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Abstract

We study the effects of electron-electron interactions and magnetic fields on surface states of
three-dimensional topological insulators (3D TIs). In this work we use an effective Hamil-
tonian to describe a slab of the 3D TI BisSes. In the non-interacting limit, and for slab
thicknesses greater than approximately 40 A, we observe a Dirac cone in the bulk bandgap
whose states are highly localized to the surface. Similar behaviour is seen in the spec-
tral function: near the surface it has peaks near the Dirac cone states, and in the bulk,
the Dirac cone disappears. In addition, the Dirac cone gap closes at approximately 60 A,
which agrees well with experimental measurements, and the density of states near the Dirac
point is found to be linear. Next, we incorporate short-range electron-electron interactions
through the calculation of the second order self-energy, and its anti-Hermitian part, the
broadening function. Examining the broadening function allows us to study the qualitative
behaviour of the quasiparticle lifetime near the Fermi level. We obtain an infinite lifetime
at the Fermi level, and a finite lifetime as we move away from this energy. Returning to the
non-interacting regime, but this time adding a finite magnetic field, we observe Landau level
(LL) peaks in the density of states. As the thickness of the slabs increases the total number
of states increases, but the number of LLs localized to the surface remains constant. The
observation of a zeroth LL and the LLs being linear in \/[n[B, indicates that the surface
states support a relativistic LL dispersion. Finally, electron-electron interactions were added
to our topological insulator model for a finite magnetic field. Here, we derived an expression

for the second order self-energy and its accompanying broadening function.
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Chapter 1

Introduction

Topological insulators (TIs) are a recently discovered topological phase of matter [1]. As
such, they are insulating in the bulk, but unlike ordinary insulators they support topologi-
cally protected conducting edge or surface states [2—4]. Unlike previously discovered phases
of matter, TIs are not classified by the symmetry they break and thus are not classified by
a conventional order parameter. (For the non-topological ferromagnetic phase, rotational
symmetry is broken and its order parameter is the magnetization of the material.) TIs do
not break any symmetries and in order to differentiate a topological phase from a trivial
phase, a quantized topological invariant is needed. Thus, for TIs, the order parameter is
a topological invariant. The integer quantum Hall state is described by a non-zero Chern
number, while the topological invariant describing the quantum spin Hall (QSH) state is
the Zs invariant. Topological invariants do not depend on local properties of the material.
In order to transition between a trivial and a non-trivial topological state (both of which
have a finite bulk bandgap), the bandgap must close. The closing of the gap is a second
order quantum phase transition.

The potential practical applications of TIs include their use in low-power and spintronic
devices, and in a topological quantum computer that uses Majorana fermions as qubits
[2-4]. On a more fundamental level, TIs are being studied in the context of a broader search
for novel exotic quantum phases of matter. For many of these applications and theoretical
realizations to be manifested, a greater understanding of the electronic properties of TIs is
required, in particular, the effects of electron-electron interactions and magnetic fields on

surface states. In this introductory chapter, we review the basic physics of TIs and motivate



our theoretical study of electron-electron interactions and magnetic fields on TI surface

states.

1.1 2D Topological Insulators

Two-dimensional (2D) TIs come in two known varieties: the Chern insulator, which breaks

time-reversal (TR) symmetry, and the QSH insulator, which does not.
1.1.1 Chern Insulators

The first 2D TI was theorized in 1988 when Haldane constructed a model of the quantum
anomalous Hall effect in 2D graphite, i.e., graphene [5]. (As will become clearer later, the
quantum anomalous Hall effect signifies a quantum Hall effect in the absence of a net applied
magnetic field). In this tight-binding model of a honeycomb lattice, TR symmetry is broken
through the application of a periodic magnetic field that has an average magnetic flux of
zero. The magnetic field opens a gap in the bandstructure at each of the two inequivalent
Dirac points (DPs) of the graphene bandstructure, labelled K and K’. Mathematically, this

gap is manifested in the addition of mass terms, myg and my, in the Dirac dispersions:

ex Kk = thwlk| — ex o = :l:\/(hvk)2 + (mg kv?)?, where h is the reduced Planck con-
stant, v is the Dirac fermion velocity, and k = (k, k) is the 2D wavevector measured with

respect to K and K’, respectively.
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(a) Chiral edge states of the Chern insulator (b) Helical edge states of the QSH insulator

Figure 1.1: An overhead view of chiral (a) and helical (b) edge propagation for a 2D sample.
The black box denotes the sample, the coloured arrows denote the direction of electron
propagation on the sample edges, and in (b) the black arrows denote the spin of the electrons.
(a) Electrons propagate in only one direction; electrons on opposite edges propagate in
opposite directions. (b) Spin-up electrons (red) propagate in the opposite direction of spin-
down electrons (blue). The helical edges are like two copies of chiral edges with opposite
spin for opposite chiralities.



Depending on the relative signs of the mass terms at each of the two DPs, different phases
of matter are realized [5]. When sgn(mg) = sgn(mg), a conventional band insulator with
a Hall conductance of 0¥ = 0 is predicted. On the other hand, if sgn(mg) # sgn(mg), an
integer quantum Hall state [6] with massless chiral edge states (ESs) and a Hall conductance
of o™V = u%, where v = +1 is predicted. Here, e is the charge on an electron and h is the
Planck constant. In a chiral ES, electrons propagate in one direction (forward or backward)
only (see Fig. 1.1a); such ESs are thus completely immune to both elastic and inelastic
backscattering, provided the bulk bandgap remains open. In order to transition between
these two states, the system must undergo a quantum phase transition. At the quantum
critical point, one of the mass terms vanishes and the bulk bandgap closes. The phase where
the masses have opposite signs is the Chern insulator state and its associated topological
invariant is the Chern number, v = J(sgn (mg) — sgn(mg)). It is essentially an integer
quantum Hall state without Landau levels. By tuning the signs of the mass terms, the
various quantum phases are accessed.

Chern insulators have been experimentally realized in magnetically doped 3D TIs [8—
10] and in ultra-cold systems of fermionic atoms [11]. The bandstructure and probability
densities of a representative Chern insulator model (distinct from the Haldane model, but
exhibiting essentially the same physics) are shown in Fig. 1.2. The probability density of
the ES decays exponentially away from the edge; this behaviour is well captured by an
analytical solution of the 2D Dirac equation near a mass domain wall (Fig. 1.3). This is

expected as one can think of the vacuum as a trivial insulator.
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Figure 1.2: Numerical results for a model of a Chern insulator on a 2D square lattice with
a periodic boundary condition in the x direction and an open boundary condition in the
y direction [7]. (a) Bandstructure for a width of 40 sites. The chiral ESs disperse linearly
near k, = 0. The chirality of the ESs is manifested in the opposite velocities (slopes) for
each edge. (b) Probability densities for the circled states in (a). The ESs are localized
on opposite edges, while the valence and conduction band states have a roughly equal
probability of being anywhere in the bulk. [Inset]: Logarithm of the probability density of
the bottom chiral ES along with a linear fit to the result, indicating that the probability
density decreases exponentially away from the edge.
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1.1.2 Quantum Spin Hall Effect

The QSH state, which was independently predicted by Kane and Mele in 2005 [12] and
Bernevig and Zhang in 2006 [13], is another 2D TI. It can be thought of as two copies of
the Haldane model described in Sec. 1.1.1, but where electrons of opposite spin have ESs
of opposite chirality (see Fig. 1.1b). For this reason, these ESs are called helical. Unlike the
Chern insulator, the QSH state preserves TR symmetry; however, like a Chern insulator,
it is topologically distinct from a regular band insulator. While the integer quantum Hall
state is characterized by a non-zero Chern number [14], a non-trivial Zs topological invariant
characterizes the QSH state [15, 16]. A Zs invariant has only two possible values: trivial (0) or
non-trivial (1). The Zs topological invariant is only defined for TR invariant Hamiltonians.
From now on, we call materials that exhibit the quantum anomalous Hall effect “Chern
insulators”, and materials that exhibit the QSH effect “2D TIs".

As T1Is are band insulators, they have a bulk bandgap; however, they possess gapless ESs
which, like the chiral ESs of the Chern insulator, exhibit topological properties [12]. The
topological ESs exist because spin-orbit coupling (SOC) causes an inversion of the valence
and conduction bands near the Fermi level, Er [17]. Just as for the Chern insulator, this
band inversion is equivalent to a change of sign of the mass in the effective Dirac description
of the TT. The ESs are topologically protected because they are not affected by TR invariant
local perturbations, as long as the bulk bandgap remains open [18]. If the bulk bandgap
closes, electrons can elastically scatter from surface to bulk states, thereby destroying the
topological protection of the ESs. An understanding of Kramers degeneracy is needed to
understand why this is so.

Kramers’ theorem [19] states that in a spin-half TR invariant system, every eigenstate
must be at least doubly degenerate (e.g., |k,1) and |—k,|) are Kramers partners, where
k denotes momentum). As a result, all TR invariant Hamiltonians have bandstructures
that are symmetric about k = 0 in the Brillouin zone. In addition, in the presence of a TR
invariant perturbation, scattering between a state and its Kramers partner is not allowed. A
qualitative explanation of this is given in Fig. 1.4. In a material such as graphene [20], where

spin-up and spin-down Dirac cones (DCs) are degenerate, backscattering from |k, 1 (J)) to



|-k, 1 (})) is allowed. On the edge of the QSH state, backscattering is not allowed since there
isno |—k, 1 (})) state into which the |k, 1 (|)) state can scatter [3]. To scatter from k to —k
requires a spin flip, which would violate TR symmetry [18]. In the limit of non-interacting
electrons, this protection against elastic scattering leads to an infinite ES conductivity, i.e.,

ballistic transport on the edge.

Figure 1.4: Intuitive picture for the topologi-

cal protection of the QSH ES. When an elec-
j > tron scatters backwards off a non-magnetic
h impurity, we can imagine that its spin under-
goes either a 7 or a —7 angle rotation (de-
pending on the direction the electron “goes
around” the impurity). A full 27 rotation of
the electron’s spin occurs when the relative
phase difference between these two paths is
considered. The spin-half nature of electrons
ensures they pick up a minus sign while expe-
riencing this 27 rotation. Therefore, the two
backscattering paths interfere destructively
and are not allowed. Figure taken from Ref.
X Nonmagnetic impurity [18].

1>
-/

Another consequence of Kramers’ theorem is the requirement that the crossing of the
ESs in the edge Brillouin zone occur at TR invariant momentum (TRIM) points [2]. For
the 1D ESs, these are k = 0,47, where a is the lattice constant. The Fermi level can cross
the bands connecting the TRIM points an odd or an even number of times. If there are
an even number of crossings, a trivial insulator results as the ESs can be moved such that
they are not crossed by the Fermi level [4]. If there are an odd number of crossings, the
ESs are topologically protected as the Fermi level must cross the gapless ES. This is shown
in Fig. 1.5. The degenerate crossing at TRIM points prevents the gapless ES from being
gapped out without violating TR symmetry [3]. For this reason, the ESs of TIs are robust
against TR symmetry-preserving disorder, as long as the bulk bandgap does not close [12].
If electron-electron interactions are accounted for however, then inelastic backscattering
can occur, which leads to a finite conductivity in the ESs. Inelastic backscattering allows
an electron to scatter a forward-moving state, |k, 1), to a backward-moving state, |—k', ),

at a different energy, which does not violate TR symmetry.
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Figure 1.5: Bandstructure of a Zs trivial insulator (a) and a Zs non-trivial insulator (b).
In each of the two bandstructures shown above, Kramers’ theorem ensures that there is a
double degeneracy at the TRIM points, 'y, and T'y. (a) Ep crosses the ESs an even number
of times and thus it is possible to move the ESs above or below the Fermi level, producing a
trivial insulator. (b) There is an odd number of crossings, thereby ensuring the ESs cannot
be gapped out. Figure taken from Ref. [2].

