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Abstract

Helical states are characterized by a lock-in-relation between spin and

direction of motion. The discovery of helical states as new state of matter
with virtually ideal spin- and charge transport properties have opened gates
to exploring interesting new physical effects such as persistent spin currents
of Dirac Fermions. It has recently been shown that helical states appear
not only as edge states of topological insulators, but can also result from
many-body-interaction effects in 1D quantum wires. In this thesis, we show
that electron tunneling between a single-level quantum dot which is out of
equilibrium (corresponding to a magnetization), and a 1D helical wire leads
to spin-dependent tunneling currents. We demonstrate this to result in a spin-
to-charge conversion which is an important experimental tool.
We address the problem of regularization of the tunneling Hamiltonian which
always appears in the theory of 1D Dirac Fermions. By using the scattering
approach and phenomenological arguments, we find a general expression for
the tunneling current and analyze it for different realizations of the quantum
dot.
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1 Introduction

1.1 Helical States

One of the great achievements of solid states physics in the 20th century is the devel-
opment of band theory that allows to describe the electronic structure of solids. At
first sight, it might seem reasonable that there is no substantial difference between
different insulators that have an energy gap between the valence and conduction
band since one could smoothly interpolate between them by widening or narrowing
the gap. Defining this as property of a topological equivalence class, this would
imply that all insulators belong to the same topological class. Interestingly, there
are electronic states that contradict this intuition. This topic has intensively been
explored in the past decades and new states of matter have been revealed that we
will discuss in this section.

1.1.1 Helical States in Topological Insulators

In 1980, von Klitzing, Dorda, and Pepper opened the gates to discovering a new
phase of matter. They experimentally observed the Quantum Hall effect that arises
when a strong magnetic field is applied perpendicular to a two-dimensional electron
gas. The motion of a charged particle in a uniform magnetic field is equivalent to
that of a simple harmonic oscillator in quantum mechanics. Thus, the electrons
move on cyclotron orbits and take quantized Landau levels €, = hw.(v+1/2) where
We = % is the cyclotron frequency (m is the electron mass, e is the electron charge,
and B is the applied magnetic field). Landau levels can be seen as band structure
with level spacing Ae = hw.. Hence, just like an insulator, the total energy of all
occupied energy levels is separated from the next higher energy state by an energy
gap. It was observed that a transverse electric field causes the cyclotron orbits to
drift. At the edge, the electrons are driven to perform a skipping motion since
they cannot close their orbit. This skipping motion constitutes one dimensional
transport channels with conductance - per occupied level which gives rise to the
quantized Hall conductivity: ,
Ne

Oay = —3— (1)
where N denotes the number of occupied levels. It was realized that NV is in fact
a topological invariant that is insensitive to the geometry of the system. In this
sense, the conductivity in the Quantum Hall effect is very robust.

In 1982, Thouless, Kohmoto, Nightingale, and Nijs (TKNN) understood that
the difference between ordinary insulators and Quantum Hall Insulators is in fact a
matter of topology [7,23]. In order to distinguish between them, they calculated the
Chern number n,,, € Z that can be defined in terms of Bloch wavefunctions |u, (k).
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Originally, the Chern number has its roots in the mathematical theory of Fiber
Bundles. The Chern number serves to classify time reversal invariant Hamiltonians
of solids into topological equivalence classes according to their band structure. Two
Hamiltonians of the same equivalence class can smoothly be transformed into one
another without closing the energy gap between the valence and the conduction
band. For the definition of n,,, a vector potential A = ity (k)|Vi|um (k)), called
Berry-connection, is used. Since quantum mechanical wave functions always have
an ambiguity with regard to their phase, the quantity A is not gauge invariant:

u(R)) = P u(k)) 2)
A A+ Vo(k). (3)

However, a closed path integral in k-space of the Berry connection does not contain
this ambiguity, i.e. it is independent of the arbitrary phase ¢(k):

f AR iy (B)e ) [T Py, () (@)
C
— & dii(u (R)e®i0F)y (EVWVY, (ib(k ke~ (R) i) 0 (VN | (B
- ;i R i (F) :| (R Fali(R)) + ;i AE D0 i () )
(5)
—0+ 7§ 0F (i (F) ¥ 1t (). (6)

This motivates the following definition of the Chern invariant n,,:

—fdkz (um (k |Vk\um( )) (7)

Using Stokes” Theorem, the closed path integral can also be expressed by a surface
integral over the curl of A:

1 1 4
m dkA=— ¢ d?k(V x A
M = 5 o7 P k(V x A), (8)

where (6 X ff) is called Berry curvature as introcuded by Berry in 1984 [3]. Struc-
turally, the Berry curvature is analogous to the magnetic field that is expressed as
curl of the electromagnetic vector potential.

The total Chern number n is the sum over all bands: n = ZZ Ny,. It characterizes
the band structure and cannot change in smooth deformations of the Hamiltonian
H (I;) that do not close the energy gap between the valence and conduction band.
n can be shown to be equivalent to N in Eq. (1).
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In return, a change of the Chern number over the interface of two materials’®
requires the gap to vanish at some point which gives rise to gapless edge states that
lie inside the bulk insulating gap (see Fig. 1).

Since, for spinless models, a
topologically nontrivial bulk
can only be obtained by ex-
plicitly breaking time reversal
symmetry 7 (e.g. by applying
a magnetic field), these edge
Er states are chiral in the sense
that electrons can only travel
in one direction. The effective
electric current is nonzero, ac-
cordingly. Consequently, due
to the absence of states with
the opposite direction of mo-
—m/2 0 k /2 tion, back-scattering is sup-
Fig. 1: Dispersion relation of a chiral edge state pressed and the edge states are
connecting the valence band to the conduction immune to potential disorder.
band. In 1988, Haldane developed
a model which gives rise to the
Quantum Hall Effect: He considered a spinless graphene model which is based on a
honeycomb-lattice. The corresponding Brillouin zone (BZ) is hexagonal which cor-
responds to a triangular Bravais lattice with a basis. One can therefore distinguish
between two types of edge points: K and K’. If one expands the Hamiltonian at
these points in the reciprocal lattice, the dispersion relation turns out to be linear
around K and K’. Moreover, one discovers that the conductance band and the va-
lence band touch at these points (see Fig. 2). In fact, the form of the Hamiltonian
in the vicinity of K and K’ is analogous to a massless Dirac Hamiltonian.

By breaking either reflection symmetry R or time reversal symmetry 7, a mass

term can be introduced into the Dirac-Hamiltonian that lifts the degeneracy at K
and K’ and thus opens a band gap.
Interestingly, a broken R-symmetry (e.g. if the two atoms in the unit cell are in-
equivalent) results in a trivial insulator (n = 0) whereas a broken T-symmtery leads
to a non-zero Chern number and therefore results in chiral edge states that are pro-
tected by symmetry. Haldane proposed a periodic magnetic flux which is zero on
average to break 7-symmetry. The quantum Hall conductance is therefore not due
to discrete Landau levels but originates from the band structure of electrons in the
lattice.

E T conduction band

valence band

1This includes the interface between a nontrivial insulator(n,, # 0) and the vacuum which
belongs to the trivial topological class with n = 0.
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Figure 2:  Three dimensional band
structure of graphene. Around the two
distinct edge points of the hexagonal
Brillouin zone K and K’, marked in
black and white, the dispersion rela-
tion is linear to a good approximation,
adopted from [1].

These chiral electrons with a linear dispersion relation can be described by the Dirac
equation and are referred to as Dirac Fermions.

Haldane used the periodic magnetic flux to explicitly break 7-symmetry in order
to obtain a topologically nontrivial bulk. One could ask whether similar states can
also exist in T-invariant systems. In 2005, Kane and Mele predicted a new phase
of matter in 2D that indeed appears in 7T-invariant systems and has topologically
protected edge states [10]:

Up to this points, the spin of the electrons in the Haldane-graphene model was
ignored. Introducing spin into the model, Kane and Mele replaced the periodic
magnetic flux by spin-orbit-interaction (SOI) which respects all of gaphene’s sym-
metries but still introduces a mass term to the Dirac Hamiltonian [10]. Spin-orbit
interaction is a relativistic effect where a charged particle that travels in an elec-
tric field, experiences an effective magnetic field éso that couples to its spin. The
resulting model can roughly be seen as two copies of the Haldane model with op-
posite signs of the Hall conductivity for up and down spins [7,10]. T-symmetry is
preserved since time reversal flips the spin as well as the sign of the conductivity.
Thus, electrons with opposite spin travel in opposite directions. This state in 2D is
called Quantum Spin Hall (QSH) state. Such 2D time reversal invariant insulators
are also referred to as topological insulators which constitute a new phase of matter.
Since it is two copies of a Quantum Hall state, the QSH state must have gapless
edge states which are called helical due to their lock-in-relation between spin and
direction of motion [7].

