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Abstract

Subject of this study are two Kondo impurities coupled to helical edge modes of 2D time-reversal
invariant topological insulator. The latter is described by using a Kane Mele lattice model. Helic-
ity is defined as a lock in relation between spin and propagation direction. an edge with a specific
helicity supports only modes which share the same helicity.

The physics of such a system are determined by a competition of two seminal phenomena: The
Kondo effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect exchange interaction.
The Kondo effect leads to a screening of the impurity spins by itinerant conduction electrons for
each impurity separately whereas the RKKY indirect exchange interaction correlates them. The
Kondo/RKKY competition has intensively been studied in the literature starting with the seminal
paper by Doniach [1]. The Kondo phase is normally suppressed in 1D usual systems, thus the
RKKY phase dominates in a huge range of Kondo couplings and interimpurity distances.
However, the Kondo/RKKY competition in a 1D helical Luttinger liquid (HLL) is highly nontriv-
ial [2]. Namely, the Kondo effect can be enhanced significantly by magnetic anisotropy or Coulomb
interaction. The latter is typically strong in realistic samples. One can come across the case where
the Kondo effect overwhelms the RKKY interaction even at small distances. This behavior can
be explained with Doniach’s criterion. The two characteristic energy scales of the RKKY indirect
exchange interaction (the RKKY energy) and the Kondo effect (the Kondo temperature) can be
used to compare the two effects. If the RKKY energy is greater than the Kondo temperature, the
RKKY phase will win. However, the Kondo temperature can be significantly increased in HLL,
thus the Kondo effect is possibly superior to the RKKY phase.

The current project is devoted to a numerical study of a two impurity Kondo model coupled to
helical edge modes of a quantum spin Hall system via NRG calculations. Numerical treatment
is needed as a complimentary tool to the existing analytical theory [2] to investigate a real lat-
tice model which can not be included in the analytical considerations. Furthermore, analytics
addressed only limiting cases far from the RKKY/Kondo transition (e.g. decoupling limit for the
Kondo description). A detailed theory of RKKY/Kondo transition do not exist.

Numerics include evaluating energy flow diagrams (outcome of NRG calculations), calculating
interimpurity spectral functions and expectation values of interimpurity operators (S755).

These methods has allowed us to study the RKKY/Kondo transition for this particular model
because the expectation value of the interimpurity operator differs in the RKKY phase compared
to the Kondo phase.

The main result of the current project is the numerical confirmation of the analytically ob-
tained predictions of the RKKY /Kondo competition in a helical 1D system |2]. In that paper, a
RKKY/Kondo transition is predicted for an effective Luttinger parameter of K, = 1/2 whereas
the numerical calculation during this project obtains a critical effective Luttinger parameter of
K, ~ 3/4.

The difference can be explained with the use of different models in analytical and numerical stud-
ies as well as with the phenomenological nature of the Doniach criterion which can only yield an
approximate value of the critical Luttinger parameter.
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Chapter 1

Introduction

In the last decades the finding of new kinds of phases in condensed matter physics was a cor-
nerstone in the research for sophisticated materials [3]. These substances can be used for new
applications in spintronics [4]. Compared to phases that have been well known before these ones
are characterized by their topology. The topological class is characterized by a topological invari-
ant which is specific for a given system and for given symmetries. As long as the specific value of
this invariant does not change, the same physics can be expected. Because of the similarities to
the mathematical definition, where some elements of the same topology can be transformed (with
some allowed manipulations) but stay in the same topology, the name topological phase is suitable
in physics, too. If, for instance, the genius is considered as the topological invariant, 3D objects
with the same genus belong to the same topology class. Thus, a cup and a torus will be in the
same topology, they have 1 hole, wheres a pretzel will not be in the same topology. In physics,
a change of the topology invariant value can be caused by a gap closing of a dispersion relation
which changes the phase from a topological trivial to a non trivial one [3] or vice versa.

One of these discovered topological classes was rewarded by a Nobel prize in physics to Haldane,
Thouless and Kosterlitz in 2016. Von Klitzing et al. experimentally discovered the integer quan-
tum Hall effect (IQHE) [5] awarded with the Nobel prize 1985, which is a nontrivial topological
phase and supports chiral modes on the spatial boundaries.

Haldane suggested a possible lattice model realization of the IQHE without applying an external
magnetic field [6].

A further step was taken by Kane and Mele who suggested a lattice model which realizes the
quantum spin Hall effect (QSHE), also known as topological insulator (TT), in graphen [7]. The
topological invariant of a quantum spin Hall system is isomorph to the Zs group. The TI has
gapped bulk states, but supports helical edge states on its boundaries. They are gapless states
which traverse the same edge in opposite directions for different spins. Thus, their helicities
= spin x cirality are equal [8,9, 10, [L1] and are defined as +1.

Helicity is defined as a lock in relation between group velocity and spin. On the other edge, there
exist modes with opposite helicity 1. The TT is time reversal symmetric (TRS) [9] in contrast to
Haldane’s model where TRS is broken.

The trivial topological phase would be a complete gaped spectrum.

Due to their finite gap, the bulk states are irrelevant for low energy physics [8]. Interesting physics
happens on the boundary of a 2d TI, where the helical edge states are located. The fixed helicity
for the edge states protect electrons from backscattering off a nonmagnetic scatterer. This is due
to the fact that backscattering can only appear if it is accompanied by a spin flip of the electron.
This is only possible, if a magnetic impurity is involved as a scatterer.

The system studied in this thesis is a non-interacting Kane Mele system with magnetic impurities
attached to the honeycomb structure. The Kane Mele system will be in the non trivial topological
phase, if proper parameters are chosen.
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Figure 1.1: Phase diagram of the two impurity Kondo model (see Fig.1 in |2]). The
system parameters are the Luttinger parameter K and the dimensionless anisotropic
Kondo coupling pgJ,. The Kondo coupling poJ, stays fixed.

The goal of this work is a numerical confirmation of analytic obtained results contained in [2]. In
this paper, analytical calculations are done for a system consisting of a helical Luttinger liquid.
Two Kondo impurities (i.e. spin-spin interaction of bath electrons and impurity) are coupled to
the helical Luttinger liquid.

The paper explained in the abstract of V. Judson and O. Yevtushenko suggests a competition
between a regime where the leading interaction results from the RKKY interaction and a regime
where the system is Kondo screened, hence it is in the Kondo phase [2] (i.e. magnetic impurities
are screened by itinerant electron spins). The argumentation of [2] follows a well proofed state-
ment of Doniach which states a criterion to distinguish the RKKY from the Kondo regime [1].
The different phases are depicted in the phase diagram Fig. [[.1]

Backscattering in a topological insulator is only possible if magnetic impurities such as Kondo
impurites are involved. Forward scattering can be included into the description by introducing an
effective interaction. Thus, the system is fully described by an effective interaction parameter K
(depending on the forward scattering Kondo coupling constant J.) and the backscattering Kondo
coupling J;. This absorption of forward scattering into an effective Luttinger parameter is not
possible for non helical Luttinger liquids, hence the Kondo effect can not be enhanced by intro-
ducing anisotropy which will be used during this thesis.

The model is tackled by the numerical renormalization group (NRG) method. Equipped with
this method, one can calculate different physical observables. Subject of the present study is the
numerical analysis of correlation functions (more accurate spectral functions which are the imag-
inary part of the correlation functions), like the correlation function in [2], numerically.

This correlators are the interimpurity retarded Greens function {S7S5) and the local on {(S}S%),
where the lower index marks which impurity spin operator is considered (i.e. first or second im-

purity).

The suggested crossover between a Kondo regime and a Ruderman-Kittel-Kasuya-Yoshida (RKKY)
regime should be detected.

This can be realized by changing the system parameters from isotropic to anisotropic Kondo cou-
pling and driving the interaction parameter .J, (see Fig. [[LT)) to strong anisotropy [2].

Another way to observe the crossover contains the change of the interimpurity distance. The
Kondo temperature is independent of the interimpurity distance [1]. But the RKKY energy de-
creases for increasing separation of the impurities. Thus, the RKKY energy can be lowered in this



1.1 Goal of the thesis 3

way and one can try to suppress it even below the Kondo temperature which drives the system to
the Kondo regime.

1.1 Goal of the thesis

This project is devoted to a numerical study of a two impurity Kondo model coupled to helical
edge modes of a quantum spin Hall system using NRG calculations.

A proper lattice model which supports helical edge modes has to be chosen. The edge modes have
to be localized very close to the edges and their helicity should be guaranteed.

In our case, we chose the Kane Mele lattice model because it provides helical edge modes according
to our numerical investigation.

The main goal of the project is a numerical confirmation of the analytically obtained predictions
of the RKKY/Kondo competition in a helical 1D system [2] by using the model type mentioned
above.

The intermediate goals for achieving the aforementioned are calculating the Kondo temperature
for a single Kondo impurity model, estimating the RKKY energy for a two Kondo impurity model
and comparing them afterwards. Those two energy scales are the characteristic energy scales for
each effect concerned. The reasoning for those goals is a criterion presented by Doniach [1] which
can be used to make a statement about the dominant effect by comparing those characteristic
energy scales. If the Kondo temperature is greater than the RKKY energy, the system is in the
Kondo regime. For the opposite case, which is the usual one, physics are dominated by the RKKY
indirect exchange interaction.

The Kondo effect can be highly enhanced in a 1D helical system if it is a strong interacting sys-
tem. This interaction can be mimicked by applying strong anisotropic Kondo coupling in helical
Luttinger liquids.

A critical effective Kondo coupling can be determined by driving the system into the Kondo dom-
inant regime starting in the RKKY regime. This is done by means of increasing anisotropy J,
which is the forward scattering Kondo coupling.



Chapter 2

Introduction to the physics of
topology and interacting systems

The following chapter presents the main ingredients and methods used during the project. It is
supplemented by the Appendices where lengthy calculations are given which are excluded form
the main text.

The outline is as follows: The thesis starts in Sect. 2] with topological non trivial systems and
their realization in lattice models.

An introduction in 1d physics (Sect. 2:2)) gives us a machinery to work with sophisticated methods
to handle interacting systems with minimal approximations. This is an outstanding feature of 1d
physics.

The edge modes of a topological insulator can be seen as a quasi 1d system, because the bulk
modes are gapped.

The RKKY interaction is an interimpurity exchange interaction which is mediated by conduction
electrons. The RKKY interaction and the Kondo effect (Sect. [2Z33]) are discussed in Sect.
and in Sect. 2.3.3 respectively.

Sect. 2.3.4] compares the RKKY interaction and the Kondo effect. They compete with each other.
If the considered system is a helical one, the above mentioned competition changes qualitatively
which is the topic of Sect.

Finally (Sect. 24, the numerical renormalization group (NRG) method suggested by Wilson is
introduced in Sect. 2.4l Results obtained with the help of this method are presented in Sect. 3.1.4]
to solve the impurity problem (i.e. realistic lattice 2d model, 2 impurity Kondo model with
anisotropy).

2.1 Topology matters

Physics of topological phases reflects global properties of quantum states in materials [11]. These
global properties are symmetries which leaves the system Hamiltonian invariant under such sym-
metry transformation and the spatial dimension of the system. The space dimension constitutes
the supported edge modes. A TT in two spatial dimension host helical edge states on its boundaries,
where has a time reversal quasi one dimensional system supports edge modes at its boundaries
which are points know.

To characterize these topological non trivial phases one can define a topological invariant. The
quantum Hall effect can be described with the normal Chern number which is a Z number |8]. The
spin Chern number characterizes the quantum spin Hall effect, it is out of the set Z/Zs [9]. Both
are, in principle, measurable observables, that can be detected by state of the art experiments [5]
[12].
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If the magnitude of the topological invariant changes, e.g. between a trivial and a non trivial
phase of a topological insulator, interesting physics can be detected. Zero energy edge modes are
located at the interface between materials which have different topological invariant values. This
appearance can be explained by the bulk boundary correspondence [13].

This section is devoted to give a short introduction to the huge field of symmetries in physics
and their implications in terms of topology. The quantum spin Hall system is of mayor interest,
because it hosts zero energy helical edge states on its spatial boundaries which serves as quasi 1d
helical system latter on [7].

2.1.1 Symmetries

If a given system has a symmetry, its Hamiltonian commutes with the symmetry operator A which
reflects the symmetry under consideration

[H(r), A] = 0. (2.1)

The bracket is the commutator.
A non-trivial topological quantum phase is characterized by the spatial dimensionality of the sys-
tem as well as special symmetries and their corresponding topological invariants [14].

In the following the time reversal symmetry (TRS) is considered. This symmetry can be rep-
resented by an anti-unitary operator [15] acting on the Hilbert space of the underlying system
Hamiltonian.

This anti-unitary operator can be split into two operators. One of these operators is a unitary
operator and the other one is complex conjugation, i.e. T = KU where T is the time reversal
operator, K is complex conjugation and Uisa unitary operator. These operators all act on the
same Hilbert space.

The physical meaning of time reversal symmetry is that there is no difference for the system to
evolve from a point of time in the past to one in the future or vice versa. Thus no measurable
quantity (observable) depends on the time axis direction.

If one considers an electron flying in free space with a fixed velocity, the system will be TRS.
Whereas the system will not be TRS if a magnetic field perpendicular to the electron’s flying
direction is applied.

The time reversal operator for a system consisting of spinful fermions (S = 1/2) [10] is

0 = —io, K. (2.2)
In this case, K is complex conjugation and o, is a Pauli matrix in spin space. Note, that the
above mentioned unitary operator is U = —io, in this context.
A time reversal symmetric Hamiltonian fulfills

H(—k) = ©H(F)© . (2.3)

For example, the topological insulator (TI) is a time reversal symmetric system see below ,e.g.
Kane Mele lattice model, whereas TRS is broken for systems supporting the integer quantum Hall
effect, see below e.g. Haldane’s lattice model).

2.1.2 Graphene

The following section introduces graphene, which its honeycomb lattice structure serve as a ba-
sis for lattice model realizations of topological non trivial states (e.g. Kane Mele Model). Its
Hamiltonian is

HGraphen =1 Z c;'rcj + ZNA/BCZCiu (24)

<ij> 3
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where the sum runs over its nearest neighbor’s sites and ¢ is the hopping term between those sites.
Nearest neighbor hopping does not take place within the same sublattice depicted in Fig. 21
(hopping from a red to a blue site). The second term introduces a sublattice potential which is
dependent on the lattice site species +pu.

The spatial lattice structure is of the form of a honeycomb, thus consists of hexagons. In Fig.2Ilthe
unit cell for a confined graphene lattice is depicted (unit cells are separated by vertical solid lines),
where there are 6 sites in the unit cell for this specific confinement. Open boundary conditions
(OBC) are applied along the vertical direction and periodic boundary conditions (PBC) are applied
along the horizontal direction. The distance between two neighboring unit cells is a; = v/3a, where
a is the graphene lattice constant.