Due to the preservation of TR symmetry in 2D TIs, the ESs are helical, not chiral
[18]. Because the electron’s direction of propagation is linked to its spin, this phenomenon
is called spin-momentum locking [2]. Thus, the ESs can transport both spin and charge
currents [12]. Whereas the integer quantum Hall effect (e.g., in the Chern insulator) can
be observed in macroscopic samples [21], the QSH effect is only robust when the phase
coherence length, [, (the distance in the sample below which inelastic collisions can be
neglected), is greater than the sample length, L [22]. Each ES, one for spin up electrons
and one for spin down electrons, is predicted to contribute a conductance of é, for a total
longitudinal conductance of 2% [13]. In the L > [, regime, inelastic backscattering can occur
and the contribution from the ESs to the device’s conductance is significantly reduced from

its ballistic value.
1.1.3 Experimental Observation of 2D Topological Insulators

The original theoretical predictions of the QSH effect in graphene [15] and strained semi-
conductors [13] have not yet been experimentally realized. In 2006, Bernevig et al. predicted

that HgTe/CdTe quantum wells can support the QSH state [17]. They proposed that by



varying the thickness, d, of the Hg'Te well from d < d. to d > d., where d. ~ 6.4 nm is a crit-
ical thickness, the trivial insulator undergoes a phase transition to the QSH state. Changing
the thickness of the well is akin to tuning the mass, M, of an effective Dirac Hamiltonian,

as in the Chern insulator (see Sec. 1.1.1) [1, 17]. A summary of their predictions is shown

in Table. 1.1.
Property Trivial Insulator | Quantum Critical Point | QSH State
Well thickness d < d. d=d, d > d,
Dirac mass M <0 M=0 M >0
Bandstructure Normal gap Bands cross Inverted gap
ZQ 0 n/d 1
Helical ESs No n/d Yes
Conductance 0 n/d 2%

Table 1.1: Trivial vs QSH insulator in HgTe/CdTe quantum wells. n/d means “not defined”.
Source [17].

Bernevig et al. proposed that the ES could be detected by a conductance measurement
[17]. They predicted that in the trivially insulating phase, the longitudinal conductance is
zero, but in the topologically insulating regime it is 2%. This residual conductance arises
from the ESs, and should therefore be independent of the sample width. In 2007, Konig et
al. experimentally realized the QSH state in HgTe/CdTe quantum wells for d > d. ~ 6.3 nm
[1]. As shown in Fig. 1.6a, there is a much larger resistance in the d < d,. regime, than in the
d > d. regime. The smaller resistance in the d > d. regime is due to the residual conductance
of the ESs. This conductance is independent of the sample width and is measured to be
approximately 2% for sample lengths L < Iy, as predicted [17].

While the measurements by Konig et al. were convincing, to definitively prove that
conduction in HgTe quantum wells was due to ESs, non-local transport experiments were
performed [23]. The idea was to rule out conductance quantization from topologically trivial
quasi-1D bulk channels in the ballistic regime. In 2009, Roth et al. conducted multiterminal
resistance measurements on HgTe quantum wells in various non-local configurations. The
non-local transport measurements are only explainable by current flow along the edges of

the sample. Further evidence of the topological nature of HgTe quantum wells occurred in



2012 when the spin polarization of the helical ESs was measured via the inverse spin Hall

effect [24].
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(a) Resistance of HgTe quantum wells (adapted from Konig et
al. [1])
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Blue 20.0 x 13.3
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1.0 x 0.5
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Figure 1.6: QSH state in HgTe/CdTe quantum wells. (a) Longitudinal resistance measured
using leads at the end points of a sample (think of leads at the left and right edges of Fig.
1.1b). (b) The labels and dimensions for each of the four curves shown in (a). The black
curve is a trivially insulating phase, while the other three curves suggest the existence of ESs.
The reason for the larger resistance in the blue curve, compared to the red and green curves,
was the larger sample length, which is larger than the phase coherence length, Iy ~ 1 ym.
This allowed for inelastic scattering to occur, thereby increasing the resistance. The same
measured residual conductance for the green and red curves indicates the conductance was
independent of the sample width, as expected for ES transport [17]. Figure taken from Ref.

[1].
In 2013, Nowack et al. used a superconducting quantum interference device (SQUID) to

detect the ESs of HgTe quantum wells [25]. A SQUID directly images the magnetic fields

produced by conducting ESs and thus produces images of the current density in a sample.



They measured simultaneous bulk and edge conduction and observed that even when the
HgTe edges are much longer than the phase coherence length, the ESs are still a significant
source of transport.

In 2012, Knez et al. conducted transport measurements that indicated the presence of
helical ESs in InAs/GaSb quantum wells [22]. Like HgTe quantum wells, InAs/GaSb quan-
tum wells exhibit a topologically distinct inverted bandstructure. Unlike in HgTe quantum
wells however, InAs/GaSb quantum wells exhibit significant bulk conductivity, even larger
than the ES conductance. Similar to the experiments conducted by Nowack et al., Spanton
et al. [26] used a SQUID to measure the current density of InAs/GaSb quantum wells.
The current density images they produced showed predominantly edge conduction when
the Fermi level was in the gap and uniform bulk conduction when it was in the conduction
band. They used devices that were much larger than the phase coherence length; as such,
they detected backscattering processes which they deduced occur along the sample edges.
Du et al. doped InAs/GaSb quantum wells with Si to remove the bulk conductivity, and
measured a 2% conductance of the helical edges when L < l4 [27]. In the L > [, regime, the
conductance was reduced and the resistance of the edges in the InAs/GaSb samples scaled
with the sample length, owing to inelastic backscattering effects.

Taken together these results show that the QSH state has been realized in HgTe and

InAs/GaSb quantum wells. Thus, we can call these materials 2D topological insulators.

1.2 3D Topological Insulators

Topological insulators have also been realized in 3D materials [2-4]. Similar to 2D TIs, they

come in two types: strong and weak. We focus on strong T1Ts here.
1.2.1 From Two to Three Dimensions

Shortly after the prediction of 2D TTs, theoretical work began on generalizing the QSH effect
to 3D [28-30]. Whereas 2D TIs are described by a single Zg invariant, 3D TIs are described
by four independent Zs invariants. Of these four invariants, one of them discriminates
between strong and weak TIs. Strong TIs, like the QSH state, are robust to disorder.

Conversely, disorder destroys the topological nature of weak TIs and thus they easily revert

10



back to being trivial band insulators. From now on, when we refer to 3D TIs, it is implied
that we mean strong 3D TTs.

Just as the QSH state has topologically protected ESs, 3D TIs have topologically pro-
tected surface states (SSs) [31]. The SS of a 3D TI is protected by the non-trivial = Berry’s
phase that an electron acquires when its path circles a Fermi surface enclosing an odd num-
ber of DPs [28]. In simple terms, this means states on opposite points of the Fermi surface
(i.e., those related by backscattering) have opposite spin (see Fig. 1.7). A trivial Berry’s
phase is zero and results from a Fermi surface enclosing an even number of DPs. The 7
Berry’s phase causes anti-localization of the electrons in the presence of disorder. The SS
is a “2D topological metal” that can only exist on the boundary of a 3D system. For the
easiest experimental observation of the SS, both the Fermi level and the DP must lie in the

bulk bandgap [32].

Figure 1.7: Constant energy contour of a DC

in the 2D surface Brillouin zone of a 3D TI.

‘ ‘ The spin direction is given by the arrows. This

shows the spin-momentum locking, or helical

¢ nature of the SS (the m Berry’s phase). This is

o the 2D analog of the helical property of QSH
ESs mentioned earlier.

1.2.2 Experimental Observation of 3D Topological Insulators

In 2007, Fu and Kane predicted that the Bi;_,;Sb, alloy is a 3D TI for 0.07 < < 0.22 [31].
The strong SOC in Bij_,Sb, inverts its bandstructure for x > 0.07 and the TI phase may
be realized [33, 34]. In 2008, Hsieh et al. used angle-resolved photoemission spectroscopy

(ARPES) to map the surface bandstructure of BipgSbg ;. They found five crossings of the
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Fermi level with the gapless SS bands [33, 35]. As mentioned above, the odd number of
crossings show that these states are topologically non-trivial.

Due to the complexity of Bij_,Sb, — five band crossings on the surface and its non-
crystalline nature — 3D TIs with simpler SSs, simpler theoretical descriptions, and a sto-
ichiometric crystal structure were, and still are, desired [35, 36]. In 2009, Zhang et al.
predicted that the BisSes class of materials (BiySes, BiyTes, SboTes) are TIs with a single
massless DC at the I' point. This class of materials enjoys the same rhombohedral crystal
structure arranged in quintuple layers (QLs) and exhibits a band inversion at the I" point. In
2009, Xia et al. used ARPES measurements to map the bandstructure of the SSs of BisSes.
They found a single non-degenerate DC on the surface that exhibited a linear dispersion.
An ARPES image of a BisSes DC is shown in Fig. 1.8a. Moreover, their results match the
theoretical predictions as the DP lies at the I' point in the bulk bandgap and a bandgap of
0.3 eV was measured [35]. The large bulk bandgap allows for topological properties to be
realized at room temperature since 0.3 €V is much greater than the thermal energy at room
temperature. Similar results were obtained in BisTes and SboTes where a non-degenerate
massless DC on the surface was discovered for each material [37, 38]. An ARPES image of
BisTes is shown in Fig. 1.8b.

To definitively prove that these materials are 3D TIs, the helical nature of the SSs,
i.e., the m Berry’s phase, needed to be measured [40]. Experimental confirmation of the
helical nature of SSs in Ca-doped BisSes and Sn-doped BiaTes occurred in 2009 [40]. Us-
ing spin-resolved ARPES, the spin texture of the SSs was found to exhibit a left-handed
rotation around the Fermi surface. The helical nature of the SSs was subsequently deter-
mined using the same technique. In addition, using scanning tunnelling microscopy (STM),
scanning tunnelling spectroscopy (STS), and ARPES, scattering between |k, 1) — |—k,|)
in the presence of non-magnetic disorder was not seen in Bi;_,Sb, [41] or BixTes [42, 43].
This verifies the absence of disorder-caused elastic backscattering and further supports the
topological nature of the SSs.

Perfectly crystalline BisSes, BigTes, and SboTes are predicted to be bulk insulators with

the Fermi level in the bulk bandgap [3, 36]; however, vacancies and antisite defects in their
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crystalline structures produce a residual bulk conductivity [37, 40]. The relatively large
bulk-to-surface conductivity ratio makes it difficult to observe and exploit the desirable SS
properties [32]. The Fermi level of imperfect BisSes and BiyTes crystals lies in the bulk
conduction band [35], and for SbyTes, in the bulk valence band. By hole doping BisSes
with Ca and BisTeg with Sn, their Fermi levels are tuneable into the bulk bandgap, which
reduces the bulk conductivity. Nevertheless, even with doping, the bulk conductivity is still
relatively large and new TI compounds with more desirable electronic properties have been

investigated [44, 45].
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Figure 1.8: ARPES intensity plots showing the bandstructures of BisSes (a) and BixTes (b).
The linear dispersion of the DCs is clearly seen. In (b), BCB is the bulk conduction band,
BVB is the bulk valence band, and SSB is the surface state band. The brighter regions
indicate more intense photoemission. Figures taken from Ref. [37, 39].
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One such compound is BigTegSe [44, 45]. It has a large bulk resistivity which yields a
much greater surface than bulk carrier mobility. An issue with this material is that the DP
lies below the bulk valence band which makes it impossible to isolate the SSs [32]. Another
compound with a large bulk resistivity is Sn-doped Bij 1SbggTesS. It has a larger bandgap
than the BisSes family of materials. Furthermore, its DP lies firmly in the bulk bandgap and
its conduction is dominated by the SSs. Aside from the materials mentioned above, there
are many other 3D TIs that have been both theoretically predicted and experimentally
realized [3, 46].

3D TIs have been grown not only as bulk crystals but also as thin films [47]. If a 3D TI
film is too thin, the SS wavefunctions on opposite surfaces can overlap and electrons on one
surface can tunnel to the other. This opens a gap at the DP, which is seen in BisSes films
thinner than six QLs (Fig. 1.9). At a critical thickness of six QLs, BiaSes contains a gapless
DC. Above a six QL thickness, BiaSes is essentially a bulk insulating TI with a well-defined
DC on the surface [48]. For BisSes, a single QL has a thickness of approximately 1 nm [50].
In SbyTes, a DC is seen down to a thickness of five QL [49].

[ HESSSSESSSSSSSeeReN GESESESTUCWTEINEER EmMmRCUUUMmNN SRS SRR BRSSO
2
2 -02
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Figure 1.9: ARPES images of the BisSes bandstructure in the I' — K direction for various
QL thicknesses. When the critical thickness of six QLs is reached, the gap disappears and
a massless DC is realized. Figure taken from Ref. [47].