Generally, helicity is defined as normalized projection of a particle’s spin on its
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momentum:

73
h = .
P15

In one dimension, h takes the simple form:
h = sgn(p)sgn(s) = £1.

h fully characterizes a 1D helical state. This implies a lock-in relation between
spin and direction of motion: Electrons of a specific spin state can only travel in
one direction, whereas electrons in the other spin state always have the opposite
direction of motion (see Fig. 3).

Due to SOI, the states mix and it is generally not possible to define a spin-
dependent Chern number [20]. Since there is no net charge current, it is neither
possible to define a total Chern number for the system. Kane and Mele therefore
introduced a Zy order parameter to distinguish between two classes of 2D time re-
versal invariant insulators [9].

Trivial Insulator
v=20

Fig. 3: Helical states that are characterized by a lock-in-relation between spin and
direction of motion. Electrons with opposite spin states are counterpropagating at
the edge of a Quantum Spin Hall Insulator. The Zs-order parameter v is v = 1 in
the bulk and v = 0 outside. Topological insulators are T -invariant.

P : . . -1

More insight can be gained by looking afc tAhe perpertleS ?f electrons as spin-3-

particles. The time-reversal-operator © = e("™5v/") K where Sy is the spin-operator
and K is complex conjugation, is antiunitary:

0% =-1 (9)

This implies that all eigenstates are at least two-fold degenerate which is known
as Kramer’s Theorem. This can be understood as follows: If the eigenstates of ©
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were not degenerate, one could write the eigenvalue-equation ©|x) = ¢|x) with a
constant c. This is in contradiction to ©2|x) = —|x) = |c[?|x) since |¢|*> # —1 and
one can therefore conclude that, for spin—%—particles, the eigenstates of T-invariant
Hamiltonians are at least twofold degenerate.

The above assumed 7T-invariance of the Hamiltonian for QSH-insulators implies

—

that time reversal flips the spin ¢ and the momentum k of the Hamiltonian H (k,):
OH (ky)O~' = H(—k_,). (10)

Consequently, the one half of the Brillouin zone with negative k-values is simply a
mirror image of the one with positive k-values. At the point £ = 0 and at the edge
points k = T'y, = +7/a, the two states must cross due to their Kramer’s degeneracy.
At all other values of k, the degeneracy is lifted by spin-orbit-interaction.

E4 | conduction band E1 conduction band
Erp <—\> Ep
. valence band k. ) valence band k
Fa a) Fb ! ) Fa b) Fb i

Fig. 4: Electronic dispersion between two boundary Kramer’s degenerate points
I'y, = 0 and Ty, = 7/a. In a), the number of surface states crossing the Fermi
energy Ep is even, whereas in b) it is odd. An odd number of crossings leads to
topologically protected metallic boundary states, adapted from [7].

If the bands cross the Fermi energy an even number of times as depicted in Fig.
4 a), one can shift the energy in a way that all the bound states are pushed out
of the gap which implies the topological equivalence to trivial insulators. If the
bands intersect the Fermi energy an odd number of times, in contrast (Fig. 4 b)),
shifting the energy by adding 7T -invariant impurities cannot remove the degeneracy
points. This insulator is therefore nontrivial and has helical edge states that are
topologically protected by T-symmetry. This essential difference between an even
and an odd number of helical edge states motivates the introduction of a Z, order
parameter:

(11)

{0 trivial insulators (even number of crossings at Er)
v=

1 nontrivial insulators (odd number of crossings at Ep)
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The robustness of the helical edge states is a central property that we demon-
strate for a T-invariant scattering potential V: Due to Eq. (9), it is natural to
use the following convention for the time reversal operator © acting on a Bloch
wavefunction |uy ) with momentum k and spin o:

Olug1) = [u-y,) (12)
Olu-y, ) = —luky)- (13)

The antiunitary operator © has the property (Oa|V|08) = (§|V|a) for general
states o and (. It follows that

<Uk,T|V|u—k,¢> = <@U—k,¢|V|@Uk,T> = *(Uk,T|V|U—k,¢>7 (14)

and therefore: (ug 1|V|u_; ) = 0 which is the condition for robustness.

1.1.2 Helical States in Interacting Wires

In the last section, we considered only noninteracting systems where symmetry
protected states were due to a topologically nontrivial bulk.

However, it was discovered that many-body interaction effects can also give rise
to helical states. In 2010, Quay et al. observed that spin-orbit-interaction (SOI)
in 1D wires can lead to such states by the following mechanism [14]: Due to SOI,
the spin degeneracy of conduction electrons in a wire is lifted and one obtains two
spinful bands. The magnetic field égo, which acts on electrons, is perpendicular to
both, the electron’s momentum and external electric field that can arise as a result
of either the lack of an inversion centre in the crystal or a lack of symmetry in an
external confining potential such as metallic gates. Quay et al. showed that, when
an additional magnetic field is applied perpendicular to gso, the bands mix and
the crossing points become anticrossings (see Fig. 5).

E E E

A 3

a) b) c)

¢ b - $¥L2E

Electron in 1D k —l—éso k +B L ESO k

Fig. 5: a) Dispersion relation of electrons in 1D without spin-orbit interaction.
b),c) Dispersion relation for different orientations of B with respect to Bso. For
B 1 Bso, a spin-orbit gap opens that gives rise to helical states.
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If the Fermi energy lies within the so-called spin-orbit-gap of such an anticrossing
point, only two states exist instead of the previous four. These two states are helical
in a similar way that conducting electrons in egde states of topological insulators
are helical: Backscattering requires a spin flip and therefore, the states are immune
to potential disorder.

Experimentally, a one dimensional hole wire can be realized as follows: In a first
step, a two-dimensional hole gas is produced in a AlGaAs/GaAs/AlGaAs quantum
well. Carbon-p-doping leads to the accumulation of a high mobility 2 dimensional
hole gas (2DHG) at the interface. Then, the sample is cleaved and more p-doped
AlGaAs is grown over the freshly exposed surface. Applying a positive voltage at
the gate electrode that is parallel to the 2DHG, one can deplete the 2DHG under
the gate which results in a one dimensional hole wire as shown in Fig. 6. This
fabrication technique is called cleaved-edge overgrowth method.

Gate 1D wire .
[Dopants ... el i | 450 nm
N

GaAs well, 2DHG

AlGaAs

1D wire
<2 pm—|

Fig. 6: Top: Cross-section of the device for the creation of 1D hole wires which is
fabricated by the cleaved-edge overgrowth method. Bottom: A section of the wire
is isolated using a gate which depletes the 2DHG just beneath it, adapted from [14].

Loss et al. showed in [4] that an embedded 3D nuclear spin lattice in such 1D
GaAs-based quantum wires with interacting electrons leads to order in both systems
in the form of a nuclear helimagnet and a helical spin density wave for half of the
electron modes. The responsible mechanism is the Ruderman-Kittel-Kasuya-Yosida
(RKKY)-interaction which is an indirect exchange coupling: the spin of one atom
interacts with a conduction electron via hyperfine interaction and this conduction
electron then interacts with another nuclear spin, thus creating a correlation energy
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between the two spins.

Tsvelik and Yevtushenko showed in [24] and [19] that in interacting systems,
spontaneous symmetry breaking can also give rise to helical modes. They concen-
trated on the RKKY-interaction in low-energy regimes of a model Kondo chain.
RKKY is the dominant interaction effect when the spin concentration is large and
the electron-electron-repulsion is present. The model consists of electrons that travel
in one dimension and interact with localized magnetic moments.

The coupling between the eletron spins and the magnetic moments of the atomic
nuclei is considered to be isotropic in the z-y-plane: J, = J, = J| # J..