The Hamiltonian for graphene Eq. ([24) is time reversal symmetric.

. . . . .
t

. / ° . .
a4 PBC

. . . . .
. . . . .
. . . . .

. . . . .

Figure 2.1: This figure shows the lattice structure of grahene with 2 horizontal zigzag
boundaries. The vertical lines mark the unit cell. aq is the distance between 2
unit cells and ¢ is the nearest neighbor hopping term. The red/blue points mark a
sublattice.

The Fourier transform of the single particle creation operator is
P LN ket
chy =~ Z e ey (2.5)
N, =
and the corresponding Fourier transformed Hamiltonian of graphene [10]

H(kz) = 7152 (ngkm02j+lkz + hC) — tZCEjkmCijlkz ((eikzal + e*ikmm) + hC) . (26)
J J

The j sum runs through all sites within the unit cell of graphene. The unit cells are separated
from eachother with the vertical solid lines in Fig. 211

There are flat bands (i.e. 2 for two edges, neglecting spin) between the two Dirac points [16]
K = 27/3a; and K’ = 47w/3a; at the Fermi level depicted in Fig. Z2(a). By turning on a
sublattice potential a trivial gap opens at the two Dirac points which is shown in Fig. 22(b)
where the edge modes do not traverse over the Fermi level (0 energy level). Le. a topological
trivial gap is introduced by a sublattice potential [10][11]. There are as many bands as sites in the
unit cell (in the figure there are 80 sites within the unit cell). By increasing the amount of sites
within the unit cell, the bulk bands get denser in the bulk.

Based on the graphene lattice structure, Haldane suggested a realization of the Integer quantum
Hall effect which is the topic of the following section.

2.1.3 Integer quantum Hall effect (IQHE)

The integer quantum Hall effect is the first upcoming example in this thesis for a topological state
of quantum matter [17].
The integer quantum Hall effect arises when electrons are confined to 2d and a magnetic field
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o

-0.5 \/ -0.5 \/
1l , -1

0 K 0.5 K 1 0 K 05 K 1

k, in 27/a; k, in 27/a;
(a) Graphene without a gap (b) Graphene with a gap

Figure 2.2: The band structure of graphene along the quasi impulse k,. The two
Dirac points K and K’ are connected via a flat band which consists of the edge
modes (a). In (b) a trivial band gap opens due to a sublattice potential of u = 0.05.

is applied [5]. This state is not a usual insulating nor a metallic phase. The electron energy
spectrum splits into so called Landau levels due to the perpendicular applied magnetic field [1§].
The spectrum is

€n = wehi(n +1/2), (2.7)

with w. = gBe/mc being the cyclotron frequency and n being an integer. For the case that N
Landau levels are filled and the others are empty, there is gap between the valence and conduc-
tion band like in an ordinary insulator. But if one applies an electric field, the cyclotron orbits
drift (skipping orbitals) which leads to a Hall current. This Hall current is quantized and the
corresponding conductivity is

Ory = Ne?/h. (2.8)

This astonishing result was confirmed by von Klitzing et al. experimentally [5].

The skipping orbitals are located at the edges of the 2d system. The conduction carrier mode
is also located at the edge and is chiral in the following sense. The direction of the supported
mode is determined by the given edge and the direction of the perpendicularly applied magnetic
field. The second edge supports the counter propagating mode, with a respectively opposite group
velocity (i.e. opposite sign, direction) as the aforementioned first chiral mode.

If the magnetic field is applied in opposite direction, the chiral modes will change there direction
as well. Thus, each edge can be assigned by a chiral quantum number characterizing the edge
state. This chiral quantum number serves as a topological invariant which is stable within the
above given topology definition.

Haldane suggested a 2d lattice model, which is in the quantum Hall phase without an external
applied magnetic field [6].

The net magnetic flux in Haldane’s unit cell is 0, but at each lattice site there is a non zero
magnetic flux which breaks time reversal symmetry. This lattice model consists of a honeycomb
structure (like Fig. ), where nearest neighbor sites are of different type (A/B). An inversion
symmetry breaking on site energy term p can also be considered (see Sect. 2.1.2).

Haldane included one more hopping term into the model which is a next nearest neighbor contri-
bution ¢2 . This hopping is within the same sublattice (i.e. A/A or B/B) and can be assigned with
a phase (i.e. to € C). This phase factor generally breaks the time inversion symmetry (for special
phase factor values the time inversion symmetry will remain, e.g. t2 € R). Haldane’s lattice model
Hamiltonian is

Hg =t Z CZC]‘ + 1o Z C;-er +ZMA/BCIC% (2.9)

<ij> Lij>» 7
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with p14,p = +e being different for a specific sublattice (A or B) and the two hopping terms,
nearest neighbor ¢; and next nearest neighbor ¢5 denoted by < ij > and « ij », respectively.

As mentioned before, the system described by Eq. ([2.9) is a lattice model in 2d. The quasi impulse
is a good quantum number. Thus, one can Fourier transform Haldane’s real space Hamiltonian
Eq. (Z9) to end up with [10]

3
Hpy (k) = ' (k)[t: > (cos(kd;)o” + sin(kd;)o")+

3

6
+ Z(tg cos(¢) cos (kb )og + (M /6 — ty sin(¢) sin(kb;))o?)]c(k). (2.10)

Here, ¢ is the phase factor of the imaginary hopping to, k is the quasi momentum, a}(b}) the 3(6)
displacement vectors, which connect a B(A) site to its 3 nearest neighbors A sites. The o(®¥:?)
are Pauli matrices and I is the identity in sublattice space, so the diagonal terms correspond to
hopping within the same sublattice and the off-diagonal ones correspond to inter sublattice hop-
ping (A/B or B/A). Thus, the sublattice space serves as a pseudo spin.
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2.1.4 Quantum spin Hall effect (QSHE)

The quantum spin Hall effect (QSHE) has a charge excitation gap within the bulk, but has sym-
metry protected 1d gapless edge states which lie inside the bulk insulating gap [19].

The edge states counterpropagate along the same edge for opposite spin, thus they are called
helical edge modes (propagation direction and spin are connected).

The helical edge modes appear as Kramers doublets.

The Kramers degeneracy theorem states that for a time reversal invariant spin-1/2 system (e.g.
QSHE system), there are always two states which share the same energy.

TRS ensures the crossing of their energy levels at special points (Dirac points) in the Brillouin
zone. Because of this level crossing, the spectrum of a QSH insulator cannot be adiabatically
deformed into that of a topologically trivial insulator without helical edge states. Therefore, in
this sense, the QSH insulator represents a new topologically distinct state of matter.

The topological properties of the QSH state can be characterized by the spin Chern number [20].
More generally, the topological properties of the QSH state are mathematically characterized by a
Zs topological invariant |9]. Physical systems with an even number of Kramers pairs of edge modes
at a given boundary are topologically trivial, while those with an odd number are topologically
nontrivial [g].

Kane and Mele suggested a realization of the QSHE in a real lattice model [7]. Based on the
graphene lattice structure and the considerations of Haldane, they considered a next nearest
neighbor hopping which is time reversal symmetric. Thus, the whole Kane Mele model is time
reversal symmetric. A property which does not generally exist in the Haldane lattice model, it
explicitly breaks time reversal symmetry (see Sect. 2ZT.3)).

The quadratic Kane Mele Hamiltonian is

Higy =t Z CZUC]‘U + itso Z I/ijCIUS;U/Cja/ + pa/B Zc;rgcig. (2.11)
<ij>o «ij»oo’ io

The sum of the first term in Eq. ZI1]) runs over nearest neighbors and spins, whereas the second
sum runs over next nearest neighbors and spins. The v;; characterizes the sign of the next near-
est neighbor hopping, it takes the value of +1 for counter clockwise or —1 for clockwise hopping
depicted in Fig. B3l It reflects the hermitian conjugation in the given notation « ... ». If it is
missing, the Hamiltonian will not be hermitian.
The S7 ,, is the z Pauli matrix which is diagonal and consists of the entries +1/—1 for the spin
up/down component.
The last term is diagonal in real and spin space, and represents a sublattice potential. 14,5 takes
different values for sites of type A or type B (in Fig. 23 the red (A) and blue (B) sites constitute
a sublattice for each site species).

The Hamiltonian defined in Eq. (2I0)) is time reversal symmetric. The reason for this lies in the
fact that Kane and Mele included a non trivial spin dependency in their system (i.e. the next
nearest neighbor hopping in Eq. ([2I1])). The time reversal operator © is defined in Eq. (Z2])).
The non trivial part of the Kane Mele Hamiltonian transforms under time reversal like

Oit,S*O ™! = (—ioVK)(its,S?)((i0Y K))
= —itso0YSPoY KK = —itgo(—S5%) = its0S”. (2.12)

The other terms of the Kane Mele Hamiltonian are real and diagonal (proportional to the identity)
in spin space, thus these terms transform trivially under time reversal.
This leads to

OHgyO™ ' = Hypy, (2.13)

which shows that the Kane Mele Hamiltonian is time reversal invariant.
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Figure 2.3: The confined Kane Mele lattice model with nearest neighbor hopping
t and imaginray next nearest neighbor hopping ts, is depicted. The next nearest
neighbor hopping is dependent on the hopping direction, it is negative for clockwise
and positive for counter clockwise hopping. Legs are separated via the dotted lines.
The unit cell is within two vertical solid lines and consists of 2 x N sites (N being
the amount of legs, 3 in this case) for the finite Kane Mele model. The crest sites are
the outermost sites on the leg edge, the trough sites are the innermost sites on the
leg edge.

In Fig. 23] the spatial lattice structure of the finite Kane Mele model is depicted. The hopping
terms are denoted by arrows, where the clockwise/counter clockwise dependence of the next nearest
neighbor hopping is illustrated. For the depicted lattice structure 3 legs are considers which leads
to 6 sites in the unit cell. Thus, the edges of this system consist of leg 1 and leg 3. The reason for
the use of the nomenclature crest and trough sites becomes clear in further sections. Crest sites
denote the outermost sites of the boundary, trough sites denote the innermost sites of the edge
leg.

If one considers an odd number of legs (like in Fig. [Z3)), the crest sites on the two boundary legs
are not on spatial equivalent positions in x direction, whereas by considering an even amount of
legs, the crest sites sit on spatial equivalent positions in x direction.

The band structure of the Kane Mele model is depicted in Fig. 24(a) (the band structure is the
same as in the original paper of Kane and Mele [9]). There are zigzag boundaries applied along the
OBC direction. The system consists of 40 legs, i.e. 80 sites per unit cell (constitutes the amount
of bands), the next nearest neighbor hopping is ts, = 0.03¢t and the nearest neighbor hopping
determines the energy scale in which every energy is expressed ¢ = 1. No sublattice potential is
turned on so far, and PBC are applied along the horizontal direction.

The dispersion relation is plotted for both spins (up and down) which are degenerated (they lay
on top of each other).

The 2 previous (for graphene) Dirac points K and K’ are gapped, but the edge modes survive
at 0 energy. The reason for this is that the introduced 2"% neighbor hopping opens a gap. The
mass term responsible for the gap has a inversed sign at K compared to K’. The helical edge
modes corresponding to the same mass term has to cross the Fermi surface. Thus, K and K’ are
connected non trivial (crossing of the Fermi level) via the helical edge modes.

The edge modes cross each other at k, = m/a1 which serves as a new Dirac point in the Kane
Mele model. In the vicinity of this point a linear dispersion can be assumed.

If one introduces a mass term which has the same sign at K and K’, the Dirac points will be
connected topologically trivial, where the Fermi level will not be crossed (as for the graphene

model Fig. 2.2).
The mass term A depends linearly on t, via |A| = 64/3t,, (whole gap size) [10].

If a sublattice potential g = 0.01 is turned on (i.e. for A sites it is +u and for B sites it is —pu),
the energy degeneracy of different spins is lifted which is illustrated in Fig. Z.4(Db).

Here, the blue curve depicts the spin down and the red curve the spin up band. The points
where the helical edge states cross the Fermi level is shifted to higher/lower quasi impulses for
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Figure 2.4: The band structure of the Kane Mele model with (a) and without (b)
sublattice potential. The system consists of 40 legs and PBC are applied along the x
direction. The next nearest neighbor hopping ts, = 0.03¢ and the nearest neighbor
hopping is t. The Dirac points of graphene K and K’ are gapped now. Helical edge
states traversing the Fermi level connect the K and K’ non trivially. Panel (b) shows
the dispersion relation of the Kane Mele model where a sublattice potential splits the
degeneracy of spins. The red curve depicts spin up and the blue curve depicts spin
down. The two crossing points at the Fermi level are shifted in opposite directions
for different spins.

spin down/up. Up to this feature, the band structure is quite the same as without a sublattice
potential. The bulk states are gapped and there are helical edge states.

If one further increases the sublattice potential j/ts, > 3v/3, the system will be trivially gapped
again [10].

The states which are located at exactly 0 energy (right at k; = 7/a; in Fig. [Z4[a)) are helical
edge states. There are 4 helical edge states (2 Kramer doublets), their degeneracy is due to the 2
edges and 2 spin configurations for a spin-1/2 fermionic system.

Each edge hosts two states with different spin and different group velocities where their helicity
is the same. If the bulk is big enough (i.e. there are many sites within the boundaries), the
edge states of different edges are well separated from each other (i.e. their overlap is 0). The
penetration of the edge state into the bulk decays exponential (see Fig. B]).

The above claimed statements about helical edge states at the edge of the Kane Mele model and
the exponential decreasing penetration depth will be confirmed in Sect. B1.11
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2.2 1d physics

Physics in one spatial dimension are extraordinary compared to physics in higher dimensions.
Fermi liquid theory is quite suitable for describing interacting electron systems in dimensions
higher than 1 [21].

A Fermi liquid is a quasi free quasi particle theory if weak interactions are considered. The
fundamental principle underlying the Fermi liquid theory is adiabatic continuity [22].This means
a smooth evolution of a non-interaction ground state into an interaction one, if the interaction
strength is increased. Thus, the excited state of the interaction system can be approximated by
the non-interaction exited state. The excitations are particle hole excitations.

Essential for the validity of Fermi liquid theory is the stability of the quasi particle excitations
near the Fermi surface. We deal with low energy physics nearby the Fermi surface.

This stability can be proven and shows that the lifetime of the quasi particles diverges close to
the Fermi surface at T — 0.

In d = 1 the Fermi liquid theory breaks down, the life time of electron hole excitation shrinks to
zero if the excitation energy goes to zero (nearby the Fermi points). Thus the electron hole pair
is not stable any more and decays in an uncontrolled fashion.