1.2.3 Electron-Electron Interactions

As TTs are a relatively new discovery in condensed matter physics, there are many phenom-
ena that need to be studied in more depth. One such area is electron-electron interactions.

Indeed, the above-cited theoretical descriptions have neglected the consequences of electron-
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electron interactions, while in practice electrons interact via the Coulomb repulsion. How-
ever, a number of recent experimental observations cannot be explained by non-interacting
theories. Some of these are described below.

In thin films of BisSes, Wang et al.’s temperature and magnetic field dependent trans-
port measurements do not agree with 2D transport theory for non-interacting electrons;
however, when electron-electron interactions are considered, theoretical predictions match
their data very well [51]. Another example of the necessity to incorporate electron-electron
interactions into TT models is seen in the 2D limit of TIs [52, 53]. These experiments
showed that at low temperature the resistivity of BisSes samples less than six QLs thick
increases logarithmically as temperature decreases. This result stands in contrast with the
expected behaviour of metallic substances, for which we expect the resistivity to decrease
with decreasing temperature. Both experimenters conclude that strong electron-electron
interactions are the only explanation for this deviation from the expected behaviour. More
specifically, one of them states that the strong interactions occur from decreased Coulombic
screening. Moreover, Park et al. used ARPES measurements on BisSesz to examine quasi-
particle scattering mechanisms and to estimate the SS self-energy [54]. They determined
that in addition to electron-phonon and electron-impurity interactions, electron-electron
interactions cause scattering from surface to bulk states.

Song et al. also observed electron-electron interaction-induced surface-to-bulk scattering
[55]. They used STM and STS to measure the spatial decay of standing waves off steps in
thin films of BisSes which allowed them to determine the inelastic quasiparticle lifetime.
They found that the lifetime increases with the TI thin film thickness, which they attribute
to decreased Coulombic screening, and goes as (E— FEr)~? (see Fig. 1.10). This enhancement
of the quasiparticle lifetime near the Fermi level as caused by electron-electron interactions

is also observed in the Landau quantization experiments described in the following section.
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1.2.4 Landau Levels

Due to the presence of the metallic SSs on 3D TIs, Landau level quantization in the surface
density of states (DOS) can be observed. The detailed theory of LLs is reviewed in Sec. 4.1.
In this section we simply state that a perpendicular magnetic field, B, applied to a metal
causes charged particles to undergo quantized orbital motion. For a 2D metallic surface,
these quantized orbits manifest as discrete levels in the dispersion relation, and are called
LLs. In the limit of non-interacting electrons, the LLs appear as Dirac delta function peaks
in the DOS and thus have an infinite lifetime.

The differential conductance (dI/dV) in scanning tunnelling experiments, which is a
measure of the local DOS, is shown in Fig. 1.11 for a TI under zero magnetic field and in
Fig. 1.12 in the presence of an applied magnetic field. For finite fields, LLs corresponding
to peaks in the dI/dV trace are observed. A magnetic field-independent LL located at the
DP is also observed. The observation of a field-independent LL is a strong indication that
the measured LLs are due to the Dirac SSs, and not the bulk states [56]. This is because
the bulk LLs would not be relativistic as they have parabolic bands.

Clearly, these LLs are not Dirac delta function peaks as they have a finite width. The
broadened LL peaks in Fig. 1.12 indicate that the quasiparticles have a finite lifetime.

The experiments show that the quasiparticle lifetime is enhanced near Fr and Fpp, and
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decreases as one moves away from these energies [56]. Jiang et al. conclude, as does Pauly et
al., that electron-electron interactions are the only viable explanation for the observed peak
width distribution [58, 59]. Moreover, Jiang et al. attribute the electron-electron interactions

to scattering amongst SSs, not amongst surface to bulk states, due to the large bulk bandgap.
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Figure 1.12: Differential conductance for BisSes (a-b)
and SbeTes (c—d) at various magnetic field strengths
exhibiting peaks due to LL quantization. The curves
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independent LL is seen at the DP and is labelled by
either Ep or n =0 (n denotes the LL index). There is
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only two and three negative LLs are seen, respectively.
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the SSs with the bulk valence band. Figures taken from
Ref. [56-59).
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As shown in Sec. 4.1, the energies of Dirac SS LL peaks should be linear in \/[n|B. The
experimentally determined energies of the LL peaks are plotted in Fig. 1.13 against either
v/[n|B or the LL momentum, k,, where k,, = v/2e[n[B/h. All of the dispersion relations in
Fig. 1.13 deviate from linearity. Jiang et al. attribute the non-linearity to a tip-gating effect
and were able to show that it is not an intrinsic effect [58].

Cheng et al. deposited Ag atoms on the surface of some samples to ensure that the
measured LLs were due to the SSs [57]. The higher the density of Ag atoms, the more
suppressed the LL spectrum became; thus, establishing that the results in Fig. 1.12a are
due to SSs.

In addition to the above mentioned experimental investigations of LLs on 3D TT sur-
faces, there have been various theoretical studies. Shen used a 2D Dirac equation to study
the integer quantum Hall effect in TT SSs [60], while Yang and Han used a four-band Hamil-
tonian (similar to the one described in Sec. 3.1) to examine the surface LLs [61]. Neither of
these approaches incorporated any type of interaction in their models, nor did they model
explicitly the effects of sample thickness. An electrostatic potential term was added to the
2D Dirac Hamiltonian by Schwab and Dzierzawa [62] to explain how the STM tip suppresses
the negative LLs, as has been experimentally observed [56, 57]. Nevertheless, they did not

incorporate electron-electron interactions into their approach.
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1.3 Motivation and Overview

To understand the experimental results discussed in Sec. 1.2.3 and 1.2.4 it is necessary to
incorporate electron-electron interactions and a finite magnetic field into a theoretical de-
scription of TIs. Thus far, there have been no theoretical TI models that have accomplished
this while simultaneously taking into account the full TI bandstructure and the thickness
dependence of the samples.

In this thesis three main quantities are examined. First, the effects of electron-electron
interactions are examined through the calculation of the self-energy for zero magnetic field.
This allows us to qualitatively understand the behaviour of the quasiparticle lifetime near
the Fermi level. Second, the behaviour of electrons in the presence of a perpendicular mag-
netic field is analyzed for a non-interacting T1. From this we obtain the LL spectrum of the
SSs, and how it is affected by the thickness of the TI film. Third, a many-body formalism
is developed that allows for the calculation of the self-energy in the presence of a magnetic
field. Although explicit numerical calculations were not performed here due to lack of time,
this formalism allows one to calculate the DOS in the presence of interactions and should
reproduce the broadened LL peak structure seen in the experiments mentioned in the pre-
vious section. The remainder of this thesis describes how these quantities were calculated
and presents and discusses the corresponding results.

Ch. 2 describes the theoretical foundation on which the model developed for this thesis
is constructed. Specifically, it describes the second quantization formalism, tight-binding
and Hubbard models, many-body Green’s functions and how to calculate them, and many-
body perturbation theory (Feynman diagrams). Next, in Ch. 3, the Hamiltonian used in this
model is described, as are results in the non-interacting limit, and results with interactions
in zero magnetic field. In the final chapter, Ch. 4, we begin by reviewing the physics of LLs
in both conventional and Dirac systems. Then, a magnetic field is added to our model, first
in the non-interacting limit, and then in the presence of interactions. Where possible, the
results obtained in Ch. 3 and 4 are compared to experiment and/or expected theoretical

behaviour.
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Chapter 2

Theoretical Methods

This chapter provides a general overview of the theoretical methods used in this thesis. First,
the second quantization formalism, which is ideally suited to treat interacting many-particle
systems, is introduced. Next, tight-binding and Hubbard models in a periodic crystal are
reviewed. Then, the real and imaginary time many-body Green’s functions and many-body
perturbation theory (Feynman diagrams) are introduced. Finally, an algorithm that allows
for the numerical calculation of the retarded Green’s function is summarized. In general,
the theory described in this section applies to both bosons and fermions; however, as the
problem we wish to solve involves electrons, we focus on fermions. Here, and in the rest of

this work, we work in natural units, A = kg = 1, unless otherwise specified.

2.1 Second Quantization

In first quantization, a generic N-particle fermionic wavefunction can be written as a lin-
ear combination of Slater determinants of the single particle eigenstates [63]. For large N,
this can become cumbersome and alternative theoretical approaches are desirable. Second
quantization accomplishes this as it is an inherently many-body approach. It has several
advantages over the first quantization formalism. Some of these benefits include: particle
statistics is intrinsic to the theory; perturbation theory is easily incorporated through Feyn-
man diagrams and Dyson’s equation; and the ability to create and destroy particles and
excitations in a system is built in [64]. This last point allows for the study of quasiparticle

excitations and their lifetimes, which is one of the goals of this thesis.

22



In second quantization, the basis states for a general many-body system are labelled by

the occupation numbers for all single particle states,
N-particle basis states: [ny,, Ty, - - - s Ty ) (2.1)

The corresponding Hilbert space is known as Fock space. The number operator, f,,, is

defined such that
T, [My;) = My (M) (2.2)

where the corresponding eigenvalue, n,;, is the number of particles in state v;. This is why
an alternative name for second quantization is the occupation number formalism. In general,
we only write a hat (") on operators when we are in the interaction picture. An exception
was made here to differentiate the number operator from the number eigenvalue.
Depending on the statistics to which the particles belong, n,, can take on different

values:

0,1 fermions
Ny, = (2.3)

0,1,2,... bosons

The number operator is defined as f,; = cj,j ¢y, where cltj is the creation operator and
¢y; 1s the annihilation operator. The creation operator creates a particle in state v;, while
the annihilation operator destroys a particle in state v;. In second-quantization no explicit
(anti-)symmetrization of the wavefunctions is required as particle statistics is automatically
taken into account via the values n,, can take and in the (anti-)commutation relations
of the creation and annihilation operators [63]. As we are concerned with electrons, our
operators obey Fermi statistics. The fermionic creation/annihilation operators obey the

following anti-commutation rules:

{C;f/j7 Cer/k} =0, {CVj7ch} =0, {CVjvczT/k} = 51’]'7”1@ (2'4)
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where 4y, ,, is the Kronecker delta function.

2.2 Model Hamiltonians

In this thesis we use a tight-binding Hamiltonian to describe the propagation of non-
interacting electrons, and a generalized Hubbard model to incorporate electron-electron

interactions for electrons propagating through a 3D TT.
2.2.1 Tight-Binding Model

Consider a crystal lattice of regularly spaced atoms. If this spacing is comparable to the
size of the orbitals of the atomic wavefunctions, then the orbitals of neighbouring atoms can
overlap. If this occurs, valence electrons can tunnel between nearby atoms. A tight-binding
model describes systems where electrons are “tightly bound” to the atom, but can tunnel
or hop to nearby atoms due to the orbital overlap [65]. It is a single electron model that
allows for the calculation of bandstructures.

In second quantization, the simplest type of tight-binding Hamiltonian, where an elec-

tron can tunnel only between adjacent lattice sites, is

Hrp = —t Z cho Crg — 1 Z o ere (2.5)
rr!) ro

(rr'),o
where ¢ is the hopping strength, (rr') denotes a sum over nearest-neighbour lattice sites, o
is the spin index, and p is the chemical potential. Eq. 2.5 signifies that a particle is destroyed
on the 7’ lattice site with spin o and a new particle is created on one of its neighbouring
sites, 7, also with spin o. As there are no interaction terms (i.e., terms containing products
of four or more creation/annihilation operators) in Eq. 2.5, the tight-binding model is a
purely kinetic model. In this simple case, we assume there is only one orbital per site and
hopping is spin-independent. For the work in this thesis we must consider more than one
orbital per site, as well as the effect of SOC (see Sec. 3.1), and thus need a more general

tight-binding Hamiltonian of the form

HTB = Z Cia h?ﬁ Cr’ﬁ (2.6)

rr/
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where «, 8 stand for combined orbital and spin degrees of freedom and h is a Hermitian
matrix. Here, and thereafter, we use the Einstein summation convention for the orbital/spin
indices, according to which indices repeated twice are summed over. In addition, the sum
over 7r’ need not be restricted to nearest-neighbour lattice sites, and we can even have
r = 7/, which denotes an on-site energy. In particular, we include the chemical potential

term in the definition of h.
2.2.2 Hubbard Model

The Hubbard model, which was first proposed in 1963 [66], improves upon the tight-binding
model through the addition of an interaction between electrons on the same lattice site. It
has been used to study ferromagnetism, high-temperature superconductors, Mott insulators,
ultra-cold atom trapping, and many other physical systems [67, 68]. This on-site interac-
tion arises from the Coulomb repulsion between nearby electrons. The interaction between
electrons on different lattice sites is ignored due to the Coulomb interaction being screened
by other electrons in the crystal [65]. The screened Coulomb interaction is modelled as a
contact interaction. That is, the electrons must be on the same lattice site — in contact with
one another — for the interaction to occur. Obviously, this is an oversimplification; how-
ever, it is a simple way of implementing at least some amount of interactions in a system
described by a tight-binding model.

