, we are able to plot the wave function. If the radius
of the disk R increases, there are more energy levels with higher total angular momentum
7 in the bulk gap.

We plot the energy spectrum for several disk sizes R, two examples can be seen in
Fig. 2.7. Each energy is doubly degenerate, as required by Kramers’ theorem. For clarity,
we focused only on clockwise-moving edge states in Fig. 2.7, where the highest energy level
is labeled by j = —13/2 and the lowest one is labeled by j = 13/2. The counterclockwise
edge states have the same spectrum, except that the value of the total angular momentum
has the opposite sign. We observe that the levels are determined by the value of the energy
as well as the value of the total angular momentum. When the disk is large enough, we
find that the energy levels seem to increase with the same energy spacing. In contrast
to an antidot [84], there is a minimal radius R where edge states start to appear. This
behavior is reasonable, when the size of the disk is too small (of the order of the edge state
penetration length) the edge states can overlap and gap out [88]. When the bulk inversion

asymmetry is increased, we observe that the energy levels appear for smaller radii and
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Figure 2.7: Energy spectrum of the clockwise-moving edge states as a function of R, for
the parameters: A =5, B = —1 and M = —2. In panel (a), we set A = 0.5, whereas in
panel (b), we have A = 0.

the energy spacing is also smaller, as shown in Fig. 2.7. To check the consistency of our
results, we also recovered the limit A — 0 shown in panel (b) of Fig. 2.7, in agreement

what is expressed in Ref. [83].

Now that the energy level spectra are fully understood, we can focus on the wave
functions and on their spatial distribution. The radial density |¥;(r, ¢ = 0)|? is directly
obtained from Eq. (2.17), where the normalization is taken into account. Due to rotational
symmetry, the value of the angle can be set to ¢ = 0, since there is no preferred angular
direction. The wave function should also vanish at the boundary and should be rather
localized at the edge. The radial density for a disk size of R = 30 can be observed on
Fig. 2.7. Surprisingly it has a rather significant penetration length. Note that we plot only
the clockwise-moving wave functions, because the counterclockwise-moving eigenfunctions
will be similar to those plotted. The only difference will come from the change of sign of

the total angular momentum (j — —j).

It is also possible to plot the spin-resolved radial densities, where the spin-resolved
clockwise-moving eigenfunctions are shown in Fig. 2.9. The major component (on panel
(a) in Fig. 2.9) of the wave function is the up-spin sector, whereas the minor component
(on panel (b) in Fig. 2.9) is the down-spin sector. In the case of counterclockwise-moving
edge states, the sign of the total angular momentum will be switched. Moreover, the
major/minor component will switch spins, i.e. the major or minor component will now
be the down-spin or the up-spin sector respectively. We can see that the total radial
density is mainly composed by the majority spin density: there are 2 orders of magnitude
in comparison with the minority spin density. Nevertheless, the latter penetrates deeper

into the disk and its shape is rather different compared to the majority spin, as there is
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Figure 2.8: Probability density of the clockwise-moving edge states as a function of r for
a disk size R = 30. The parameters are A=5, B=—1, M = —2 and A = 0.5.

(a) 0:006 =373 - (b) 8S==T3/3

- j=-11/2 B} —J:—l}/Z
g 0.005 | —j=-9/2 £ —j=-9/2
& —j:—7;2 i 6e-5 —j:—7§2
= —j=-5/2 2 —j=-5/2
£ 0004 TR0 = 1230
5 15 E 1/2
5 = = I I
£ 0.003 | —j=1/2 S de5l_j=1/2
, —j=3/2 ' —]=3/2
Z 0.002[—1=5/2 = — =22
z = N
o) —j=9/2 8 —J=9/2
A 0.001 j:H/Q j:11/2

—j=13/2 —j=13/2

%35 10 1 20 2 30 % 5 10 15 20 25 30
Radius r Radius r

Figure 2.9: Spin-resolved probability densities of the clockwise-moving edge states as a
function of r for a disk size R = 30. The parameters are A =5, B = —1, M = —2 and
A =0.5.

a second maximum situated more deeply in the TI. The effect of this second maximum
on the total density is still weak (there is a very small broadening seen in Fig. 2.8). We
will see in the next section that this behavior appears to be generic and is not due to any
approximation or to the model.

We now have enough knowledge about the wave function and how to classify it com-
pletely. We know which wave function is clockwise- or counterclockwise-moving. We are
thus able to compute the spin texture for different values of the total angular momentum
j. An example can be seen in Fig. 2.10. As we can see, the structure is very similar
to what we observed for the nanoribbon in Figs. 2.1, 2.2 and 2.3. We assume that the
spin texture should follow a structure very close to Eq. (2.3): we have rotation invariance
instead of translation invariance, therefore the momentum should be replaced by the total

angular momentum. The edge is parametrized by the angular direction and the rotation
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Figure 2.10: The spin texture of the continuous BHZ Hamiltonian including BIA for a
disk of R=50. We set A =5, B=—1, M = —2 and A = 0.5. In panel (a), we have the
three-dimensional plot and in panel (b), the corresponding contour plot.

2

of the spin axis is characterized by some parameter j, . By analogy, we can make the

ansatz
K(j1,j2) = ‘/d”/JT,jQ(Tv G0) V1 (r,d0)| = 4> |J% —J3|, (2.22)

where 14 j, (1, ¢o) is the clockwise-moving eigenstate with a total angular momentum of j;
and ¢_ j, (7, ¢o) is the counterclockwise-moving eigenstate with a total angular momentum
of 75. We perform the integral in the radial direction and without loss of generality, we
set ¢g = 0. We observe that the diagonal terms of the spin texture vanish. If j; = js, the
eigenstates are orthogonal by construction. If j; = —js, the eigenstates are TR-partners
and should be orthogonal following Kramers’ theorem.

Finally, we investigate the spin texture dependence on the BIA parameter, as we did
for the nanoribbon. We notice that the parameter j;? is dependent upon the size of the
disk R. When the spin texture parameter is multiplied by R?, the dependence disappears
as can be seen in Fig. 2.11. Moreover, the engineering dimension of j,?R? is similar to
the one of k;?. Nonetheless, the dependence on A seems to differ from the one for a
nanoribbon as written in Eq. (2.4) (and shown with dashed lines in Fig. 2.11). It appears

to scale as
jo 2R o< | AP (2.23)

Even if the two systems are described by the same model, the geometry is rather different.
More importantly, the nanoribbon is based on a tight-binding model regularized on a
lattice, whereas the disk relies on a continuous model. All these points make it surprising

that the two parameters agree so well.
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Figure 2.11: Dependence of j;2R? on BIA A for disks of, R=30, R=50 and R=70. The
dashed lines are the results of Fig. 2.4 to enables us to compare the two approaches. We
had for the disks and for the nanoribbons A =5, B = —1 and M = —2.

2.3 Extracting the spin texture in real space: dis-

crete disks

Up to now, there was always a symmetry in the model to describe the spin texture:
either translation symmetry or rotation symmetry. Nonetheless, it is possible to observe
a non-trivial spin texture in a more general case, where we do not have any spatial
symmetry. We study the tight-binding version of the KM Hamiltonian (1.10) for disks
and flakes (rectangles). We encode the position of the sites during the construction of
the Hamiltonian. We can exactly diagonalize it and directly get the energies and the
eigenfunctions. An example of the energy spectrum and the density of states can be seen
in Fig. 2.12. We observe an asymmetry in the density of states, due to Rashba SOC. In
the bulk gap, the states are doubly degenerate and are nearly at equal spacing (a feature
that we also observed in our continuum disks). At E/t = £1, we observe some traces of
a Van Hove singularity, that is usually seen in graphene [89].

If we select one energy level located inside the gap, the eigenfunction can be directly

accessed and its density distribution over the lattice is expressed as

pa(ivj) = |\Ij0<i7j)’27 (2'24>

where o stands for the spin-sector (the wave function at site (7,j) has always two com-
ponents: one for spin-up and the other one for spin-down). One example of the wave
function is shown in Fig. 2.13. The mixing is done by Rashba SOC and the minority spin
density is again about two orders of magnitude smaller than the majority spin density.
The states are indeed localized at the edge, but the minority spin density has the same

behavior as in the continuum disk: it penetrates slightly deeper into the bulk.
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Figure 2.12: Energy levels (a) and density of states (b) for the KM model in the case of
a rectangular flake of N = 400 sites (20 x 20 sites) for t = 1, Aso = 0.2 and A\g; = 0.1.

Figure 2.13: Example of a spin-resolved density distribution for the KM model in the case
of a rectangular flake of N = 800 sites (20 x 40 sites) for t = 1, Ago = 0.2 and Ag; = 0.1.
The size of the dots is proportional to the density on the site. Panel (a) shows the density
distribution for the majority spin whereas panel (b) shows the density distribution for the
minority spin. Note that the minority spin was amplified by a factor of 20.
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Figure 2.14: Example of a “disk” (having a hexagonal shape). We define the radius “r”
with the different color. The set A of sites, which are highlighted in yellow, are those used
to compute the spin texture as described in the text.

We will now consider the tight-binding disks as shown on Fig. 2.14. They are made
in a hexagonal shape, as it is convenient to use the symmetries of the lattice. The
rotational symmetry is lost, but we remain relatively close to a circle (we still have a 6-
fold symmetry). The radius is defined such that all the sites on the same “rings” (defined
by the color coding in Fig. 2.14) are considered at the same radius, as their distance from

the center is approximately the same.

In the same way that we set ¢y = 0 for the continuum disks, we set here ¢y = 0
and only consider the sites on the highlighted yellow path in Fig. 2.14 to contribute to
the radial density. In this manner, the outer sites do not have more weight compared
to the inner sites, just because there are more outer sites than inner sites. Such radial
density can also be spin-resolved and an example is shown on Fig. 2.15. The majority
spin will be spin-up for clockwise-moving or spin-down for counterclockwise moving edge
states, whereas the minority spin will be spin-down for clockwise-moving or spin-up for
counterclockwise-moving edge states. Note that the lattice is finite and the maximal radius
is relatively small. That is the reason why the wave functions appear less smooth than
in Fig. 2.8. Nonetheless, their behavior is quite similar to what we observed previously.
The majority spin is quite localized on the outermost sites and is the main component
of the density. The minority spin penetrates deeper into the bulk, in perfect agreement

with the continuum disks.

With the wave functions, we can compute the overlap. In analogy to the continuum
disks and the nanoribbons, we compute the overlap along the highlighted path in Fig. 2.14
(the direction where ¢y ~ 0). We cannot directly apply the formula (2.22): the total

angular momentum cannot be defined in our tight-binding disks, because the continuous
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Figure 2.15: Representative examples of the spin-resolved densities with ¢t = 1, A\go = 0.2
and Ag; = 0.1. The densities are extracted along the path highlighted in Fig. 2.14. In
panel (a), we have the majority spin and in panel (b), the minority spin.

rotational symmetry is not preserved. Moreover, if we consider the rectangular flakes
presented above, we are even further from a rotationally symmetric arrangement. The
characterizing quantity for the edge states is still the energy. As we observed in Fig. 2.12,
the energy levels of the edge states are well defined, each being doubly degenerate with
one edge state moving clockwise and the other one moving counterclockwise. Thus we
can generalize our spin texture expression with labeling the edge states with their energy

such that

]C(Ela E2) = Z wT_,EQ(%j) ¢+,E1 (Zh]) ~ 862 ‘E% - E'22 ) (225)

(3,7)EA

where A is the highlighted path as shown in Fig. 2.14 and ¢y g, (¢, j) is the wave function
moving clockwise (counterclockwise) at the energy FEj at the site (i, 7) on the lattice. Such
a spin texture is plotted in Fig 2.16. We see the same similar features as in the previous
setups: the diagonals vanish and the same hyperbolic shape is observed, agreeing with

the low energy expression.

The spin texture is now characterized by ;2. It has the same engineering dimension
as Jjo 2 therefore if we would like to compare with ko 2 we also need to multiply all the
extracted data by R?. We can extract ;2 for different disk sizes and different (Rashba)
SOCs. The dependence should be the same as presented in Eq. (2.5), when it is properly
rescaled. The results are shown on Fig. 2.17, where they agree well with the previous data
from Fig. 2.5 (red dashed line). Note that the data of the nanoribbon had to be rescaled
by a factor of 3, because the translation vector was considered as the unit vector, such

that the Brillouin zone spanned from 0 to 27. In the tight-binding disks, the distance
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Figure 2.16: The spin texture of the tight-binding KM Hamiltonian for a disk of R=15
(1350 lattice sites). We set t = 1, Ago = 0.2 and Ag,; = 0.05. In panel (a), we have the
three-dimensional plot and in panel (b), the corresponding contour plot.

between unit cells is v/3. As the spin texture scales as the momentum squared at low

energy, we need to multiply it by a factor of 3.