A natural question arises due to the above mentioned break down of Fermi liquid theory in 1d:
Is there another suitable theory to describe interacting fermionic systems in 1d? Such a theory
indeed exists. It is called Luttinger liquid theory where the excitations are collective modes (e.g.
charge, spin). Bosonization is a technique which is applicable to Luttinger liquids and allows a
transformation from fermionic degrees of freedom to bosonic ones [21]. Tt can be used to arrive at
a Luttinger liquid Hamiltonian for long wavelengths (low energies).

By considering Luttinger liquids, the interaction of the electrons is included by the Luttinger
parameter K and a renormalized velocity w.

If the desired system consists of spinful particles, adjustments of the above theory have to be done.
However, the conceptual structure does not change [21].

The electron momentum density of states has a power-law non-analyticity at the Fermi point in
1d [23]]21)]. This is in sharp contrast to the usual discontinuity of the electron momentum density
of states at the Fermi surface in Fermi liquids.

The reason for this different situation is that electron-electron interactions destroy this disconti-
nuity in 1d [21].

The excitations in 1d consist of collective modes like charge density waves (CDW) and for spinful
fermions also spin density waves (SDW) [21] rather than single particle excitations (particle-hole
excitations) as in Fermi liquids.

The life time of an excitation characterizes its stability. The life time for particle hole excitation
approaches to zero if it happens closer and closer to the Fermi point in 1d. Thus, particle hole
excitations are not stable in 1d and are not a suitable description of excitations.

The particle density expressed in bosonic field ¢ is

() = (po — ~ V() 3, 2006t (2.14)
r

A single particle operator can always be written as |21]
U (z) = [p(x)]' e ), (2.15)

where the density Eq. ([2.14)) is used and 6 is an operator whose physical interpretation becomes
clear later.
A generic 1d Hamiltonian should consist of kinetic energy

Huin = [ dog (V01 (@) (Vo)) = [ do 22 (VO(a)?. (2.16)
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as well as a density density interacting part which is proportional to { dz(Vp)?(z)ox { dx(Ve(x))?.
This leads to the most general Hamiltonian describing the low energy (long wavelength) properties
of a massless 1d spinless fermionic system [21]

K 1
Hip = qum(;(V(ﬁ)Q + g (VO)?). (2.17)
K is the Luttinger parameter, indicating the nature of the interaction, and wu is the plasmon
velocity.

The bosonic field spatial derivatives can be interpreted as charge fluctuations V¢ and phase shift
(current) V6, respectively.

A field theoretical approach can be used to describe Luttinger liquids. For this purpose, one
changes from Hamiltonian to Lagrangian formalism where the action is the integral over the
Lagrangian in imaginary time

p ) 1 9 U 9
fS/th dTde[;V@(x,T)(%qb(x,T) — o K (Y0, 7)) + e (V6))] (2.18)

Where S is the action and f is inverse temperature. The path integral formalism yields for the
partition function

Z = JD{¢>,9}6*S/’? (2.19)

One can integrate out one of the fields ¢ or 6. This is possible if one Fourier transforms the action
Eq. Z1I8) and completes the square in the fields. By rescaling and integrating out one of the fields
(see Appendix [BJ)) the action in the field theory formalism is

1 o ) )
So= 5oz | o | ar [z(aqu(x,T)) T u(0,6(z,7)) ] (2.20)
where one can read of the Lagrangian density of the ¢ field
_ 1 2 2
Ly = SR [(aqu(x,T)) + (ul,9(z, 7)) ] . (2.21)

Finally, we want to arrive at a so called helical Luttinger liquid consisting of right movers with
spin up and left movers with spin down (helicity as defined above), or vice versa.

The difference of helical Luttinger liquids to spinless/spinful Luttinger liquids lies in the interaction
with magnetic impurities. Backscattering of a helical Luttinger liquid is accompanied by a spin
flip if it scatters at an magnetic impurity. Spinless Luttinger liquids do not interact with magnetic
impurities and spinful Luttinger liquids do interact with magnetic scatterer, but there is not a
constrain such as a spin flip.

This implies that non magnetic impurities can not backscatter a helical Luttinger liquid mode,
whereas spinless/spinful Luttinger liquid modes can be backscattered.

The Lagrangian for HLL with two spin-1/2 Kondo impurities is given below in It is possible
to formally eliminate forward scattering by rescaling fields and changing the Luttinger parameter
to an effective one which is done in the Appendix One can mimic an electron interacting
system by changing .J, which is done during the project.

Due to the different scattering possibilities of helical and non-helical Luttinger liquids, different
physics can be expected.

If one is interested in low energy physics, the helical edge modes of a 2d Kane Mele system
presents a helical Luttinger liquid. This is one reason why the Kane Mele model has been chosen
as lattice model during this project. If the system parameters are chosen properly (i.e. non-trivial
topological phase, bulk gap is big enough compared to other energy scales), we can assume the
helical edge states as helical Luttinger liquid.
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2.3 Impurity interactions with conduction electrons

The lattice system will be the Kane Mele lattice that interacts with magnetic impurities. The
reason for a specific parameter configuration (i.e. boundary conditions, hoppings etc.) choice will
be given in Sect. 3111

The interaction is between the impurity spin and the bath electron spin via a Kondo type exchange
interaction (Sect. 2371]).

If one impurity is considered, the system is a standard realization of the Kondo problem (Sect.[2Z.3.3))
where the local moment of the impurity can be screened by the bath electron spins.

If two impurities are considered, they can interact with each other via the itinerant electrons (ex-
change or RKKY interaction) which is considered in Sect.

But for two impurities, the Kondo effect can also lead to screened impurity spins (as it is the case
in the one impurity model), where the RKKY interaction would be suppressed.

Thus, a competition of both effects exists, first discussed by Doniach [1]. This will be discussed
in Sect. 234

The peculiarity of helical modes serving as conduction electron bath will be considered in such a
way that not all scattering processes are allowed and lead to a changed competition of RKKY and
Kondo regimes as for non helical systems (Sect. 2:33]).

2.3.1 Kondo impurity

A Kondo impurity is attached to the lattice which will be called an add atom in the following (it
does not substitute a lattice site of the Kane Mele lattice). This specific configuration is depicted
in Fig. where no hopping between the lattice site and the impurity site is allowed. The solid
line which connects the impurity to the crest site of the lattice marks only the location of the local
spin-spin interaction (see Eq. (222) below)

® impurity

° ° L ° °

) ° ° ° °
Kane Mele lattice

° ° ° ° °

° ° ° ° °

° ° ° ° °
) ) ° ° °

Figure 2.5: Kane Mele lattice with one impurity attached to it. There is no hopping
between the lattice and the impurity site, only a spin interaction is allowed (there
are no charge fluctuation between lattice and impurity).

The interaction Hamiltonian of an isotropic Kondo impurity is
Hyg = J § Simp
=J D chGegrcofiTfr, (2.22)

oo’'TT!

where & and T are the Pauli matrices, & = (¢%,0Y,0%) and 7 = (7%,7Y,7%). The ¢ operators
denote the electron creation and annihilation operators at the Kane Mele lattice where the Kondo
impurity is attached. The f operators denote the electron creation and annihilation operators of
the impurity. These f operators have to fulfill the constrain that the occupation of the impurity
site is 1 (i.e. impurity is always occupied by an up or down particle).
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Anisotropy can also be considered, then the Hamiltonian Eq.([222) is modified
Hg = JZSZ(CJ;CT — cIcl) + Jl(c¥cl5_ + cIcTS+). (2.23)

Here, the abbreviations S~ = fffT, ST = fTTfl and S% = fTTfT — fffl are used. An in-plane
isotropic Kondo coupling for the J, and J, is assumed. It is straightforward to extend the above
mentioned Hamiltonians for systems with more Kondo impurities. This implies an additional sum
over these impurities with an extra index of the creation and annihilation operators.

If one considers a helical bath, the interaction Hamiltonian Eq. (Z23)) has to respect helicity. For
such a system spin and propagation direction are in a lock in relation. A backscattered bath
electron has to undergo a spin flip of its spin that helicity is conserved. This leads to a spin flip
of the impurity spin because of conservation of overall S*.

With respect to the path integral formalism the impurity problem can be expressed in terms
of Lagrangian densities. The Lagrangian densities for forward/backward scattering in a helical
Luttinger liquid are

(9 .
Lpo=—0 > 6@ — x)S; 0, ¢(, ) (2.24)
j=1,2
— J_J- e + _—2i¢(x,T) — +2ip(x,T)
Lps = 5o j§25(x xj) [Sj e +S;e ] , (2.25)

where ¢ is the bosonic field introduced in and S7, S;—r are fields describing the degrees of free-
dom of the Kondo impurity j. a is a UV cut off in form of a lattice constant for example.

The helical nature of the underlying 1d electron bath influences the scattering Lagrangian densities.
There is no backscattering of a conduction electron without an impurity spin flip (see Eq. ([2:25))
and no spin flip is allowed for forward scattering processes (see Eq. (Z24))).

The full action of the system is

Stot = dedTﬁtot = fd$dT(£bs + Efs + EHLL)7 (226)

where 7 is the imaginary time and the Lagrangian density of the helical Luttinger liquid Ly, is
defined in Eq. (Z21)).

The path integral formalism is used in [2] to tackle the above mentioned two impurities problem
in 1d.

An expansion of the backscattering Lagrangian density in Lps to JJQ_ order leads to a RKKY in-
teraction description after integration out the bulk bosons.

The bulk bosons in Sy, will be integrated out after the expansion, thus only a fermionic theory
description of the impurity model remains which is explained in the next section.
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2.3.2 RKKY interaction

The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is an indirect magnetic exchange inter-
action. It can be described by a perturbation expansion of the backscattering Lagrangian density
in Lps in the local interaction Kondo coupling constant (see Eq. (Z23)).

Each impurity interacts with an itinerant electron spin (the interaction is local). Those electrons
can interact with the other impurity spin. This leads to an effective interimpurity interaction (spin
density fluctuation), the RKKY interaction.

The Kondo interaction Hamiltonian up to 2"? order in perturbation theory is (suppress the im-
purity index convention of Eq. [Z22)), now, a capital letter represents the impurity spin)

HZ(J2) = Jgg— J2 < (5; gl)(gj gj) >th |w:0' (227)

The expectation value is defined in 2.43] It is taken over the bath electrons in the static limit
w = 0. The reason for this is that small time differences contribute most [2] which allows a local
(in time, i.e. coinciding times) Hamiltonian like in Eq.

The second term in Eq. (227) is the RKKY interaction Hamiltonian [24]

—J? o oo’
Hi};KKY: 4 Z S; Ugo'Ug/gSinj (0). (2.28)

afoo’

The S is the impurity spin operator at site ¢ and « € {x,y,z}. The 0® are the Pauli matrices
where « € {z,y, z}.
H;-’j"/ is the conduction electron density propagator between the sites i and j

%Gijg (ien + iw)Gjia', (zen) (229)

Gijo is the electron propagator from ¢ to j with spin o. § is the inverse temperature.
Eq. (Z28) is the RKKY interaction for a general bath.

177 (iw) =

Now, focusing helical Luttinger liquids serving as bath connected with two anisotropic Kondo
impurities, one can describe the system in an effective RKKY regime if perturbative small Kondo
coupling is considered [25, 126, 12].

Anisotropy means that forward and backward scattering differs from each other, where J, is the
Kondo coupling which leads to forward scattering (see Eq. 2.24) and J, is the Kondo coupling
which leads to backscattering (see Eq. [2Z.25]).

The path integral formalism can be used to integrate out the bath bosonic degrees of freedom (the
bosonic ¢ fields in Eq. (221])) explained in [21].

The outline of [2] is described here: One can rotate the Lagrangian density Lo of Eq. (2.26]) in
the same spirit of what is shown in Appendix for the Hamiltonian, that one can omit the
forward scattering lagrangian density by introducing an effective Luttinger parameter K.

Thus, only the backward scattering term and the helical Luttinger bath survive with a modified
Luttinger parameter given in Eq. (Z28). One can expand the backscattering part of the action
exp(—pB(Sps + Sgrr)) in terms of

2
JD{ﬁelds}(l + %Sgs) exp(—BSHLL),

up to second order in J; .
The helical Luttinger liquid action Sy, is quadratic in bosonic fields, thus one integrates out the
itinerant electrons (or their bosonic counterparts) perturbatively and re-exponentiates the result.
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One arrives at an effective action which consists only of the impurity spin degrees of freedom (this
is done in |2]). The effective RKKY action is

Ji

S = _(27;)2 ; J‘dﬁdTgSj(Tl)H(Tl — 72)5; (12), (2.30)

where the parameters and the function II(7) will be defined below.
If one restricts oneself to T'|1 — 72| ~ |z; — j|/Lr « 1 the action is local in time

Snricy — —Enkiy JdT[Sf (1)S; (7) + S5 ()ST (7). (2.31)
This leads to an effective RKKY Hamiltonian which is of JJ2_ order
HEKEY — _ Brgry(STSy +5557). (2.32)

The RKKY energy Frxiy in Eq. 232) is

B
Erxky = (2—Ji)f drll(r)

2rar) Jo

_ (;ﬁ) f: dr ((%)2 [sin(wT)2 —i—sinh(wiL_ij)z])

7 [M ()" e (gyk—l}

oc

ua | T(1-K) \Lr L(K) \R
D(K —1/2) fa\2K-1 -
W(E) if 1/2<K<1 and T —0, (2.33)

where TI(7) is the bosonic correlator, 8 is inverse temperature T, 7 is imaginary time, u is the
renormalized plasmon velocity, Ly = fu/w is the thermal length and « is a ultra violate cut off
(e.g. lattice spacing).

The effective Luttinger parameter in helical Luttinger liquids is (Eq. (B.17))

. J,
K=K(1-
( 2mulK

)%, (2.34)

where one can introduce the density of states pg = mu

The effective RKKY Hamiltonian Eq. (2Z:32]) can be used to analyze the system in the RKKY phase.
This includes calculations of correlation functions (spectral functions) defined in Appendix [B.3l
The Hilbert space of this effective Hamiltonian is (basis |3, ) {«, j|, where the Greek indexes mark
the impurity spin (up or down) and the Latin letters specify the impurity location (first or second))

0 0 0 0

eff |0 0 —FErkkry O
Hikry = 0 —Epkxy 0 0 (2.35)

0 0 0 0

The matrix in Eq. (Z33)) is diagonalized by the eigenvectors of Hamiltonian Eq. (232) which are
one singlet and three triplet states. The spectrum is [+ Erk kv, 0] and the eigenvalue 0 is degen-
erate. If the RKKY energy is Egxxy > 0, the triplet state £ (|1]) + [|1)) is the ground state and
for negative Erx iy the singlet state is the ground state.