The original Hubbard model only concerns one atomic orbital [66]. For a spin-half sys-
tem, such as the one described by Eq. 2.7, there are thus only four possible configurations
on the r*" lattice site: no electron, one spin-up electron, one spin-down electron, or one
spin-up and one spin-down electron. Of course, the interaction only occurs in the last case.
The interaction cannot occur between electrons of the same spin state due to the Pauli

exclusion principle. For spin-half fermions, the original Hubbard Hamiltonian is

HHubbard =—t Z Ci‘o' Cpig + Uﬁ\L Z Ny Ny — Z Cla Cro (27)
ro

(rr'),o r

where the hopping term is the same as in Eq. 2.5 and Uy, is the strength of the on-site

interaction between the spin-up (1) and spin-down (|) electrons. Any tight-binding model
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augmented by an on-site interaction is termed a Hubbard model (or generalized Hubbard
model). For the general tight-binding Hamiltonian in Eq. 2.6 we consider a Hubbard Hamil-

tonian of the form

HHubbard = Z C;[a hgf/ Crip + UaB Z Nypa Ny (28)
r

rr/

where U, is a symmetric matrix with 0 along the diagonal. This accounts for the fact that
interactions between electrons in different orbitals are also possible. A generalized Hubbard

Hamiltonian of the form of Eq. 2.8 is the model used in this thesis.

2.3 Many-Body Green’s Functions

The many-body Green’s function (GF), G(v,v/ t,t'), is the probability amplitude for a
particle in one single-particle state, v/ at time t’, to be found in another state, v at a later
time ¢ [63, 69]. The GF can be thought of as a matrix, where the single-particle indices
v and v/ define the final and initial state, respectively. Although it does not contain as
much information as the full many-body wavefunction, it does allow for the calculation
of the ground state energy, some of the excited states, and the ground state expectation
value of a single-particle operator [64]. The GF is calculated using the full many-body
Hamiltonian, H = Hy 4+ V', where Hj denotes the non-interacting part (for us, the tight-
binding Hamiltonian) and V' contains the interactions (for us, the Hubbard interaction).
Thus, even though it only describes the propagation of one particle, this single particle
propagation is affected by all other particles in the system. In addition, the many-body GF
formalism enables us to calculate the self-energy of this propagating particle, from which
we can calculate the broadening of single-particle levels and deduce the existence of a finite

quasiparticle lifetime.
2.3.1 Real Time Green’s Functions

If we choose the single-particle states v and v/ to be localized orbital/spin states « and 8

at sites 7 and 7/, respectively, as in Eq. 2.6, the real time-ordered GF at zero-temperature
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is defined as

rr/

GOP(t, 1) = —i <\IJO

T [era(t) clp()] ’ ¥) (2.9)

where cpo(t), ci, 5(t') are annihilation/creation operators in the Heisenberg picture, T is
the time-ordering operator, and |¥y) is the ground state of the interacting many-body
Hamiltonian. As we are concerned with causal processes, we require ¢ > t' [63, 64]. This

condition produces the retarded GF,

GROP(t,1') = —iO(t — t') <\IIO

{cm(t) ,cl,ﬁ(t’)} ’ \Ilo> (2.10)

where the Heaviside step function, ©(t—t"), ensures ¢t > ¢’ and {. .. } is the anti-commutator.

For a time-independent Hamiltonian, the GF only depends on the time difference, t —t'.
If a system is translationally invariant (i.e., has periodic boundary conditions), then the GF
only depends on the spatial difference » —r’. We can then Fourier transform from r—7', ¢t —t'

to k,w, where k is a momentum and w is a frequency.
2.3.2 Imaginary Time Green’s Functions

As defined above, the real time GF only gives results at zero temperature. Since experiments
occur at finite temperature, and temperature effects are important considerations in any
physical system, we want to be able to incorporate such effects into our model. This is
possible using the Matsubara, or imaginary time, formalism where we let t — —i7, where
T is real and is called the imaginary time [63, 64].

In the imaginary time Heisenberg picture, the annihilation and creation operators can
be written as

e HT (2.11)

,,./

where H is the full many-body Hamiltonian.
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The position space Matsubara GF is

Gel(r,7') = = (Tr |eralr) chig(7))] ) (2.12)

where T’ is the imaginary time-ordering operator. The average in Eq. 2.12 is with respect
to the equilibrium density matrix, p = e #H /Z, of the full interacting Hamiltonian, where
Z ="Tr {e‘ﬁH } is the partition function and f is the inverse temperature. This is in contrast

to Eq. 2.9 and 2.10, where the average is respect to the ground state. Writing Eq. 2.12 as
1 _
Goh(r,7) = — Tr {e pH T [cm(T) CI/B(T,)H (2.13)

explicitly shows the average is with respect to the density matrix.

The main issue to be addressed is that one is not in general able to directly calculate
averages with respect to the interacting density matrix. The main goal of many-body per-
turbation theory, which we now derive, is to express the interacting average, Eq. 2.13, in
terms of averages with respect to the non-interacting density matrix, pg = e 30 /Z,, where
Zy =Tr [e*ﬁHO} is the non-interacting partition function. This derivation is best carried
out with the help of the imaginary-time evolution operator, U (7,7"), which evolves a state

from 7/ to 7 [63]:
U(T, ') = ot o=H(r=7") o —HoT’' (2.14)

An integral equation for U (7,7') can be obtained by iteratively solving the following differ-

ential equation, and substituting in Eq. 2.14:

outn,T) Ué: ™) - V() O(r) (2.15)

where V(T) denotes the interaction term in the interaction picture, i.e., V = o7V ¢~ o7,

In the remainder of this thesis the hat denotes operators in the interaction picture. Solving
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order by order in V', we obtain

T

. > 1 T N N T
Ur,7)=>_ —(=1)" dTl--~/ drn, [V(’Tl)...V(Tn)} =T, {e_fr’ dTlV“l)] (2.16)
Using Eq. 2.14 and 2.16, we can write
X B
e P = e P 7(B,0) = e PHO T, [e_ Jo dﬁV(ﬁ)] (2.17)

where we have let 7/ — 0 and 7 — (3. Substituting Eq. 2.17 into Eq. 2.13 yields

1

afs AN
g (’7’,7‘) - Ty {e—ﬁHO 0(570)}

rr/

Tr [e—ﬁHo T, [U(ﬁ, 0) Era(7) él, 5(7')“ (2.18)

Dividing the numerator and denominator by the non-interacting partition function, we

obtain

(T: [U(8,0) era(m) (7)),

gaﬁ T, )= —
) U(8,0))

rr/

(2.19)
0

The subscript “0” indicates that the expectation value is computed with respect to the

non-interacting density matrix. Using Eq. 2.16, Eq. 2.19 becomes

Gr (7. 7')
o m (=D [ dre e [ dr (T V() - V() ra(7) Eg(7)]),
o B fF dre- [ dn (T V() V(ma)]),

All averages are now expressed in terms of the non-interacting density matrix, and can
thus be computed in principle. The average calculated with respect to the non-interacting
density matrix, or perhaps more explicitly the appearance of 3, in Eq. 2.20, shows that we

have incorporated temperature effects into the GF.
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2.3.3 Many-body Perturbation Theory: Feynman Diagrams

For perturbation theory to be valid, the interaction term, V(T), must be small. Assuming
this is true, the goal now is to evaluate the time-ordered averages in Eq. 2.20. As the inter-
action term can be expressed in terms of products of creation and annihilation operators,
the main task is to evaluate averages of time-ordered products of creation and annihila-
tion operators. Directly evaluating the time-ordered operations is complicated as all of the
anti-commutators must be evaluated. Any time an anti-commutator does not yield zero, an
extra term arises. Wick’s theorem, which is not proven here, provides a systematic proce-
dure for evaluating such averages for an arbitrary number of creation/annihilation operators
[63, 64]. In short, the theorem states that the average of a product of creation/annihilation
operators with respect to a non-interacting density matrix is given by the product of all
possible contractions, i.e., averages of all possible pairs of creation/annihilation operators.

One way to understand Wick’s theorem is to look at an analogous problem: calculating

the average of (") = (zx...z) for a Gaussian random variable, z. The results for various

powers of z are shown in Table 2.1 in terms of the variance, o2.
n = odd Z€ero
n=2 o? = (xx)
n=4 30* =3 (xx)(2xx)
n==6 | 1505 =15 (zx)(zz)(zz)

Table 2.1: Gaussian averages of various powers of the random variable x. All averages for
even powers of x can be written in terms of 02 = (zx).

The result for any even power of x is

(2n)!
(x®") = ST o2, n=1,23,... (2.21)

The Gaussian average for 2n random variables is a product of the Gaussian average of two
of those random variables. The coefficient in Eq. 2.21 is the number of ways that the 2n

x’s can be paired up or contracted. Wick’s theorem works the same way when the creation
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and annihilation operators are contracted in Eq. 2.20: it decomposes all of the possible
contractions into pairs of operators that have a non-zero contribution to the GF [64].

The contributing terms can be drawn as Feynman diagrams [63]. Feynman diagrams
are a visual representation of the perturbative expansion of the GFs and can be drawn in a
systematic manner. There are two classes of Feynman diagrams: connected (Fig. 2.1a) and
disconnected (Fig. 2.1b). Fortunately, the disconnected diagrams need not be calculated as
the denominator in Eq. 2.20 cancels their contribution with that in the numerator. Thus,

we can re-write Eq. 2.20 as

© 1 n B B N ~ R At , connected
_ ;) e d“m/o A7 (T [V(r1) .V (7) Era(7) o7 )DO (2.22)
C D
U
A C B A B
> > >
(a) Connected (b) Disconnected

Figure 2.1: First order connected (a) and disconnected (b) Feynman diagrams for a particle
propagating from A to B. U denotes the interaction between a particle at C and a particle
at D.

When drawing Feynman diagrams, a free particle GF is drawn as a solid line with an
arrow, while an interaction is denoted by a squiggly line. For Eq. 2.22 expanded to n'” order,
there are n interactions and 2n 4+ 1 GFs. Fig. 2.1a contains the Hartree diagram, which is
one of the two connected first order diagrams. Examining Fig. 2.1a, we can think of the

particle at A propagating freely to C, interacting with another particle through U, and
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then continuing to propagate freely to B. Similar to Feynman diagrams in particle physics,

higher order diagrams can be drawn.
2.3.4 Returning to Real Time Green’s Functions

Although perturbation theory at finite temperature is best achieved in terms of imaginary
time GFs, as we have seen, we are ultimately interested in physical properties, which are
extracted from real time GFs. The retarded GF of Eq. 2.10 (or, rather, its Fourier transform
in the frequency domain) can in fact be obtained from the Matsubara GF, as we briefly

explain here. Two of the properties of Matsubara GFs are time-translational invariance,
G(r, 7y =G(r - 1) (2.23)

stemming from the time independence of the Hamiltonian, and (anti-)periodicity in imagi-

nary time,
G(r) = +G(t+ PB) (2.24)

where fermions pick up the minus sign [63, 64]. As a consequence of this, the Matsubara

GF can be expanded as a Fourier series using

Gikn) = /0 ? dr e G(r) (2.25)

where k,, = (2”21)” is the Matsubara frequency for fermions and n is an integer. ik, can be

thought of as the Matsubara formalism’s analog of the frequency, w.
The retarded GF of Eq. 2.10 is obtained from the analytic continuation of the Matsubara

GF, i.e., by letting ik, — w 4+ in, where 7 is a positive infinitesimal:

GR (W)= Tim G (iky,) (2.26)

ikp—w—+in

We have now returned to real time/frequency. The retarded GF in turn yields many physical

properties, such as the spectral function and DOS (see Sec. 2.3.6).
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2.3.5 Self-Energy

An electron propagating through a crystal interacts with other particles, such as other
electrons and phonons [65, 69]. The propagating electron affects the other particles, and
the other particles affect it. These interactions modify the electron’s properties from those
of an electron propagating alone. The self-energy, X, is a quantity that accounts for these
modified properties of interacting electrons [63, 64]. To differentiate a particle propagating
alone from a particle that is “dressed” by interactions with other particles, we call the
“dressed” particle a quasiparticle.