It is possible to argue that the shape of the hexagonal disks is still close to the one of
the continuum disks, that it is just the discrete version. The correspondence is therefore
not surprising. Nonetheless, we also extracted the spin texture on a rectangular flake as
shown in Fig. 2.18. The highlighted path is again the sites where the spin structure was
extracted and we observe no qualitative difference with the discrete disks. This enables
us to conclude that the spin texture will be observed for any generic helical edge states
with broken spin axis symmetry, independently of the considered model and of the chosen

geometry.

2.3.1 Spectroscopic aspect of the spin texture

As the spin texture can be found in real space, independently of the considered geo-
metry, this means that the spin texture can be extracted locally. We noticed that it was
sufficient to sum all the contribution coming from the highlighted yellow path in Figs. 2.14
and 2.18. The notion of edge states suggests that the information should be located at
the outermost sites, naively at the outermost site. The numerical evidence (see Figs. 2.13
and 2.15) indicates that indeed the outermost sites support most of the wave function.
We could imagine that in an idealized case, the spin texture could be extracted on a single
site using spectroscopic energy-resolved measurements. Thus, we need to understand how

many sites from the edges are involved to be able to observe a non-trivial spin texture.
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2.3. Extracting the spin texture in real space: discrete disks
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Figure 2.17: Dependence of 52 R? on the intrinsic SOC (a) and Rashba SOC (b) for disks
of R=10 (600 lattice sites), R=12 (864 lattice sites) and R=15 (1350 lattice sites). We
set t = 1. The dashed line in (a) and (b) corresponds to ky?* from Fig. 2.5, which has
been rescaled by a factor 3 (see text for details).

Figure 2.18: Example of a rectangular flake, the set of highlighted sites are those used to
compute the spin texture as described in the text.
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Spin texture of generic helical edge states
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Figure 2.19: The partial spin texture of the tight-binding KM Hamiltonian for a disk of
R=15 (1350 lattice sites). We only measure the overlap between the wave function for
the n = 1,...,6 outermost sites. Panel (a) corresponds to the outermost site, (b) to the
two outermost sites, (c) to the three outermost sites, (d) to the four outermost sites, (e)
to the five outermost sites and (f) to the six outermost sites. We set t = 1, Ago = 0.2 and
)\R,l = 0.05.
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We slightly modify Eq. (2.25) in the following manner

IC<E1?E2 Z wT ,Eo Z ])w-i- El(z ]) ) (226)

(1,)€AR

where A,, is the subset of the n outermost sites from the set A highlighted in yellow in
Fig. 2.14. For example, A; corresponds to the outermost site of A, Ay corresponds to the
two outermost sites of A and so on. We can see the resulting depiction in Fig. 2.19, where
we used a disk of size R = 15 (1350 lattice sites), which is relatively small. We observe
that the non-trivial spin texture starts to emerge at n = 4 and is very close to the total
one at n = 6 (i.e. the one plotted in Fig. 2.16). In comparison to experimental devices,
the disk modeled here is several orders of magnitude smaller. We could imagine that in
the experimental cases, it is just necessary to probe the two or three outermost sites to
get the full spin texture. The spectroscopic measurements would be a direct way to probe

the spin texture.
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3 Transport and spectroscopic
measurements of the spin

texture

We managed in the previous chapter to characterize the non-trivial spin texture in
several geometries, even when no spatial symmetry was present. We can now use this
knowledge to extract some additional information in a transport setup and spectrosco-
pically investigate the spin texture. Investigating transport properties is reasonable as
most of the experimental setups for proving the existence of TIs and edge states are done
within transport experiments as described in Sec. 1.4. To be able to do some transport
and spectroscopic measurements, we studied a TT Hall bar with an embedded antidot (i.e.
a hole in the middle of the Hall bar). We have then two quantum point contacts between
the antidot and the border of the Hall bar, where the edge states can tunnel onto the
antidot and propagate around the circumference of the hole.

This kind of setup has been investigated for a long time in the context of the IQHE [90—
93]. Antidot systems were also studied in two-dimensional TIs to produce spin-polarized
currents [94], nonlinear thermoelectric effects [95, 96], entanglement [97], or Kondo physics
[98-100]. Quantum percolation was induced in TI nanorribons and Hall bars by the bound
states of multiple antidots [101]. As antidots can be small, the confinement of the edge
states is then important and the charging energy induced by Coulomb interaction might
not be negligible. From a technological point of view, antidots can be engineered by
lithographically etching Hall bars. If the TI is made of an InAs/GaSb heterostructure,
the antidot can be created by locally gating the central region to the trivial regime. Some

of the results presented in this chapter were already published in Ref. [80].

3.1 Transport model

The model we consider is sketched in Fig. 3.1. We have three pairs of helical edge

states: one is located around the antidot (d), two pairs at the upper (U) and at the lower
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Transport and spectroscopic measurements of the spin texture

(L) edges of the Hall bar. The tunneling regions between the outer edges and the antidot
appear when the wave functions of the edge states overlap. The total Hamiltonian can

written as

H=Hy+Hr+Hi+ Haw + Har, (3.1)

where H (1) is the Dirac Hamiltonian describing the upper (lower) edge states, Hg is the
Hamiltonian representing the edge channels of the antidot, and Hgr(4r) is the tunneling
Hamiltonian between the upper (lower) edge and the antidot. The Hamiltonian of the

upper and lower edges given by

12

_ —“”FZ / dz Ut ()8, (2), (3.2)

1/2

where s = U, L = +,— and o = =+ is the chirality of the edge state. vg is the Fermi
velocity and [ is the length of the Hall bar. We will mostly consider [ — oo, therefore the
edge states on the outer edges will be considered as continuous. This is not the case for the
antidot: the energy levels are discrete and are characterized by the radius R of the antidot,
leading to an energy spacing of AE ~ vp/R. If the axial spin symmetry is not broken,
the chiral direction will also correspond to the spin axis projection: the spin-up states will
propagate along the upper (lower) edge to the right (left) and vice versa for the spin-down
states. However, we are not interested in this limit, but in the more general scheme of
generic helical edge states. To do so, we need to go to momentum space, where it is clear,
as shown in Secs. 1.5 and 2.1, how to relate the chiral and the spin basis. The operators
in momentum space are written for the chiral basis as csor = [ dre ™ ** W, (x)/ V1, where
« = =+ and for the spin basis as ¢sop = [ dwe*ik””\llsa(x)/\/z where o =1, ]. Using the form
of By as given in Eq. (1.32), we are able to relate the two bases. Note that the rotation
on the two edges are not necessarily identical and are characterized by the parameters

HUk and QLk-

The antidot Hamiltonian is very similar to those of the outer edges
2TR
Hy = —ivp Z a/ dr Ol (10,0 44(r) + E(n). (3.3)
0

As we have to consider the confinement of the electron on the antidot through the charging

energy, we have an additional term

E(n) = E? (n - 6Vg>2, (3.4)

where V; is the gate voltage, E, is the Coulomb energy and n =3 [ amht Ul (r)Uga(r)
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3.1. Transport model

0
Upper édge (U)

Lead 4 = ' = Lead 3
Lower edge (L)

Figure 3.1: Sketch of the model. The light gray area is the QSH bar, where in its middle
an antidot with a radius R is embedded. The leads are symbolized by the dark gray areas.
The tunnelings point contacts (black dashed lines) are located at = 0, 7 =0 and = = 0,
r = mR. The chirality of the edge states is either ” +” (red color) or 7 —” (green color).

is the number operator on the antidot. The charging energy varies with the number
of electrons on the antidot as well as with the gate voltage applied on it. The wave
functions are not eigenstates of the spin operator, but they remain chiral, propagating
clockwise/counterclockwise around the antidot. As we saw in Sec. 2.2, we can replace
the momentum by the angular momentum to describe the spin texture. By analogy, we
can relate the chiral basis d,; = [ dre~ /Bt (1) /2R, with o = = to the spin basis
dy; = [ dre=/BUY_(r)/v/2nR, with o =1, using the following rotation matrix

B, — (C(;)S(ej) —Sin(ej)> . (3.5)
sin(6;)  cos(6;)

The tunneling processes occur for the upper edge near x+ = 0 and r = 0 = ry and
for the lower edge x = 0 and r = 7R = r; as shown in Fig. 3.1. We consider the most
general form of the tunneling Hamiltonian containing spin-preserving and spin-flipping
terms [102]

Z / drdr [UF (2)75 (2, 7)Wap (rs + sr) + hoc.] (3.6)

where s = U, L = +,— and 0,0" = {1,]}. We can notice that the Hall bar has a reflection
symmetry around the z-axis: (z,y) — (x,—y) and (ps,py) — (Pz, —py). Since spin has
the same structure as the angular momentum, such a reflection symmetry leads to the
transformation of o, — —o,. This means that the wave functions must transform as
Upo(x) = VUis(x) and Wy, (r) — Ves(mR — 7). Note that Hyy + Hgr remains invariant

under this symmetry, which leads to the following equivalences Y, = 4L ,. Tt enables us
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Transport and spectroscopic measurements of the spin texture

to eliminate the tunneling coefficient from the antidot to the lower edge and we define
Yoor =YY ,. Moreover, the tunneling Hamiltonian is assumed to preserve TR-symmetry,
this symmetry acts locally in space on the edge states WUy, (z) — oWy (z), where here
s ={U,L,d} and 0 = {1,]} = +, —. In addition to the behavior of the wave function,
the tunneling amplitudes also respect TR-symmetry: y4+ = vy, and 4, = —7;4, such that
we define only the spin-preserving amplitude v, = 4 and the spin-flipping amplitude
Vst = Y1y [103, 104]. We can rewrite the Hamiltonian now as

Z / dxdr \IfT ) Yse (T, 1) Wap (15 + ST) + sa\lfia(x)fysf(w, VW (rs + s1) + h.c.}.
(3.7)

Note that the symmetry used here is reflection symmetry and not inversion symmetry
(x,y) — (—z, —y). We will see later that inversion symmetry is not preserved in the KM
model, Eq. (1.10), due to the Rashba SOC. Rashba SOC indeed appears at the interface

due to the lack of inversion symmetry, see Sec. 1.3.

The tunneling Hamiltonian is currently expressed in terms of spin eigenstates. Ho-
wever, we would like to express it in the chiral eigenstate basis. We Fourier transform
our tunneling Hamiltonian into momentum and angular momentum space, and use the

rotation matrices described in Egs. (1.32) and (3.5). It becomes

H . zjré/R k‘ s BT OcO'BO’Oc T d
d m;;% IYP ])( sk) 7 Csak (38)

+ ers I BA L (k, sy)(Bz k)o“’B"o‘ soc!  do; +hc. ].

sak

To simplify the above expression, we assume that the Fourier transformed tunneling am-
plitudes Yyspsr} (K, j) are slow-varying functions of k£ and j. We can justify this assumption
when the tunneling region can be considered to be small compared to the Fermi wave-
length. This is the case when the temperature and the bias voltage are small compared
to vpkogu,ry. We are then able to replace the (angular) momentum dependent tunnelings
as well as the (angular) momentum rotation matrices by their values at the Fermi energy
such that

- . (3.9)
B = BjF
By = Bsyg, forse{UL},

where kr = p/vp and jp = pR/vp are evaluated at the chemical potential . The

ratio between the tunneling amplitudes for spin-preserving and spin-flipping tunnelings
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3.2. Probing the spin texture with a non-interacting antidot

is defined as 6r, such that 67 = tan™' (3, (kr, jr)/3st(kr, jr)). If we Fourier transform

back to real space, we get

Hds =T Z \Ilia(o)gbsaa’lpda’(rs) + h.C.,
oo . . (3.10)
Dsaal = Z(BDW (cos OrB°" + sosin 0y B¢ > .
The Hamiltonian H is now fully described in terms of chiral eigenstates. We can proceed

to evaluate the transport properties of this Hamiltonian.