18 2. Introduction to the physics of topology and interacting systems

Now, the retarded Greens function can be calculated for the case that the system temperature
approaches 0 and the effective RKKY description is valid

Goss(@) = [ dtet=" 1o 3500, 550D

—00

o0 3 . & G
- [ ot G 3 et S o 5 -
— e EBa=Emt (] 8% | (m) § [n)]

_ 0 . . A _

T=0 J dtewt—()*t(fl-)Z[el(EG*Em)t<G|ng [m){m| ST |G) —

0 m

— e BBt (Q| §7 |m)(m| 53 |G)] assume Egrxry >0— |G) = |T)

%Lw dreiwt—0"t Z [¢iB—Emt _ =ilEa—En)t)
m=|S)
_ ( L - L ) (2.36)
4 7i(w+ — 2ERKKY) 7i(w+ + 2ERKKY)
Erxky

@ = By e (2.37)
Here, the frequency wt = w + 074 is shifted to the upper half plane of the complex plane, |G)
is the ground state and E¢ the corresponding ground state energy. O(t) is the step function and
[-.., ...] is the commutator. In the third row of Eq. (2:37)) zero temperature is assumed, thus only
the ground state contributes within the n sum.
Assumed that the RKKY energy is positive, i.e. the triplet state is the ground state, the only
non-zero matrix element (G| 53 |m)(m| 57 |G) is for |m) = |S) (triplet and singlet states are no
eigenvectors of the local impurity spin operators S7?) which yields

(T|55|8)(S| 57 IT) = (T| 57 15)(S| 83 |T) = —i- (2.38)

If one assumes Frxxy < 0, the singlet state is the ground state. The calculation can be done in the
same way as above, but a global minus sign appears, due to the switched arguments i(Eg — E,;, )t
in the exponentials of Eq. (2.3T) compared to the Frxky > 0 case. This global minus sign cancels
itself with the negative sign of Frix iy .

Hence, the interimpurity correlation function for the S* operators is

|Erkky|
(wt)? — (2ERrKKY)?

which is in agreement with the correlator given in [2] Eq. (15).
According to the definition (B.31]), the spectral function (2.39) is

Srs5 (W) = — Erxry € R, (2.39)

Asis (@) = (G 55()
4 ot o)
T 4 —(w+ —QERKKy) —(W+ +2ERKKY)
_ LC\‘;( W72ERKKy*’L'O+ B w+2ERKKy7’L'O+ >
47 (w — 2ERKKY)2 + (0+)2 (w + 2ERKKY)2 + (0+)2
1 —o* —o*
B E (w - 2ERKKY)2 + (0+)2 B (w + 2ERKKY)2 + (0+)2>

= 7% (5(&) — 2ERKKY) — 5(&) + QERKKy)) . (240)
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The spectral function is antisymmetric and is peaked at w = +2FERrxxy which can be used to
calculate the RKKY energy.
Eq. (240Q) fulfills the sum rule (here for T' — 0)

Q0

1

J dwAs: sz (w) = (S7S3) = v (2.41)
0

If one restrict oneself to positive frequencies w, the interimpurity spectral function is strictly neg-

ative deep in the RKKY regime.

The local retarded Green’s function of one impurity is

ngf (w) = ggsg (w) = *Ggfsg (w), (2.42)

where the same calculation as above [2.37] can be done.
The crucial difference to the interimpurity retarded correlator given in Eq. (Z37) is the matrix
element

(T| 57 [S)<SISTIT) = 1,

which has the opposite sign factor as the correlator in Eq. (2.38) (here, Frxxy > 0 which implies
that the ground state is the triplet state).

Eq. (Z42) can be used in numerical analysis. If it holds true (i.e. the interimpurity spectral
function is the negative counterpart of the local spectral function), it will be a strong indicator
that the system is in the RKKY regime. This will be tested in Sect. B.1.4l

The effective RKKY Hamiltonian at coinciding times allows one to calculate the expectation value
for the interimpurity S7S3 operators. The triplet state |T,0) is the ground state, the sum runs
offer all states of the Hilbert space

|m)y € {|T,0),|T,1),|T,—1),|5,0)} where the T/S denotes triplet/singlet sate, and the number
the spin z component) and the RKKY energy is denoted with Egr

3, (mle PHSE Y In){n| S5 [m)

S7S5y = - 2.43
R X, (] =5 m) .
_ 2<T7 _1| SleQZ |T7 _1> + <T7 O| SfS§ |T7 O>66ER + <Sv O| SleQZ |Sa 0>6_ﬂER

B e=BER 4 ¢BER 4 2
- 7% for T =1/8—0. (2.44)

Thus, the expectation value of the interimpurity operator approaches —1/4 in the RKKY regime
for temperatures which approaches 0.
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2.3.3 Kondo effect

The Kondo effect was discovered in experiments measuring the resistivity of noble metals in the
1930s [27]. Before that date, it was commonly accepted that the resistivity of metals decreases if
the temperature is lowered. This holds true for many different metals, but not for noble metals
like gold or silver. Here, a global minimum of the resistivity exists and the resistivity approaches
a finite value for really low energies compared to the so-called Kondo temperature Tk which is
defined below (see Fig. 2.6). The Figure shows the Aug resistivity dependence on temperature.

The resistivity of metals typically originates
from scattering of phonons (lattice vibra- g5
tions) and impurities or from the lattice . %

umklapp scattering. A T° dependence of

the resistivity results from phonon scatter- —,qq
ing and a T2 contribution follows from the
electron-electron interaction which can be
explained by Landau’s Fermi liquid theory ,gq
[28].

An explanation of the difference in theory

(no minimum) and experiments (minimum) ,qq
was given by Jun Kondo in 1964. He
suggested that the minimum results from

a spin-spin interaction between conduction 260 —
electron spin and a magnetic impurity spin
[29].

250
The Hamiltonian of the Kondo impurity prob-
lem is

240

Hi = Z ekczgckg + Jggimp, (245)
ko

where ey, is a usual quadratic (i.e. non interact-
ing) dispersion relation, the gimp is the impu-
rity spin operator, 5. = c/&c is the conduction
electron spin at the impurity site and & are the
3 pauli matrices ¢ = (0%, 0Y,0%). The interac-
tion happens local, thus the involved conduc-  Figure 2.6: Figure copied from [27]. It shows the
tion electron is located nearby the impurity.  resistivity minimum of Aus in the range of the
The impurity spin results from a localized elec-  Kondo temperature. The resistivity is a increas-
tron (e.g. the d-orbital of a transition metal) ing function for higher temperatures, whereas the

and the conduction electron spin from a s- resistivity decreases for low energies if the tem-
orbital of a noble metal (e.g. Au). Thus, the perature is increased.

above mentioned model is called s-d model or
Kondo model.

'AUJ

1S 20 25°%

There are different methods to attack the single impurity Kondo problem. One can apply pertur-
bation theory in .J, this has been done by Anderson and is known as poor man’s scaling [30]. Tt
picks up the spirit of RG and predicts an vanishing effective coupling J — 0 for a ferromagnetic
coupling J < 0 and the strong coupling regime in the antiferromagnetic case.

The second order in perturbation theory results in a logarithmic contribution of the form J2 In(7/D) [31],
where J is the coupling constant, T the temperature and D the conduction electron band width.

The effects of the RG can be included in an effective coupling constant. If this renormalized cou-
pling constant is of the same order of the first order term of perturbation theory, the perturbation
ansatz fails and one approaches the Kondo temperature T which can be defined in this way.
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Interesting physics happens, if an antiferomagnetic coupling J > 0 is considered. There are 2
different energy regimes. The regime where the energy is higher than Tk corresponds to an effec-
tive Kondo coupling which is J = 0 which implies a non interacting magnetic impurity with the
conduction electrons.

The other regime is where energies are smaller than Tk. The effective Kondo coupling explodes
J — oo called strong coupling limit. Here, the magnetic impurity forms a singlet with one con-
duction electron spin which effectively quenches the overall spin.

To extract the Kondo temperature one can calculate the S7S53 spectral function of the impurity
and get the position of the peak. The Kondo temperature is the energy scale which separates
energy regimes where physical properties are of conceptual different nature. This can be seen in
Sect. 3. 1.3 for a single impurity Kondo impurity model. The spectral function is a linear function
of frequency for lower /higher energies compared to the Kondo temperature. But the slopes differ
and the transformation happens at the Kondo temperature, this can be used as definition of the
Kondo temperature (i.e. position of the spectral function maximum).

This is used in Sect.B.IT3lto calculate the Kondo temperature for the single Kondo impurity model.
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2.3.4 Competition of RKKY and Kondo effect

The Kondo effect and RKKY interaction represents two different tendencies of the system to
quench the local moments with conduction electrons or by themselves, respectively [32].
The characteristic energy for the Kondo effect is Tk (see Sect. 233) and Egkky for the RKKY
interaction, see Sect. 2.3.2)

Tk o pyt exp(;l) (2.46)
poJ

Erxry o CJ%po/R, (2.47)

where pg is the density of conduction electron states, C is a dimensionless constant depending on
the band structure and R is the interimpurity distance [1].

For specific parameter settings (J < J.) the RKKY interaction overwhelms the Kondo effect or
vice versa (J > J.) which has been investigated by Doniach [1]. The Kondo effect is strong and
essentially non-perturbative coupling which can hardly be realized for ordinary systems (e.g. non
helical).

The goal of this study is to reach the Kondo regime. The two regimes can be distinguished if one
compares their characteristic energy scales which are depicted in Fig. 2.7

The Kondo effect will overwhelm the RKKY interaction if the Kondo temperature is bigger than
the RKKY energy Tx > Frxky and vice versa for Tk < Erxky -

The RKKY energy and the Kondo temperature will be calculated as explained in previous sections
and compared afterwards.

This competition of the different regimes are also examined numerically [33, [34, 35]. In these
studies the conduction electrons are non helical. This non-helicity makes the difference between
their system and the lattice system which is chosen in this thesis.
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—RKKY energy
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Figure 2.7: Doniach phase’s diagram for the competing effects RKKY and Kondo
in 1D. The RKKY energy is quadratic in J and the Kondo temperature is Tx ~
exp(—1/2poJ). Thus, for Kondo couplings bigger than the quantum critical point
J. the Kondo effect overwhelms the RKKY effect, whereas for small J's the RKKY
energy is bigger.

The aforementioned comparison of energy scales will be modified if helical Luttinger liquids are
considered due to the scattering process constrains.
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2.3.5 Competition of RKKY and Kondo effect in HLL

A system which consists of a helical Luttinger liquid and two Kondo impurities, has another scaling
behavior of the RKKY energy and the Kondo temperature compared to a non helical system [2]

(see. 23.4).

The Kondo temperature has different functional dependencies for different parameter regimes [36]

T o {D exp(p‘o—(l]) for 0<1-— K «1 weak repulsion (2.48)

D(pOJL)l/(l_K) for 1—K>» poJ1 strong repulsion

K is the effective Luttinger parameter defined in Eq. (B-I7) where forward scattering .J, is included.
D is the bandwidth, pg is the density of states at the Fermi level.

The Kondo temperature dependence can be separated into two different repulsive interaction
regimes (strong and weak interactions). Their conditions are given in the equation above.

Eq. 248l is verified in Sect. for a single Kondo impurity model. There are 3 possibilities for
our set up (obligatory non-interacting bath K = 1):

(1) Investigate the weak repulsion regime for isotropic Kondo coupling

(2) Study the strong repulsion regime for anisotropic Kondo coupling for fixed and perturbation
small J |

(3) Study the strong repulsion regime for anisotropic Kondo coupling for fixed J, to confirm the
power law (Eq. (248)) in J,

These calculations are done in Sect. B3l For strong repulsive interaction one sees from Eq. ([2:48])
that the Kondo temperature Tk is enhanced by the effective interaction K.

Thus, the Kondo temperature can be increased by changing the Luttinger parameter K (which is
not possible in this setup) or by introducing anisotropy (J. » J ), which leads to a change of the
effective Luttinger parameter K.

The RKKY energy scales like (from Eq. 2.33])

Erxxy o« D(poJo)*(a/R)* -1 1/2< K <1. (2.49)

R is the interimpurity distance.
The RKKY energy can be calculated via Eq. (2:40) which is done in Sect. B4l
Now, it is possible to compare the two characteristic energy scales Tk for the Kondo effect in heli-

cal Luttinger liquids (Eq. (248))) and Erxxy (Eq. 249)) which is done in Sect. B-L 4l numerically
for a real lattice system.

In Fig. [T the RKKY /Kondo regimes are depicted. They are separated by the condition K = 1/2.
The paradigmatic RKKY description fails for strong correlated systems K < 1 /2. In such a system
one will expect two Kondo screened singlets [2]. The system is in the RKKY phase for weak
repulsive interactions K > 1 /2.

The phase diagram suggests two conceptually different possibilities to change the dominant regime.
One can changes the interacting parameter K or one can vary the anisotropic Kondo coupling in
terms of J,.

The next sections introduces the concept of numerical renormalization method.
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2.4 Numerical Renormalization Group (NRG)

For tackling the aforementioned impurity problem (e.g. Kondo impurities interacting with a bath),
the numerical renormalization group (NRG) method is used. NRG is based on the seminal work of
Wilson who discovered the usefulness of renormalization group (RG) theory [37] to solve impurity
problems non-perturbative.

In this project, the NRG code written by Seung-Sup B. Lee [38,139] is used, which implements
the full-density-matrix NRG [40] by using tensor networks |41, [42].

The gain of NRG in terms of the Kondo problem is a non-perturbation description of the full
crossover from a free spin at high temperatures to a screened spin (for the single Kondo impurity
model) at low temperatures compared to the Kondo temperature Tk [43].

An impurity with only few degrees of freedom (e.g. spin-1/2 impurity contains only two states)
couples to a non-interacting bath (e.g. spinful fermionic system) where symmetries can be used
to reduce the computational costs.

The Kondo impurities interact with the conduction electron nearby the impurity, i.e. the local
density of states (LDoS) at the Kondo impurities. The occupation of the impurity is fixed. Thus,
no charge fluctuations appear at the Kondo impurity site. The allowed interactions between
conduction electrons and impurities are only mediated by spin-spin interactions.

The continuum bath is discretized in energy space with a logarithmically chosen grid. If w, is the
maximum of the conduction band energy, the grid (positive part) can be constructed as follows:

[A*("“)WC,A*”wC] intervals, where n € Ny, (2.50)

with A > 1 determining the the discretization.

The width of the intervals decreases exponentially with increasing n. Thus, the resolution of the
discretized bath is coarse for high energies but becomes better and better if n increases (i.e. for
low energies). This is one of the main advantages of the logarithmic discretization scheme. Since
the excitations are expected nearby the Fermi surface, these states will contribute most. Thus, a
better resolution of these energetically low states is desirable.

The logarithmic discretization suits problems where no universal energy ranges exist which de-
scribes the overall system physics. The Kondo problem is such a problem.

Its perturbation expansion results in logarithmic terms which signals that all energy scales con-
tribute equally to the final result [31]. Hence, no energy range is a priori extraordinary compared
to other energy scales and thus all energy scales should be considered.

The logarithmic discretization considers this lack of an outstanding energy scale, it considers every
interval equally.