The real part of the self-energy shifts or renormalizes the energy spectrum of the quasi-
particle from that of a bare particle, while the imaginary part concerns the quasiparticle
lifetime [63, 64, 69]. The quasiparticle lifetime is the time over which the quasiparticle can be
considered to propagate coherently with its shifted energy spectrum. While non-interacting
particles have an infinite lifetime, quasiparticles acquire a finite lifetime as a result of inter-
actions. However, a quasiparticle on the Fermi surface has an infinite lifetime. Just as with
a bare particle, a quasiparticle has a momentum and spin [70].

The retarded self-energy, 2, enters Dyson’s equation
GE = RO 4 RO g R GER (2.27)

where GF(0) is the GF in the absence of interactions. This equation can be understood
as the re-summation of all possible Feynman diagrams in the perturbative expansion (Eq.
2.22) of the GF. In practice, the self-energy is calculated up to a certain finite order in
perturbation theory. Once the self-energy is obtained, the interacting GF, which describes

the propagation of the quasiparticle, can be calculated by solving Eq. 2.27 for G

-1
GR — <<GR(O))1 . ZR) = GRO) 4 GRO) pR GRO) 4 GR0) ok GRO) 2R GRO) 4

(2.28)

Thus, even when the self-energy is calculated only to finite order, the GF obtained from

Dyson’s equation contains processes to infinite order in perturbation theory.
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In the simplest situation of a single band of electrons, the non-interacting retarded GF

in the momentum representation is

1

G =

(2.29)

where the poles of this function give the energy, & = ex — u, of the bare particle measured
with respect to the chemical potential [63]. If electron-electron interactions are present, Eq.

2.29 becomes

1
T o tin— & — SF(k,w)

G (k,w) (2.30)

It is clear that Re [ZR(k,w)} changes the dispersion relation from that of a bare particle

because it shifts the position of the poles of the GF.
2.3.6 Spectral Function and Density of States

Roughly speaking, the spectral function is the probability that a particle with a given
energy will be found in a given single-particle state [63]. Considering for instance the one-
band problem just mentioned, the spectral function, A(k,w), is the probability that an
electron with energy w will be found in the single-particle state with momentum k. It can
be measured by ARPES. For non-interacting particles, the spectral function is a Dirac delta

function,
AO (K, w) = 21 6(w — &) (2.31)

This reflects the fact that in the absence of interactions the energy of each individual electron
is conserved and specified by the single-particle energy, &. Interactions broaden the delta
functions. The width of the broadened peaks yields the inverse lifetime of the quasiparticle

in the given quantum state. In the presence of interactions, we obtain a Lorentzian-like
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form,

~21m [2R(k,w)]
(w = & — Re[SR(k,w)))* + (Im [2R (k, w)])°

Alk,w) = (2.32)
As was seen in Eq. 2.30, Re {ER(k,w)} shifts the energy peak of the quasiparticle, and
thus changes its dispersion relation. Conversely, —2 Im {ER(k,w)}, which can be shown to
be positive, is proportional to the width of the spectral function and thus to the inverse
quasiparticle lifetime. Although these specific forms of the GF and spectral function are not
used in this thesis, Eq. 2.32 illustrates the general feature that the width of the spectral
function peaks, and thus the quasiparticle lifetime of interest in this thesis, are related to
the imaginary part of the self-energy. If the self-energy is a matrix (which is the case in this
work), then the Hermitian part of the self-energy concerns the renormalized energies and
the anti-Hermitian part concerns the lifetime.

For the general interacting Hamiltonian, Eq. 2.8, the interacting spectral function is a

matrix given by

A9 () = § <GR(w) _ (GR(M))T) * (2.33)

rr/

The DOS, which is what STM experiments effectively measure (recall Fig. 1.11 and

1.12), can be calculated from the spectral function,

p() = 5 Tr[A(w) (2.34)

where the trace is taken over spatial and orbital/spin indices.

2.4 Numerical Calculation of the Non-interacting Green’s Function

In order to calculate the self-energy, which is given by Feynman diagrams involving free
particle propagators, we must first calculate the non-interacting GF. For the problem con-
sidered in this thesis, the one-band GF of Eq. 2.29 is not sufficient, as we have multiple

bands. Furthermore, because of SOC the GF is not diagonal in its orbital/spin indices.
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Finally, we study systems with a surface in order to see the topological SSs, thus we do not
have translational invariance in all directions and cannot completely Fourier transform to
momentum space. Therefore, numerical methods are required to determine the GF, even at
the non-interacting level. The non-interacting retarded GF at a given energy, w, is given by

the matrix inverse

GRw) = (21 —h)! (2.35)

where z = w + in, 1 is the identity matrix, and h is the tight-binding Hamiltonian matrix
in Eq. 2.6 [71]. For an n x n matrix, the computational cost of matrix inversion scales
as O(n3) when Gaussian elimination is used. Thus, for large matrices, such as the ones
used in this thesis, this is a very computationally intensive calculation. Fortunately, the
Hamiltonian used in this thesis is sparse. The sparseness of this matrix allows us to use
certain algorithms to more quickly calculate the GF.

To calculate the surface and bulk GFs we use a matrix inversion algorithm developed
by Wu et al. [71] specifically designed for problems with finite range hopping. We call this
algorithm “Finite-N”. The first step in computing the GF is to convert the Hamiltonian to

block tri-diagonal form:

Hyp Hopr O
Hyy Hoo Ho
B (2.36)
0 Hip Hoo

Any matrix with a finite range hopping can be put in this form.

The advantage of this algorithm is that it operates on the much smaller Hyg, Ho1, and Hyg
blocks of the A matrix. The size of these blocks does not scale with the Hamiltonian matrix
size, and thus we avoid the O(n?) scaling of Gaussian elimination. In addition, this algorithm
works on blocks of various sizes.

For a square matrix with n, blocks of the size of Hyy, the GF can be calculated as

follows:
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1. Calculate the so-called backward GFs: A7, ..., A,

Npy
(a) Al_ = (Z]l — Hog)il

(b) Ai_-i-l = ((Z]l — Hoo) — Hyg Az_ H()l)*l o i=1,2,...,n, -1

2. Calculate the so-called forward GFs: A} ... Af

’npl?

(a) A;"ijl = (Z]l — Hoo)il

(b) Af | = ((21 — Hoo) — Hon A Hi9)™', i=ny,np—1,...,2
3. Calculate the diagonal blocks of the GF

(a) Gip=Af
(b) G = Aﬁpl
-1
(c) Gi; = ((Z]l — Hyo) — Ho1 A, Hip — Hio Aj, Ho1)
4. Calculate the off-diagonal blocks of the GF
(a) Gi,i/ = Giﬂ' Hyy A;:—l ...Hy Aj,_ , i >

/

(b) Gi,i’ = Gfm' Hy Ai_—l ... Hqg AZ_/ X

5. Construct the full retarded GF matrix from the G ;s blocks
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Chapter 3

Interacting Surface States for Zero Magnetic Field

In this chapter, we introduce the effective Hamiltonian used to model the 3D TI BisSes.
From this Hamiltonian, we obtained the bandstructure of BisSes near its DP and found that
states lying in the bulk bandgap are localized to the surface of the TI. The non-interacting
spectral function and DOS were also calculated and yield the expected result for Dirac
fermions. The first and second order self-energies were calculated from which we were able

to infer the behaviour of the quasiparticle lifetime.

3.1 Non-Interacting Hamiltonian

The full Hamiltonian used in this thesis has the general form

H:H0+V (3.1)

where Hy is the non-interacting part and V is the interacting part. More specifically, we use
a generalized Hubbard model for H , where Hy has the form of the first term in Eq. 2.8 and
V has the form of the second term. The non-interacting part of the Hamiltonian used in
this thesis is taken from ab initio calculations by Liu et al. [72]. This four band Hamiltonian
describes isotropic bulk BisSeg, BisTes, and SboTes; however, we only show results for
BisSes. Only the valence orbitals, which are p orbitals for these TIs, are considered. The
Hamiltonian is only accurate near the T' point, |k| < 0.04 A~!. This works fine for our
purposes as we are interested in the SS physics near the DP, which is located at the I’

point.
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The non-interacting Hamiltonian was obtained by considering various phenomena [72].
First, the hybridization between the outer p orbitals of Bi and Se was considered. Next,
bonding and anti-bonding states were accounted for, as was crystal field splitting. Finally,
SOC was added which inverts the energy bands about the Fermi level. The two orbitals
closest to the Fermi level were retained and form the basis of the effective Hamiltonian.
There are four orbital/spin basis states: spin-up and spin-down in the valence band, and
spin-up and spin-down in the conduction band. Due to SOC, the electrons propagate as a
linear combination of the orbital/spin states.

We ignore certain higher order effects, such as hexagonal warping of the DC [73], and thus
only keep terms up to quadratic order in momentum from Liu et al.’s Hamiltonian. These
terms are small as long as we are sufficiently close to the DP. The effective Hamiltonian

used in this thesis is

heg(k) = ex 1+ M(k)T's + Bo k. T'y + Ao (ky Iy —k,T9) (3.2)

where
er = Co+ C k‘z + Cy k:||2 (3.3)
M(k) = Mo + My k2 + My k? (3.4)

k| = (kz, ky), a is the lattice constant, and Co 1,2, Mo,1,2, Ao, and By are material parame-
ters whose values were determined by Liu et al.. The I'1 2 4 5 are 4 x 4 Dirac matrices, which

are defined as

I' =01 ®o0 (3.5)
'y =09 ®o0y (3.6)
y=1®o0, (3.7)
s =1®0; (3.8)

where o1 23 are the 2 x 2 Pauli matrices.
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3.1.1 Periodizing the Effective Hamiltonian

This Hamiltonian, Eq. 3.2, describes electrons propagating in the momentum space contin-

uum of a 3D TI. Since we want to implement a Hubbard model Hamiltonian, we require a

discretized Hamiltonian that can describe an electron propagating through a lattice. This

requires the Hamiltonian to be in real space in one direction so that a finite size TI slab! can

be created. This is also essential for studying SSs. Therefore, Eq. 3.2 must be periodized,

and we choose to do so in the z direction. The slab is therefore a 1D lattice in the z direc-

tion with infinite momentum planes in the x and y directions. The periodized Hamiltonian

has the same periodicity as the lattice. When this periodized Hamiltonian is expanded to

quadratic order in k, Eq. 3.2 is recovered.

To periodize Eq. 3.2, we let

1
k, — — sin(k,
- sin(k.a)

2
k2 — e (1 — cos(kza))

The periodized momentum space Hamiltonian is therefore
1
(k) =€ 1+ M (k)T5 + - Bo sin(k.a) Ty + Ag (ky T1 — Kz T2)
where

2
E;c =Cy+ gCl (1 — cos(kza)) + Cy k”2

2
M (k) = My + ?Ml (1 — cos(kza)) + M, k:H2

(3.11)

(3.12)

(3.13)

and the prime is used to differentiate the periodized from the un-periodized Hamiltonian.

In second quantization formalism, the periodized Hamiltonian in the interaction picture is

H =" e hi (k) e
k

1«Slab” is used to refer to the 3D TI sample in the model.
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where h/egﬂ (k) is Eq. 3.11 and «, (8 are orbital /spin indices representing the four basis states.

We diagonalize Eq. 3.2 and 3.11 near the I'" point and plot the energy eigenvalues to
compare the un-periodized and periodized bulk bandstructures, respectively (see Fig. 3.1).
The bandstructures of both Eq. 3.2 and 3.11 are indistinguishable near the I" point (in fact,

in Fig. 3.1a they are identical), which validates our decision to periodize the Hamiltonian.