3.2 Probing the spin texture with a non-interacting
antidot

We first investigate the transport properties without considering the interaction be-
tween the electrons using the scattering matrix formalism [105]. To evaluate the scat-
tering matrix, we compute the Heisenberg equations of motion i0,V,, = [V, H] and
i0Vae = [Yaa,H], where H is the full Hamiltonian written in Eq. (3.1). The wave

functions are plane-waves

" et | ay(by)eFFre 1 <0
Ut = —F—— , )
V2TUE | by (ag)eXre 1> 0
(3.11)
- et | ay(bs)eTHFre <0
L+ — . )
V2Tup by(as)eTkre 1 >0

for the states emerging from the contact ¢ (with amplitude a;) and entering the contact j
(with amplitude b;), i,7 = 1,...,4 as written in Fig. 3.1. The aim of this computation is

to find the scattering matrix S;; that relates the incoming to the outgoing states
J

The details of the computation for obtaining the scattering matrix can be found in ap-
pendix A. We consider first when the chemical potential in the leads u corresponds to
one of the energy levels of the antidot. From these results, we were able to generalize
it, when the antidot energy level does not coincide with chemical potential in the leads.
The full scattering matrix depends then on the chemical potential p in the leads as well

as on difference in energy with the closest energy level in the antidot. It can therefore be
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Transport and spectroscopic measurements of the spin texture

expressed as

1
o :(1 + I'?)sin ¢ + 2il" cos ¢
0 (1-T?)sing  2i['sin® —2i"cos ©
y (1-T?)sing 0 —2ilcos®  —2i['sin© (3.13)
—2il'sin®  —2iT'cos © 0 (1 —T2)sin¢
—2iT" cos © 2iC'sin® (1 —T?%)sing 0

where the dimensionless tunneling coefficient is defined as T’ = |y7|*/(4v%). The chemical
potential sets the value of the phase in the scattering matrix ¢ = mRu/vp and we define
the parameter © = Oy, — 0k, + 20r. Landauer-Biittiker formalism [106-110] enables us
to evaluate from Eq. (3.13) the current at the ith contact

Go pteVi
== Z/ dET;(E), (3.14)
€ pteV;

J
where the conductance quantum is Gy = e¢?/(2r). The transmission elements are given
by Ti; = |Si;|* and {V;} are the bias potentials applied at the four contacts. Note that
the spin texture of the antidot does not influence the transport calculations, but that
transport measurements can be affected by the spin texture of the outer edges through
©. This means that if we can separately tune the spin textures on the lower and upper
edges, for example using an electric field gradient, current measurements can resolve them,
even without interactions. This is analogous to what was described for a tunnel junction
between two edges [81]. In the case of a homogeneous spin texture over the whole Hall
bar, i.e. Oyk, = Ork,., we have © = 20p. Therefore, the ratio between spin-preserving
and spin-flipping tunneling is the only determining quantity in the transport calculations.
We assume that we are at resonance, when the chemical potential corresponds to one
energy level of the antidot y = vgj/R. In this case, the phase factor becomes ¢ = 7j
and the electrons are fully transmitted across the antidot to the leads on the opposite
edge. If we are away from one of the eigenenergies of the antidot, we get a Lorentzian for
the transmission coefficient. This results in what we expect for transport measurements

across a quantum (anti)dot [111].

These analytical results are confirmed numerically using the python-based package
KWANT [112], which is designed to perform quantum transport calculations using tight-
binding models. To investigate the spin texture, we studied mainly the KM model, such
as written in Eq. (1.10), but also the BHZ model with BIA, as in Eq. (1.27). We will only

consider numerically the homogeneous case when 0y, = 0rk,.

Due to Rashba SOC, inversion symmetry (z,y) — (—x,—y) is not preserved in the
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3.2. Probing the spin texture with a non-interacting antidot

KM model [113]. Spin is a pseudovector, so it is unaffected by inversion. However,
the sublattices (a & b) are exchanged, but the phase v;; remains the same. Therefore,
inversion symmetry leaves the kinetic and the intrinsic SOC terms invariant. Rashba
SOC gets a minus sign under inversion, which ensures that inversion symmetry is not a
symmetry of the full Hamiltonian. On the other hand, reflection symmetry around the z
axis (z,y) — (z,—y) is preserved by the full Hamiltonian. The y and z components of
the spin are changing signs and the sublattices are also exchanged. Therefore, the kinetic
part is invariant. For the intrinsic SOC part, the phase v;; changes sign, which implies
preservation of the reflection symmetry. For the Rashba SOC part, the y component
of the lattice vectors switches sign, whereas the x component does not switch. Taking
into account the changes of sign for the spin, we observe that the whole Hamiltonian is
invariant. It confirms that the symmetry to consider for the Hall bar is the reflection

symmetry.

Numerically, we are able to represent the finite-size lattice of the Hall bar connected
to the four leads as shown in Fig. 3.2. We have chosen the antidot to be hexagonal, in
order to avoid dangling bonds. The numerical simulation enables us to have access to the
full scattering matrix and we can focus, without loss of generality, on electrons originating
from lead 1. As the lattice has a finite size, there are additional pairs of edge states along
the vertical edges. These channels are fully ballistic as they are further away from the
antidot, and so are not able to tunnel to it, making them easy to identify. The spin-
resolved density is shown in Fig. 3.2 where the weight of each spin sector is characterized
by the size of the points and we are investigating their propagation around the antidot
and along the edges for small Rashba SOC (04, < 1).

Spin flips at the tunneling contacts are enabled by Rashba SOC only. Its amplitude
can be quantified by the taken values of the transmission probabilities as we will explain
below. Without loss of generality as the four leads are equivalent, we can compute the
transmission probability from lead 1 to lead i T}; evaluated at a given potential u (ex-
cept 111, which is always 0, as backscattering is forbidden). The different transmission
probabilities are given in Fig. 3.3 for different strengths of the Rasbha SOC. We find in
Fig. 3.3(a) that the transmission T5; disappears each time the chemical potential corre-
sponds to an energy level of the antidot. This agrees with the results obtained analytically
in Eqgs. (3.13), (A.7) and (A.11) (i.e. when ¢ = mj). As T1; is always zero, the electrons
are fully transmitted across the antidot to the opposite sites. If we focus now on the leads
on the opposite side, we can first conclude that T3; is only present when Rashba SOC
is turned on (i.e. spin flips are now enabled) as shown in Fig. 3.3(b). Fig 3.3(c) shows
that in the absence of Rashba SOC, the electrons are only transmitted to lead 4, when

the chemical potential reaches one of the energy levels of the antidot. This is in perfect
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Transport and spectroscopic measurements of the spin texture

Figure 3.2: Representative example of the spin-resolved densities close to resonance, when
they originate from lead 1. On panel (a), we have the propagation for the spin-up sector
of the density and on panel (b), we have the propagation for the spin-down sector of the
density. The lattice is 60 unit cells long and 34 unit cells wide and the leads are 10 unit
cells wide. We used the following parameters a = 1, t = 1, Ago = 0.2, A\g; = 0.1 and
@ = 0.157.

agreement from our analytical results. Finally, we can note that the transmission probabi-
lity is symmetric with respect to the value of the chemical potential, i.e. T;;(u) = T;;(—p),
when there is no Rashba SOC. Once Rashba SOC is turned on, we lose this symmetry as
we can see in the different panels of Fig. 3.3. Moreover, we already noticed the breaking
of the particle-hole symmetry due to Rashba SOC in Chap. 2.

We observe that the shape of the peaks in the transmission probabilities are following
a Lorentzian near resonance. This was also predicted analytically, but their widths are
energy-dependent. With the height of the peaks for the extracted T5s;(u) or Ty (p), 07 (1)
can be evaluated numerically, as shown in Fig. 3.4(a). 7r(n) can be similarly evaluated
using the width of the peaks for 731 (1) or Ty (1). The transmission probabilities in Fig. 3.3
show that that 6r(u) and 7 (u) evolve slowly enough with respect to the antidot energy
level spacing for considering them constant at each peak. Moreover, the peaks follow
well the Lorentzian shape. Therefore, our numerical results enable us to estimate 07 (u)
and yr(p) as well as their dependence on the model parameters. The only unknown is
the Fermi velocity, which can be calculated via the band structure obtained in the semi-
infinite leads. The numerical simulations allow us to give estimates of all the variables
entering into the analytical model.

As stated before, the calculations were also performed for the BHZ model with BIA,
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3.2. Probing the spin texture with a non-interacting antidot
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Figure 3.3: Transmission probabilites T;; computed from lead 1 to lead 7 as a function of
the chemical potential and for different values of the Rashba SOC. We have the trans-
mission to lead 2 in panel (a), lead 3 in panel (b), and lead 4 in panel (c¢). We used the
following parameters a = 1, ¢t = 1 and Ago = 0.2.
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Figure 3.4: Evaluation of fr(u) when the chemical potential corresponds to one of the
resonance energies. We evaluated it for the KM model (a) and for the BHZ model with
BIA (b). The white crosses are located at the resonances, where 07 is extracted. We used
the following parameters a = 1, t = 1 and Ao = 0.2 for the KM model (a) and a = 1,
A=3, B=—-1, M =—-2and C =D =0 for the BHZ model (b).

Eq. (1.27). The effect of BIA is quite similar to that of Rashba SOC in the KM model.
There is no major qualitative difference between the two models as one would expect.
The main difference comes from the fact that the BHZ model when BIA is also included
remains particle-hole symmetric as shown in Fig. 3.4(b).

We are also able to compute the (non)local resistance. Using Eq. (3.14) in the linear
regime (such that 7}; is considered as constant in the bias window), we can compare the
analytic outcomes with our numerical simulations. Note that we consider the additional
purely ballistic channels along the edges from lead 1 to lead 4 (and vice versa) and from
lead 2 to lead 3 (and vice versa). These ballistic channels appear on Fig. 3.2. We find the

following transmission matrix

0 001
0010 1
T - + 2 . 9o
010 0| (1-127sin2¢+4r?
1 00 0
) (3.15)
0 (1-T?)"sin?¢  4I?%sin’© 4T? cos® ©
(1—12)%sin® ¢ 0 A2 cos? © A% sin? ©
4T?sin* © 412 cos? © 0 (1—TI2)*sin® ¢
4T cos? © AZsin?®  (1-1I2)sin?¢ 0

To compute the (non)local resistance [105], we need to inverse the matrix relating the
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3.2. Probing the spin texture with a non-interacting antidot

current and the voltage.

L 2 0 0 -1 Vi
Iy e 0 2 -1 0 Va _ Go
I3 0 -1 2 0 Vs (1 —I?2)*sin? ¢ + 412
I, -1 0 0 2 Vi
0 (1-T12)sin>¢  4I?sin?O 412 cos* © Vi
(1—12)%sin® ¢ 0 A2 cos? © AT?sin? © Vs
4T% sin” © 412 cos® © 0 (1-T2)%sin’¢ | | V4
412 cos? © 4T?sin* O (1 —TI2)*sin® ¢ 0 Vi

(3.16)

This matrix is singular (i.e. the determinant is zero), but we can eliminate one voltage by
setting it to zero, as the current is determined by the difference of voltages. One current
can be eliminated using Kirchhoft’s current law. This enables us to eliminate one row
and one column of the conductance matrix presented in Eq. (3.14), creating a new matrix

which is invertible.

(1—F2)2 sin2 ¢ 41"2 sin2 [e)

I 2 T (1-T2)%sin2 ¢+AT2 © (1-T2)%sin? p+4I2 Vi
2 .
IQ :G() _ (1_F2> sin® ¢ 2 -1 42 cos? © ‘/’2
(1-I'2)%sin2 ¢+4I'2 (1—I'2)?sin2 p+4I'2
I3 . 412 sin% © i 42 cos? © 2 3

(1—T'2)? sin? ¢p+A4T"2 (1—T'2)? sin? ¢+4T2

(3.17)

The resistance matrix R is then obtained by inverting the matrix above. For example, if
we would like to compute the resistance when the current is flowing from lead 1 to lead

4 and the voltage is biased between the same leads we have

Vi-V,
I

(3.18)

Rigpa =

Iy=—11,I2=1I3

such that at resonance (¢ = 0) and when the Hall bar is homogeneous (0yi = 0rk), we

get

1 1
G — 4. 1
Fi414 = Go [COS(49T) +3 * 4} (8.19)

The numerical outcome is shown on Fig. 3.5. We can distinguish the two limiting cases:
if the tunneling is entirely spin-preserving or enterily spin-flipping (67 = 0 or 67 = 7/2),
we get Ryy14 = (2Go) ™, if the tunneling is equally composed of spin-preserving and spin-
flipping terms (07 = 7/4), we have in this case R1414 = 3/(4G). The minima correspond

to the resonance energies, where their values are given by the value of 6r(u). If we are
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Figure 3.5: The resistance Ri414 With respect to the chemical potential ;1. We used the
following parameters a = 1, t = 1, A\go = 0.2 and Ag;. The continuous (blue) line
corresponds to the numerical results from the tight-binding model. The dashed (green)
line corresponds to the fitting from the analytic model assuming that 07(u) ~ ap? + S.

further away from resonance, the resistance corresponds to the value of a normal Hall
bar without an antidot: Ry414 = 3/(4Gp). We find that around p = 0 there is a small
dip, deviating from the quantized value (it is already seen in the transmission plots of
Fig. 3.3). Its origin is in the finite length of the tunneling region, which tends to open a
small spectral gap [114, 115]. We are able to evaluate the behavior of 07(u) at small p
by fitting Eq. (3.19) (green dashed line), such that 67(u) — 67(0) oc p?.

To summarize this section, the spin texture is expressed explicitly by the difference
of spin texture between the two external edges if the Hall bar has an inhomogeneous
Rashba SOC. In the case of a homogeneous Rashba SOC, the spin texture is implicitly
expressed by #7. The numerical simulations enable us to evaluate the analytic parameters
as functions of the chemical potential and extract their dependence on the tight-binding

parameters.