In the logarithmic discretization scheme an easy truncation procedure is conveniently during the
iterative diagonalization procedure.

This coarse graining is followed by an exact mapping onto a semi infinite Wilson chain [37, 43].
Its hopping amplitudes decay exponentially. This introduces energy scale separation and thus
justifies iterative diagonalization of the Wilson chain.

Based on the argument of energy scale separation by logarithmic discretization, the NRG algorithm
proceeds with iterative diagonalization of the Wilson chain. This generates a complete set of well
approximated energy eigenstates |38].

The spectral function calculated during this project is [38]

Ao,0,(w) = > S(w— Ea+ Ey)
E1,E»
x (<E1| O1 |Es) (Es| OF p| Er) — (Er| Or | Ex) (Es| pO] |E1>> : (2.51)
p is the thermal density matrix, |E;) and |E2) are full density matrix eigenstates obtained by

iterative diagonalizing the Wilson chain [40] with corresponding energies Eq and F3. The spectral
function of the operator 0105 is calculated.
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Conventional broadening of the discrete spectral density data from NRG calculations is used to
improve the resolution of dynamical properties at finite energies. It uses the single width of
broadening for all discrete spectral weights.



Chapter 3

Results and discussion

In the following chapter, the results of the numerical analysis are presented. In Sect. 311l the
reason for the choice of specific parameters in the Kane Mele Model that is used in this thesis are
given. The local density of states (LDoS) at the edges of the Kane Mele lattice are calculated in
Sect. The Kondo temperature is calculated for a single impurity problem with and without
anisotropy in Sect. In Sect. B.I.4 two Kondo impurities are considered and RKKY Kondo
competition is studied.

3.1 Numerical results

The numerical goal is to investigate the RKKY/Kondo transition in a standard lattice model of
the TI. To perform this task, the interimpurity {S7S5) spectral functions defined in and the
local impurity (S7S7) spectral function defined in [B:33] are calculated. These spectral functions
can be used to estimate the RKKY energy and the Kondo temperature discussed in previous
sections.

Then, following the arguments of Sect. 230 one identifies the actual regime (either Kondo or
RKKY) for the underlying system by comparing their energy scales which are characteristic for
each regime.

With this consideration it is possible to yield a more detailed phase diagram like Fig. [[.T] where
the winner of the competition is dependent on J, and K.

A single Kondo impurity model is considered, where the Kondo temperature can be calculated
for this system. If the two Kondo impurity system is in the Kondo regime, the two impurities are
essentially screened individually, i.e. they are almost uncorrelated. Thus, the two impurities can
be treated as two single Kondo impurities. For this reason it is convenient to compare the Kondo
temperature calculated from the single impurity Kondo model (Sect. B.13) with the RKKY energy
of the two impurities Kondo problem (Sect. BT.4)) to confirm Doniachs criterion to distinguish
RKKY interaction and Kondo effect.
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3.1.1 Finite Kane Mele model

The Kane Mele model is chosen because it can be in a topologically nontrivial state [7] and therefor
hosts helical edge states at its boundaries.To have access to the boundary, the Kane Mele lattice
model is confined in one spatial direction where open boundary conditions (OBC) are applied.
This confinement includes different suitable configurations of the boundary, for example zigzag or
armchair.

In the following periodic boundary conditions are applied along the horizontal axis and open
boundary conditions are applied along the vertical direction depicted in Fig.

The focus of interest in this work is the zigzag boundary configuration of the Kane Mele model
(see Fig. 23). The penetration depth (Fig. B on its edge states is smaller than the penetration
depth of the armchair boundary configuration edge state which is shown in Fig. B3] [44].

The penetration of the edge modes is exponentially suppressed into the bulk which is shown in
Fig. Bl for a zigzag boundary along the OBC direction. Here, the occupation of each site within
the unit cell (Fig. 2.1)) is depicted. The first site corresponds to the upper edge and the 80" site
corresponds to the lower edge. Machine precision will be reached if the 0 energy mode penetrates
into the bulk roughly at the 35" site counting from the boundary.

The sharp peaks in the exponential decrease are an artifact of the difference between crest and
trough sites in the same leg (see Fig.[Z3). E.g. for the 4t" site the occupation is increased compared
to the 3! site but will decay afterwards. This feature occurs for a given sequence of sites. But
there is an overall exponential decrease which leads to the commonly accepted averaging over a
finite amount of sites perpendicular to the edge (a possible averaging is over a leg within a unit
cell, thus over 2 sites). This feature will become more important by considering the penetration
depth of the armchair configuration (see Fig. B3).

Due to this exponential decrease, the 2 edge states are well separated, i.e. their overlap is zero.
The penetration depth depends on the spin orbit coupling ¢4, and the spatial width of the system
(here, the width is 80 sites (40 legs)) along the OBC.

— 0 energy mode 1
— 0 energy mode 2

occupation
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Figure 3.1: This figure depicts the penetration depth of a zero energy mode into the
bulk of a Kane Mele lattice where zigzag boundaries are applied. The position of a
specific site in the unit cell is marked by the leg number (1 is the upper, 80 is the
lower edge). The occupation of these unit cell sites is shown. Here, it is visible that
the edge modes decrease exponentially by going into the bulk.

Another possible edge of the honeycomb lattice is the armchair configuration depicted in Fig.
In this case, a different labeling of sites along the OBC direction is used. One counts layers per-
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pendicular to the edge into the bulk (for the zigzag configuration the legs are counted, 2 layers
built up 1 leg. However, an enlarged unit cell compared to the zigzag configuration has to be
taken into consideration. The unit cell consists of 2 sites per layer. The definition that the spatial
upper edge consists of the 1% and the 2"? layer is used within this thesis which will be important
by considering the penetration depth into the bulk of the 0 energy states.

Layer 1 o o * *opct® ° o o o o
Layer2 e o o o o of o o | o o
T e
Layer4 o o o o o of o o | o o
Layer 5 e o e o e o e o e o
Layer6 e o o o o o o uc. o | o

Figure 3.2: Armchair edge along the OBC direction. Here, a different nomenclature
is appropriate to label the sites in the unit cell along the OBC direction. 2 layers
are 1 leg (nomenclature for the zigzag boundary). It is reasonable to interpret the
first two layers of each boundary as the edge which is important for the penetration
depth.

The penetration depth of the 0 energy modes (edge modes) in the armchair configuration is
depicted in Fig. There are 164 layers along the OBC direction (the amount of layers shall
guarantee that the system is in the metallic phase seen below). The occupation of each different
layer is plotted. There is an exponential decrease if the edge mode penetrates into the bulk. The
same spin orbit coupling is used as for the zigzag configuration ¢s, = 0.06¢ so that the two results
are comparable.

The system size of both configurations is also similar but not exactly equal. The reason for this
is the necessity to be in the metallic phase for the armchair configuration (164 layers).
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Figure 3.3: This figure depicts the penetration depth of a 0 energy mode for armchair
boundary conditions along OBC direction into the bulk. The penetration decreases
exponentially. The next nearest neighbor hopping is ts, = 0.06¢. For the armchair
boundary the site position in the unit cell are labeled with layers. The figure shows
a armchair configuration with 164 layers.

The penetration depth of edge states in the zigzag boundary configuration depicted in Fig. B
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decreases faster than the one in the armchair boundary configuration depicted in Fig. Thus,
one does not need as many lattice sites along the OBC direction for the zigzag configuration as for
the armchair configuration for comparable penetration depth (helical edge states are separated).
Since we are interested in a model where one spatial dimension is quite small, we exclude the
armchair configuration from our considerations.

The armchair configuration is also accompanied by the downside that there are only zero energy
modes for a specific amount of sites along the OBC direction ], which is depicted in Fig. 3.4
A metallic system shows up if the amount of layers along the OBC is N, = 3n + 2 for n € Ny,
otherwise it is gapped. Thus the above chosen system with N, = 54 x 342 = 164 is in the metallic
phase.

The gap size shrinks with increasing amount of sites along the OBC direction. In the limit N — oo
the gap is closed. This is reasonable since if one extents the system to infinity, there is no boundary,
thus no distinction between armchair and zigzag configuration should appear. The gap size also
decreases for increasing amount of layers within the armchair configuration which can be seen in
Fig. B4l If the system is large (along the OBC direction), it should not change as much by adding
one further layer to it as a system which is considerably small. Thus, the gap closing is reasonable.
The gap closing for an infinite extended Kane Mele model should be restored.
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Figure 3.4: Dispersion relation for armchair edge configuration for different amount
of legs. There are only metallic configurations in (b) and (e), the others (a)(c)(d)(f)
are gapped. The gap shrinks by increasing leg number and approaches 0 if one takes
the limit N — co.

The zigzag configuration is characterized by the leg number (legs are parallel to the x axis) and
the amount of sites along the x direction (for quantization of quasi impulse) which is depicted in

Fig. 23

The unit cell of this system consists of two sites per leg. The amount of sites has to be even
along PBC as every site from sublattice A has to have a neighboring site from sublattice B. This
condition will not be fulfilled if the amount of sites along PBC are odd. This would lead to a term
where two sites from the same sublattice are nearest neighbors.
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There is a distinction if the dispersion for N is odd or even. This difference appears in the location
of the helical states. For odd IV, the helical edge states are located at one specific edge depending
on its spin which is expected. If N is even, one helical edge state is located at both edges by
exactly one half occupation [46]. At first glance, this sounds like a contradiction as helicity should
be fixed for each edge mode. However, the edge state which is supported on both edges can fulfill
this constraint. Helicity is the signum of group velocity and spin. Thus, the constraint is fulfilled
if the edge state part which lives on the upper edge has a different group velocity to the group
velocity of the edge state part which lives on the opposite edge (the specific edge state has the
same spin).

This half occupation of the boundary for one single helical edge mode can be explained by the
geometrical structure of a system consisting of an even amount of legs. For IV being even, the
boundary consists of different sublattice sites, whereas the edges are constructed from lattice sites
which are from the same sublattice for the N being odd case.

In the N being even case there are exact 0 energy modes only in the limit of N, — o0 which means
that the energy level spacing approaches to 0 [46].

There are 4 exact zero energy modes (helical edge states) in the N being odd configuration inde-
pendent of the amount of sites along the PBC direction. The degenerated states can be labeled
by spin and edge (or by helicity and spin).

The quadratic Kane Mele model can be Fourier transformed and diagonalized. The Fourier trans-
formation is done in Appendix [A Tland results in the matrix which is given in Appendix [A 13l which
has to be diagonalized. This can be done easily because it is hermitian and has only 1 diagonal
and 4 off-diagonal terms. One gets 2N, eigenenergies for each quasi impulse k; (amount of &, is
dependent on N, /2 sites along open boundary direction). Thus, the dispersion relation consists of
2 x N, bands and there are exactly the same number of valence band states as conduction band
states below and above the Fermi level.

A sublattice potential lifts the spin degeneracy of the dispersion relation. Fig. 2.4] shows the
dispersion relations of the Kane Mele model without sublattice potential and with a sublattice
potential.

We have come to the conclusion that the following set of parameters will be optimal for the numer-
ical study of the finite Kane Mele lattice: Spin orbit coupling of t5, = 0.03t, sublattice potential
of u = 0, amount of sites along PBC direction (M = 500), amount of legs along OBC N = 11
(odd configuration).

The Kane Mele model Eq. (ZII) can be described with spatial (x,y lattice site position) and
spin quantum numbers. The Kane Mele Hamiltonian is diagonalized to get the eigen spectrum
and eigen vectors of it. The specific chosen basis and labeling of the lattice sites is explained in
Appendix [A.2). This allows the calculation of specific observables (i.e. the local density of states
which is explained below) within a real space resolution.

The treatment (Fourier transformation along one spatial direction) of the Kane Mele Hamiltonian
described above is only needed to describe properties of the system without impurities.

The technical procedure for real space quantum number description of the Kane Mele model is
explained in Appendix [A.2] Each lattice site has to be labeled and a suitable basis in real space
has to be chosen (Kane Mele is diagonal in spin). Here, a matrix is generated which has the size
of the spatial dimensions N, x N,, where the spins are suppressed for the moment.

One is free to choose OBC or PBC (along the x direction) as k, does not need to be a good
quantum number anymore.

This generated matrix can be diagonalized and one is able to use the eigenenergies and eigen states
of this system to compute the local density of states which is described in the next section.

Here, one is limited to a smaller system size (e.g. amount of legs is N = 11, amount of sites along
PBC is 500 yields a Hamiltonian with a dimension of dim(Hgs) = 5500).
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3.1.2 Local density of states

The Kondo impurity interacts with conduction electrons at the site, where the Kondo impurity is
attached Eq. (222) (see Fig. [Z5). The local density of conduction electron states at this site is
needed for further calculations (i.e. NRG method to solve impurity problems).

The LDoS is defined as
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Figure 3.5: The local density of states (LDoS) for different positions on the edge
(crest or trough). In the vicinity of the Fermi energy (around 0 frequency) the LDoS
is suppressed for the trough site and peaked for the crest site.

AP (W) = S ileny (enliy (' — €n) = S WP (€2)5(w — €n), (3.1)

len) is an eigen state of the Kane Mele Hamiltonian with corresponding eigenenergy e,. |iy marks
the state for which the LDoS is calculated; the state has its position and spin as its quantum
number.
We are interested in the local density of states (LDoS) at the boundary of the Kane Mele lattice.
There are only two different LDoS for the boundary of this lattice type (when PBC are applied)
which are depicted in Fig. The LDoS is measured at a crest or a trough site (see Fig. [Z3)).
PBC ensure that each crest/trough site on its one is equivalent to another crest/trough site along
the periodic boundary direction as long as the crest/trough site belongs to the same leg (i.e. here
it is the edge leg).

The discrete data generated by implementing Eq. (8I]) has to be broadened because the NRG
procedure needs a continuous LDoS. This broadening is done by a linear Gaussian broadening
kernel

Blw,) = ﬁ exp((w — w)/m)?), (3.2)

where 7 is the broadening bandwidth, w is the frequency argument of the broadened function and
w’ is the frequency where the discrete weight is located (i.e. position of the Dirac delta function).
The broadened LDoS is

AB(w) = de’WD(w’)B(w, W', (3.3)

and will be called LDoS in the following.
The LDoS is peaked at zero energy for the crest site and suppressed for the trough site which can
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Figure 3.6: LDoS for OBC. The impurities are attached to the boundary; [1,50] and
[1,80] in brick stone notation. The Kane Mele lattice consists of 11 legs and 500 sites
along the x direction. ts, = 0.03¢ and the nearest neighbor hopping is ¢t =1, u = 0.
There is no obvious difference of the LDoS visible, only by zooming into the figure a
noticeable difference can be detected.

be seen in Fig. The bulk band gap of the underlying Kane Mele system is in the range of the
two local minima (Agq, = t506v/3 ~ 0.3t) of the crest LDoS. The band width is 6¢. This specific
lattice system consist of 11 legs (in Appendix this implies N, = 22 sites within the unit cell)
along the OBC direction and 500 sites along the PBC. The nearest neighbor hopping is ¢ = 1, the
next nearest neighbor hopping is ts, = 0.03¢ and no sublattice potential is turned on p = 0.