Tsvelik and Yevtushenko discovered the difference between two regimes that
constitute different phases: Easy Axis (EA) with J, > J, and Easy Plane (EP)
with J, < J,. They found that in the EA-phase, all quasi particles are gapped
and therefore, electric current cannot be supported by electrons. At J, = J,,
Zo-(helical) symmetry is sponateously broken: In the EP-phase, only the bands
of one helicity are gapped whereas the other branch remains gapless and allows
quasiparticles of this helicty to travel along the lattice and to support the current
(see Fig. 7).

E E E
spin down l spin up T T i

a) k b) k c) k
Fig. 7: Panels a) and b) show the dispersion relation for electrons in the two
possible spin states in the Easy-Plane phase (J, < J;). In this phase, helicity is
spontaniously broken and only electrons with a certain helicity (here h = +1) can
propagate through the lattice whereas the band structure for the other helicity is
gapped as shown in ¢).

Schimmel et al. showed in [19] that it is possible to define the vector product of
two neighboring spins in the dense chain of magnetic moments as order parameter
that dinstiguishes between the EP- and the EA-phase: A. = €4p.(S%(1)S*(1+&)).
In the EP-phase, the spin components S* and SY are correlated which is graphically
represented by a helix when the spin waves are plotted over position (see Fig. 8).
The orientation of the helix is in one-to-one correspondance with helicity.
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Posnt|on/(2/k ) Posmon/(Z/k )

Fig. 8: A travelling spin wave in the EA (left) and EP (right) setup. Since S, and
Sy in the EA case are uncorrelated to leading order, only one contribution is shown.
The orientation of the helix (right) corresponds to a well-defined helicity. For the
other helcity, the orientation is inverted, adopted from [19].

The existence of robust helical modes is reminiscent of helical edge states in
topological insulators though it should be emphasized that its origin lies in many
body interaction effects whereas it is due to a topologically nontrivial bulk in topo-
logical insulators. Elastic single particle backscattering is surpressed because it
would contain a spin flip which would violate the U(1) spin symmetry. In this
sense, this helical state is symmetry protected.

1.2 Quantum Dots

In the main part of this thesis, the 1D helical wires that we discussed in the last sec-
tion will play a central role. More precisely, we aim at describing the spin-to-charge
conversion that we expect to take place when a 1D helical wire is tunnel coupled to
a quantum dot (QD) that is out of equilibrium, i.e. has different and fixed probabil-
ities of being occupied by 1- and J-electrons (see Fig. 9). In the following, we will
therefore shortly introduce quantum dots and describe the properties that are most
important for our application. Furthermore, we will give an introduction to the
tunneling Hamiltonian that will allow us to calculate the tunneling current between
the 1D helical wire and the quantum dot that we will consider.

A quantum dot is defined as artificially produced nanostructure that is spatially
strongly restricted, such that electrons that populate the quantum dot are quantized
in energy. By definition it has the property that the time 7 Thouless that it takes
the electron to cross the confining potential from one border to the other is much
smaller than its lifetime 73, and the dwelling time 7 qwe;n Which is the time that
the electron remains in the quantum dot:

T Thouless <K T life, T dwell - (15)
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Ld ‘Quantum Dot

Wire e Icoupling strength €

I I | I I I I I
n-1 n n+l
Fig. 9: Quantum dot coupled to a wire via tunneling with coupling strength € and
tunneling junction at site n. The quantum dot and the wire can have different
chemical potentials u,. For our considerations, we replace the general wire by a
helical wire.

This restriction implies that the electron’s trajectory almost homogeneously covers
the surface of the quantum dot (see Fig. 10). Therefore, no localization of an
electron in the quantum dot is possible which justifies a zero-dimensional description
of the QD.

Fig. 10: By definition, the trajectory of an electron covers the confining potential
almost homogeneously which corresponds to 7 Thouless << T life, T dwell- Lhis justifies
a zero-dimensional description of the quantum dot.

As model, we consider a metallic island that is populated by electrons and car-
ries its charge on the surface. With classical electrostatics, its potential energy due
to its electric field is given by E = Q?/C where C' denotes the capacitance. Since
the charge @ consists of the charge contributions from single electrons, one can
write £ = %N 2 where N is the number of electrons in the QD. One can define

the charging energy Fo = % which is the energy that is needed to add an elec-
tron to the neutral QD. To add the N’s electron, it takes an electrostatic energy of
AFE = Ec(N? — (N —1)?) = Ec(2N — 1). Coming back to the energy scale, one
defines for quantum dots that the energy spacing of different levels within the QD
is not negligible with respect to the charging energy [12].

Since we want to investigate the electron exchange between a quantum dot and
a 1D helical wire, we need to get an understanding of its transport properties that
the next section will be dedicated to.
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1.2.1 Transport properties

From a phenomenological point of view, it is natural to use a rate equation in order
to describe the probability of the quantum dot to be in a certain state a. The rate
of change from state « to state § is denoted: I'(a — ). In the stationary case, the
change of the probability of finding the dot in state «, p, is:

_ Opa

0—W:—paZF(aﬁﬁ)—i—Zp[gF(ﬂ—)a). (16)
B B

This equation is called master equation. The states «, 8 could be spin states, for
example.

It is now possible to write the electric current in terms of the rates from the
master equation:

I= Z pN,a(F(Naa _>N+175) - (F(N,Ck — N — 1)6))
N,a,3

Due to energy conservation, the transitions that are described by the rates I'(aw — )
can only take place if the change in energy,

AE = (E(N +£1,a) — E(N,8)) £ (tta — ftw),

is negative. The first term includes the internal energy difference in the dot, as well
as the change in charging energy.

Since, for the transition of an electron in the wire with energy FEj to occur,
there must be an electron in the wire at F; and a hole in the dot that has the
corresponding energy Ej — AF, the transition rate I' includes to the so-called Pauli

factor, fFP(Ey) (1 — fFP(E, — AE)) :

G G AFE
Tuysa = g/dEk FBR) L= fP(B = AB)| = S (17)

The prefactor G is called conductance and is determined by the physical system.
Taking tunneling into the opposite direction into account, one obtains analogously:

G G AE
Ly = 2 /dEkfFD(Ek — AE)[1— ffP(Ey)] = 21 _ o-BAE" (18)

Hence, the total tunneling current can be written:

G
IT = e(Fw_>d - Fd—)w) = ;AE (19)

Consequently, if one knows the current, one can compute the conductance via the

simple relation:
Ir
G=e—. 20
N (20)
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1.3 Tunneling Hamiltonian

In order to describe the electron exchange between the bulk of a system and a
quantum dot via tunneling, one usually introduces a tunneling Hamiltonian which
takes the following form (see Fig. 9):

Hyp =e(eld+dfey). (21)

where € is the tunneling coupling strength. The continuous form of Hp for the
tunnling between a quantum dot and a helical wire reads:
Hy =~ (\iﬁ(x)ai n dhi/(x)) | (22)

z=0"
with v = 23”;
teristic length for the contact that can be identified with the size of the quantum
dot. In both expressions, the first term creates an electron in the wire at site n (or
at position x) and annihilates one in the dot, the second one has the inverse effect.
Performing the Fourier transform of Eq. (21) to momentum space and choosing the
tunneling junction to be located at n = 0, one obtains:

t where t is a dimensionless tunneling parameter and ) is a charac-

Hy =€) (¢d +d'e,).
k

Consequently, the quantum dot couples to every momentum state in the wire. If €
is small, the effect of the tunneling Hamiltonian on the isolated systems of the wire
and the quantum dot can be treated perturbatively.
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1.4 Tunneling Conductance Between Metallic Contact and
Chiral Wire

In the main part of this thesis, we compute the tunneling conductance between a
helical wire and a quantum dot. Among other analytic methods, we explicitly solve
the Schrodinger equation which allows us to find an expression for the conductance.
Out method is similar to that of Fillippone and Brouwer in [5], where tunneling
between two quantum wires is considered. We will briefly explain the method in
this section.