3.3 Probing the spin texture with an interacting an-
tidot

To complete the discussion about spin texture in a Hall bar, we need to take into
account the interactions between the electrons and how they affect the transport cal-

culations. Due to the interactions, computing the transport quantities with scattering
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3.3. Probing the spin texture with an interacting antidot

matrices are no longer possible any more. Moreover, if the strength of the tunneling is
arbitrary, it is not possible to obtain an analytic and exact expression for the transport
quantities. Hence, only the lowest-order contributions to the tunneling current across the
antidot are computed. The first-order contribution gives sequential tunneling and the

second-order contribution gives cotunneling [116].

3.3.1 Sequential tunneling regime

In the sequential tunneling regime, we assume single-electron transfers between the
outer edges and the antidot to dominate the transport processes. This happens when the
dwell time 7 is the largest time scale involved, 1/7 < {eV;, kgT}. In this regime we are
able to evaluate the transport quantities as a first-order perturbation expansion in |yr|?.
We make the assumption that the antidot has a ground state containing N electrons and
without loss of generality, IV is even. In the leads, the initial state contains an electron in
one of the s leads. It has a certain momentum & and certain chirality a. We can describe

the total initial state, which includes the leads and the antidot as:
i°*(N, k)) = [N) @ ¢l _, |vac). (3.20)

The final state can be described as the state where an electron from the s edge with
momentum k and chirality « tunnels to the antidot with a final chirality o/ and an

angular momentum 5. It can be expressed as
£ (N + 1k, 7)) = djesanli® (N K)). (3.21)

We can then compute the transmission probability from the initial to the final state using

Fermi’s golden rule [116]
NN (b 5) = 27 (f [ Ha o) PFO(Ey — Ey), (322)

where the energy is conserved between the final and initial state Ey — E; = E(N 4+ 1) —
E(N) + €4o(J) — €sa(k) and F; is the Fermi function, which indicates the probability to
have the initial state |i). The eigenenergy of the antidot with angular momentum j and
chirality o' is denoted e44/(7), and €4, (k) is the eigenenergy of the s edge with chirality
a and momentum k. One transmission process can be seen for example in Fig. 3.6. We

obtain the total transmission probability by summing over all initial and final states

Tty = TN vk, ). (3.23)

ak
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Figure 3.6: Sketch of a possible sequential tunneling process from the upper edge to the
lower edge. There is an even number of electrons on the antidot, such that the electron
from the upper edge can tunnel to the antidot with an arbitrary chirality.

We can compute the sequential tunneling current using a rate-equation approach.
We can consider two occupation numbers only: N and N + 1 and the dc limit, these
approximations are valid as long as the charging energy is large enough to forbid other

occupation numbers. At the steady state, it yields the following recursion relation

FniinP(N) =TnnaP(N +1), (3.24)

saa!

where I'y 1 v = Zm’a, N1y and similarly for I'y n41. As N is even, there is only one
possible occupation probability, namely P(NN). However, the probability of an occupation
of N +1 electrons is two-fold degenerate due to the two possible chiralities. Conservation
of probability then requires that P(N) + 2P(N + 1) = 1. With the help of the recursion
relation and the conservation of probability constraint, the occupation probabilities can

be computed in terms of the transition rates as
r
P(N)=
Invni1 + 2 v N

P(N +1) = .
(V+1) Inngr +20n4 N

3.25
Inyin (3.25)

The transitions between the N and the N + 1 occupations are only allowed near the
resonance condition AE(N + 1) = E(N 4+ 1) — E(N) = 0. This condition happens when
the gate voltage is tuned such that n, ~ N + 1/2, with n, = eV, /E.. Note that the
charging energy F. also influences the occupation number. The total current can be

expressed in terms of probabilities and transition rates as
[=—e[P(N)IS n — P(N+ DI na] (3.26)
where T'§, FIN = D F%?ﬁ: y and similarly for FJI{,’ N41- The current expression is still
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3.3. Probing the spin texture with an interacting antidot

complicated as it can involve, as many levels as can be found in the bias window. If
we restrict the width of the bias window sufficiently, there is only one energy level g4(7)

located near the chemical potential . We get the following current

= _62FT np(eqa(j) — po) —nr(ea(y) — o)
TR 2+ [np(ea(y) — pov) + np(ea(j) — po)]’

(3.27)

with Ty = |y7|?/(2vr) and np(e) is the Fermi-Dirac distribution. We set the chemical
potentials to uy = p+ €eV/2 and pu;, = p — eV/2, where V is the bias voltage between

upper and lower edges. At zero temperature and finite voltage, the current becomes

26FT
3TR’

Irg = — (3.28)

Whereas at finite temperature and at small voltage eV < kgT', the current in the linear

regime becomes

1 Ty &V 1
4kpT mR 1+ np(q) cosh?(é4/(2kpT))’

Iryo = (3.29)
with €5 = €4(j) — . Note that these two different results are not contradicting, as the two
limits eV — 0 and kT — 0 do not commute in the sequential tunneling regime [117].
The rate-equation approach assumes that the electrons relax to the ground state be-
tween two tunneling events so that we have two well separated time scales: the fast
relaxation time and the slow tunneling time. Nonetheless due to time-reversal symmetry,
we have either an initial state |[N) or a twofold degenerate final state [N + 1). We are
not able to keep track of the chirality of the electrons in the antidot using this approach,
and then to compute chirality-resolved currents. Therefore, we are only able to compute
the total current I, which contains no information about the spin texture. We continue
to second order perturbation theory in order to explore coherent transport across the

antidot.

3.3.2 Cotunneling regime

If the bias window is chosen such that there is no energy level in it, the sequential
tunneling is forbidden. Still a current can be created through the antidot, via a virtual
state: this is what we call the cotunneling regime. A sketch of a possible process is shown
in Fig. 3.7. We will consider elastic cotunneling, i.e. the initial and the final states of
the antidot are the same. As the antidot has a discrete number of levels, such process
becomes more relevant in this regime, compared to the inelastic one [116].

The initial state |i**(V, k)) is similar to what we described in the sequential regime:
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Figure 3.7: Sketch of a possible cotunneling tunneling process from lead 1 to lead 4. The
antidot energy level is fully occupied. One electron of the antidot escape towards lead 4,
creating a virtual hole on the antidot. The final state is attained when the energy level
of the antidot is again filled by an electron originating from lead 1.

the antidot has NN electrons and on the s edge, there is an electron with momentum k&
and chirality o.. Analogously, the final state |f**'(N,%’)) has N electrons in the antidot

and an electron on the s’ edge with momentum £" and chirality /. The cotunneling rate

)

where Ho = Hy + Hi + Ha, and E; (Ey) is the initial (final) energy. F; represents again
the Fermi distribution, which describes the probability to have the initial state |i**(V, k)).
Note that the electrons in the antidot /N remain in the ground state in the initial and in
the final states.

is defined as

2

Fz—>f = 27T5(Ef - s (330)

1 1
<f‘HdLE HOHd,U+HdUE fHO/HdL

To obtain the chirality-resolved cotunneling rates I'¢,, and I'¢%,;, we need to sum
over all possible initial and final momenta. We need as well to sum over all angular
momenta and chiralities of the intermediate state in the antidot. With these chirality-

resolved cotunneling rates, we are able to express a chirality-resolved current

1% = (—e) [T5%,, ~ T5y] (3.:31)
To connect these chirality-resolved currents with the ones described in the previous section
and in the setup in Fig. 3.1, we are able to identify I*" as the current flowing from lead
1 to lead 4, It~ the current flowing from lead 1 to lead 3, I~" the current flowing from
lead 2 to lead 4, and I~ the current flowing from lead 2 to lead 3. The final results for
these currents are strongly influenced by the initial antidot occupation, i.e. if the antidot
has an even or an odd number of electrons.

We can start with an even occupation consisting of N electrons on the antidot. This

means that all the energy levels up to the chemical potential are doubly occupied, similarly
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3.3. Probing the spin texture with an interacting antidot

to what is shown in Fig. 3.7. We get the following chirality-resolved tunnelings

c08%(207) 00 + $In*(207) 0510

)

5%, = 27r3R2 Z / (e = el = (= = )

[e —ea(y) — AE]
' Z c082(207)d e + sin*(207)bgar
o'« — d — o 1 — _ o ,
L=v 7T3R2 / (€~ a1 = (e = pua)) e — eq(j) — AE)?

(3.32)

where £4(7) + AFE is the energy of the intermediate virtual state. If the intermediate
state is an additional hole at the jth energy level, then AE = AE(N). Otherwise, if
the intermediate state is an additional electron, then AE = AE(N + 1). The two cases
can be differentiated by the value of the gate voltage. Using Eq. (3.31), and taking into

account the properties of Fermi-Dirac distributions, we get

2 2 .2
I ven = — 221;22 ZJ: / delnp(e — pa) — np(e — fira))— (2[@52 dcz j)L SHIA(E2]9 st
(3.33)
In the linear response limit for the bias voltage, the Fermi functions can be expanded near
the chemical potential . Moreover, we consider that the joth energy level of the antidot,
the one which is the closest to the chemical potential, contributes to the cotunneling

current and AE + €4(jo) > HU/La/or- The current then becomes

e2(Voy — Vi )T'2 cos2(207 )6 ara + 8in*(207) 0570

I even ~ = X
¥ 273 R? 1 — ealjo) — AE]

: (3.34)

where 01 is estimated at the chemical potential ;. We observe that the spin texture is
again implicitly encoded in the value of 67. The effect of the interactions is to shift the
energy in the denominator by the Coulomb charging energy. By inverting the expression
for the current, we are able to extract the value of 67 and its dependence on the current,
voltage and charging energy. It would then be in theory an easy manner to implicitly

compare the effect of interaction and its absence on the spin texture.

We can now calculate the current in the case of an odd occupation number. This
means that all the energy levels up to the chemical potential are doubly occupied, except
the last one. We will see that the behavior is quite different from the previous case. An
example of such a process can be seen in Fig. 3.8. We have to take into account now the
degeneracy of the antidot energy level in our computations. The initial state |i**°(N, k))
includes the chirality 3 of the antidot and the final state | f¥*# (N, k') also depends upon
the chirality ' of the antidot [118]. The cotunneling rates are obtained using Eq. (3.30),

where F; takes also into account the additional degree of freedom due to the chirality of
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Figure 3.8: Sketch of a possible cotunneling tunneling process occurring between lead
1 and lead 4. The antidot energy level is considered to be half occupied. Initially, one
electron from lead 1 tunnels to the half occupied antidot level. The final state is attained
when one of the electron tunnels towards lead 4.

the antidot. We get 16 different transition rates

F2
U = s 3 [denr(e — o)1 = (e )
J
[COS(29T) + afBcos(20; — 20;)  cos(20r) — a5 cos(20 — 20)} 2
eq(j) + AE(N) —¢ e—eq(j) —AE(N +1) ’
(3.35)

F2
el = WgTRQ Z /d’an(8 — pwa)[l = nr(e = pira)]
{sin(ZOT) + afsin(20, — 20;)  sin(20r) + af sin(26;, — 26, )] 2
ea(j) + AE(N) —¢ e—ea(j) —AE(N + 1) ’
(3.36)

Fgéfg 3R2 Z /denF € — pwa)[l — nr(e — piza))

[s1n(29T) — af sin(20), — 26;) N sin(207) 4+ a5 sin(260, — 29]-)} 2
ea(j) + AE(N) — ¢ e—eq(j) — AE(N +1) ’
(3.37)

Fgoff Ry 3R2 Z/denF € — pwa)[l = nr(e — pra)]

cos(207) — af cos(20, — 260,)  cos(207) — aff cos(260, — 26,)7°
[ eq(j) + AE(N) — ¢ T e—¢eq— AE(N+1) }
(3.38)

The other transition rates I'} %@ﬁ are obtained by detailed balance. Moreover due to the
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3.3. Probing the spin texture with an interacting antidot

chirality degree of freedom, the current is now

1 = (=) 3 [r5 8 =15 | (3.39)

B.B’
The probabilities ps correspond to the probabilities of the highest level of the antidot to
have an electron with chirality 8. The conservation of probability requires that p, +p_ =1

and the rate equation gives

dp 5 3
d_tﬁ = —IPpg + 1%p; =0, (3.40)
with 99 = 3 FngLB + F%’i@g determining them. If we can compute the tunneling

rates at the chosen chemical potentials, we are able to evaluate the cotunneling currents.

We will look for two different chemical potential configurations. If we start with having
a difference of voltage between the upper and the lower leads, we get the following chemical
potentials: pyy = py— = p+ % and ppy = pp- = p— % The chirality probabilities are
evaluated to be p, = p_ = 1/2. The current is then evaluated in the linear regime and

we assume that only the closest joth level contribute by being half occupied, such that

A2GV [ 1 1 aa’ cos (40y,, — 40;,) — 1

v §2(N) - E2(N +1) * EN)EN + 1) ; (3.41)

aa’ ~
[N odd ™~ T

with £(N) = 27 R[eq(jo) + AE(N) — u]/ve. Note that we supposed that the rotation is
slow enough to approximate the spin texture of the outer edges as the one evaluated at the
chemical potential, before we perform the integrals over the energy. This approximation is
consistent with the values obtained in Tab. 2.1. We observe that the current is explicitly
dependent on the spin texture through 0, and 0;,, even in the case of homogeneous
Rashba SOC. In this cotunneling configuration, a current measurement would enable us
to gain some information about the relative difference of spin texture between the antidot
and the outer edges. As the intermediate state is virtual, i.e. the energy is not conserved,
the spin texture measured by 6, will in principle differ from the one measured on the
antidot, 8;,. In particular, if we study the difference of current between the lower contacts,

we will get

QI‘T> ? cos (465, — 46;)) (3.42)

§IN)E(N+1) 7

which gives us a direct means to obtain the spin texture.