The spatial structure of correlations around a quantum impurity at the edge of a two-dimensional
topological insulator is studied in Ref. [47]. The authors also calculated the LDoS for the
crest/trough sites at the boundary. Fig. shows the LDoS outcome of my calculation which is
the same as the result at the crest/trough site at the edge of the Kane Mele lattice given in [47]
Fig. 3.

A. Allerdt, A. E. Feiguin, and G. B. Martins choose ts, = 0.1 to see the finite LDoS of a trough
site more clearly at 0 energy.

For OBC along both spatial directions, the LDoS slightly changes compared to the PBC case
depicted in Fig. if the position along the leg is varied (i.e. 1% crest to 27? crest along same
leg). However, the main feature survives (i.e. crest site LDoS consists of a peak, trough site LDoS
is suppressed around the Fermi level).

The parameters are the same as for the PBC case; one spatial direction (along y direction N = 11)
is significantly not as extended as the other one (amount of sites along horizontal direction
M = 500). In Fig. the LDoS for two impurities attached to two different crest sites along
the edge is depicted. One impurity is attached to the 50" site along the edge (blue curve) and
the other impurity is attached to the 80" site along the edge (red curve). The inset is a zoom
into the region of the bulk gap edge where the difference is most visible.

To consider at the final stage two Kondo impurities attached to the Kane Mele lattice, a more
general form as the normal LDoS is needed.

Calculating the interimpurity correlations which is done in Sect. and Sect. BTl requires the
overlap of eigen states with states located at spatial separate lattice sites Ayg(w) (hybridization).
The above mentioned overlap corresponds to a LDoS

Agp(w) = Z<a|6n><6n|6>6(w — €n), (3.4)
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Figure 3.7: Both impurities are attached to crest sites along the edge. The real and
imaginary part of the off-diagonal part of A from Eq. (84) can also be seen. The im-
purities are separated by 10 lattice sites. The real part of the off-diagonal of Eq. (8.4)
is symmetric, the imaginary part is antisymmetric.

System parameters: t = 1, t5, = 0.03¢t, p = 0, M = 500, N = 11 and Impurity posi-
tion in brick stone notation I'mp; = [1,20], Imps = [1,30] (first entry corresponds
to leg number and second entry to the position along the leg).

where |e,,) are the eigen states with corresponding eigenenergy e, of the Kane Mele Hamiltonian
Eq. (ZI1) and the |8),|a) are the impurity states.

The diagonal part of A is the usual LDoS defined in Eq. 8I)). A is a 4 x 4 matrix and the im-
purity states are [|1,1),]2,1)>,]1,1),]2, )] where the number marks the impurity (location) and
the arrow marks the spin.

The diagonal part of A corresponds to the LDoS for each impurity. The off-diagonal part is a
hybridization of the local states where the impurities are attached.

There are no spin mixing terms because the Kane Mele Hamiltonian defined in Eq. (ZTI1]) is diago-
nal in spin space. Thus, A is in block diagonal form and it is hermitian which yields, in principal,
6 independent entries.

The off-diagonal part of A is generally complex and is depicted in Fig. 3.7 Here, the two impuri-
ties will be connected to two crest sites along the same boundary, hence the LDoS for both crest
sites will look equal to Fig. The first impurity is attached to the 20*" site on the outermost
leg (first leg) which is noted by [1,20]. The second impurity is attached to the 30" site on the
outermost leg (first leg) which is noted by [1, 30], hence the interimpurity distance corresponds to
10 lattice sites.

The real and imaginary part of the hybridization off-diagonal (A14 21 (w) or Ay} 2y (w)) is symmet-
ric and antisymmetric around 0 energy, respectively.

The visible oscillations within the bulk band gap depend on the interimpurity distance. One os-
cillation (from 0 energy to the bulk band edge) results from each interimpurity distance change of
8 lattice sites (e.g. the interimpurity distance consists of 10 lattice sites, there is one oscillation).
The larger the interimpurity distances the larger the oscillation frequency.

The LDoS for spin up and spin down are equal, but the off-diagonal elements for spin up of A
are the complex conjugated of the off-diagonal elements of A for spin down which can be seen in
Fig. The reason for this behavior of different spins is the special structure of the Kane Mele
Hamiltonian. The two spins are distinguished by a spin orbit term which is +itg, for the spin up
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Figure 3.8: The real and imaginary part of the off-diagonal elements for spin up and
spin down of the hybridization defined in Eq. (84]) are depicted here. The real part
remains the same for spin up and spin down, but the imaginary part is mirrored
around the Fermi level (0 energy). Thus, the off-diagonal elements for spin up and
spin down are connected via complex conjugation.

and —its, for the spin down part (see Eq. (ZI1I)).
The hybridization A,g(w) is used for the logarithmic discretization procedure which is within the
calculation of the Wilson chain hopping’s and on-site energies.

3.1.3 Single impurity Kondo model

Only one Kondo impurity is considered in this subsection. The LDoS calculated introduced in the
previous section is needed. The impurity site is attached to the crest site of leg number 1 (i.e. at
the boundary) like in Fig. LDoS is peaked at zero energy and decreases if one goes to higher
energies until the energy is of the same order of the bulk gap. Then, the LDoS increases again

(see Sect. B.1.2]).

The eigenenergies which are calculated by the NRG iterative diagonalized of the Wilson chain
explained in Sect. 2.4] are depicted in Fig. [3.9

A non stable behavior of the rescaled eigenenergies can be detected in a range of high energies
(n € [1;35]) and a stable fix point is reached after chain site 40 (the discretization parameter is
A = 2). The degeneracies in energy (marked by numbers near the plotted lines) of the approximate
many body eigenstates are typical for a Fermi liquid if the fixed point is reached.

The impurity forms a singlet with the first site of the Wilson chain. The remaining Wilson chain
is effectively decoupled from this singlet. Each Wilson chain site can be occupied by 4 different
states (empty, 1 particle spin up/down, 2 particles). For an even Wilson chain length the Fermi
level is between the ground state and the first exited state. In the Fermi liquid picture, excitations
are described by particle hole excitations. Hence, the many body ground state is unique for the
even configuration (upper figure).

The Fermi level is at the ground state level for an odd Wilson chain length, hence the ground state
is degenerate. There are 4 different states which can occupy the first Wilson chain site, hence the
ground state is fourfold degenerate.

This is the ordinary even/odd behavior of the Wilson chain, but the physical content is the same.
Strictly speaking, the fixed point Hamiltonian is only a fixed point Hamiltonian of the double
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Figure 3.9: Energy flow digaram for single impurity Kondo model with anisotropic
coupling. For high energies (i.e. low Wilson chain site number) no convergence can
be seen. After a specific Wilson chain site the rescaled energies are stable which
signals that a fix point is reached. The numbers within the plot near the lines specify
the degeneracy of one given many body energy level. The legend shows the quantum
numbers which correspond to a given line ([0,1] [charge quantum number, spin z
quantum number]). The quantum numbers result from the given system symmetry
(ablian charge U(1), and U(1) S, symmetry)

System parameters: J, = 0.4, J; = 0.1, n, = 2, A = 2, Nieep = 2000.

applied renormalization group transformation
R(R(H)) — H.

This reflects the antisymmetry between even or odd amount of Wilson chain sites.

The linear spectrum of a Fermi liquid can be seen in the left panel (a) of Fig. B9l This suggests
that one reaches a Fermi liquid fixed point.

The different lines correspond to different many body states where the quantum numbers for these
states are noted in the legend via [a, b].

The system under consideration has 2 symmetries, charge conservation and spin symmetry, which
yields a U(1) x U(1) symmetry. Thus, the quantum numbers, which describe the system, are
charge and spin in z direction of the whole system. The charge is measured from half filling.
For example the quantum numbers [1, —1] mean that the system consists of one more particle as
half filling and the overall spin in z direction is s, = —1. These quantum numbers characterize
symmetry sectors. The combined impurity and bath Hamiltonian is in block form with respect to
these symmetry sectors.

In such a setup (LDoS + single magnetic impurity), it is possible to calculate the imaginary part
of the retarded Greens function (Eq. (B.28)) S(G%.4:(w)) (i.e. the spectral function) depicted in
Fig.

The spectral function is antisymmetric, its maximum position is within the range of positive
frequencies and corresponds to the Kondo temperature Tk . For energies lower than the Kondo
temperature the spectral function linearly depends on the frequency. This behavior corresponds to
a Fermi liquid behavior in such an energy range and corresponds to the NRG energy flow depicted
in Fig. where the fix point Hamiltonian (here a Fermi liquid) is reached.

For frequencies higher than Tk the spectral function decreases linearly.

The Kondo temperature can be calculated by finding the maximum of the spectral function given
in Eq. (2.5]) in frequency space. In Fig.[3.10 the Kondo temperature is roughly Tx =~ 5.7x 1077,
whereas the system temperature is 7 = 10712,
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Figure 3.10: The single impurity spectral function for positive energies can be seen
in this figure. The isotropic Kondo coupling is J = 0.1. The Kondo temperature
is at Tx ~ 5.7 x 1077 which is the spectral function maximum position along the
frequency axis. The chosen system temperature is T = 107!,

Fig. BTl illustrates spectral functions for different isotropic Kondo couplings J € [0.062,0.1]. The
peak positions of the spectral function in frequency space is shifted to higher energies in that case.
This implies that the Kondo temperature increases to higher energies if the Kondo coupling is
increased. This figure shows how the Kondo temperature is measured for different couplings.
One can turn ones attention to check that the numerically obtained Kondo temperature agrees
with analytically obtained results for the Kondo temperature.
The Kondo temperate is an exponential decaying function of the inverse Kondo coupling for the
isotropic single impurity Kondo problem, see in Eq. (2.48]). This can be verified numerically.
Fig. shows a linear fit which confirms that the Kondo temperature depends on the isotropic
Kondo coupling J in an exponential way.
The examined Kondo couplings are in the range J € [0.07;0.1].
The slope of the fitted curve is

0~ 1.2,

which is the inverse density of states at the Fermi level

The value of log(Tx) where the Kondo coupling obeys 1/J = 0 is log(Tx (o0)) ~ —2.4 which leads
to the prefactor of the exponential decay

log(D) = —2.4 — D = 0.09.

D is of the order of the bulk band gap.

Fig. shows the power law of the Kondo temperature in J, € [0.02;0.1] where J, = 0.4 and
J, = 0.2 is fixed for the anisotropic case (see Eq. [248)).

The slopes of the fitted curves are the exponent of the power law. The slopes are for the depicted
parameter sets

0~32 for J,=04
0~5.4 for J,=0.2.

The exponent of the power law can be calculated with Eq. (2.48) where the Luttinger parameter
has to be replaced by the effective Luttinger parameter K = K(1 — pgJ,/2K)? (where K = 1)
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Figure 3.11: The single impurity spectral functions for different isotropic Kondo
couplings J are shown in the figure. The Kondo temperature can be extracted from
the position of the global maximum of each curve. The main feature is that the
maximum of the spectral function shifts to higher energies if the Kondo coupling is
increased.

_ 1 1 3.05 for J. =04
{ o , (3.5)

1/(1-K) = = ~
/ ) 1—(1—=poJ:/2)2  pod. — (po:)?/4 5.82 for J,=0.2
po = 0.9 is assumed for the density of states at the Fermi level.

The predicted exponents for the different J, Kondo couplings fit very well to the numerical obtained
ones. The result above confirms the theoretical prediction of the Kondo temperature in a helical
quasi 1d system for isotropic and anisotropic Kondo coupling |2].

The attention is now turned to the Kondo temperatures for anisotropic Kondo couplings J.,
whereas J; = 0.01 is fixed and perturbatively small. Strong anisotropy enhances the Kondo
effect: Tk becomes a power law in J;. This leads to an enhanced Kondo temperature, see
Eq. (248). The system temperature is 7' = 10712, It should be smaller than the examined Kondo
temperature to reach a fixed point in the NRG iteration.

Fig. B4 shows the Kondo temperature dependence on the Kondo coupling J,. The Kondo
temperature decreases governed by the dependence given in Eq. (Z48)

log(Tx) o 1/(1 = K)log(JL) + log(D) = 1/(J. — J2/4)log(J.) + log(D). (3.6)

This behavior is checked in Fig. BI4(b) for different small .J; € [0.005;0.01;0.02].

For lower J, values the equation above is more accurate than for higher ones. The reason for this
is the constraint given in Eq. (Z48]). This constraint is more satisfied for lower J, as for higher
ones.

From Fig. BI4(a) one can easily read the Kondo temperature for a given parameter set. This
will be useful to compare the single Kondo impurity Kondo temperature with the RKKY energy
discussed in the next section.

3.1.4 Two Kondo impurities Kondo/RKKY transition in the Kane Mele
model

Two Kondo impurities are coupled to the Kane Mele lattice. They interact with the edge modes
via a Kondo exchange interaction, see Eq. (231]).
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The data points are fitted by a linear fit. The slope is § ~ 1.2 and log(Tk (J = ©)) ~
—2.4. This figure confirms Txx o Dexp(—1/J) for isotropic coupling.

For handling such problems with NRG, the general hybridization function A,g(w) discussed in
Sect. and defined in Eq. (84) is needed.

The Wilson chain for two impurities has a ladder geometry. There are two spin-1/2 impurities,
i.e. two channels, serving as seeds for each ladder leg. Thus, the Hilbert subspace spanned by the
impurities is four dimensional. Each site of the Wilson chain has two degrees of freedom; one rung
of the ladder consists of for bath sites.

The impurities are coupled to these first bath sites which leads to a Hilbert space dimension of
the Hamiltonian consisting of the impurities and the first rung dim(H;) = 22 x 2* = 64.

By attaching one rung to the already existing Wilson ladder, the Hilbert space dimension of the
ladder Hamiltonian is dim(H,,) = dim(H,,_1) x 2* = 22 x 24", The Wilson chain can be diagonal-
ized, see Sect. 2.4l Below, we will proceed after the following steps:

(1) Study energy flow diagrams

(2) Calculate (interimpurity) spectral functions

(3) Calculate expectation values.

The energy flow diagrams depicted in Fig. are more complicated compared to the single
Kondo impurity ones. As mentioned above, the Hamiltonian dimension increases faster than for
the single impurity Kondo model by going along the Wilson ladder.

The Fermi liquid fix point energy spectrum will be governed by other degeneracies of the many
body eigenstates. Those degeneracies are denoted by numbers near the corresponding energy line
in the figure.