0.6r
0.3¢
0.5f e O OO
0.4+ 02¢
0.3r
0.1r
% 0.2r .
= =~
=01t = 0
3]
o 01t
_01 L
_02 L
_02 L
-0.3 : ‘ : 03 w |
-0.1 -0.05 0 0.05 0.1 -0.05 0 0.05
ICH [Afl] k. [Afl}

Figure 3.1: Bulk bandstructure of BigSes in the k) (left) and k. (right) directions. The
Fermi level is at £ = 0 eV; thus, Eq. 3.2 and 3.11 describe a band insulator as is required
for a TI. (Left) The red line denotes the bottom of the conduction band, and the green line
denotes the top of the valence band. These figures reproduce results from Ref. [72].

The effective Hamiltonian, Eq. 3.11, describes a bulk slab of a TI that is infinite in all
three directions; partially Fourier transforming Eq. 3.14 from k, to z adds a boundary to

the 3D slab and allows the SSs to be studied. This is done by substituting

N 1 ikoz AT A 1 —ik,2 A
Cloey = N ZZ: el o ek = VL ; e Cry 2/ (3.15)

into Eq. 3.14. L, = N,a where a is the effective lattice constant and N, is the number of z
lattice sites. We generally refer to z as representing the number of layers of infinite k., k;
planes, as opposed to the number of lattice sites. By increasing the number of layers, we
increase the thickness of the slab. For the remainder of this thesis a = 1 A. a is not the

physical lattice constant, but should be thought of as a discretization parameter that can

41



be chosen arbitrarily, as long as it is sufficiently small (if a is taken too large, the range of
wavevectors for which the effective Hamiltonian is valid decreases).

The periodized effective Hamiltonian for finite z is

N,
o Af 0 PN A A A PN
H= Z Z [Ck”za haﬁ(k”) Ckyz8 — tj)z,@ ckH,z—&-l,a Ckyz8 — taﬁ CI]LcHzoz CkH,z—I—l,B} (316)
k” z=1

where the on-site Hamiltonian is
hO(ky) = (Co+2C1 + Co k) L+ (Mo + 2 My + My k) Ts + Ag (ky T — ke T2)  (3.17)
and the nearest-neighbour hopping term in the z direction is
tT=Ci1+MT5— %BO Iy (3.18)

The size of the Hamiltonian matrix depends on the number of layers, N,. There are NV,
ho(sz) blocks and N, — 1 ¢,t! blocks. The full Hamiltonian matrix is a block tri-diagonal
4N, x 4N, matrix. It is important to note that a single QL in a real TT does not have
a one-to-one correspondence to a single layer in the Hamiltonian, as this is an effective
Hamiltonian, not a microscopic one.

In order to calculate the non-interacting GF using the Finite-N algorithm, Eq. 3.16 must
be put in the block tri-diagonal form of Eq. 2.36. This is easy to do as it simply requires
letting Hog = ho(k:”), Ho, = —t, and Hyg = —t!. Diagonalizing Eq. 3.16 and plotting the
eigenvalues yields the band structure near the Fermi level. Bandstructure and probability
density plots of BisSes are shown in Fig. 3.2 and 3.3, respectively.

In Fig. 3.2a, the DC is gapped out as a result of the hybridization between the top
and bottom SSs in a thin slab. This happens when the slab thickness is smaller than the
SS penetration depth. Furthermore, the bulk valence and conduction bands are far from
their infinite IV, values. Fig. 3.2b shows a more distinct DC, but a gap still exists. However,
(though not plotted) the states on the DC are localized to the surface. N, is large enough

such that this can be considered a 3D TTI even though the bulk valence and conduction bands
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are still far from their infinite N, values. We see in Fig. 3.2c that the DC gap has essentially
closed. Recall that one QL has a thickness of approximately 1 nm [50]; considering our
choice of effective lattice constant (1 A), one QL is roughly equivalent to N, = 10 layers.
Thus, our results in this figure match well with experimental data that the DC gap closes
at six QLs (see Fig. 1.9). As N, increases, the bulk valence and conduction bands converge
toward their values for an infinitely thick slab, Fig. 3.1. Finally, in Fig. 3.2d, the bulk valence
and conduction bands have converged to their infinite IV, values. The bandstructure plots
are 2D and thus only a slice of the DC is seen. One can imagine rotating this bandstructure
around the k, states to obtain the 3D DC. In Fig. 3.3, the penetration depth of the SSs is
seen to be roughly 20 layers; this is consistent with the observation that the DC is gapped

out for NV, = 20.
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Figure 3.2: The bandstructure near the Fermi level (Er =0 eV) at ky, =0 A1 for various
thicknesses of BisSes. The top of the valence band is denoted by the green line, Fy -, while
the bottom of the conduction band is denoted by the red line, F¢. The values for Ey and
E¢ were taken from their infinite N, values in Fig. 3.1. Although the Hamiltonian is only
quantitatively accurate for |k| < 0.04 A-1 alarger domain is shown so as to see where the
SSs connect to the bulk states.
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Figure 3.3: The probability densities for valence (green), conduction (light blue), and SSs
(blue and red) are plotted for N, = 120 layers of BiySez at k, = 0.0125 A~!. [Inset]: The
bandstructure for N, = 120 layers. Each band is doubly degenerate: one band for the top
surface and one band for the bottom surface. For the two circles on the DC, both the top
and bottom states are plotted (for a total of four SSs). Conversely, only one of the states
circled for the bulk conduction and valence bands are plotted. The plotted states are circled
with the same colour as in the inset. The SSs are found on the DC; states in the bulk valence
and conduction bands are found throughout the bulk slab.
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3.2 Non-interacting Spectral Function and Density of States

As discussed in Ch. 1, two primary means of studying the SSs experimentally are ARPES,
which probes the spectral function (see Fig. 1.8 and 1.9) and STM which essentially measures
the surface local DOS (see Fig. 1.11 and 1.12). We first calculate the non-interacting surface
and bulk GFs using the algorithm outlined in Sec. 2.4. From this, we obtain the non-
interacting spectral function and DOS? using Eq. 2.33 and 3.19, respectively. Both ARPES
and STM probe only the surfaces of the materials of interest, and since the experiments
we reviewed used these probes, we focus on quantities calculated on the slab surface. We
calculate the surface spectral function from the non-interacting GF by setting z = 2/ = 1
in Eq. 2.33, corresponding to the top layer, and Fourier transforming x — 2’ and y — 3/
to k, and k,, respectively. We could have just as easily set z = 2/ = N, since there is
reflection symmetry in the z direction. In our model, the spectral function is a 4 x 4 matrix
in orbital/spin space. Numerically calculating the spectral function and DOS resulted in run
times scaling quadratically with V., and linearly with the number of k,, k,, and w values.

In Fig. 3.4, we plot the trace of the spectral function, corresponding to the sum over all
orbitals/spins, at various layers, z, for a slab of N, = 120 layers. We see that for z = 4, the
DC states are brightest, and the bulk states are comparatively dim. This agrees with the
probability density plot in Fig. 3.3, where the greatest probability of finding an electron in a
layer was for z = 4. As we examine layers away from z = 4, the DC states become dimmer.
In addition, for z = 10, we see the bulk states becoming brighter. For z = 30, the DC is
virtually invisible and no SSs exist. Note the similarity in shape between these plots and
the bandstructure plots in Fig. 3.2. This is more easily seen in the side-by-side comparison

of bandstructure (left panel) and spectral intensity (centre panel) plots in Fig. 3.5.

2The system is translationally invariant in the = and y directions; therefore, the DOS and local DOS are
the same quantity.
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Figure 3.4: Intensity plots of the trace of the spectral function for various layers. The brighter
the plot, the more distinguishable are the peaks in the spectral function. These plots are
analogous to the ARPES plots in Fig. 1.8 and 1.9.

The surface DOS is

1
L,L

>3 AL (R w) dag (3.19)

1
psurface(w) = %
Yok aB

where L, = N, a, where N, N, are the number of values summed over in the k., &,

directions. This is plotted in the right panel of Fig. 3.5.
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As mentioned previously, the linear Dirac dispersion on a 2D DC near the DP is

Ey, = +op|k|

where vg is the Fermi velocity. The DOS is

2
p(w) = / (;ZWI;Q d(w — Eg)

and switching to polar coordinates gives

2m
:/ d9/ —k5w—Ek)

The dispersion only depends on the magnitude of k, and thus [
3.20 yields

> dk
p(w) = ; §k5(w:Fka)

The § function yields k = |w|/vp, and the DOS is therefore

(3.20)

(3.21)

(3.22)

% = 1. Substituting in Eq.

(3.23)

(3.24)

which is linear in w. More specifically, a Dirac DOS resembles an absolute value function:

a V-shape, with a minimum at w = 0. Recall that a near linear differential conductance is

observed in Fig. 1.11 near the DP.

We see a roughly linear surface DOS in the right panel of Fig. 3.5 near the DP (0.15 <

w < 0.26 V). The DOS was calculated for —0.18 < k, < 0.18 A=! which is larger than the

k; domain plotted here, so as to include all states in the energy range —0.3 < w < 0.6 eV.

The rapid increase in the DOS below the green line is due to contributions from the bulk

valence states. This was also seen experimentally, as shown in Fig. 1.11. The contribution

from the conduction band is not as large, which can be understood from the fact that the

conduction band has a lower effective mass than the valence band (as can be seen in Fig. 3.1
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and 3.2). This also explains why experimentally (Fig. 1.11) the rise in tunnelling differential
conductance is faster below the DP than above it.
06 -
05+
04+
0.3:

o,zf""----

E [eV]

0c 0.04/-0.04 0c 0.04/0 2 4 6
ke [A7Y] ke [A7Y Density of States 103

Figure 3.5: (Left) Bandstructure for N, = 120 layers. (Centre) Intensity plot of the trace
of the surface spectral function. (Right) Surface DOS. The green line denotes the top of
the bulk valence band, the magenta line denotes the location of the DP, and the red line
denotes the bottom of the bulk conduction band.

3.3 First Order Self-Energy

Sec. 3.1 and 3.2 only considered the non-interacting part of the Hamiltonian; we now focus
on the interacting part, V, so as to include electron-electron interactions in our model. This
allows us to examine how interactions affect the quasiparticle lifetime. In this section (and
for the rest of this chapter), we assume the interactions are small so that we can apply
perturbation theory. As described in Sec. 2.2.2, the screened Coulomb interaction can be
modelled as a delta function contact interaction. In the calculation of the self-energy we use
the full GF (including both surface and bulk GFs) since both surface-to-surface and surface-
to-bulk scattering processes are in principle possible, as discussed in Ch. 1. We begin by
calculating the self-energy to first order in perturbation theory [63, 65].

Since the effective Hamiltonian, Eq. 3.16, is in mixed momentum, k, and position, z,

space, our GFs must also have these indices. First, we expand Eq. 2.22 to first order, and
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set 7/ = 0:

62209, K,m) = — (T [ el s O] ) + [ (2. [P0 1yl 0] )
(3.25)

where from Eq. 2.12 we see that the first term (the zeroth order term) is the free particle
GF, giﬁ?“ﬁ (K, 7). We ignore this term as we are concerned with obtaining the first order

Feynman diagrams. In the second term,

M;Z J(71) & (1) L5 (71) Ers(71) (3.26)

where 7, ¢ are orbital/spin indices. Here, and below, there is an implied sum over v and 4§,
even though these indices are repeated more than twice. We write >, — [ d27’|| >, since
we are continuous in the x,y directions and discrete in z. Next, we Fourier transform Eq.
3.26 from 7| — p), where p|| is a momentum, to obtain the same basis as Eq. 3.25. Here,
P s a discrete quantity as it will be calculated numerically, but we sum over enough values
such that it is a good approximation to an integral. In other words, we are concerned with a
system that is finite in the planar directions, L, and L,. The Fourier transform is performed

by substituting Eq. 3.27 into Eq. 3.26:

1 _ . R 1 il Ty A
e~ PImiel (), Cry(T1) = D e i (1)

A'i' _
LT T e

(3.27)

We now write 3.26 in its Fourier transformed form as

V(n) = / DO

1 p||p“q||q“

At

x Cpﬂzw(ﬁ)cpuzﬂ(ﬁ) :rIHZ 5(71)équzlé(ﬁ)eii(p”ip“Jrq”iq“)'T“ (3.28)

Evaluating [ d2r|| yields L, L, 5—P’H+PH_‘1’H+’1H70' This Kronecker delta function ensures that

conservation of momentum is obeyed and allows one of the momentum sums to be removed.
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We also make a change of variable, which gives

- Uss . " . .
Vin) = ﬁ >0 CL’+q,z1,w(71) Cp' 1,7 (T1) CL*‘LZI,(S(Tl) Cp,z1,5(71) (3.29)

TTY 2 pp'q

where we have dropped the || subscript as it is understood that all momenta are only in the

x,y directions.