+— ++
I 0aa = In"oaa = GoV ( .

The second configuration is when only one lead is biased, for example lead 1. The
chemical potentials are set to uy. = p+ eV and py_- = pp+ = pp— = p. The chirality

probabilities are now slightly more complicated p; ~ cos®(0y, — 0, + 07) and p_ =
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sin®(0x, — 0, +07). Two of the currents I+ and I~ are zero, as there is no voltage bias

between their leads. We are also able to evaluate the two other chirality-resolved currents

i ABGYV 1 e 2
IN oaa & oL ( (N—i—l)fN)) {E(N+1)+&(N)
—&(N + 1)§(N) [1 + cos (405, — 46;,)] (3.43)
— [E(N +1) — &£(N)] cos (26’kF —20;, + 207)
X [E(N + 1) cos (205, — — 207) — &(N) cos (20, + 205, + 207)]},
202GV 1 2, )
Itaa ~ — 255 (f(N+1)§(N)) (W + ) +EW)

—§(N + 1)§(N) [1 = cos (46, — 40}, )] (3.44)
+ [E(N +1) = &(N)] cos (20, — 20, + 207)
X [E(N 4 1) cos (20, — 26,, — 207) + £(N) cos (20, + 26,, + 267)]}.
The current expressions are more complicated than the ones in the previous example. To
check the consistency of our result, we compute the case in the absence of Rashba SOC,
ie. 0 = 0; = 0pr = 0. The chirality probabilities become p; = 1 and p_ = 0. Only
electrons with + chirality can tunnel in to and out of the antidot. Moreover, the currents
become
I a =0, (3.45)
I\ oqa ™ 41%?0‘/ 1 '
° vp E(N)?

The current flowing to lead 3 vanishes as expected. The current flowing to lead 4 can be

(3.46)

understood as a spin-up polarized current, leading to an occupation of the last level of
the antidot to be up-spin only. The current will then be the same (up to a shift of the
charging energy) as in the even case. The cotunneling process will be: first, the electron
enters lead 4 from the antidot and then an electron from lead 1 enters the antidot. Such
a current distribution is schematically shown in Fig. 3.9(a). On the contrary, if Rashba
SOC is important, we could reach a regime where the spin-flipping current is the dominant
current contribution. This would mean that most of the electrons entering in lead 1 would
exit the setup in lead 3. Such a process is also schematically shown in Fig. 3.9(b).

To summarize this exploration of the interacting sector, the transport measurements
are strongly influenced by the occupation of the antidot in the cotunneling regime. This
occupation can be tuned by the gate voltage. If we have an even number of electrons
on the antidot, the spin texture will appear implicitly by enabling spin-flipping currents
and its strength will be measured by the value of 6. We recover a behavior on the spin

texture relatively similar to what we observed in the non-interacting regime. On the other
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B
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Figure 3.9: Schematic picture of the two current processes I3, 44 and I" ., when the
bias configuration is set to puyy = p+ eV and py_ = prpy = pr— = p. In panel (a), we
have weak Rashba SOC, which implies that most of the electrons are transmitted to lead
4. On the other hand, if Rashba SOC is large enough, the majority of the electrons can
flow to lead 3 as shown in panel (b).

hand, if we have an odd number of electrons on the antidot, there is this time an explicit
dependence on the spin texture. By tuning the chemical potential configurations, we are
able to probe the behavior of the spin texture via the implicit dependence on 67 and also

via the explicit dependence on 6, and 6;,.

63



Transport and spectroscopic measurements of the spin texture

64



4 | Spin texture in InAs/GaSb he-

terostructures

Up to now, we characterized the spin texture and developed spectroscopic frameworks
to extract information about the spin texture. Omne of the key ingredients to measure
the spin texture is to have either bulk and/or structural inversion asymmetries. It was
pointed out recently [65], that in the presence of SOC, the bandstructure shows anisotropic
behavior, which makes it spatially dependent on the crystallographical orientation. To
analyze the spin texture, we will start from the & -p Hamiltonian presented in [65] and we
will derive an effective two-dimensional Hamiltonian similar to the BHZ model, Eq. (1.23).

We will restore A and c¢ in this chapter for dimensional purposes.

4.1 Basics about £ - p theory

k-p theory is a method used to describe the band structure of semiconductors. Several
books, for example [49, 56|, introduce k-p theory and provide more details than the present
introduction. Here, we will only present the most relevant derivations and features of the
theory.

The idea behind the k- p approach is to apply perturbation theory near one extremum
of the energy at momentum kg to obtain the band structure. We will start by considering
the n'" band. As the electrons are located in a lattice, we can use Bloch’s theorem to

describe the wave function
Uk (r) = €"Fup(r). (4.1)

This wave function should also satisfy the Schrédinger equation Hi),k(r) = E, (k) (r).

We consider the Hamiltonian

2
P h
H=—-+V —— (o xVV)-p, 4.2
s V) (o X V) o (12)
where the first term is the kinetic term and my is the free electron mass. The second term

of the Hamiltonian is the external potential and the last term is the SOC. It leads to the
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following equation for the functions

i + B2k2 +V+ ik + L( x VV) (r) = Ep(K)tn(r) (4.3)
2my 2myg mo 4 4m(2)C2 g P | Unk = Ly Unk , .

where ™ = p + #a x VV. Note that we distinguish the lattice momentum k, which is
0
a number from the momentum operator p. Moreover, the functions u,, form a complete

basis, such that they exactly diagonalize the (infinite) Hamiltonian.

To simplify the calculation, we apply a canonical transformation [49, 56, 119, 120] to

get an approximate solution at small k near one extremum of energy

OF, (ko)
—==0. 4.4
ok (4.4)
If we assume that the energy extremum is at kg = 0, the unperturbed Hamiltonian
becomes
P Lyt V) (4.5)
7’[0 = 2m0 + + 4771%62 (0’ X P .

The solutions of this Hamiltonian are given by wu,o and their energy is E,(0). The

perturbation is then
h2k? h
= + —k-m. (4.6)

2m0 mo

Ha

We can decompose the functions u, as

Unk = Z bnn’(k)un’07 (47)
where the u, o functions still form a complete set of orthogonal functions. We replace u,x
in Eq. (4.3) by this decomposition and use @ [ &rugo(r)uno(r) = dpn to get

bon(10En(0) + 5 () + miok S b () (25)3 / Pt o (1) o (r) = b (K) Ea (K),

n/

h2k? h
B2 0) + Gt )+ ke 3 0o = 09
(4.8)
where 7,y = @ [ Pruo(r)wuno(r). The equation above is more complicated than the

previous version as there is now a coupling term between the different bands. The solution
is to apply a canonical transformation, namely the Schrieffer-Wolff transformation. We
can define a new Hamiltonian using the following transformation, H = T-'HT. T = ¢’

decouples the n'® band from the n’ bands. We define now H, = ’Ho—i-%kj and H; = miok-ﬂ',
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the latter being the term coupling the bands. We expand T in terms of .S, such that
. . . - 1 -
H =Ho+ Hi+ [Ho, S| + [H1,S] + 5[[7{0, S], S+ O(k?) (4.9)

Since the coupling with the other bands is induced by Hi, we can cleverly choose S such
that #; + [Ho, S] = 0, so that H = Ho + 1[H1,S] + O(k®). When n # n/, the elements of
S are then determined as

h k- Thon!

(uno|Slumo) = e B (0) — B (0)° (4.10)

We are able to express, up to second order in k, the matrix elements of the Hamiltonian

H
~ h2k.2 FLZ kﬂ' //k'ﬂ'/// kﬂ' //k-ﬂ'///
" o ~ En 0 (Snn’ nn n''n nn n''n )
(tno| Ko} ( (0)+ 2m0> i 3n~2¢nf B (0) — B (0) t%n En(0) — Epr(0)
(4.11)

We can directly notice that the more distant bands will then have weaker corrections

compared to the closest ones, as the energy difference is in the denominator. We can then
approximate the Hamiltonian with only the contribution of the closest bands. Moreover,

we are able to compute a correction of the band mass as

mo 2 |72,
~14+ — E e . 4.12
mk * mo £ E,(0) — E,(0) (412)

Up to now, we considered the effect on a single band, labelled by n. However, we
would like to approximate the complete bandstructure of the zinc blende lattice using its
space group symmetries near the I' point (k = 0). We focus on only the four bands near
the Fermi energy: one conduction band and three valence bands. Due to TR-symmetry,
these bands are always doubly-degenerate. We have the s-like conduction band (I = 0),
with total angular momentum j = 1/2. Its irreducible representation is I's. The p-like
valence band (I = 1) splits into three subbands. Two subbands remain degenerate at
k = 0 and have a total angular momentum of j = 3/2. These are the heavy and light hole
bands and their irreducible representation is I's. The last subband is also split at k = 0
by an energy A due to SOC, and has a total angular momentum j = 1/2. It is called the
spin-orbit split-off valence band and has a I'; irreducible representation. The gap at k = 0
between the I's and I's bands is given by £, = E. — E,. The band structure is shown
in Fig. 4.1. When the other bands are perturbatively included to this 8 band model, it
is called the Kane model [121]. Due to the symmetry of the bands, we can rewrite them

as combination of |S), |X), |Y) and |Z), the elements forming s-like and p-like orbitals
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Figure 4.1: Sketch of the bandstructure considered in the Kane model. We classify the
band by their irreducible representation and their total angular momentum.

respectively. We are able to rewrite the bands using Clebsch-Gordan coefficients in the

T, + ;> |5>‘ ;> (4.13)

§> ;§(|X> +i|Y)) 'i1> (4.14)

Fg,j:%>:j:7(|X>j:z|Y ‘ > \f|z‘ > (4.15)

ity ) =2 (X) £V [F5) + =12 |45 (1.16)

following manner [49, 56]:

Ty, +

As the bands we would like to consider might be quasi degenerate, we apply a cano-
nical transformation to separate them from the others, and treat the other bands as a
perturbation. The structure is similar to what we showed above with a single band. If
the 8 bands correspond to the A set and the other bands correspond to the B set, we can

use the variational principle [56, 119, 122] to obtain the new matrix elements as

(Uno|H|uro) (uro| H |tnro)
E, — E, ’

(tno|H|tno) = (uno| Hluwo) + Y (4.17)

luko)EB

where |u,0) and |u,) are in the A set. We can now describe the coupled the coupled
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differential equations for elements of the set A as [120)]

g B
3 (D;Jn,kikj ik + ———[(0 X V'Vl + E;lé,m/) o = Etno,  (4.18)

Amic?
n'€A 0

iy _h? o1 i J 1 1 : :
where DJ, = 5 {(5%/(5” + o DB TnaTan [ Fhn T B EJ} is the correction due
to the remote bands. For example, if we neglect for now this correction term, we can

compute the element

11 ~
<F67 5’ H

3 1 1 ~ 1
Ig,=)=—4(5,=|H|X+1iY,= ). 4.19
3) =7 (ol A s) 419
The SOC term #(a’ x VV) - p does not contribute in this case, due to symmetry. The
0
only part of the Hamiltonian entering the computation is miok 7. The k-dependent SOC
term is much weaker compared to the first SOC term, as the electron momentum p is
larger than the lattice momentum k. The second term can be therefore neglected [123].

The matrix element is then

1 h 1 1 1
—— (S, | k-p| X+, =) =——FP(k, +ik,), 4.20
Toimg (S allop X+ 3) == 5+ 20
where P = —%(S\pﬂX) is the “Kane momentum” [123]. Note that due to symmetry,
we expect that (S|p.|X) = (S|p,|Y) = (S|p:|Z). The Kane momentum can be found
in experimental measurements or from first principles computations and it describes the

coupling between the conduction and the valence bands. Similarly, we can define the

2mg P2
2

Kane energy as Ep =

We repeat the same procedure for all the other terms contributing to the 8 x 8 Hamil-
tonian. We use the symmetries of the lattice to restrict the number of elements composing
the k - p Hamiltonian. If we also take into account the contribution of the remote bands,
we can define the dimensionless Luttinger parameters v;, 72 and 73 [124]. 71 and s split
the I's at k # 0. 73 introduces anisotropies in the valence bands if 3 # 5. Note that
the Luttinger parameters were introduced in a model where the conduction band is con-
sidered as one of the remote bands. If we introduce the conduction band explicitly, we
need to renormalize accordingly these parameters [125]. The advantage of the Luttinger
parameters is that they are measureable in experiments, or calculable in first principles
computations.