For this setup the competition of RKKY interaction and the Kondo effect leads to two charac-
teristic energy scales for the system. By studying the energy flow diagrams regions where the
characteristic energy scales will occur can be estimated. For the chosen configuration (J, = 0.25,
JiL =0.01, A = 8, Nieep = 4000, Nwizson = 45 and T = 1071%) these energy scales are visible. The
first one roughly occurs at roughly at n = 10 (corresponding energy ~ 3 x 107°) and the second
one at n = 18 (corresponding energy ~ 7.5 x 10~?). This energy scales are only an estimation and
without a deeper understanding of the system nothing can be said about their nature. At this
stage, it can be claimed that there are characteristic energy scales at which physics can change.
Later on, one is able to interpret one of these characteristic energy scales as the RKKY energy
if the system is in the RKKY regime (for suitable chosen parameters, i.e. weak anisotropy, see
below). If one drives the system away from the RKKY regime by increasing the anisotropy, the
characteristic energy scale which was the RKKY energy before is now another energy scale which
is not connected with the RKKY regime. However, it describes the underlying physics (starting
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Figure 3.13: Power law of the Kondo temperature versus anisotropic coupling J
with fixed J, = 0.4 (blue) and J, = 0.2 (red). The lines correspond to a linear
fit of log(Tk) and log(J1). Thus, the slopes (~ 3.2)/(a 5.4) for red/blue yield the
exponent of the power law dependence.

from the RKKY phase). This energy will serve as a quasi RKKY energy which can be compared
to the Kondo temperature for a single Kondo model.

The fix point in Fig. is reached after n = 25 Wilson chain sites. The energy spectrum af-
ter reaching the fix point Hamiltonian looks like a Fermi liquid one which can be seen from the
degeneracies.

The local and non-local (interimpurity) spectral functions are calculated to estimate the RKKY
energy. If the system is in the RKKY phase, there is a relation between the local and the interim-
purity Green’s functions stated in Eq. (Z42]). That leads to a connection of the spectral functions
(interimpurity and local one)

Agzsz = —Aszs:. (3.7)

The interimpurity and the local spectral function calculated by using NRG are shown in Fig.
They obey relation Eq. (B.7) in panel (a). The interimpurity spectral function is negative in the
RKKY phase whereas the local one is positive. The peak positions are the same for both spectral
functions and are related to the RKKY energy via wpeqr = 2Erixky. The characteristic energy
scale for the shown configuration (weak anisotropy) in panel (a) is EFrxxy = 1.3/2 x 107°.

By increasing the anisotropy there should be a qualitative change of the spectral functions, i.e.
the spectral functions will not obey Eq. (B.7) any longer which can be seen in Fig. B16(b). Here,
the peak positions are shifted. The peak for the local spectral function remains quite unchanged
whereas the peak position of the interimpurity spectral function appears at an energy scale which
is roughly 2 magnitudes smaller than the peak position of the interimpurity spectral function for
the weak anisotropic case (panel (a)). This change signals that the system is not in the RKKY
regime anymore.

Finally, to identify the regime (either Kondo or RKKY) containing the system, the expectation
value of the interimpurity spin z operator (S7S5) defined in Eq. (Z43)) is calculated.

If the system is in the RKKY regime, it can be described by the effective Hamiltonian at coinciding
times Eq. (Z32). The ground state is the triplet (with m = 0), see Sect. 23.2). The expectation
value within the RKKY regime for system temperatures approaching 0 is given by Eq. (2.44)

S8y — —1/4 for T — 0. 3.8
192

Eq. follows from the sum rule Eq. (240). The given expectation value corresponds to the
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Figure 3.14: The Kondo temperature versus the Kondo coupling in z direction (for-
ward scattering) is depicted. In (a) one is able to read the Kondo temperature for
specific J; and J,. (b) shows the numerical confirmation of Eq. (8:6), the curves
should be linear until a specific Kondo temperature is reached (smaller but compara-
ble to the system temperature). The equation only holds true in the strong repulsive
regime with high anisotropy (i.e. J « (1 — f())

RKKY regime. It shares the same expectation value as a triplet (singlet) state. The ground state
of the RKKY regime is the triplet state.

By changing the parameter sets (increase anisotropy J, for perturbative small J, ) one can drive
the system into the Kondo phase according to the phase diagram shown in Fig. [T}

In the Kondo regime; the interimpurity expectation value approaches 0 (in the low temperature
limit).

(878%) >0 for T — 0. (3.9)

This is reasonable since the two Kondo impurities are not related anymore in the Kondo regime
they form a Kondo singlet each on its own. Thus, the expectation value decouples in (S7){(S%)
which yields 0, because each expectation value on its own is zero.

The numerical calculated expectation value of the interimpurity operator S‘fgf is shown in the
lower panel of Fig BI7 A plot of the expectation values for a wider range of J, is shown in
Appendix [A1]

The upper panel of Fig. BT shows the Frxky /Tk competition versus anisotropic Kondo cou-
pling J, (for fixed and small J; = 0.01). The RKKY energy (red crosses) overwhelms the Kondo
temperature (blue crosses) for small anisotropy (weak repulsive interactions), but at some state
(Jerit = 0.25) the Kondo temperature starts to become greater than Frk ky (strong repulsive in-
teractions). The point where the RKKY energy and the Kondo temperature intersect corresponds
to Doniach’s criterion [1] where both energy scales are of the same order.

The black line corresponds to a polynomial fit of the RKKY energy. Due to a break down of the
RKKY regime near the RKKY /Kondo transition, the RKKY energy has to be fitted. Due to this
break down, the interimpurity spectral function peak positions for J,, which are in the vicinity of
J¢rit do not correspond to the RKKY energy any more.

The interimpurity spectral function behaves in a strange way (e.g. sign change) for J, > J¢ré
(not shown in this thesis). This behavior is not clear to us until now (see Sect. B.3]).

The Kondo temperature corresponds to a single Kondo impurity calculation, discussed in Sect.
The lower panel depicts the expectation value of the interimpurity operator S’fS’QZ The critical
Kondo coupling is within the RKKY/Kondo transition region which is explained above.

The RKKY /Kondo transition in HLL is predicted at K = 1/2 in [J]. The numerically calculated
crossover happens for J, = 0.25 which gives

Kn=(1—J.po/2)% = 0.7656. (3.10)
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Figure 3.15: Energy flow diagram for two Kondo impurities model with anisotropic
coupling. Two characteristic energy scales can be seen at Wilson chain site n = 14
and n = 20. For a chain longer then 25 sites a fixed point Hamiltonian which looks
like a Fermi liquid one, is reached. System parameters: J, = 0.25, J, = 0.01,
ny = 1A = 8,Nyeep = 4000, Ny izson = 45, T = 10716,

The numerically found critical effective Luttinger parameter determines the RKKY/Kondo tran-
sition line. The difference of the numerically calculated effective Luttinger parameter to the one
predicted in E] can originate from several reasons, which are presented in the following: The
investigated models are not the same. In the project at hand a quasi 1d HLL is simulated via the
edge states of a TI whereas in E] a perfect 1d system is used. Within my system the bulk band
gap size should be considerably bigger then other system energy scales in the system so that the
approximation of the helical edge states is still valid. However, the bulk band gap is always finite.
The effective Kondo coupling can only be changed by varying the forward scattering J,. It is not
possible to check JS™ for other values of K as K = 1 has to stay fixed. This corresponds to a
line in Fig. [Tl For other Luttinger parameter values no statement can be made.

The critical effective Luttinger parameter f(m-t corresponding to the critical forward scattering is
bigger in this project compared to E] That means that the paradigmatic RKKY descriptions
fail for even weaker repulsive interactions than in the analytical calculations of V. Judson and O.
Yevtushenko. In my studies, a quite low interimpurity distance is used (10 lattice sites) whereas
the aforementioned authors assumed o « R « Ly which affects their calculations of Frxky .
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Figure 3.17: Upper panel depicts the comparison of Erxxy and Tx. The lower
one shows the exception value of the interimpurity operator versus J,. Within the
weak repulsion regime (1 > K > 0.77) the RKKY energy overwhelms the Kondo
temperature. The RKKY energy becomes smaller in the strong repulsive regime
(0.77 > K > 0).



3.2 Conclusions 43

3.2 Conclusions

In this project, I have studied the physics of two Kondo impurities coupled to edges of a QSH
sample. The latter has been mimicked with the help of the Kane Mele lattice model.

In the first part of the project, various geometric configurations and system parameters were
analyzed in order to find those suitable for the project. The most convincing choice for this lattice
model is a boundary consisting of honeycomb zigzag edges. This specific boundary choice ensures
that the helical edge states are more confined to the edge than it is the case for the armchair
boundary. The edge state for the zigzag configuration supports exact zero energy modes whereas
for the armchair configuration the gap is only completely closed in the continuum limit. Thus,
their edge states are not exact zero energy modes in a finite system.

Next, properties of a single KI coupled to the Kane Mele lattice have been studied. The single
Kondo impurity Tk was calculated where the impurity is attached to the edge of the lattice model
mentioned above. The RG predictions for the behavior of Tk in a HLL were confirmed: the
exponential dependence of Tk for weak repulsive interactions and the power law dependence of
Tk for strong repulsive interactions (i.e. by driving the system into a strong anisotropic regime)
given in Eq. (Z48)) nicely fit the numerically calculated values.

Finally, the RKKY /Kondo competition in the case of an extremely low impurity density has been
investigated. This has been done by considering only two Kondo impurities.

The expected behavior of the interimpurity and local spectral functions deep in the RKKY regime
was verified with the help of NRG calculations. The peak position of the minimum of the inter-
impurity spectral function corresponds with the Frxiy. The RKKY energy can be understood
as the energy gap which occurs after the RKKY correlations lift a degeneracy in the energy of the
uncorrelated Kondo impurities [2]. If the anisotropy J. is increased beyond a certain value, this
gap will decrease which marks a weakening of the RKKY interaction.

The RKKY interaction overwhelms the Kondo effect for weak anisotropy. However, by increasing
the anisotropy J, the physics are not dominated by the RKKY indirect exchange interaction any
longer. The only possible other regime is the Kondo regime where the two magnetic impurities are
involved in forming two independent Kondo singlets. This can be explained by Doniach’s criterion
which states that the RKKY /Kondo transition occurs when the two different characteristic energy
scales, the RKKY energy and the Kondo temperature, of both effects become comparable. The
numerical results qualitatively fit the analytical theory of Ref. [2]. However, lower anisotropy in
comparison to [2] is needed to reach the critical effective Luttinger parameter. The reason for this
can be seen in the fact that the Doniach criterion, which is used to estimate the transition region,
overestimates the critical coupling [1].

Another possible explanation could be related to different modes used in analytical and numerical
approaches.
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3.3 Remaining open questions and possible further studies

The first successful study of two Kondo impurities coupled to a Kane Mele lattice model with
the help of the NRG paves the way towards various interesting continuations and reveals several
important open questions:

e Study of two Kondo impurities coupled to a Kane Mele lattice model for larger interimpurity
distances:
The RKKY energy depends on the interimpurity distance R. From above considerations it
can be assumed that one reaches the Kondo regime by separating the two impurities in a
great distance from each other. As the Kondo temperature is independent of interimpury
distance, the RKKY energy will be smaller than Tk at some critical distance.

e Investigation of the interimpurity spectral function for higher anisotropy than J¢:

— Detailed analysis of the peak position of local spectral function. Until now, do not have
any interpretation for it.

— Detailed analysis of the peak position of interimpurity spectral function. There are more
characteristic energy scales upcoming from numerics which we have not understood quit
well.

e One can also extend the study to different parameter ranges of the Kane Mele model:

— Turning on a sublattice potential p which lifts the spin degeneracy of the Kane Mele
model.

— Varying the next nearest neighbor hopping ¢, of the Kane Mele lattice model leads
to a bigger bulk band gap. However, the next nearest neighbor hopping should not be
increased too large compared to the nearest neighbor hopping ¢. This would destroy
the helicity structure of the edge modes.

— Including Rashba spin orbit coupling allows spin mixing terms within the Kane Mele
model.

— Changing the boundary conditions from the zigzag configuration to the armchair con-
figuration.
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Appendix A

Numerical supplements

A.1 Fourier transformed Kane Mele in one direction

Here, a zigzag boundary along the open boundary direction is considered. We can Fourier trans-
form the system along the periodic boundary direction. There are IV, sites within the unit cell
(Ny/2 legs) and N, unit cells.

The used Fourier transformation of the creation operator is

1 & .
clio = Dot (A.1)
ke

VNs

Here, k, € [0, i—’lr] with a step width of %, where a; = v/3a is the distance of two unit cells and
a is the lattice constant. The indexes ¢ and j correspond to the site location in real space in the
periodic and the open boundary direction,respectively.

Now, two different cases can appear:

1) Hopping happens within the unit cell and

2) the hopping enters or leaves the unit cell of consideration, which leads to an accumulation of

an imaginary phase factor.

Case 1: Hopping within the unit cell (intra unit cell hopping)

N,—1,N,.2 ¢ NoNaNo Ny =12 /
f i = — t (ko —k. s
—t 2 CijoCij+lo = N Chyjo Okl j+10€ =% 4 hoe.). (A.2)
<ij>o i,ke k). 0,0

From now on, I will not assign the summation limits to the sum. The sum over 7 is a delta function.
1 G :
i(ke—k, )z !
N_zZeZ( 2T =6(kw—]€$)
2

Thus, this part of the Hamiltonian Eq. (A.2)) is

Ny—1
HNN/u.c. = —t Z (Cszo_Ckszrlg + hC) . (A3)

kzjo
There is a next nearest neighbor hopping term, which is denoted by « 47 » within the unit cell

Ny—2 N,—2
- ; foogz — ; i 2
HNNN/u.c. = —tsol 2 CijoS56"Cij+1,00 = —tsol Z [(_)ckzjgsa’a’/ckwj+lUI + hC] (A4)

<ij»oo’ kepjoo’
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Case 2: Inter unit cell hopping
NN hopping: j/Z4 means ¢ modulo Z4 and it is diagonal in spin space, thus spin indexes are
excluded here
| Nt ,
_tN_m Z czzjﬂck;jei(k”_kw)“_ikwal + h.c.
kaklj
Ny—1
=—t Z szﬂlck”e—ikzal + h.c.
ks j
Ny—1
j/Z4 =3—> Hyy=—t Z CLIj+lckzj6ikIal + h.c. . (A5)
kg

Jj/Z4s =1— Hyn

For horizontal NNN hopping:

N, )
3/ =0 = Hynnjmor = —tsoi Y, [(F)eh, ;o852 ey peteima=hmi e

Jj=even
!