D, ik;,
)y

vy VT K 00

Figure 3.6: The Hartree (left) and Fock (right) Feynman diagrams with labelled orbital/spin
indices, momenta, and Matsubara frequencies. These are the two connected first order
diagrams.

We now apply Wick’s theorem to the second term in 3.25, where V(ﬁ) takes the form
of Eq. 3.29. There are two non-trivial connected diagrams: the Hartree diagram and the
Fock diagram. These are shown in Fig. 3.6. Each of these diagrams appears twice after
using Wick’s theorem and thus carry a prefactor of +£2. (Whether a diagram carries a plus
or minus sign arises from how the fermionic operators are paired up in Wick’s theorem.
The factor of two can be obtained by swapping the orbital/spin indices, v <+ ¢. This does
not change the topology of the diagrams.) We also now write the expectation value of the

product of two creation/annihilation operators as Matsubara GFs (see Eq. 2.12). The first
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order correction to the GF becomes

B
(1)af Iy 9 Uss
gzz’ (k7 k 7T) LxLy 0 dTl Z Z

x [ (k,p + q,7—11) G (p,p— 4,006 (p' K/, 1)

212!

— GOk, p' + q,7 —71) GO (p',p— 4,006 (p, K, 71)] (3.30)

z12!

where the first term is the Hartree diagram and the second term is the Fock diagram. Taking

advantage of the translational invariance in our system (recall that Eq. 3.16 is diagonal in

k), such that

Gk K 7 — 1) = G2k, 7 — 7') Opa (3.31)

and evaluating the Kronecker delta functions, Eq. 3.30 becomes

G (k) = 2 "a 122

x [gé(;i‘”(k, 7 —11)G9%(p,0) G0 (k)

Z121

— G0k, 7 — 1) G (p,0) GV (k, )] (3.32)

212

Fourier transforming from 7 to ik,, we replace each of the GFs in Eq. 3.32 with

1 )
=5 e G (ke i) (3.33)

G (k,T) = 3
ikn

which yields

o—iknT g(D)aB 2 Uy —ikpT /6 (ikn—ik!)T
— n gzz (k,iky) e tn dry e\ )T
B %: '83 L Ly ;zpjlkn%’:zk” 0
x [GL (ke ikn) GO0 (p, ik}) GO (e, ikl

212!

— GOk, ik,) GO (p,ik,) G0 (k,ik)]  (3.34)
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where ik,,ik] ,ik] are fermionic Matsubara frequencies. Evaluating [ d7j, we obtain

—iknT « 2 U iknT
S S D ) D Il

zkn Yz p iknik!,

x (G (k,iky) GO (p,ikl,) GO0°

z12!

(k,iky)

= GO (ki) G0 (p. k1) G (ki) (3.35)
Since this expression must be true for all 7, we have

2 Uy
=Bl 2

P ik},

g( )aﬂ(k ]€

< (G907 (k. ikn) G2 (peik,) G107

z12!

(k,iky,)

— GO (K, ik,) GO (p,ik!,) GO (K, ik,)] (3.36)

z12!

In order to extract the self-energy from this equation we need to compare it to Dyson’s

equation, which to first order is

G0 (K, ikn) = G0 (K, k) I+ GO (e, k) 222, (K, ikn) GO (k. ikn)  (3.37)

z12!

Writing Eq. 3.36 as

g( ) k ]{5 Z gZZIOz'y Z]C

>0 [ 25 Unn GO0 (p,ik),) — Uss GO (, zk;)}

5LLyp k/

x GO (K, ik,)  (3.38)

we see that the first order self-energy is the expression on the second line. We add a factor
of e““;z”, where 7 is a positive infinitesimal, to each term as required by Feynman rules

since the first term forms a closed loop and the second term has a GF linked by the same

53



interaction line [63], and thus obtain

1)~é . . ik!
£O0° = 5 - Ly;;[w Uy G2 (p,ik,) — Uss G900 (p, k)| €™ (3.39)

which is independent of k and ik,.
Writing the GFs in terms of the non-interacting spectral function, A,

dw AL’ (k,w)

o iky, — w

g(O aﬁ( an) _

Z121

(3.40)

where w is the energy of the quasiparticle described by the GF, and then evaluating the

Matsubara sum, %Zik; , yields

2 © dw

where we have taken lim,,_,o and np is the Fermi function. Analytically continuing Eq. 3.41,
as was shown in Eq. 2.26, yields the same result as Eq. 3.41. This is obvious due to the lack
of an ik, dependence.

We now need to determine if Eq. 3.41 is Hermitian. If it is Hermitian it yields an infinite
quasiparticle lifetime. To calculate the Hermitian conjugate of Eq. 3.41, we take the complex

conjugate and swap the orbital /spin indices:
Wiy~ _2 / dw s (A0 C e (408 )
(B0 = 5 [ o (A0 ) 0, (A2 ) e
(3.42)

Us=1, 3‘7 and Ai?)g‘s = (Ag?);iv) as they are both Hermitian matrices (in fact, U is real

and symmetric). Since the Kronecker delta is symmetric ds, = d,5, we thus obtain
DO R T s Ty AOM Uys A 3.43
(E00)" =5 X ) o7 [ Un AQ )~ Uss A ()] mr(w)  (3.43)
D o0

which is the same as Eq. 3.41. Thus, Eg)zl = 22);1 and the quasiparticle lifetime remains

unchanged from its non-interacting result. The first order self-energy does give us the renor-
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malized energy levels that arise from interactions, but we are not concerned with such re-
sults. Now, we must go to second order in perturbation theory to obtain a finite quasiparticle

lifetime.

3.4 Second Order Self-Energy

To obtain the second order diagrams, we follow the same approach as that used in Sec. 3.3.
Expanding Eq. 2.22 to second order, and setting 7" = 0, the second order correction to the

GF is

A

G2 (k7 = /dﬁ ars (T [V ()7 (72) k(1) €, s 0)] ), (3.44)

where

V() = Usys Z &l (1) gy (1) 2L 5(11) Ers (1) (3.45)

= U Z ehu(72) eyru(m2) 2L, (72) v (72) (3.46)

and p, v are orbital/spin indices. Writing >, — [d?r >, and Y., — fd2r|’| >, using

Eq. 3.27 to Fourier transform Eq. 3.45 and 3.46 from r| — p|| and 7°|’| — p’H, respectively,

and substituting these results into Eq. 3.44, gives

o —1
G (o 7y = L 7(LL / dﬁ/ drs

« < [ 5 /d 7| Z Z Luzl'y(ﬁ)cpnzﬂ(ﬁ) ;Z J(Tl)chZl(s(Tl) (P”—P\I"‘q”—q\l)ﬂ\

1 pip|q)4|
2 A‘i' '|‘ A —i(l/ —lH—i-m/ —m” )"f‘/
X Ul’”’ /d 'I"” CIT‘Z2ﬂ(TQ)Cle2“(TQ) mHZQZ/(Tz)CmHZQV(T2)6 Il Il [I
2 mnm“

X Chyza(T) éLlZ,B(O)D (3.47)

0
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Integrating [ d27’|| J d27’|’|, evaluating the Kronecker delta functions that result, making a

change of variable, and dropping the || subscripts as done before, we obtain

_ 6 8
Qb =1 1 / d / d
G, " (k,T) L2 Jo T A TS

8 <TT {Uw Z Z 6;’+q,zm(Tl)617’,»217”/(7'1)éztfq,n,6(7'1)61272175(7'1)

Z1 pp'q

X UMV Z Z ég’—l—m,zg,u@?)61/7227M(7—2)62Lm,z2,1/(TQ)él:z%V(TQ)

22 l'm

X Ersalr) aLZ,B(O)} >0 (3.48)

We apply Wick’s theorem to Eq. 3.48 and find six connected diagrams. Each of these
diagrams appears eight times (there are eight different ways to permute the four orbital/spin
indices) and thus each of these diagrams has a prefactor of £8. Four of these diagrams are
Hermitian and thus, like the first order diagrams, do not contribute to a finite quasiparticle
lifetime. The two non-Hermitian diagrams are the pair-bubble diagram and what we call

the double exchange diagram (see Fig. 3.7). We examine these in the following sections.

) p v
<

o) 1

e > pop H

(a) Pair-Bubble Diagram (b) Double Exchange Diagram

Figure 3.7: The pair-bubble (a) and double exchange (b) Feynman diagrams with labelled
orbital/spin indices and momenta. These are the two non-Hermitian second order diagrams.
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3.4.1 Pair-Bubble Diagram

We begin by examining the pair-bubble diagram, which is given by

G o) = 5y (o [an [Lan Y S Y

Z122 pp’q ll'm

% (69 (k0 + a7 =) GO (P 1+ mm = 72) GO (U e, o)

zoz!

x GO (pl—m,m —1) GO p—qm—m)] (349)

The “a” in the superscript on the left-hand side is used to distinguish this diagram from the
double exchange second order diagram, which we label “b”. For a translationally invariant
system, we apply Eq. 3.31, and Fourier transform from 7 to ik, using the substitution in

Eq. 3.33. Thus, we obtain

a)o 4 17
Z ¢k GRS (g gy = ULWSLUM / dﬁ/ i3S 3

1kn 2122 Pq iky,ik} ipnip),ip)

x [em =) GO (ki) =P (0 =72) GO (ks — g, ipy) R0 (™) G

2122 Zk;’:’b)

292! (

x el GO (p i), ) e~ P GO (p — g, ip)y)] - (3.50)

where iky,, ik}, ipn, ip),, ip), are fermionic Matsubara frequencies. Evaluating [ dry [ d7o, and

since this expression must be true for all 7, we obtain

a)o —4U,sUL
R O DI ID

2122 P4 ip}ip),
x GO (K, iky) GO (k — q, ik — ip), + D))

ngz,z %k, ikn) GO0 (. iw,) GO (p — q,ipl))  (3.51)
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Making a change of variable and extracting the self-energy from this equation, using the

same technique as in the previous section, results in a self-energy of the form

—4 U5 U,
2a v
i) = 7 2T S S
prq anZQn

x GO (ke + q, ik + ign) GORY (B, ipn) GOL° (P + @, ipn + ign)  (3.52)
where ig,, is a bosonic Matsubara frequency. By convention, we write this as

4 3 . ) ,
Sk ik,) = UWS U“ NS GO (ke + g, ik, + ign) T (q,ig,)  (3.53)

Z122 2122 2122
q ign

where

P ipn

is called the polarization function. There is no summation over the v,d in Eq. 3.54. The

spectral representation of the polarization function is

de 2D (g, ¢)

3.55
o iQn — € ( )

1% (q, igy,) = 6

where we have used the form of Eq. 3.40. Substituting Eq. 3.55 into Eq. 3.53, and writing

§1)22 (k + q, ik, + ig,) in its spectral representation using Eq. 3.40 as well, we obtain

. 4UsU,, de; AV (K + q, € de TI20% (q,
SR (K, ik,) = BQL”L@ZZ/ — ) fdelaz (g9 (3.56)

tky + 1qn — €1 2T iqn — €

Applying Eq. 3.40 to Eq. 3.54, and computing the fermionic Matsubara sum, % 2 ipns BlVes

de 29" (q ,e>
B 2 g —
s d _ .
_Z/ 2 AL (p, ey) %A,&Qll (p+q,e3) (nF(G.Q) nr(es )ZQ)> (3.57)

ign — (€3 — €
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Recognizing that € = €3 — €2 and np(e3 — igy,) = np(e3). We can find Hgl(gg(;'/(q,e) by

inspection:

d62 v d63 v
90,0 =63 [ 57 AL () [ 31 AQ 0+ .