We are then able to write the 8 x 8 Kane Hamiltonian in the basis {|I's,+1/2),
ITs, —1/2),|T's, +3/2), |T's, +1/2), |I's, —1/2), |, =3/2), [I'7,+1/2), |T'7, —1/2)}, see Tab.
C.8 of Ref. [49]. There are a few more terms appearing in this Hamiltonian, which were

not described up to now: the coefficient C' appears due to the inversion asymmetry [126],
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and Bgf) and By, come from the second order perturbation corrections, as written in
Eq. (4.17) [127].

4.1.1 k- p theory for heterostructures

We are now able to describe the band structure near the I' point for a homogeneous
zinc blende lattice, made of only one crystal structure. Nonetheless, it is possible to
use k - p theory to describe more complex geometries such as heterostructures using the
envelope-function theory. The idea is to consider that the heterostructure is grown along
the z direction, such that k, and k, remain good quantum numbers. &, is then replaced
by —i0,. This is the method developed by Burt [128, 129] and Foreman [130, 131]. More
details are present in Chap. 12 of Ref. [56]. The key point is to write the wave function

as

Y(r) =) F(r)uy(r), (4.21)

where F),(r) is the envelope function. This function should be smooth, slowly varying and
continuous in the z direction. Moreover, it can be expanded in plane waves in the x and

y direction:
1

NG

un(r) forms a complete set of periodic functions, which are expressed over the whole

F.(r) = ikt tkyy) £ (7). (4.22)

heterostructure, i.e. the functions now are not only defined over one layer of the hetere-
ostructure. At the boundary between two different material layers, we assume that the
potential change is step-like, leading to f,,(z) and D f,(z) being continuous at the boun-
dary. D is the differential operator defined after integrating the differential equations of
the wave function near the boundary [128, 129, 131, 132] and ensures the continuity of the

probability current. We will see later an explicit example of such a differential operator.

We are able to apply k - p theory to solve the multiband system [132]. We get a set of

coupled differential equations, which is very similar to Eq. (4.18),

> (kz-D:'f;ukj k4 e [(@ % TV )Pl + E;<z>6m/) ful2) = Bfalz). (4.23)

Am2c?
n'€A 0

When we generalize Foreman model [130] to include also the conduction band, we get a
full 8 x 8 Hamiltonian for a heterostructure grown along the z direction [65, 132, 133], in
the basis {|T's, +1/2), [T, —1/2), |T's, +3/2), |T's, +1/2), |T's, —1/2), |T's, —3/2), |T'7, +1/2),

II'7, —1/2)}. This Hamiltonian is very close to the Kane Hamiltonian and takes the
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following form

H =
T 0 —LPh (PP LPE 0 —LPh —LPk
0 T 0 %Pk \/iPk. LPk. —LPk. LPk
— Lk P 0 Uu+v . -S R 0 5. —V2R
VP —Zkp -5 u-v o cC R Vav o - /25
~Lk.P \[tP R c u-v 5 /35 —vav |
0 Tk P 0 Rt S, U+V  V2R? 755+
kP -k P ST VAV /851 VaR U-A C
—k P kP —V2RN -\ 35T oV S ct U-A
(4.24)
where /{:ﬁ = k2 + k7, kx = ky & ik, and k. = —i0, and P is the Kane momentum as

before. Note the ordering of the momentum operators, which ensures the hermiticity of

the Hamiltonian. The different terms of the Hamiltonian are

h? 9 h? 9
T=E. + e (%’)k‘u + k.voks) U=E,— o (’Yiku + k.ik)
h? V/3h?
V=g (7akf — 2k.v5k) | R=— (s = )kS — (5 +7a)k2]
_ \/§h2 - \/§h2 1
Si = - 2m0 ki <{’Y:/37 kz} + ["ila kz]) ) Si = - 2777,0 ki ({71/7)7 kz} - 5[5,7 kz]) )
ﬁ2
C=—Fk_[r k],

mo

(4.25)

where [A,B] = AB — BA and {A, B} = AB + BA. As it was mentioned before, the
Luttinger parameters (as well as x and the mass of the conduction band m.) need to be

renormalized. They become now [123, 125]

_mo Ep B, +2/3 . 1B
70 m, Eg Eg+A ,-)/1 71 3Eg
1F 1F
'75 =Y — EFP 7;/), :73—6?13 (4.26)
g g
. LEP
6 E,

Note that these parameters are all position dependent, as they are material dependent.
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The differential operator D is

t 0 0 0 0 0 0 0
0 t 0 0 0 0 0 0
_ 1 =
0 0 U+ v —5_ 0 0 75— 0
\/gP 0 -5, u—v c 0 V2u —\/gé_
D= 0 %P 0 c* U—v 5 - %§+ -V |’ (4.27)
0 0 0 5, u—+v 0 55+
—Lp s, VIu o35 0 u c
0 \%P 0 —\/§§’+ —V/2u %EL c* U

such that D f is continuous across the interface [132]. The parameters are now defined as

h? h? h?
t=—— ,aza = 5 ,aza = /azv
2 Yo u 21 M v o Y2
IEVEAY V3R
= S (o) ). = ik (o + 1),
V/3h? K NEY % K
5 ik / v U ke I
o zmozi(73+3> = 2m0“<73 3)’
h2
c=—ik_x'.
mo
(4.28)

We have now enough understanding about the origins of the k.p Hamiltonian presented

in Eq. (4.24) to apply it to our heterostructure.

4.2 Effective model for InAs/GaSb heterostructures

We will mainly use the same technique as described in [8]. We want to create a
two-dimensional effective model to describe the heterostructure. We will first neglect the
split-off valence band, as it lies far enough from the other bands at k = 0 and thus has little
influence on the remaining bands [65]. We will use the same layered system as presented
in Fig. 1.10 and repeated in Fig. 4.2. The structure is such that the InAs and the GaSb
layers are sandwiched between two layers of AISb. We consider the data presented in [65],
in particular that the layer of InAs is 12.5 nm-thick (d; = 12.5 nm) and the layer of GaSb
is 5 nm-thick (dy = 5 nm). The different material-dependent constants are presented in
Tab. 4.1, and are taken from Refs. [65, 134, 135]. We take into account the valence offsets
between the layers such that EASY — pinds — (18 eV, EInds — FGast — (56 eV, and
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€
A
AlSb AlSb
GaShb
E; I—
InAs Hy
I
>

12.5 nm 5 nm

Figure 4.2: Band structure in the z-direction. The conduction band is indicated in each
layer in green and the valence band is indicated in red. In dashed (blue), the effective
inverted bands representing electron-like and hole-like behavior near the I'-point.

E, [eV] A [eV] Ep [eV] me/myg " Yo 3 K

InAs 0.41 0.38 22.2 0.024 19.67 8.37 9.29 7.68
GaSb  0.8128 0.752 224 0.042 11.80 4.03 5.26 3.18
AlSb 2.32 0.75 18.7 0.18 415 101 1.75 0.31

Table 4.1: Values of the parameters for the different materials entering the Hamiltonian
presented in Eq. (4.24). Data taken from Refs. [134, 135].

EGast — pAISh — (.38 eV [65, 134].
We will first start by considering the case k, = k, = 0. We will introduce nonzero k,

and k, later using perturbation theory. The Hamiltonian in Eq. (4.24) becomes

T 0 0  —iy/3P(2)0. 0 0
0 T 0 0 —iy/3P(2)0. 0
0 0 U+V 0 0 0
Ho =
—i\[20.P(2) 0 0 U-v 0 0
0 —iy/30.P(z) 0 0 U-V 0
0 0 0 0 0 U+V
(4.29)
We can rewrite the diagonal terms as
h? h?
T =FE.(2)— Dy .70(2)0s, U=E,(2)+ 2—@71(2)02,
Mo , 1o (4.30)

h
V = —22—%8272(2)82
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Moreover if we reorder the above Hamiltonian by the sign of the band spin, we obtain two
blocks related by time-reversal symmetry. As the two blocks are totally decoupled, we
can focus without loss of generality on the block with the states defined with a positive
spin. We call this block “4+”7. We also need to set the Fermi energy: e = 0, such that
EInds = (.41 eV. Using the ansatz presented in Eq. (4.22), we can write the wave

function of the block as

fi(z)
U(ky, ky, 2) = e Feothun) ey | (4.31)
f1(2)
We get the following set of equations to solve
T 0 —i\/2P)2.\ (fi(2) A(2)
0 U+V 0 fs(z) | =E| f3(2) | - (4.32)
~i\[20.P(z) 0 U—v fa(2) fal(z)
Applying the boundary conditions, we also need that
_2)22076(3)82 0 0 fi(z)
0 2y [11(2) = 275(2)] 0 0 f3(2) (4.33)
~i\[2P(2) 0 22 () + 2 0. ) \fal2)

must be continuous at the boundary of each layer. We are now fully equipped to find the

solutions for this asymmetric potential well.

From the Hamiltonian in Eq. (4.32), we notice that the heavy hole band is decoupled
from the other bands. In our effective model, it will lead to a hole band that we will call

H1. From the Hamiltonian, we obtain the following differential equation:

2

(a@+§%amwwaﬁ@mgﬁ@:Eﬁ@. (4.34)

Inside each layer, all the material-dependent parameters are constant in each material,

they are then not affected by the derivative. We make the following ansatz for this band

(-
Ae®* z < —d;
Bcosh(Bz) + Csinh(Bz) —dy < z < 0nm
fa(z) = ) - : (4.35)
D cos(0z) + F'sin(dz) Onm < z <ds
\Ge‘é‘z 2> ds
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< _ Img E-EASY 5 \fomg E—EInAs < Jom EGaSh_F
where & = 7 ~TATSE o TATSE » g = 7 ST AS g TTnAs 5 and 0 = 7 ~IGaSh 0 Gash -
is ansatz must r undar nditions, su
This ansat st respect the boundary conditions, such that

Aeiddl — BCOSh</Bd1) — CSinh(Bdl)a
R (4.36)
D cos(ddy) + Fsin(ddy) = Ge %%,

G — 2951 Aem M = Gy — 29" %) (= Bsinh(5d) + C cosh(Bdy)),
B( 1InAs —9 /InAs)C _ 5(716713() 2’ylGa5b)F (437)
S( 1GaSb 27/GaSb)(—D SiH(Sdg) + F COS((SdQ)) (,YiAle 2’}/§AZSb>G6_&d2.

Solving these linear equations enables us to find an implicit equation for the energy of the

hole band. This equation is

gd’ + B’ tanh(fd;) B &' tan(ddy) — &
o' & tanh(Bdy) + & tan(ddy) + &'

(4.38)

where &' = a(%Ale /Ale) B/ _ 5( 1InAs 2’YIMAS) and &' = g(,inaSb 27/GaSb) If we
numerically solve this implicit equation with the data given in Tab. 4.1 and the widths

d; = 12.5 nm and dy = 5 nm, we are able to find the energy of the hole band at

With the energy of the hole band, we are able to evaluate all the constants entering in
the wave function. If we take into account its normalization, we are able to plot it in
the 2z direction. The result is shown in Fig. 4.3. We observe that the wave function is
well localized in the GaSb layer. It is exponentially suppressed when it penetrates in

the neighboring layers. Note that this is consistent with what was already observed in
Refs. [134, 136, 137].