Fillippone an Brouwer considered a
spinless one-dimensional wire that is
tunnel coupled to a metallic contact
which can be the tip of a scanning probe
or an integer quantum Hall edge state
(see Fig. 11). The electrons in the
wire are considered to be spinless and to
have only one chiral mode which means

Metallic contact
S 1D Chiral mode in contact

that they can only travel in one direc- i'Y Wire
tion. Interactions between electrons are
neglected. The Hamiltonian describing 1D Chiral Mode

this system reads: ) .
Fig. 11: Tunneling contact between a

H=Hc+ Hw + Hr, (23) metallic contact and a one-dimensional
wire which is taken to have only a single
where chiral state, adapted from [5].
He=r / dzél (z)(—ihupd, )é(x) (24)
. o )
Hy = / dz ¥ (z)(—ihvpd,) ¥ (z) (25)
Hr = y¥1(0)&(0) +v7¢"(0)L(0). (26)

Here, the operators ¢ and U describe electrons in the contact and in the wire,
respectively. The prefactor r = £ in Eq. (24) determines the direction of motion
of the chiral electrons in the contact with respect to the wire. The velocites ur and
vp denote the Fermi velocity in the contact and in the wire, respectively.

1.4.1 Regularization

In the following, a regularization function is introduced in order to define the tun-
neling Hamiltonian that reflects the tunnel junction at x = 0. The reason why is
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it needed is related to the fact that we deal with 1D Dirac-Fermions whose char-
acteristic property is a linear dispersion relation. We will briefly explain why this
requires a regularizaion function:
Assuming particles with a quadratic dispersion relation, when solving the Schrodinger
equation for a delta-potential V' = ad(z),
h? d?
———+ad(z) | ¥(x) = e¥(x), 27
(- gz + 00)) W) = c¥(a) (27)
one needs to integrate over a small strip —e < = < € [6]. In the next step, one sets
€ — 0. This yields:

lime o [ dx lg% —%(\Iﬂ(e) _ \I/I(—G)) + a\Il(O) =0 (28)
& V(0% - v(07) = 2w ) (29

The right hand side in Eq. (28) is zero because it is the area of a sliver with vanishing
width and finite height. One must impose the boundary condition that the wave-
function be continuous at x = 0. The logarithmic derivative of the wavefunction at
this point, \I‘;T(OO)) = (log ¥(x))'|z=0, turns out to be discontinuous.

Contrarily, the case of a linear dispersion relation leads to an unphysical discon-

tinuity in the wavefunction itself:

(ii‘wF;; + aé(m)) V() =eP(x) (30)
Lt hp(W(e) — W(—€)) + a(0) = 0 (31)
& (T(e) — U(—e)) = i%\l/(o). (32)

This contradicts the physical necessity of continuity of the wavefunction. The prob-
lem can be solved by introducing a so-called regularization function f(x) which has
the effect of opening an interval in which the potential is applied.

Fillippone and Brouwer defined the following regularization function f(x):

(&) = 5500~ [2)), (33)

where ¢ is the regularization scale and O(z) is the Heavyside step function. Using
this regularization function, they suggested two different regularizations:

Choice T) W(0) — [dxf(z)¥(z) and &(0) — [ dxf(x)é(z)
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v

Fig. 12: Spinless fermions on two semi-infinite lattices hopping on nearest neighbor
sites with amplitude A. The electrons can jump from one lattice to the other with
hopping amplitude A’ # X. The indicated paths can be continously transformed to
chiral modes in the contact and the wire, respectively, adapted from [5].

Choice TI) WH(0)é(0) — [ daf(x) ¥t (2x)é(z).

To leading (second) order, the expressions for the conductance coincide in all three
cases:
4e%t?
h

where t = %\/ﬁ is a dimensionless tunneling parameter. However, the different
regularization choices turn out to lead to different results in the conductance for
large tunneling. An exemplary derivation for case (I) is given in Appendix A.

It is useful to take a closer look at the physical interpretation of the individual

regularization choices:

G =

+ O(t"), (34)

h(T;)Q' The physical situ-
ation is analogous to two semi-infinite fermionic lattices whose lattice
sites are connected by a hopping amplitude A\. The hopping ampli-
tude between the two semi-infinite chains is A’ # X (see Fig. 12). An
electron at site z = 0 can therefore either be reflected or transmitted
onto the other lattice. The resulting paths are indicated in Fig. 12.
It is possible to continuously transform them into chiral modes which
can be identified with the wire and the contact. A reflection at x = 0
in this model is therefore not in contradiction to the chirality in the
wires since it simply corresponds to an electron crossing the tunneling
section without tunneling to the other wire (see Fig. 11). A transmis-
sion in Fig. 12, on the other hand, corresponds to a tunneling event
in the setup from Fig. 11. The fermionic-chain model is described by
the Schrodinger equation:

Choice I) The conductance in this case reads G =

BV = —A[W;41(1 = doj) + W;-1(1 = d15)] — N'[¥1d0; + Tody ). (35)
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Choice II)

A scattering approach with eigenvectors of the form W¥; o ethri 4
pe~ i for j < 0 and U, re'*FJ for j > 0 leads to a transmission
amplitude of

_ 200/
1+ (VN

Making the identification /\T/ = t, this can be seen to be equivalent to
the result that we derived in Appendix A:

T

(36)

ej‘ 2= 24N X 4e*t?

= = AT e h(1+ %)%

This regularization choice is sensitive to the respective chirality of the
contact and the wire. For opposite chiralities, one obtains a conduc-
tance of G = % tanh?(2t). In the limit ¢ — oo, Hp opens up a gap in
the contact and the wire which leads to complete backscattering that
corresponds to full transmission into the other wire. This regulariza-
tion choice is analogous to the opening of a quantum point contact
between two quantum Hall edge states with opposite chiralities.

For equal chiralities, however, electrons oscillate coherently between
the contact and the wire and the transmission strongly depends on the
strength of the contact.

The conductance in this case reads:

62
G = sin?(2t). (38)
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2 Statement of the Problem and Outline of the
Thesis

The goal of this thesis is to describe the spin-to-charge conversion that we expect
to take place when a quantum dot that is out of equilibrium (different occupation
probabilities for 1~ and |-electrons are fixed by a bath) is tunnel coupled to a helical
wire.

We aim at understanding the limitations of phenomenological rate equations and
the necessity of regularization in the tunneling Hamiltonian. Furthermore, we want
to find a general expression for the spin-to-charge conversion which is valid for dif-
ferent realizations of the quantum dot. Our next goal is then to make connections
between different models and to relate them to different standard-way approaches,
such as the scattering approach and a perturbative approach.

For these purposes, we consider different analytic techniques that we eventually
compare. After introducing the setup that we base our considerations upon, we
proceed as follows:

1. We use phenomenological rates from the master equation to extract an ex-
pression for the induced current in the helical wire.

2. We compute the spin-dependent tunneling current between the quantum dot
and the helical wire by explicitly solving the Schrédinger equation. This will
allow us to find an expression for the induced current in the helical wire.

3. We make a perturbative approach and compute the induced current in second
order of tunneling. This allows us to implement different models for the
quantum dot which we can relate to the result that we obtained from the
Schrodinger equation and the one that we found in the phenomenological
approach. Subsequently, we verify our results by comparing them to the
result that we obtain from Fermi’s Golden rule.

4. The result is put into perspective with the case of tunneling between two 1D
chiral states as investigated by Fillippone and Brouwer in Ref. [5] (see Sec.
1.4). The physical differences between our setup and theirs are discussed.



3 MAIN PART 21

3 Main part

3.1 Tunneling (spin-)current between a magnetized Quan-
tum Dot and a helical wire via the master equation

Before performing the steps outlined above, we will briefly introduce the setting that
we base our considerations upon. The initial setup is the following: Two parallel
helical wires are tunnel coupled to a quantum dot that is situated in between the
two wires (see Fig. 13).

Fig. 13: Setup: A quantum dot is tunnel coupled to two helical wires. Applying a
voltage in one helical wire 1 leads to the suppression of one of the two spin-currents
which results in a net magnetization of the quantum dot.