’
ke .k, 0,0

x s Rg s

N,

Yy
_ T 2 :
= —tso2 Z Chy g S0 Ok, o’ S0 (K1)

j=even
’
ky, 0,0

Ny
J/Zy =1 — HNNN/hor = — tso2 Z (_)sz,j,a"szyglck;,j,o’/ sin(kza1). (A.6)
Jj=odd

ks,0,0

The NNN hopping into/out of the unit cell can be distributed in 4 terms, depending on their
position in the unit cell:

Ny—2
J/Zs =1 — HyNNjvert = — tsol Z [sz,ﬁz,gs;g’ ckzyj’g/e_mm“1 + h.c.] (A.7)
kx,j,cr,a'/
Ny—2
. _ _ . T z ikgay
J/Zs =2 — HNNNjvert = — tsol Z [Ckz7j+27050,<7/ Chy i’ © + h.c.] (A.8)
kw,j 0,0
Ny—2
§/Za =3 = HynNjwers = —tsol Y [(F)Ch 10050 0 Chyjuor €55 + hoc] (A.9)
kx,j,cr,a'/
Ny—2
/%1 =0 Hynnjoert = — teod D, [(—)cf. 20500 Oy o€ 4 hec). (A.10)

. ’
km )]70-)0-

One can also consider a sublattice potential, which is diagonal in real and spin space. It distin-
guishes A and B sites.

Ny
DL ChjeChede (A.11)
kz,j=even,o
Ny
§Za=1—>Hy=+p Y ¢l Chojo- (A.12)
kz,j=odd,o

j/Zy=0— H,

The Kane Mele Hamiltonian Eq. (AJ4)) can be expressed via the matrix Eq. (AI3) within a
suitable basis. This basis consists of states which are of following form |j, o) (k;). j denotes the
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spatial position in the unit cell (along OBC) and o is, as usual, the spin (e.g. first row corresponds
to leg 1 site A, second row to leg 1 site B ...).

Here, only the spin up component is shown, the matrix for the whole system (both spins) is in block
diagonal form with respect to spin. For the spin down block, one has to change the next nearest
neighbor hopping ts, — —ts,, whereas all other system parameters have to stay unchanged.

A B-—t C 0 0 0
B*—t —A —t D 0 0
c* —t A B* —t c* 0
HTKM(kI) - 0 D* B —t —A —t D* ’ (A13)
0 0 C —t A B-—t
0 0 0 D B*—t —A

with A = —2t,sin(kga;), B = —te*+1 C = it (e*f+¥ — 1) and D = itz (e~H*+a — 1)
Thus:
H M (ky) = 3 fel . o0 HEM (k) (Cmopo| - (A.14)

n,kqe,o
n,m,o

In principal, the system can be extended to an arbitrary size y by enlarging the unit cell. The
diagonal and off-diagonal parts of the above matrix can be continued corresponding to the above
”minimal” system (6 x 6 matrix which corresponds to a system width of 3 legs).

Two different physical situations can occur along the open boundary direction for the conditions
%/ZQ =1and %/ZQ = 0. The number of legs =* can be even or odd. This reflects a geometric
symmetry distinction. The spatial lattice system is axis symmetric to a parallel to the edge for
the even case and inversion symmetric for the odd one.

However, both system configurations will host helical modes on their edges. For % /2o = 1 there
are exact 0 energy modes, whereas for % /Zo = 0 the states which are nearest to the Fermi level

will approach to it if one considers more and more sites along the PBC direction, which leads to
a shrinking of the inter level spacing of the energies.
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A.2 Implementation of real space Kane Mele

The Kane Mele model can also be implemented in real space. This has the advantage that the
two impurities can be attached to the Kane Mele lattice in real space. For this, the actual matrix
representation of the Kane Mele Hamiltonian is given here.

The used basis consists of states which live on a Hilbert space of the dimension dim(H) = N M %2
amount of legs N, amount of sites along PBC M and 2 spin configurations are possible.

For the nearest neighbor hopping (spin indexes are suppressed here):

N, Ny—1
HNpNjhor = — 1 Z [c;ul’j)gci,jyg + h.c.] (A.15)
0,J,0
N, Ny—1
H =—t [ef 1 o + hecl] (A.16)
NN Jver CZJJrLgcz,_],a -C.|, .
0,J,0
and the next nearest neighbor hopping terms vertical forward L,:
Ny—1,N,—1
j=odd,i=odd Hynnjert =—tsoi ), [(7)02_17”1)05;0/ Ciio +hoc] (A.17)
i,j,a’,ol
Ny—1,N,—1
j=odd,i=even HynN/pert = — tsol Z [(—l—)c}flyiﬂﬁgs;g/ Ciio T h.c.] (A.18)
ij,0,0"
Ny—1,N,—1
j=-even,i =o0dd HynN/ert = — tsol Z [(+)c§_17i+1)asj70, Cjio T hel (A.19)
i,j,a’,ol
N,—1,N,—1
Jj=even,i=even Hynn/vert == tsol Z [(_)02;1,“1,05;0' ¢jio thel, (A.20)
ij,0,0"
and the next nearest neighbor hopping terms vertical backward

Na,Ny—1

j=odd,i=o0dd HynN/wert = — tsol Z [(+)c}+17i_1)05;0,ci)jpf + h.c] (A.21)
i>1,5,0,0"
N, Ny—1

j=odd,i=even HynN/ert = — tsol Z [(—)CLLFLUS;U/ Cijo' T h.c.] (A.22)
i>1,4,0,0"
Na,Ny—1

j=even,i =odd Hynnjvert = — tsol ), [(f)c;_,_l’i_l)as;o/ Ci i +hoc] (A.23)
i>1,5,0,0"
N, Ny—1

Jj=even,i=even HyyN/vert = — Lsol Z [(—l—)cj-ﬂyifl_’gs;g/ Cijol T h.c.], (A.24)
i>1,4,0,0"

and the next nearest neighbor hopping terms horizontal:

N,—2,N,

j=o0dd HNNN/hor = — tsol Z [(+)c§+l7i_1)as§70/cm)a/ + h.c.] (A.25)
i,4,0,0"
N,—2,N,

j=even HynN/hor = — tsol Z [(—)C}+17i71708270/Ciyjﬁa,/ + h.c.]. (A.26)
i,j,a’,cr/

The sublattice potential is diagonal in real and spin space, thus easy to implement.

Periodic boundary conditions can also be inserted. This means that the last site in x direction
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can for example hop to the first site . This connection of the 2 ends of the Kane Mele model
also implies a connection of sites via NNN hopping. Thus, there are some terms which should be
included in the Hamiltonian.

A.3 Supplementary figures
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Figure A.1: Expectation value of interimpurity spin z operator (S7S%). The range
of anisotropic couplings covers the whole transition from RKKY to Kondo regime
(i.e. for increasing the J, the expectation value increases and approaches eventually
0, which is the expected value in the Kondo regime).
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B.1 Supplementary to Luttinger liquid

This section is devoted to generate a connection between the LL Hamiltonian 2217 and its corre-
sponding Lagrangian. This step is taken as the Lagrangian is needed for the Feynman field integral
formalism, which is a powerful tool to handle many body problems. To do so, it is convenient to
Fourier transform Eq.(ZI8) with the following definition

¢( T, T Z ¢ zkm—irwn' (Bl)

(ka)

Thus, the action is

5= 57 | “E2o0-0) ~ S R0(-0) — S Roe-a)|. (B2)

For the Fourier transformed fields ¢*(q) = ¢(—q) and the same for §. The partition function in
field integral formalism

_ f D(6.0)e~5, (B.3)
completing the square
—w2 u 2 U 2 iwn z'Wn
) |G ol@)o(-0) — g o@)ol=0) — 51000 + wo(abla) + o]

(B.4)

and shifting one field 6(q) = 6(q) + 2n-¢(q) which does not change the measure of the field

integration, one can easily integrate out the 6 field

2
-1 wy

Z =Zg fD(¢) exp (5% ﬁ(; + Uk2)¢(Q)¢(—Q)> (B.5)

~ Z [ D(@)exp (—ﬂiLZch)]) . (5.6)

Fourier transforming back gives the action as a functional depending on ¢ where the field is in
imaginary time 7 and real space x coordinates basis expressed

5o = BLZ2 L[ ] o) (5.7

2
-z fd:cf [ (05 d(2, 7)) + u(@ad(e, 7)) ] (B.8)
A similar action is the result of a field integration of ¢. One can proceed as above or simply detect

that the Hamiltonian is invariant under ¢ — 6 and K — 1/K. Thus, if this replacements are be
done, the corresponding action is

dxf [ (0,0(x, 7)) +u(0x9(x,7))2]. (B.9)
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B.2 Gauge transformation of the helical Luttinger Hamil-
tonian
The Hamiltonian 217 describes an interaction 1d fermionic system. Forward scattering [2.24] can

be absorbed into an effective interaction K if one applies a unitary transformation |48, 149, 50].
The Hamiltonian for a helical Luttinger liquid with a magnetic impurity at location 0 is

K 1
Huw = u [ dol(5 (Vo(a))? + 5 (V(2)?) (B.10)
Hy = J& [S+e*2i¢<0> + S*e”w@)] (B.11)
2T
Hyy = —225%0,0(0). (B.12)
v

Hyp, is the Luttinger liquid Hamiltonian described and defined in Eq. 2I7)). Hps is the backscat-
tering Hamiltonian where the bosonic bath operator picks up a phase shift and the local impurity
spin generates a spin flip of the impurity. Here, the helical nature of the underlying bath can be
seen. There is no such term which is not helical, e.g. a backscatter process without a spin flip
which will also change the helicity of this mode, thus helicity will not be conserved.

H¢,, is the forward scattering Hamiltonian, where now a spin flip of the impurity spin is forbidden
due to the helical nature.

It is convenient for further reason to rescale the bosonic fields {¢,0} — {v/K¢',6'/v/K} which
leads to

Hj, = %Jdm((ng)’)Q +(V8)?) (B.13)
m = L [S*aww + S*e””m'] (B.14)
2ra
J. .
fo=—8 0.0 VK. (B.15)

Apostrophes will be omitted from now on.
Then, a unitary transformation U = exp(iA@S,) (which is equivalent to an Emery-Kivelson rota-
tion |51]) with A = MJ\Z/? is applied to the transformed Hamiltonian

U(Hpp + Hys + Hy)U" = Hpp + Hy, (B.16)
where the Luttinger parameter K is replaced by an effective Luttinger parameter
~ J
K=K(1--—"2). B.17
(1= 5-) (B.17)

To confirm Eq. (BI6) one can calculate the transformation explicitly.
The canonical commutator relation of the bosonic field is

[0,0(z), $(0)] = —ind(z). (B.18)

Hy,, transforms trivially under U, but UHp U t obeys an additional term which cancels the
forward scattering term and it remains its own form. The backward scattering Hamiltonian

changes its phase factor +2ivVK — +2iV K.
To see this, one can calculate a part of Hy UT

sz@zG(x)[ﬁzG(:c) exp(—iAg(0))] = Jd:z:@zG(x)[(—imS(x)i)\Sz) + exp(—iA¢(0))0.0(x)]

— (—i2miAS%)2,0(0) + exp(—iAd(0) f Ao (0s0(2))2,
(B.19)
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which leads to
UH, U = UQi fdac[(&c@(ac))2 + (8.0(2))*]UT
T
=Hpp + ﬁszawe/\/ﬁ (B.20)
v

where the second term is —H y,,.
The backscattering Hamiltonian changes its phase factor for a spin-1/2 system

ST(S2)" = (=1/2)"S7"
(S2)"S™ = (1/2)"S7,

which can be used for calculating the transformed backscattering Hamiltonian

Hys = UHy UT

—JJ‘ [eﬂMBSZ S*eiQi‘/f“bqusz + h.c.]
2mo

J1 +,—2iVEK(1-)/2)¢
— [S e + h.c.] . (B.21)

Thus, the unitary transformation U transforms the original Hamiltonian to Eq. (B.I6]), where
forward scattering is absorbed in the Luttinger Parameter. Forward scattering can be seen as
modification of the bath electron Coulomb interaction.

This absorption of Hy,, only works for helical systems as for backscattering of non helical liquids
there is no constraint that the backscattering of an electron is accompanied by a spin flip of the
impurity.
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B.3 Green functions and spectral functions

Definition of correlator functions (CF)
) = —T-(B(12)A(m1)) imaginary time CF

Gi(ty — 1) = —iT(B(tz)A(t1)) real time CF

Gty —t1) = —iO(ty — t1){[B(t2), A(t1)]s) retarded CF

Galty —t1) = +iO(t; — t2){[B(t2), A(t1)],) advanced CF,

GT(T2 —T1

where 7/t is imaginary/real time, T; /T is the real/imaginary time ordering operator, O(¢) is the
Heaviside theta function (1 for positive, 0 for negative argument) and [...,...], is the commuta-
tor/anti commutator for o = +/— (i.e. bosonic/fermionic operators).

Switch from Schrodinger to Heisenberg picture of operators

A(r) = em(H=pN) go—r(H-pN) (B.26)
A(t) = etH—nN) go—it(H—pK) (B.27)
We can express the Green’s function using the Lehmann-representation, where E,, [n) is an exact
eigenstate of (H — uN). Then, the average can be understood as a expectation value < ... >=

£, e PP (n|...|n), where Z is the partition sum and 3 inverse temperature.
For instance, the retarded Greens function in frequency space can be calculated as

o0
G, (w) = f dte™t=0" 1M G (1)

—00

w —. . A A
= J;) dtei“’tf(ﬁt?l Z e PEn [el(E"fE’")t[<n| B|my{m| A|n)—

n,m

— e BB ) Afm) m| B )
—i eml @ Blm)ml Ay l AJm) ] B n)

Z (W+i0t + Ep — Bp)  —i(w+1i0F + Ep, — By)
1 eiﬁEn — O'efﬁEm R R
= X o g (il Blm)y(m| Ay (B.28)

n,m

The last equality sign holds true after renaming the states |n) and |m) in the second expression.
Now, the spectral function, which can be calculated numerically, can be defined as (shift time axis
t2=tandt1=0)

AW) = 5 (Gr(0) ~ Culw)) = —5—=(Gr(w) — C1(w)) (13.29)
= > (e7PFr —ge PEm) (n| B|m)(m| A|n)6(w — Em + Ey). (B.30)

Eq. (B:29) presents the relation between the spectral function and the retarded Green’s function.
One is able to connect the imaginary part of the retarded Green’s function with the spectral
density via
1
Alw) = —=S(G(w)). (B.31)
T
The operators B = §7 and A = §3 commute in the considered case, thus o = +1 in Eq.(B.29).
The calculated quantity is the interimpurity S7, S5 spectral function, defined by

Aszsz(w) = Z (e FEn — ge=PEm) (| Sz |m)y{m| S% [n) 6(w — Ep + E), (B.32)

n,m



56 B. Analytical supplements

as well as the local spectral functions S'f, S’f and 5'5, S’QZ

Aszs:(w) = Y (7P —ge™Fm) (n| 57 [m) (m| 7 |n) (w — B + En), (B.33)

n,m

where i € [1, 2] indicates which impurity is considered.
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