We can repeat the same procedure for the equations for fi(z) and fy(2). This time,
we note the coupling of the electron band and the light hole band. The effective band in
the z direction will then mostly be an electron band or a light-hole band. We obtain the

following set of differential equations in each layer
Bu(z) = $276(2)2 —z'\/EP(z)az < f1<z>> . ( f1<z>) )
S EP(2)0. Bu()+ A () +25(2)] 2 ) \fil2) fi(

To solve these differential equations, we will use the trick defined in Ref. [131] as explained

below. If we use the data given in Tab. 4.1, we find that 7{, can even be negative. However,
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AlSb InAs GaShb AlSb
W 1 (2)] % [nm 1]
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. . . Wy, . 7 [nm]
15 -10 50 5 10

Figure 4.3: Wave function in the z direction for the H1 band. The dashed (grey) lines
indicate the boundaries of the layers.

if we set 7, = 1, it enables us to avoid unphysical solutions, but does not change band
structure near k = 0 [65, 131]. The consequence is that the value of P needs to be

renormalized by inverting the equation of v in Eq. (4.26). We have then

_ (Mo Ey(Ey + A)
Ep= ( 70) B, +2/3A" (441)

(¢

which changes the values of the other Luttinger parameters in Eq. (4.26) accordingly. If

we neglect for now the term with (), we are then able to express fi(z) as function of fy(z),

such that
y 2
h(z) = = Z_E\[Pa falz \[’/2?710 VEr = 0.fulz (4.42)

The light hole band differential equation becomes

h2 2EP(Z)
E, E+ — ; | )2 =0. 4.43
(B = B+ g [0 #9800 + g s 22 1) (4.43)
Using this technique, fi(z) is no longer continuous at the interface, as pointed out in
Refs. [128, 131]. We can propose an ansatz for the wave function and check the boundary
conditions for f;(z). Once we know the numerical solution of f;(z), we can get fi(z), by
using Eq. (4.42). The ansatz is then

(

Aye®? z < —d
By cos(fz) + Cysin(fz) —d; <z < 0nm
fa(z) = ) (4.44)
Dy cos(dz) + Fysin(dz) O0nm < z < ds
Gge_az z Z d2

\
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where now the coeflicents are

o [9 EAle E)(E EAle)
EAle /Ale + 2’7,Ale> + 2EAle’

ﬂ [2 E' E’InAs)(E' _ E’QI}nAs) (445)
E]nAs o ( 1InAs + 27517“48) + ZEJIDnAs’

5— [2 EGaSb E) (EGaSb E')
EGaSb ( 1GaSb + Q,YIGaSb) + QEGaSb

The boundary conditions are then defined such that for f4(2), we have

Age™h = B, cos(fdy) — Cysin(Bdy),
B, = D, (4.46)
Dy cos(8dy) + Fysin(ddy) = Goe %,

o/ Age™ M = B (Bysin(Bd;) + Cy cos(Bd,)) ,
B'Cy = 'Fy, (4.47)
§' (= Dy sin(ddy) + Fy cos(ddy)) = —a/ Gae ™%,

2EAle nAs nAs 2EInAs
where o — [,.Y/Ale_i_ 2AISH | m} a, § = [%f As | gypinAs | e 8 and

GaSb
5 — [,inaSb 4 2l 4 %] 5. We find again an implicit equation in order to get

the energy
p' o — f'tan(Bdy) &' tan(ddy) — o

L = . 4.48
§ B+ o' tan(fBdy) o tan(ddy) + O’ (4.48)

If we solve numerically this equation, we get the following energy
Ep1 =0.0647eV. (4.49)

We evaluate all the coefficients entering in the wave function computation using the data
presented in Tab. 4.1 and by using Eq. (4.42), we get the second component of the wave
function. Once it is renormalized, the wave function in the z-direction is shown in Fig. 4.4.
We find this time that even if the wave function is mostly localized in the InAs layer, there
is still a non-negligible component in the GaSb layer due to the interband coupling. As
most of the wave function is in the InAs layer, it will behave mostly as an electron band,
so we call it E'1. We plot the two different components of the wave function in Fig. 4.4.
We notice that the light hole component (f;) is indeed located mostly in the GaSb layer,
whereas the electron component (f;) is mostly located in the InAs layer. Moreover, the

latter has the largest weight on the wave function. It reinforces the electron-like behavior
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Figure 4.4: Wave function in the z direction for the F1 band. The dashed (grey) lines
indicate the boundaries of the layers.

of the band. The wave function and its components are again consistent with the results
published in Refs. [134, 136, 137]. For the “—” block, we get the same wave functions as

presented above.

We now introduce perturbatively the remaining elements. The perturbation Hamilto-

nian is defined as

H, =
1 1
T, 0 ~%Pk. 0 LPk 0
1 1
0 T, 0 ~LPk, 0 LPk
— L Pk 0 U+, —S_ R 0 (4.50)
0 %Pk =S -V C R
1Pk 0 R ¢t ni-vi S|
0 1Pk, 0 Rf S, U+ W
where the parameters are T} = %’Vf)kﬁ, U, = —%%kﬁ, and V; = —%%k‘ﬁ. As well

as computing the energy of the H1 and E'1 bands, we obtain other bound states at lower
energy, namely a second hole band H2 and a band with predominantly light hole band
characteristics L1. These additional bands are consistent with the results published in
Ref. [134]. As they are located at lower energies and as we compute only the first order
perturbation terms, we neglect them in our effective model. If we want to compute higher
order terms, we also need to take into account the H1 and L1 energy levels, and we
would apply a canonical transformation as in the previous section [16, 49]. The canonical
transformation would enable us decouple the £1 and H1 bands from the H2 and L1

bands. To get the elements of the effective 4 x 4 Hamiltonian, we need to perform the
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following integrals

00 6

Hl = B+ / a2 3 (W5 (ke by 2 H | 9 i By, 2) ) (4.51)

—o op

where Fy = F3 = Eg; and Ey = Ey = E;. We will show one term of the matrix as an
example to make the procedure explicit. The other terms are obtained in the same way.

We compute H/:

6

’Ha“f_/ 42> (W5 (ke by, )| 95 i,y 2))

[e's) af
— / Az f1(2)Rfo(2)

3h2 ) [e%)
VA /

B 4m0

(4.52)

dz f7(2) [15(2) = 75(2)] fe(2)

—00

I @kﬁ /_OO dzf7(2) [v5(2) +75(2)] f6(2).

4m0 00

We are able to evaluate all the terms of the Hamiltonian, by computing all the remaining

integrals. The effective Hamiltonian can then be written as

He'T =3 "ol (kyHg (k)0 (k), (4.53)

where ®(k) = (E1,(k), H1,(k), E1_(k), H1_(k))?. The Bloch matrix is

Hi' (k)
(k) + M(k) Ak iTk_ —i(Rik2 + Ryk?)
B Ak_ e(k) = M(k)  i(Rik? + Rok?) 0
B —iTk, —i(Ri k2 + Rok?)  e(k) + M(k) —Ak_ ’
i(Rik® + Ryk?) 0 — Ak, (k) — M(k)

(4.54)

where e(k) = C' — Dk?* and M(k) = M — Bk*. All the parameters are given in Tab. 4.2.
However, using the literature values stated in Tab. 4.1, the value for R; becomes too
large, which leads to a phase transition to a trivial insulator. As we are interested in the
effect of SOC in the topological phase, we decide therefore to choose a smaller value for
Ry, which enables us to remain in the nontrivial phase. In the end, we recover the BHZ
Hamiltonian [8], this time with a Rashba term 7" and some anisotropic terms R; and Ry.

Our results are consistent with previous results obtained in Refs. [65, 137-139]. All these
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A eV nm] B [eV nm?] C [eV] D [eV nm?] M [eV]
0.0081 —0.0434 0.0901 0.0428 —0.0254
Ri(*) [eV nm?] Ry [eV nm?] T [eV nm]
0.0044 —0.0034 0.004

Table 4.2: Values of the parameters for the effective Hamiltonian presented in Eq. (4.54).
They are evaluated when the layer of InAs is d; = 12.5 nm and the layer of GaSb is ds = 5
nm. (*) Ry is not the numerical value extracted from the integral — see main text.

references noticed some anisotropies in the band structure, but that it kept a four-fold
symmetry. We would therefore like to understand the effect of the anisotropy on the edge
states. The first step is to rotate the lattice by an angle 6 in the k,, k, plane, such that
ke = cos(0)k, — sin(A)k, and k, = sin(f)k, + cos(0)k,. If we set § = 7/4, the effective

Hamiltonian can now be written as
Hyt =Y ol loH (k) k), (4.55)
k

where ®(k) = (F1,(k), H1,(k), E1_(k), H1_(k))?. The Bloch matrix is now

(k) + M(k) Aeim/AL, iTe™* k. —(Rik2 — Rok?)
HeI (k) = Ae™ k. e(k) = M(k)  (Rik: — Rok2) 0
/4 _Z-Tefz‘w/4k+ (le% _ Rzk’i) 5(k) —l—./\/l(k) —Aei”/4k:_ )
—(R1k2 — Rok?) 0 —Ae~im/4L, (k) — M(k)
(4.56)

where (k) = C' — Dk? and M(k) = M — Bk?. We can observe that the terms which are

responsible for changing the bandstructure are the anisotropic ones.

4.3 Spin texture for InAs/GaSb heterostructures

We want to extract the spin texture from our effective model in Eq. (4.54) or in
Eq. (4.56), so we need to regularize it over a square lattice. Some anisotropic terms, as
well as a Rashba SOC, appear in our effective model and transform the band structure.
The band structure is also influenced by the crystallographic direction of measurement,
but keeps a four-fold rotation symmetry [65, 138, 139]. We would like then to see if this
also affects the spin texture. We use two orientations: either if the nanoribbon is in the
x or y direction or if it is rotated by /4.

If we start with the system oriented in the x or y direction, we regularize our continuous

model to a lattice model such that k,, ~ sin(ak,y)/a and k2, ~ (2 — 2cos(aks,))/a®,
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where a is the lattice spacing (a ~ 0.61 nm [134]). We obtain the effective Bloch matrix

(k) + M(k) A(k) T(k) iR(K)
]:Igff(k) _ A*(k) é‘(k? - M(k) ) —iR(lf) 0 (4.57)
T*(k) iR* (k) g(k) + M(k) —A*(k)
—iR*(k) 0 —AK) (k) — M(k)
The different terms entering in the Hamiltonian are
ék) =C— 2@—12)[2 — cos(ak,) — cos(ak,)],
M(k) =M — 2@—?[2 — cos(ak,) — cos(aky)],
A(k) :é(sin(akx) + isin(aky)),

a (4.58)

(k) :%(i sin(aky) + sin(ak,)),
R(K) =2 feos(ak,) — cos(ak,) — isin(ah,) sinak, )]

2
+ % [cos(ak,) — cos(ak,) + isin(ak,) sin(ak,)] .

We first compute the Hamiltonian on a nanoribbon, so we have to partially Fourier
transform it in one direction, say the y direction. We obtain a Hamiltonian which is in
k space for the x direction and in real space for the y direction. We repeat the same
tricks as in Chaps. 1 and 2. First, we obtain the band structure as shown in Fig. 4.5.
We observe the existence of edge states which link the conduction band to the valence
band. These edge states are doubly degenerate: each edge has two counterpropagating
edge states. The momentum scale of the bandstructure coincides with the values obtained
using the full k& - p model in Ref. [65]. On a technical note, the gap is relatively small
using our model parameters. This is why we need a rather large ribbon for our numerical
simulations (L = 200a = 122 nm — 200 unit cells).

With the wave functions, we can then extract the spin texture as shown in Fig. 4.6. The
spin texture is non-symmetric, especially due to the anisotropic coefficients. Rashba SOC
also contributes to it, but to a smaller extent. Nonetheless, the main features remain close
to what we saw in Chap. 2. K(k;, k1) = 0, because the wave functions are orthogonal by
construction, and K(ky, —k1) = 0, because the wave functions are orthogonal by Kramers’
theorem. Moreover, the shape is still very close to what we observed in the other plots in
Chap. 2. We can estimate the value of ky by fitting the two-dimensional data. We obtain
ko ~ 1.16 nm~'. This value is very small compared to the other values of ky, we computed
in Tab. 2.1.

81



Spin texture in InAs/GaSb heterostructures

ky [nm~1]

Figure 4.5: The energy spectrum of the effective Hamiltonian in Eq. (4.54) for a nano-
ribbon of L = 200a = 122 nm (200 unit cells). We set a = 0.61 nm, the spacing in the
periodic direction k, = 7/(400a) and the other parameters are defined in Tab. 4.2.
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Figure 4.6: The spin texture of the effective Hamiltonian in Eq. (4.54) for a nanoribbon of
L =122 nm. We set a = 0.61 nm, the spacing in the periodic direction k, = 7/(400a) and
the other parameters are defined in Tab. 4.2. In panel (a), we have the three-dimensional

plot and in panel (b), the corresponding contour plot.
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If we now look to the ribbon rotated by 7/4, we can now repeat the same procedure
for the k,, plane. We can regularize the model using k,, = sin(ak,,)/a and l%fcy ~

(2—2cos(aky,,))/a?. The regularization implies that the effective Bloch matrix transforms

£(k) + {\h(lz) ) A(i&)~ ) T(Rg R(k)
HI (k) = A (k) £lk) — M(k) ) R 0 ;o (4.59)
T*(k) —R*(k) é(k) + M(k) —A*(k)
R*(k) 0 —A(k) £(k) — M(k)
where the different terms of the Hamiltonian are
£(k) =C — 2@—12)[2 — cos(ak,) — cos(ak,)],
M(k) =M — 2@—?[2 — cos(ak,) — cos(ak,)],
A(K) :e*mﬂg(sm(a/}w) + isin(ak,)),
) o ) ) (4.60)
T(k) :6”/45(2' sin(ak,) + sin(aky)),
S 2R - P RN
R(k) == [Cos(akx) — cos(ak,) — isin(aky) sm(aky)}
+ 2(1—132 [Cos(a/;:y) — cos(ak,) — isin(ak,) Sin(aky)} .

We compute the Hamiltonian on a nanoribbon after partially Fourier transforming it.
We choose to partially Fourier transform it along the ¢ direction. The band structure is
then shown in Fig. 4.7. We observe in comparison to Fig 4.5 a different bandstructure
near the gap and also a different energy dispersion for the edge states. This change is due
to the anisotropy terms. For a consistency check, we also plot the bandstructure in the
absence of anisotropy in both orientations, which give identical results.