This setup has been studied in terms of master equations in Ref. [15]. They
assumed strong Coulomb repulsion which motivates the limitation of the quantum
dot population to a single electron. The change of the probabilities for the quantum
dot to be either empty or occupied by an electron of either spin state is:

3tp¢ = (Fin,l + Fin,Z)pO - (Fout,l + Fout,2)p1‘ + FS(]% - pT) (39)

atpl, = (Fin,l + 1_‘in,2)pO - (Fout,l + Fout,2)pl + FS (pT - pi) (40)

atpO = (Fout,l + Pout,Z)(pT + pi) - 2(]-—‘in,l + 1—‘ir1,2)pO (41)

The rates I'iy(out),i reflect tunneling rates into (out of) the quantum dot from (into)

wire 7. I'g is the spin-flip rate within the quantum dot.
By applying a voltage in wire 1, one can prohibit electrons in state ¢ =1 to travel
in wire 1 (T'in,1 = Toue,1 = O for spin T-electrons). Assuming the stationary case (all
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of the above time derivatives are set to zero), one obtains [15]:

Lin2

= 42
b 1—‘in,l + 2I‘in,2 + %Fout,l + 1_‘out,2 ( )
Fin,l + Fin,2
by = I (43)
I1in,l + 21‘lir1,2 + §Fout,1 + Fout,2
1
7F0u ,1 + Fou ,2
po = 2-out k (44)

Fin,l + 2Ijin,2 + %Fouml + F0ut,2
If all rates are set to an equal value, one obtains for the magnetization probabilities:

1 2 4

pozfandp)r:§andp¢:§,

. (45)

which shows a magnetization of the quantum dot. The exact values for the prob-
abilities are not important in our case; we simply note that they differ for the two
spin states.

This can be reflected by different chemical potentials for the two spin-sates in the
quantum dot (see Fig. 14).

Fig. 14: A net magnetization gives rise to spin-dependent chemical potentials in
the quantum dot.

A zero-net-magnetization would correspond to p4 = p. In our calculations, we will
simply assume a magnetized quantum dot with fixed p;,p; that we can interpret
as a source that injects electrons in the helical wire 2.

The rates yield an expression for the tunneling current. The outgoing flow of
charge for spin state o must be proportional to the probability of an electron being
in the QD, p,, and the outgoing tunnel rate I'y;. The incoming current must be
proportional to the probability of the quantum dot being empty pg, and the incom-
ing rate I'y,. Hence, the total tunneling current for spin state ¢ can be written as:

I% - (Fout Do — 1_\in pO) €. (46)
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3.1.1 Induced current in the helical wire

Assuming that electrons with spin ¢ =] travel to the right in the helical wire, one
can make the following considerations: In the part of the wire left to the tunneling
junction which we take to be located at = 0, the current for o =] is the one of
the unperturbed helical wire since electrons cannot backscatter at the junction:

Ii

<0 — quu . (47)

Therefore, the effect of the quantum dot for this spin state can only be observed in
the right side of the wire. The current in the right side is the sum of the equilibrium
current in the left side and the tunneling current which can be positive or negative:

I;:L>O = IéLqu + I%“ (48)

The other spin-state is analogous. The total electric current in the wire is:

left side: Ipco = Il + 11, + I} (49)
right side: Lo = IJ, + I}, + 1. (50)

As demonstrated in Appendix D, the effective electric current in an unperturbed
helical wire is zero, I, + I] = 0. Consequently, Egs. (49) and (50) simplify to:

equ equ

left side: I,«o = I} (51)
right side: I~ = It (52)
Hence, due to the different direction of motion for the different spin states, the

effective induced current is:
Lina = I — It (53)

This equation is general and independent of the approach that one chooses in order
to compute the spin-dependent tunneling current.

In the case of phenomenological rate equations one finds that, if the rates are
taken to be spin-independent, the induced current in the helical wire becomes:

Lina = I} — I, (54)
- (Fout pr — I‘in pO) e — (Fout by — Fin pO) € (55)
= elout (Pt — py)- (56)

One can deduce that if the quantum dot is magnetized, an electric current is induced
in the helical which illustrates the spin-to-charge-conversion that we are able to
observe in our system.
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3.2 Tunneling Conductance via the Schrodinger equation

The approach with the master equation confirms the intuition that the non-equi-
librium quantum dot induces an electric current in the helical wire but it fails to
provide an explicit expression for the current. Moreover, this approach cannot
take regularization into account which we showed to be necessary for 1D Dirac
Fermions (see Sec. 1.4.1). In order to include regularization, we choose a scattering
approach. The goal of this section is to compute the tunneling conductance by
explicitly solving the Schrodinger equation in the setup of a helical wire that is
coupled to a magnetized quantum dot that is out of equilibrium. The Hamiltonians
have the following form:

Hy =) 7 Ul(0)d, +~d} ¥, (0) (57)
Hp =Y eq,dld, (58)
iy =3 / oW (2) (s, itopda) ¥, (2) (59)
with
— foro =t
So = .
+ foro=|

Hr is the tunneling Hamiltonian that describes the tunneling junction at x = 0 for
which we will further introduce a regularization, Hp and Hy are the Hamiltonians
for the quantum dot and the wire for the uncoupled system. d, and ¥, describe
electrons in the quantum dot and in the wire, respectively; €4, is the spin dependent
energy in the dot that we define as:

€d, = €4+ Lo, (60)

where i, is the shift in the chemical potential in the QD for electrons in spin state

.
Moreover, we define

2h’UF

V=

VA

where A is a characteristic length of the tunnel junction that we define to be the size

of the quantum dot, ¢ is a dimensionless tunneling parameter that determines the

tunneling strength and vp denotes the Fermi velocity in the wire. For the reasons

explained above, a regularization function is introduced which we define as follows:

f(z) = ©(6 — |=[)/(20),

t, (61)
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such that ¥(z = 0) := [ da¥(x)f(x). Physically, this reflects an interval of size 2§
in the wire in which electrons can tunnel to or from the QD (see Fig. 15). Since the
QD is assumed to be zero-dimensional, such a regularization is not necessary for the
dot and one is therefore not left with many alternatives for boxlike regularization
schemes.

I Quantum Dot
20
Icoupling strength v

el

29 X

I
0

Helical wire

Fig. 15: Regularization function: In an interval of size 24, electrons can tunnel
from the helical wire to the quantum dot and vice versa.

The zero in energy can be tuned such that the Schrédinger equation in the
interval —0 < x < § reads:

5
Edy, = eqdy + / o, () (62)
Y
0 = (sqihwpdy)V, (z) + %d[, (63)
Here,
E, = Eq, — E,, (64)

where E;_ and E,, are the energy eigenvalues of the quantum dot and of the wire,
respectively.

This set of equations can be solved for each spin state independently since they are
not coupled and global spin is conserved. For o =1:

4
ETdT = EdeT + % Ls dz\IIT(I) (65)
0= (—ihvpd,) U (x) + %dT (66)

Following Ref. [5], let us make a linear ansatz for the wire. Due to the fact that
the QD is zero-dimensional, its wavefunction must be constant. This corresponds
to the situation where only its zero-momentum mode is kept:
U, =Az+ B (67)
dy = C' = const.
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Inserting this into Egs. (65) and (66):

():(e%-—ﬁhﬁh—+é%236 (68)
. g
0= —ihvpA+ =d
T
We can deduce ¥4(x) in dependence of d4:
iydy (GdT — E¢)d¢ 1y (EdT — ET)
\I} [ — — — — d . 69
1) = = ~ 2Whvp ~ T (69)
As defined in Eq. (61), we insert the dimensionless tunneling parameter ¢ = ;h\/vi

where A denotes a characteristic length of the junction that can be identified with
the size of the quantum dot:

%m:< i (%_&Nvm. (70)

_5\/Xx h 2hvpt

It is only possible to choose a single boundary condition since we are dealing with
a set of two equations with three parameters A, B and C. Thus, adding one bound-
ary conditions fixes all three parameters. We choose the constant wavefunction in

the quantum dot to be:
[ A
dy = . 71
g 2whvp (1)

Thus, the wavefunction in the wire, ¥(z), will be normalized with dimensions that
correspond to the square root of its density of states (DoS):

o
27 0e, 2mhup

Pu (72)

Since the change of the amplitude that the wavefunction ¥(x) acquires along the
tunneling section reflects the probability of an electron to tunnel from/to the wire
and since ¥(x) is linear in the interval —d < & < 4, we can identify the transmission
probability between the quantum dot and an electron in the wire as:

[ (6) = (=) [ Ae)