Finally, we plot the spin texture in the same manner as before. The result is shown
in Fig. 4.8. The main features of the spin texture are again present: vanishing diagonals
and a hyperbolic shape. Nevertheless, we observe that the spin texture is different in
comparison to what is shown in Fig. 4.6. The anisotropy of the spin texture is weaker and
its numerical values are changed. Moreover, we can estimate the value of ky by fitting the
two-dimensional plot. We obtain ky ~ 0.99 nm~!. This value is close to what we observed
above in the other orientation. Nonetheless it seems better to measure the spin texture
in this rotated orientation, as kg is easier to evaluate due to the smaller anisotropies,
and its numerical value is a little smaller. The latter means that the rotation of the spin
quantization axis happens on a slightly shorter momentum scale.

In Ref. [78], Ortiz et al. proposed a formula to analytically compute the value of
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k, [nm™!]

Figure 4.7: The energy spectrum of the effective Hamiltonian in Eq. (4.56) for a nano-
ribbon of L = 200a = 122 nm (200 unit cells). We set ¢ = 0.61 nm, the spacing in the
periodic direction k, = 7/(400a) and the other parameters are defined in Tab. 4.2.
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Figure 4.8: The spin texture of the effective Hamiltonian in Eq. (4.56) for a rotated
nanoribbon of L = 122 nm. We set a = 0.61 nm, the spacing in the periodic direction
k, = 7/(400a) and the other parameters are defined in Tab. 4.2. In panel (a), we have
the three-dimensional plot and in panel (b), the corresponding contour plot.
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the spin texture in the BHZ Hamiltonian with Rashba SOC, but in the absence of any
anisotropic terms. If we use their formula, we obtain that ky ~ 1.15 nm™!, which is close
to the value of kg in both orientations. Numerically, we also evaluated ky in the absence
of anisotropies R; and Rs. It gives us a similar value: ky ~ 1.1 nm~!. It is interesting to
note that the value of kg is in between the two values obtained for the two crystallographic
orientations and very close to their average. Moreover, this value sounds reasonable even
though it is relatively small, because we also evaluated ky, numerically and analytically
with the parameters given in Ref. [78]. We obtained in both computations a ko of the
same order of magnitude, but larger.

To summarize our results, InAs/GaSb heterostructures give a very interesting candi-
date to experimentally understand and measure the spin texture for two main reasons.
Firstly, the bandstructure and the edge state dispersion are influenced by the crystallo-
graphic orientation of the nanoribbon. Therefore, we could imagine that this would also
lead to interesting features in a full real space system. Secondly, kg is surprisingly small,
which means that its effect on the spin texture is large. Therefore, a full rotation of the
spin axis would then occur in a fraction of the Brillouin zone. The experimental scheme
presented in the previous chapters would then provide possible means to probe it. For
example, a local spectroscopic probe as presented at the end of Chap. 2 might be able to

measure the change of spin texture.
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5 Summary and outlook

In this thesis we explored the nontrivial spin texture arising in two-dimensional insu-
lators. The main ingredient in generating such an outcome was the breaking of the spin
quantization axis symmetry. This can be achieved by introducing some structure and/or
bulk inversion asymmetry terms in the models. Such phenomena are observed in experi-
mental setups and thus validate the aim of understanding edge states in two-dimensional
topological insulators with an undefined spin quantization axis. This scheme was intro-
duced through the concept of generic helical edge states, which require only time-reversal
symmetry. The approach we took enabled us to find that the spin axis rotates at low
momenta, while preserving time-reversal symmetry. It also enables new processes like

inelastic scattering to occur.

We explored several avenues to generalize and understand the implication of the ab-
sence of spin quantization axis symmetry. The first section in chapter 2 generalized the
concept of spin texture and the observation of the spin quantization axis rotation in the
absence of translational symmetry. We realized in the presence of rotational symmetry
that the total angular momentum replaced the momentum in the evaluation of the spin
texture. Moreover, when we compared the scale at which the spin axis rotates in both
translation and rotation invariant systems, they appeared to be equivalent. Nonetheless,
the underlying requirement of some kind of spatial symmetry was always present. To
push the universality of our findings, we also investigated the spin texture in the absence
of some spatial symmetry, e.g. in flakes. It resulted again that the spin axis was rotating
when the counterpropagating wave functions were at different energy. This suggested to
us that the evaluation of the spin texture could be a rather “local” measure, where only
a few sites needed to be included. This led us to propose that the spin texture could be

experimentally detected using a spectroscopic probe.

Edge states and the nontrivial topological state of topological insulators are often
probed using transport experiments. This led us in chapter 3 to suggest a transport
setup made of a Hall bar with an embedded antidot. This Hall bar was connected to
four independent leads. We first examined the role of the spin texture in the absence of

interaction between the electrons on the antidot. If the spin texture is different between
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the Hall bar edges, the transmission rates were dependent on the difference between
the two spin textures. However, in the homogeneous case, we discovered that the spin
texture implicitly appeared in the nonzero spin-flipping tunnelings and thus modified the
transmission rates between the leads. To complete the exploration of the transport setup,
we also looked at the Coulomb blockade regime. We started with the help of Fermi’s golden
rule to compute the sequential tunneling. However as this regime assumes the relaxation
to the ground states between two tunneling events, the chirality of the electrons tunneling
could not be tracked. This led us to compute the next order tunneling term, namely
cotunneling. Here, the current distribution depended upon the initial occupation of the
antidot. If there was an even occupation, i.e. the electrons were doubly occupying the
energy levels on the antidot up to the Fermi energy, we recovered an implicit dependence
on the spin texture. However, if there was an odd occupation, the difference of spin
texture between the outer edge and the antidot appeared explicitly. As the process did

not conserve energy, this difference could be nonzero.

Finally, the last chapter studied in more detail InAs/GaSb heterostructures, which
exhibit large Rashba spin-orbit coupling. From the k - p Hamiltonian, we extracted an
effective model in two dimensions for one hole and one electron band, which is very close
to the Bernevig-Hughes-Zhang model. We observed that in addition to the Rashba spin-
orbit coupling term, there were two other anisotropic terms. These terms influence the
Fermi surface, but also the band structure. The latter changed, if they were not measured
in the same crystallographic orientation. This also implied some changes in the spin tex-
ture. It became orientation-dependent: the values of ky as well as the anisotropies in the
measure of the rotation of the spin axis were affected by this. Moreover, kg was relatively
small. This implies that the rotation is occurring rather fast in the band structure. As
InAs/GaSh heterostructres are already an active area of experimental investigation, this

system would be an interesting playground to probe the spin texture.

In this thesis, we found that spin-orbit coupling plays an important role in topological
insulators, which leads to an interesting spin texture. However, there are still some open
questions. If we stay focused on the last part of this thesis as InAs/GaSb heterostructures
are good candidates to experimentally probe the spin texture, an important point would
be to understand better the orientation dependent Fermi surface, which implies also a
change in the properties of the edge states. Up to now, the spin texture was considered
not to depend on the geometric shape of the edges. We could wonder what could be the
effect on a quantum (anti)dot for example. Moreover, as it was shown in this thesis that
the spin texture can be measured locally, this could be a first attempt to observe the
orientation dependent spin textures. We could also wonder what would be the influence

of an orientation dependent spin texture on the transport measurements.

38



Another important open question is related to the fact that the edge states are usually
modeled as one dimensional systems, with an exponentially decaying wave function in the
perpendicular direction to the edge. We pointed out in this thesis that the edge states
had a spatial distribution in the growth direction of the heterostructure. There was also
a spatial separation between the states, with the hole states mainly localized in the GaSh
layer, whereas the electron states were mainly in the InAs layer. One could consider
the consequences for the full three dimensional wave function, in particular in the case of
interactions and impurities located only at the edge. We could wonder how the edge states
would then spread into the heterostructure, and in which material they would mainly be

localized, inheriting the properties of the layer they are located in.
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A Scattering matrices

This appendix describes the details of how to compute the scattering matrix presented
in Eq. (3.13).

A.1 Scattering matrix at resonance

We will start when the system is at resonance, i.e. when the chemical potential p
corresponds to one of the eigenenergies of the antidot. We make the ansatz that the wave
functions of the outer edges are represented as plane-waves as in Eq. (3.11), so that we

can similarly define the antidot wave functions near each tunneling regions to be

et Cl(dQ)e:l:ijpr/R r<o0

\deiO = 5 )
27TUF d1 (Cg)eiijFr/R r>0

e=it | c3(dy)etIFT /R p < R

V2mup ds(cy)etI P/’ > 1R ’

\deiﬂ‘R =

where we describe the incoming wave functions (with amplitude ¢;) and the outgoing wave
functions (with amplitude d;). With such wave functions, we can evaluate the Heisenberg
equations of motion iV, = [Vsa, H| and i0Vanps = [Waas, H], where s = U, L, a = =,
B =0,7R, and H is the full Hamiltonian written in Eq. (3.1). We get for the upper part

the following scattering matrix which relates:

by aj

b

2l =5, | ], (A.2)
dy C1

dg Co
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Scattering matrices

where

0 1-r 2iv/T sin(0y) i 2iv/T cos(0y)

14+ 14T 14T
1-r 0 _ 2ivTcos(fy) _ 2ivTsin(fy)

_ 1+T 14T 14T

SU - 2iv/T sin(0y) 2i/T cos(0y7) 0 1-T ) (A3>
T 14T T 14T itr
2i/T cos(0y) 2iv/T sin(0y) 1-T 0
T4T 14T 14T

with T' = |yr|?/(4v%) and 0y = Ouy, — 0, + 0. We can repeat the same procedure for

the lower part. The scattering matrix relates

ds C3
d c
=5, (A.4)
bs as
b4 ay
where
0 1 jp+11-T 2iv/Tsin(0r) 2iv/T cos(fr)
( ) 1+ 1+I 1+r
(_1)jF+1ﬂ 0 2i/T cos(01,) 2i\/T'sin(fy)
S, = (_1)jp+1 14T 14T 14T (A.5)
L 2i/Tsin(fr) 2iv/T cos(01) 0 (_1)jF+1ﬂ ! ’
Y 4T 14T
2i/T cos(01,) _Qi\ﬁsin(ﬁL) (_1)jF+1ﬁ 0
14T 14T 14T

with 0 = 0,, — 0ry, + 0r. If we assume that the structure of each tunneling matrix can

be decomposed into four blocks such that

t/
Su,L = (TU’L [,]L> ; (A.6)

we are able to write the final scattering matrix, which contains only the amplitudes coming
from the leads [105, 140]. The total scattering matrix relates these amplitudes as shown
in Eq. (3.12). The effect of the phase, which appears when we want to equalize the two
forms of the wave function in Eq. (A.1), is accounted for by the factor (—1)’# in S;. The

final scattering matrix is then

-1
0 0 "0 t, 0
s=1(" + (! o @0, — 1 !
0 T’é 0 tg 0 ()] 0 tl2

0 0 —sin(©) cos(O)

0 0 cos(©) sin(O)
sin(©)  cos(O) 0 0
cos(0©) —sin(O) 0 0

(A7)
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A.2. Scattering matrix off resonance

where © = 0y + 0, = HUkF — (ngF + 2607.
We can double-check our results using the transfer matrix formalism [140]. The trans-

fer matrix connects the tunneling region of the outer edge to the one of the antidot edge.

For example, we have

dl aq

d

2= My [ (A.8)
C1 bl

Co b2

It is connected to the scattering matrix by

My, = tun — T;J,L(t/U,L>71TU7L 7"§J,L(75IU,L)71 (A.9)
7 —( /U,L)_lrUL ( /U,L)_l

The total transfer matrix connects the upper contacts to the lower contacts in the following

manner
b3 aq
b4 a9
- M , (A.10)
as bl
Q4 by

where M = M (1 ® o,)My. By inverting the total transfer matrix to recover the total

scattering matrix, we find that the transmission rates were identical.

A.2 Scattering matrix off resonance

We extend our description to when the tunneling is occurring off resonance. We will
follow the method described in Chap. 8 of Ref. [141]. We consider the phase acquired
by the electron along one half of the antidot to be ¢ = Z—}?. We are then able to rewrite
the equivalence between the incoming and the outcoming states if the electrons originate

from the contact 1.

by a1
by 0
dl d4€i¢
i¢
Z =3 Z‘;’Zw , (A.11)
d4 d1€i¢
b3 0
b4 0
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where we use the definition that

Ty t/U 0 0

~ t g 0 0

S| v (A.12)
0 0 Ty t/U

0 0 tU 7“;]

We solve the coupled equations in Eq. (A.11) to obtain the first line of Eq. (3.13). We
repeat the same process for the other contacts to describe the full scattering matrix. We

can also use transfer matrix formalism, such that the total transfer matrix is

M = My(1® 0,)e""=* My, (A.13)

which enables us to double-check our results. Another double-check is done at the reso-

nance limit (¢ = 7jr).
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