Ty (e) (73)
' dy Pw
4% A
_ A (74)
A pw
where we have introduced the spectral density of states in the quantum dot,
2
1 72pw =t QT}F 1 wt7r2)\
"4(6) = _ 7 2 2 2 =7 = Z 2 2 (75)
7 (e — €a)? + (V2 pw) T (€ — €q) +(pw772>\)
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that we derived explicitly in App. B. Knowing the energy-dependent transmission
value and comparing to Egs. (17) and (18), one can write the total tunneling current
for this spin state:

I = %/dﬁk T(er) (fop(er) — fw(er)) - (76)

The form of the transmission value is a non-trivial function of the tunneling param-
eter t. In the limit ¢ — oo, it becomes constant:

T 2% 4 = const. (77)

In the considerations by Fillippone and Brouwer that we introduced above, however,
it was shown that only for small tunneling, the expression for the transmission value
is unambiguous in order 2, i.e. independent of the regularization choice. A(e) has
the shape of a Lorentzian peak. Consequently, for small ¢, it becomes:

t2

1 PuTA <1
Ale) = = Lo 5 6(e — eaq). 78
(6) T (e — €q)? + (pwtﬁ)z (6 €d) ( )

This substantially simplifies the integral in Eq. (76) which becomes:

I} = %/dek 4M+Ft5(€k —€a) (f(er +pr) — flex)) (79)
=48PT ey ) — fea). (50)

Hence, for small p4, such that a linear response approximation is valid, the
conductance is:
It e t?2nhup
Gp=e—" =4————— (f(ea+ ny) = f(ea)). (81)
pr o hpy A
The calculation for the other spin state, o =], is analogous though it should be
emphasized that the chemical potentials differ in their value.
Besides the trivial temperature-dependence of the Fermi-Dirac-distributions,
this result is temperature-independent. According to Eq. (53), the induced current
in the helical wire becomes:

Iind = I;It - I%“ (82)
et? 2mhop

= 45T (Flea+ ) = flea) = Flea+ m) + f(ea) (83)
2

= 4% 27T§UF (f(ea+ pt) — flea+pmy)). (84)
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From this expression it becomes clear that, for different chemical potentials y4 and
) (which corresponds to a magnetization of the quantum dot), there will be an
effective electric current in the helical wire. We refer to this process as spin-to-
charge-conversion.
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3.3 Perturbative Calculation of the Tunneling Current

The goal of this section is to calculate the perturbative tunneling current using
methods of quantum statistics. This will allow us to find a generic expression for
the induced current in different models for the quantum dot that we can easily
implement in the calculation. The difference in Fermi-Dirac distributions in Eq.
(76) corresponds to a specific model, namely one where the quantum dot has two
uncorrelated states for electrons with spin 1 and | and energy €4. This section helps
to understand what changes if we modify the model by limiting the quantum dot
to a single electron as done in Ref. [15] (see Sec. 3.1).

3.3.1 Induced Current via Trotter formula

In this subsection, we want to apply the Trotter Formula to obtain an expression
for the induced current. The following ansatz reflects a situation in equilibrium and
we expect therefore to find a zero-current. However, it yields a useful form for this
zero-current which enables us to make a little manipulation by hand in order to
impose the non-equilibrium-situation.

First, the Hamiltonian is split into H, for the helical wire and the quantum dot
without tunneling, and H; as tunneling Hamiltonian:

Hy = hwp Z k( ck RYCIDY cz 1Ce) T Z €d, odld, (85)

H1 —’YZ :rr\ila(x))|x_0' (86)

Defining the current operator Iing = %e’y Zk’a sg(‘lf d dj,‘llk’a), where s4 = +

k,o"0
and s; = —1. The average current can be written as:
eq 1, —BH
(Iina)™ = E<Iinde ) (87)

1 . N7 1 . A
7 D (i, [finae P a 1) + D (e, Tipae PHo o 1) - (88)

« «

()

Z denotes the partition function that we will turn to, later. For the sake of clarity,
we will focus on the expression in in the underbrace (*) since the second term in
the brace can be treated analogously. After having evaluated (*), we will return to
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Eq. (88) to obtain the result. The Trotter formula yields (see App. C):

(¥) = —= lim Z Z (a|linqe™ BHoZ: Hle_BHO =+ ) (89)

m=1 «

Since the spin states do not mix and global spin is conserved, this expression
can be evaluated for each spin state separately. For simplicity, the ¢’s are dropped
in the notation for the calculation that is valid for either one of the spin states.

We insert unity 1 = ). |i)(i| between the single operators where the states
i) = |8), |A\), |7) denote eigenstates of Hy.

Eq. (88) becomes:

(*) =—§nlggo Z >~ (alfinald) (le= P70 A ) (rfe =05 ) (90)
m=1 a,d\,y
ﬂ . - ? g —BH,m™ —BHy ="
~2am S S (alfaal) (A @l R ) (et ey (91)
m=1 «,,\,y By g n—m
(dle 7 [8)35,x (ale PO T (),
5 ~ g mem
= —7 lm 373 allnald) (012 (3le=# 0 F 5) (ale P ). (92)
m=1 a,0

The terms containing m or n can be rewritten:

n—m

n n
1 7. m 7 n—m 1 m -
; Lo s —BH, "= Y 1 Bem —ge,n=
nh_)n;@ E n<5|e |0) (ae o) nh—{%o Elne e (93)
e

m=1
n n —Bea
—im Y 1 les—ea)® y—Bea — i 3 1 Blesmca)2 =Bea _ iy C
n—00 177, n—00 On n—oo N
m= m=
=0
(94)

Because ﬁl and fmd are both off-diagonal, only the case § # a needs to be consid-
ered. Using the geometrical series yields:

1— —BM(H-H)

— 1 —Bea
A T e E) (95)

(FJ—‘»a)
] — o—BEz=) (i)
— lim - e aed A (96)
(1l =14 Bes — €))7 + O(—2522))

Evaluating the limit n — oo, one obtains:

1 e Blesme)
T Bles —€a) " Bl —ea)
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(*) becomes:

1 N . 67565 _ 67660‘

(%) = 7 o;s<a|lind|5> <5|H1\04>(65_7€a) (98)
= LS a8 o) 99
= Zl§;<a| ind|0) (9] 1\Q>W (99)

We change our notation, such that k denotes the single momentum states in the
wire, whereas d denotes momentum state in the dot:

1 . R e—Bea _ o—Bek 1 . . e Pex _ p—Pea
== kllLina|d){(d|H |k) ———— + = d|Linalk)(k|H1|d
()= 5 S a1 = S ) ) =
(100)
1 R . e Pea _ p—Pex
= =2 k|lina|d){d|H|k) ———. 101
523 bl )l H ) (101

k

For reasons of causality, we make an infinitesimal shift of the energy along the
positive direction of the imaginary plane [11]. This yields a retarded response
function that has no poles in the upper half of the imaginary plane. Its Fourier
transform with respect to time: € — (¢ — tg) yields a ©-function O(¢t — to). The
physical meaning is that the perturbation can only be observed at times t > %,
where t( is the time at which the perturbation takes place:

} (102)

e—Pea _ p—Bex
€

1 : :

d— €k +1in
1 ion2 o—Bea _ g—Ber
=Re{lim2- S 2L ° c_ (103)
n—0 Z - h eqg—e€p+in

The sum over k is taken to an integral:

dek
Z—)/Qﬂ_th, (104)
k,d

where the density of states p(¢) = i% = 27”1WF has been introduced. (*) becomes:

2 de 51 e P e B

27ThUFE7 7 €q— € +1in

(4) = Re{limy [ des (105)

Since the prefactor contains an imaginary ¢ and in the end, only the real part of
the above expression contributes, one can conclude that only the imaginary part of
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lim,, o m is relevant: Im{lim, o m} = md(eq — €). This yields:
2 me o1
= [ depd 2= (e~Pea — g=Pex 106
() = [ dexdlen — ea)py— et (e — %) (106)
e
depd (e — 2(pd — p¥ 107
/ er0(er — €q) 27rfw 7 el ( - i) (107)

where p}’ denotes the probability for an electron in state k in the wire, i.e. f(eg).
Eq. (107) yields zero in equilibrium because the population in the dot and in the
wire at the corresponding energy are equal. However, this expression illustrates in
what way the probabilities enter the equation for the total current. Our goal is
to consider the non-equilibrium situation. As far as we analyze the perturbative
regime, we can adapt Eq. (106) for our purposes by making the following adaption:
We implement a source-drain-configuration by making a spin-dependent shift in
chemical potential in the quantum dot which accounts for the different and fixed
occupation probabilities for up-spin- and down-spin-electrons in the quantum dot.

The substitution €4 Lanon-eq., €4 + o concerns all thermal factors:

e Pea e—Bleatps)

z  z
which yields:
2 me 21 —Beat+ —Be
(*) = dék(S(Ek - Ed) 27Th’U h ( aTHT ¢ k) (108)
2hv
2 7T672 1 (e “Beatur _ e—ﬁed) 7= At et? 2mhup 1 Lte —Beatur e—ﬁsd)
27rhvp h' Z h N Z

(109)

The other term in the brace of Eq. (88) can be treated analogously and will yield
the same result with opposite spin and the opposite sign.
Eq. (88) therefore becomes:

2
(1) = 45 2 (i) — o) — (e Pleatin) — =50 (110)
et? 2rhvp 1. _ 4. _B(e et? 2rhv
TTFE[e Bleatny) _ g=Bleatim)] = 47%&,? *Pﬂ (111)

Since we have now moved to the nonequilibrium case, p%l # pil will lead to an in-
duced current in the helical wire as is evident from Eq. (111). This equation is
general and applicable to different models for the quantum dot.

If one assumes a two-electron quantum dot that can host one electron of each
spin state, respectively, the probabilites p%l and pil are uncorrelated and become
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Fermi-Dirac distributions, fop(eq). This is the case that we implemented in Sec.
3.2.

If one assumes strong Coulomb repulsion to allow only a single electron in the dot,
the probabilites p%l and pf are not independent any more. This corresponds to the
situation that we considered in Sec. 3.1.
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3.3.2 Fermi’s Golden Rule

The perturbative ansatz can also be realized by an application of Fermi’s Golden
Rule that states for the transition rate between the initial state ¢ and the final state
I )
T a0h 2
Dy = (a7l oler). (112)
where p(es) is the DoS in the final state and Hyp is the tunneling Hamiltonian as
introduced above:

Hp =~ (V] d, +hc). (113)
k,o

The following calculation concerns the spin state ¢ =1 which can be treated sepa-
rately as the two spin states do not mix. We choose the same model for the quantum
dot as in the case of the Schrédinger-approach where the quantum dot has two un-
correlated states, one for each spin state. For the tunneling between the wire and
the dot, the total rate must be proportional to the Pauli factor: fi (€)(1 — fop(€))
where f(e) denotes the Fermi-Dirac distribution. Evaluating

|(k|Hr|d)| =,

the total transition rate is given by:
27
Twod = €725(6d — k) fw(er) (1 — fop(ex))- (114)
k

where we chose the low-coupling regime with p(ef) = (e — €4) in order to be able
to compare the result to the one obtained above (see Sec. 3.2). The sum over k is

taken to an integral:
> [ o
- 2rhup

Consequently,
P = [ ey %8e — a)fw(e) (1~ fop(e))  (115)
w—d — EkQﬂ'hUF h'Y €d €k )JW\ €k QD \€k
_avx 2
~ 2hop t* 2whv
=" A = flea) (U flea+ ). (116)

This, however, is only the transition rate for electrons tunneling from the wire to the
dot. The opposite tunneling direction must be taken into account and is computed
analogously:

t2 2mhup
h A

Ly =4 flea+pp)(1 = flea))- (117)
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The total tunneling current for spin f-electrons is therefore given by:

t2 2nhop

I} = e(Dams = Tusa) = 45— (f(ea+ 1) = f(ea))- (118)

This expression is equivalent to the one that we obtained in the Schrédinger-
approach and is a confirmation of the result.
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4 Conclusions and Discussion

In this section we aim at interpreting the results that we obtained above. Moreover,
we will turn to the physical comparison between our setup and the one by Fillippone
and Brouwer that we introduced in Sec. 1.4.

Our comparison is based on the model of the two-electron quantum dot as im-

plemented in the approach via the Schrédinger equation and Fermi’s Golden Rule.
In this case, both spin states are completely independent which is closest related
to the chiral case of Fillippone and Brouwer who consider spinless chiral electrons.
The conductance that we have derived in different ways reflects some physical dif-
ferences to the conductance that Fillippone and Brouwer found. Their tunneling
current is independent of the Fermi-Dirac distributions in the wire and in the dot
and therefore also independent of temperature in all three regularization choices.
This corresponds to a situation where both, the contact and the wire have contin-
uous spectra. Therefore, there is no momentum state in the wire that is ”special”
and should explicitly appear in the result. In our case, however, the dot only has a
single momentum state. It can therefore be expected that the corresponding energy
in the quantum dot, which is spin dependently shifted by the chemical potential
Lo, Plays a special role and determines the exact value of the conductance via the
dimensionless parameter B(eq + po).
Moreover, it is important to note that the system studied in Ref. [5] is a priori
symmetric between the contact and the wire. Before specifying the boundary con-
ditions, there is no physical difference between the contact and the wire - both have
only one 1D chiral mode and the regularization is symmetric in all three cases, as
well. Interchanging the boundary conditions would lead to exactly the same result
in the conductance.

This constitutes one of the main differences to our system: The asymmetry
between the 1D wire and the 0D quantum dot is evident. This difference in spacial
dimensions already hints at the fact that an additional quantity with the dimension
of length will appear in the result. We choose this to be A, the size of the quantum
dot. The trivial dependence of the wavefunction on the tunneling parameter ¢ lets
us deduce that A also plays the role of a regularizer. In our case, due to the 0D
nature of the quantum dot, an additional regularization is not needed.

Additionally, our system differs from theirs by that fact the our 1D wire is not
spinless and chiral but spinfull and helical, meaning that the two different spin
states travel in opposite directions. Even if the coupling strength was turned to
zero, one could measure a nonzero spin current in the wire.

Since there is a spin-dependent shift in chemical potentials in the dot, the sign
of the total current is completely determined by the respective chemical potentials.
Contrarily, in the case of Fillippone and Brouwer, the direction of motion of the
chiral electrons in the contact and in the dot is a priori determined by the physical
system (if the chiral states are taken to be edge states of topologically nontrivial
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bulks for example, the topology of the bulk will determine the direction of motion).
Because of this relation to the bulk in Ref. [5], the density of states in the contact
and in the wire are fixed and do not change by the exchange of electrons. The non-
trivial dependence of the conductance on the tunneling parameter ¢ is an artifact
of the form of the Schrédinger equation and depends on the regularization choice,
even if the density of states is trivial in all cases. The wavefunction in the contact
and in the wire already contain this nontrivial ¢-dependence.

In our setup however, the density of states in the quantum dot can change when it
is tunnel coupled to the wire. It depends on the strength of the tunneling junction.
This is the reason for the nontrivial dependence on ¢ in our case. The wavefunction
in the wire itself has a rather trivial dependence on ¢ which is due to the simpler
form of the Schrodinger equation, caused by the fact that the wavefunction in the
quantum dot is constant.

Our setup is closely related to the one by Fillippone and Brouwer. By mak-
ing the necessary physical adaptions, one can merge our result with theirs. We
start from our conductance which is valid for small u,, such that a linear response
approximation is valid:

G = eﬁ _ 4€2t2 2mhvg
pr hpy A

(f(ea+ pr) — flea)) - (119)

First, one needs to set A = 1 which corresponds to symmetrizing Hrp since A = 1
implies equal dimensions of ¥(z) and d(z). Moreover, one needs to change the
zero-momentum from the QD to a quasi-continuous spectrum of momenta which

d
requires the integration over [ Q;Td;F (the DoS in the contact has been intoduced,
here):

o Gy =45 o / i beqt ) - flea)) (120)
= h,uT TR 27Th’l)F €d MT €
e2t? e2t?
=4 = 4— 121
G N (121)

which is the result by Fillippone and Brouwer in second order of ¢ [5].

In this thesis, we have only considered helical wires and the question can be
raised whether this is a requirement for this spin-to-charge conversion to take place.
Phenomenologically, the difference between our setup and the one of a magnetized
quantum dot that is tunnel coupled to a regular wire is easy to understand: When
an electron of either spin states tunnels from the quantum dot a normal wire, its
spin state has no effect on the direction of motion that it will have in the wire
since electrons in both spin states can travel in both directions. If the magnetized
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quantum dot with spin-dependent shifts in the chemical potential, i, is interpreted
as source that injects electrons into the wire, the magnetization corresponds to an
unequal number of injected 1- and |-electrons. Because the spin states do not deter-
mine the direction of motion in the wire, though, the magnetization of the quantum
dot cannot have an effect on the current in the wire which remains zero, irrespective
of the magnetization.

On the other hand, the observation of spin-to-charge conversion as described in this
thesis is a clear indication that the system is helical.

4.1 Conclusion

In this work, we have investigated the spin-to-charge conversion that can be ob-
served when a quantum dot with different probabilities of hosting 1- and |-electrons
is tunnel coupled to a helical wire.
We started from phenomenological rate equations which provided an expression for
the induced current in the helical wire. We found it to depend on the difference in
occupation probabilities for 1- and J-electrons in the quantum dot.
Since, due to their phenomenological nature, the rate equations cannot take into
account regularization that is necessary for 1D Dirac Fermions, we then turned to
a scattering approach in which we explicitly solved the Schrodinger equation. Our
calculations show that the nontrivial dependence of the tunneling current on the
tunneling parameter ¢ is only due to the broadened density of states of the quantum
dot which results from its coupling to the helical wire. We deduced that, due to
the 0D nature of the quantum dot, the additional regularization is not needed. The
size of the dot plays the role of a regularizer.
In the next step, in order to find a model-independent expression for the spin-to-
charge conversion, we used a perturbation theory in the tunneling amplitude. Our
result is the following:

et? 2rhvp - 4 4

Itotal:47 \ [pT pﬂ- (122)

This general expression illustrates that the difference in occupation probabilities
for - and |-electrons determines the induced current. The exact expression for the
probabilities depends on the model of the quantum dot. In this thesis, we considered
it to be either a single-electron quantum dot with strong Coulomb repulsion (in that
case, p%l and pf are correlated) or a quantum dot with two uncorrelated states for
o =71,). We explained that the observed spin-to-charge conversion is an effect of
the helical nature of the 1D quantum wire. Experimentally, this effect can be used
for the measurement of spin currents which are otherwise hardly accessible [21].
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Appendices

A Derivation of the conductance via the Schrodinger
equation

The Schrodinger equation for regularization choice (I) reads:

5

0= —ihwpdyVo(z) + 4% / da' Wy (') (123)
-5
§

0= —ihupd, Pw(x) + 47?/ dr' U (). (124)
-4

(125)

where ur and vgp denote the Fermi velocity in the wire and in the contact, respec-
tively. One can make a linear ansatz for both wavefunctions:

Ve = Az + B (126)
Uy = Cz + D. (127)

Inserting this into the Schrodiner equation, one obtains the following relations be-
tween the parameters:

v D

=L 12
v B

= L . 12

The system can be solved by adding two boundary conditions. If one takes the
electron in the contact to be incoming from the left, one can unit the amplitude of

the wavefunction at © = —4 and choose to normalize the wavefunction be the DoS:
1
Uo(—0) = ——— 130
v D 1
— A(—=06 B=——(-¢ B=——. 131
(=0)+ 20 ihvp< )+ v 2mhug (131)

Moreover, it is convenient to choose the chirality of the wire to allow electrons
to travel only from the left to the right (the regularization is independent of the
respective chiralities in the contact and in the wire which gives us this freedom of
choice.). We can therefore choose the second boundary condition to be:

Ty (6) =0 (132)
B

v
D=
G Q0+ D=

§+D=0. (133)
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Eqgs. (128), (129), (132), and (130) allows us to solve for all four parameters A, B, C
and D. Introducing the dimensionless tunnel paramater ¢ := %\/ﬁ yields:.

1 —t?z 46

0 = 134
o) = e T ) (134)
1 —it(x +9)
v = . 135
Wt = e 50+ ) (135)
The transmission amplitude is simply:
which leads to the conductance:

e2 e2t? t<1  e2t?
G=-T=4———— = 4——, 137
h h(1 4+ t2)2 h (137)

B Density of States in QD in the Presence of Tun-
neling

The effective Hamiltonian for the coupled system reads:

H= Gdde+Z€k\i/L‘i’k —‘r’)/Z(\i/LCi—‘rdAT\i/k). (138)
k k

We use the resolvent Green’s function G(t — t'):
(ihd, — H)G(t —t') = 6(t — t') (139)

The functions of primary physical interest due to causality are the retarded Green’s
functions G (¢ — t') which vanishes for ¢ < ¢’ and the advanced Green’s function
G~ (t — t') which vanishes for ¢t > t’. Their Fourier transform is defined as:

— GF (e / GE(t —t)e ™ t)d(t — 1), where eizlir%(e:tis). (140)
S—

Thus, Eq. (139) can be rewritten in terms of G (¢t — t'):
(F — H)GF(e) =1, (141)

which is an operator equation. One can use the eigenstates of Eq. (138) as basis to
write this equation componentwise.

(ef —e)GE (€) = Z G, (142)

(fi - Ek/)Gki/d(e) = 'YGdd(f)~ (143)
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This set of equations can be solved for

2
1 A= Fo o, 1
GE () = = F_— 144
dd( ) 6:‘: — €4 — Zk} eE’yjek fi T A ( )
For later purposes, it is useful to define:
I :=TIm(A). (145)
The density of states in the QD, A(e), is defined as:
1 1 1
— + - __ -
Ale) = —WIm(Gdd(e)) = ’ﬂ'Im(EJr E— A) (146)
1 1
= —lim —1I 147
o507 m(e—i—is—ed—Re(A)—iI‘) (147)
1 —s—T 1 r

s—0m (e—eq— Re(A))2+ (T2 +s2) 7 (e—eq— Re(A))2+T2

Re(A) is just a homogeneous shift in energy and we can therefore set it to zero. In
the next step, I' needs to be evaluated:

2 deg,
. v?s PR 7 2/ 1
r=1 derd(e — 149
50 (e —€)? + 52 7 €rd(e — k) 2hup (149)
k ——
Puw
=2y (150)
The final expression for the DoS is:
1 V2 puw y=t Qf}F 1 212 F;ﬂ
Ale) = — s = = T (151)
™ (€ = €a)” + (V?puw) ™ (e —€a)® + (2027%)
1 t2p 711'2)\
_1 . (152)
T (e — €q)? + (¢2 pw;%\)2

C Trotter Formula

The Trotter-Product-Formula for (possibly non-commuting) operators A and B
reads: eAT8 = limNﬁoc(eA/N . eB/N)N. Expanding the second exponential to first
order yields:

B
AP = lim (A% + A% )N L (BN (153)
N—o0 N
B B B
= lim (er™ +eA%N) (e +6A%N) (€AW +eA%ﬁ) +O(BN*.
Nfactors

(154)
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Ounly terms up to O(B) are kept:

N
= lim eA—&—E AR
N—oo
m=1

In our case, the operators are the Hamiltonians fIO and H 1

2[3

2|

eANz‘v’"’> +O(B?). (155)

N A

. 31 “B(iymy —BHL gy Nom A

= lim <e Ao 1 %" e B(HON)iN e PHTRE) | L O(H}). (156)
m=1

Since H; is off-diagonal and the expectation value of the current in Eq. (88) also

contains the off-diagonal operator I, the first summand in Eq. (156) will lead to a

vanishing contribution. The remaining expression will lead to an even number of
operators of each kind in Eq. (88) and therefore survives.

D Electric current in a helical wire without tun-
neling

The Hamiltonian of a free helical wire is given by:
Ho = hwe Y k(e 10p = €100)
k

Using & = i0y, we can express the velocity operator for an electron with momentum
k as: )
o= £, = ve(e] 4o =, 00)

Ok = 2 [H, 2] = vp(G 185 — & 18y
The mean velocity can be calculated via (0) = Tr(pd) with the density matrix

~_ Soa
pP= Zk,o’ Ck:,ack,a'

(or) =vp DD b b (e e —ch e )
o kk'

— st o4
=08 D (Gh 1y = Chy )
k

which leads to the current:

(I) = —e() = —evr Z(ézmém - éhém) = —Cur Z(ﬁkm ~ Prk.y)
k k

Since py, , is spin-independent in equilibrium, we can deduce that, as expected,
there is no net current in an unbiased helical wire.
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