X (np(e2) —nr(ez)) 0(e+e2 —e3) (3.58)

Substituting this into Eq. 3.56 yields

#1722 iqn + ik, — €1 o F1R2

$COI (K, ik,,) = 4 Uw UW ZZ/ dey A2 (kg0 92 J O3 (p, )
q ign

d€3 (0)v / de
o AZ2Z1 (p +4q, 63) (nF(eg) nF(eg)) - (5(6 + €9 63) P (359)
Computing the bosonic Matsubara sum, %Ziqn, recognizing that np(e; — ik,) = —np(er),
where np is the Bose function, and evaluating [ de, gives
a 6 Uw d€1 des
SR ik =~ B S [ G AG K g [0 B
d63 nr(e1) +np(es — €)
des s oyws a ( ) ‘
o Ani P+ @ es) (np(e) —np(es) (- =77 ) (3.60)

Analytically continuining this result, lim;x, .+i5, and letting ¢ — —¢, we arrive at the

retarded second order self-energy for the pair-bubble diagram, which is

Uy U, de de
R(2a . 6 Yuv 1 4(0 2
SR how) =4S [ GGG - a.a) [ S1AQY )

Ao (MR =) oa

This is non-Hermitian, and will thus allow us to examine the behaviour of the quasiparticle

lifetime.
3.4.2 Double Exchange Diagram

We now examine the other non-Hermitian diagram: the double exchange diagram. Interest-

ingly, this diagram vanishes identically in the conventional Hubbard model without SOC,
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by the Pauli principle, because it would describe an electron of fixed spin interacting with
itself. In the presence of SOC, the spin of an electron oscillates between up and down as
it propagates, and this diagram is non-zero. It is derived following the same steps detailed
in Sec. 3.4.1. As such, only the final result is included here. The second order retarded

self-energy for the double exchange diagram is

5UV de de
2351(222b)w(k,7 ) = v w Z/ 1 Z122 Y(k —q,e )/Q—;AQQ)Zl (p, €2)

Cl€3 (nF(Gg)—nF(Eg))(TLF(E )+TLB(62—63)
EAgl)ZZ (p+a es) ( W10 —el + 22 . ) (3.62)

The non-Hermitian second order self-energy is the sum of each of these diagrams:

SR@ (K, ) = ZR(Q“)W(k w) + SR () (3.63)

2122 Z1%2

3.4.3 Broadening Function

We can write the retarded self-energy as

LSRG (e w) = AT (k,w) — frw (k,w) (3.64)

z122 Z122 2122

where

SEE (e, w) + (SEE (k) )
2

AT (K, w) = (3.65)

2122

is the Hermitian part of the self-energy, and I'}¥,_(k,w) is the negative of twice its anti-

Hermitian part, given by

zZ1%22 2122 2221

e, (k,w) =i (SR (k,w) — (3521 (k,w))") (3.66)

We call this the broadening function; it gives us the frequency dependence of the quasipar-

ticle lifetime and is the quantity we focus on for the rest of this chapter. Substituting Eq.
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3.63 into Eq. 3.66 yields

T4, (k,w) = T (k,w) + T80 (K, w) (3.67)
where
a 5 U, v d61 d€2 0)6v d€3
Fg’l?’«’z‘u(k’ 7 £ Z/ z122 _qvel) /%Aggzz (p7 62) E

X A,(zz)zl (p—q,€e3) (np(e2) —np(es))(np(er) + np(es —€2)) 2w d(w — (€1 + €2 — €3))

(3.68)

and

PO () = ”5U"”Z [ 50 0~ q.c) [ S2A0p) [ 52

2122 2122 2T Z221 2

x AQR(p + g, e3) (np(es) — np(e2))(np(e) + nplea — €3)) 2w d(w — (€1 — €2 + €3))
(3.69)

These two expressions were obtained using the identity 1/(z+1i0) = P(1/x) —ind(z), where
P denotes the principal value. Performing [ des, we obtain €5 = €1 + €3 — w from Eq. 3.68

and €3 = w — €1 + €2 from Eq. 3.69. Thus, Eq. 3.68 becomes

U, de de Y
P () = 42 53 [ A0 - g.er) [ S2AYY (P,

x A (p— q, 61 + €2 — w)(np(e2) — npler + €2 —w))(np(er) + nple —w))  (3.70)

and Eq. 3.69 becomes

DO (K, w) = 75 UW Z / 9940k~ q.er) [ L2202 (p, ey)

2122 Z1Z2 21T 2221

Ag?)z‘;“(p +q,w—e€+e)(np(w—e +e)—nr(e))(nr(e) +npleg —w) (3.71)
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So far we have considered a general 4 x 4 contact interaction matrix, U, in our Hubbard
model, Eq. 2.8. To simplify our model further, we assume that all orbitals/spins interact in
the same fashion, and thus the interaction matrix is written as

U
2

Uy = = (1= 6y5) (3.72)

where U is a constant that determines the strength of the interaction and we divide by two
to eliminate double counting. (We, however, emphasize that our formalism can be applied to
any interaction matrix.) As mentioned earlier, all repeated orbital /spin indices are summed

over. Following this convention, Eq. 3.70 becomes

de deo
e QZ [ A0 ke~ g.er) [ 52 (npler) — npler + 2~ w)

x (np(e1) +npler —w)) {Tr [Ag?)@ (p, €2) Aé?zl (Pp—gq,e1+ e — w)}
~ (AL )AL p-gate-w) — (AP A p-aate-w)

o

+ AL (p, e2) A (p — g1 + e — w)} (3.73)

and Eq. 3.71 becomes

F(Zli)zzu(k w) = L L 2 Z/ dey d62
X (np(w— €1+ e2) —np(e2))(nr(er1) + nplen —w))
<[ (AQL k — q.e) AL, (pe) AL, (p+ g0 — 1 + )
~ (AL (k —q.e) AQ, (p.e2)) AV (Pt g0 e +e)
— AQ0M(k - q,€1) (A,&S)zl (p,e2) AL, (P + g, — e + 62))W

+AD (e~ q.0) AQ (pex) AU (p+ g0 -+ ea)| (374)

In the next section we discuss how to numerically evaluate Eq. 3.73 and 3.74.
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3.4.4 Numerical Calculation of the Broadening Function

Due to time constraints and the extremely large computational requirement involved in
evaluating the broadening function, it was only possible to evaluate Eq. 3.73 and 3.74 at
a single k., k, point, and for a narrow range of w. We chose to examine the behaviour of
the broadening function near the Fermi surface as it is in this range of energies that the
quasiparticle picture is valid [63, 64, 69]. We chose k, = kp and k, = 0, and since the
Fermi surface is rotationally invariant, the same w dependence applies for k anywhere on
the Fermi surface.

The bounds on the energy integrals, [de; [ deq, are determined by the Fermi and Bose
functions. In this thesis, while the expressions derived so far can be used to determine the
broadening function at any temperature, for computational simplicity, all numerical results
are given at zero temperature, and therefore the Fermi functions are step functions, and the
bounds on the integrals are finite. Eq. 3.73 and 3.74 each have the term np(e1)+np(e1 —w).

Evaluating this at zero temperature yields

-1, w>€e >0
np(er) +nple1—w) =91,  0>e >w (3.75)

0, otherwise

Examining ng(e2) — np(e; + €2 — w) in Eq. 3.73 gives the bounds on ej:

—1, w—¢€1 >€e >0
np(e2) —np(e1+e—w) =91, 0>e>w—q (3.76)

0, otherwise
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To find the e, bounds in Eq. 3.74, we evaluate np(w — €1 + €2) — np(e2)), which yields

-1, 0>e >€¢ —w
e —a+e) —ne@) =41, 6 —w>e >0 (3.77)

0, otherwise

In determining the bounds on }_,,, we use the fact that for energies near the Fermi
level, the non-interacting spectral function is non-zero only near the Fermi surface (recall
Eq. 2.31 and 2.32 as well as the middle panel of Fig. 3.5). Thus, in summing over p and g,
we need to only sum over a thin annulus of width 2 ( centred around the Fermi momentum
(see Fig. 3.8). We set ( = 0.1kp. The p and g values we sum over in Eq. 3.73 and 3.74 are

thus

pe = Qp COS(ep) ) Py = Q@p Sin(ep) (3.78)

qz = Qqcos(by) + kp, ¢y = Qgsin(b,) (3.79)

where @4 is the magnitude of p or g, and 6, , is the angle of p or g with respect to the
x axis and goes from 0 to 2w. Therefore, the integrals over p and q are best evaluated in

polar coordinates, and we make the following substitution:

Z%ZQI"Z ZQqZ (3.80)

pq Qp 0p Qq 04

where the additional factors of @), 4 arise from the Jacobian.
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/ :
K
Figure 3.8: The thin annulus of integra-

tion for p. The same area of integration
applies to g, but it is shifted by —kp Z.

Writing the bounds on the integrals (we convert >_pq to an integral) for p, g, €1, and eg,

we arrive at the final expression for I'7* (k,w):

ket dQ 2 dg, R dQ 2 dg, v de (¢ deg
@ g U2 / g / / Z=p / / /
21292 ( w) kF—C 27T Qq kF C 271' QP
|:A,(21)22 (k q, 61) Tr |:A,(Z?)22 (p7 62) A,gg?zl (p —4q,€1 + €2 — (U):|

(AL e AR p-gate-w) —(ALEe)AL@-aate-w)

+ Agl)ZQ (p’ 62) Agz?zl (p q €1 + €2 — w):| (381)

and

I‘(b)’W(k o) = 2 /kF-i-CMQ /27r db, /kF-‘rC de / / d€1 /61—wd€2
o kp—¢ 2m kp—¢ 2T

X [ (Ag1)22 (k q, 61) A,(zg)zl (p7 62) Ag?)ZQ (p +q,w—e€1+ 62))’YH

— (AL~ g ) A (p.er)) AP+ g0 — 1+ e2)

— ALk~ g.@) (AL ()AL, (0 + g0 - te))

LAk — g,e1) A (p, e2) AP (p 4+ gy — €1 + @} (3.82)
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In practice, we convert the integrals to sums, since we evaluate I' k,w) numerically.

2122(

Thus, we make the following substitutions in the above two expressions:

d;w NS A;L? (3.83)
i T
€1,2
40, [ db
/ dpq pq qu Vo o N S5 Qug (3.84)

Op.a Qp.q Op.q

where Aeq o is a small step size between adjacent €12 values, and Ng,, and Ny,  are the
number of @, , and 6, , values that are summed over, respectively. In a TI, the Fermi level
only intersects the SSs, not the bulk states. If w is chosen to be sufficiently small compared to
the bulk bandgap, we see from Eq. 3.81 and 3.82 that the non-interacting spectral functions
are evaluated at small arguments, since €1 and e are of order w. In other words, for small
w we only need to know the spectral function near the Fermi level.

Due to the large number of sums required to evaluate each Feynman diagram, the
numerical evaluation of the GFs needed to be parallelized. As such, each value of w, 0, was
run on a separate CPU core. Each of these partial contributions to the Feynman diagrams
was then collected and summed. Unlike for the non-interacting calculations, these second
order self-energy calculation run times scaled greater than quadratically in N,. However,
they scaled approximately linearly with the number of Qg4, @p,0,, and 0,, internal energy
(€1,2), and w values.

We have so far ignored the Hermitian part, A7 (k,w), in Eq. 3.64. In principle, to
calculate the interacting spectral function (which is needed to obtain the quasiparticle life-
time), one should include the Hermitian part as well. This is because a frequency-dependent
contribution to the Hermitian part of the self-energy indirectly affects the width of the spec-
tral function via the so-called quasiparticle residue, Zj, [63]. Unfortunately, the Hermitian
part is given by a triple energy integral, compared to the double energy integrals in Eq.
3.73 and 3.74, which makes its numerical evaluation prohibitively difficult and beyond the
scope of this thesis. However, the frequency dependence of the lifetime is controlled by the

broadening function, Eq. 3.73 and 3.74, which therefore gives us a qualitative understanding

of this frequency dependence.
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Three plots of the trace of '} (k, = kp,k, = 0,w) for w near the Fermi level and a
given layer index, z; = 29, are shown in Fig. 3.9, 3.10, and 3.11. In these plots we have
chosen p = 0.21 €V so as to ensure k, = |kp| < 0.04 A1, This corresponds to a Fermi
level slightly below the DP. Note that experimentally it is possible to tune the chemical
potential in TI thin films by electrostatic gating [74]. We also set the interaction strength,
U, to be 1 eV; U only affects the overall magnitude of the broadening function but not its
frequency dependence. Unlike in Fig. 3.2, here we only show results for N, > 40. This is
because for N, < 40, there are not well-defined SSs on which we can examine the behaviour
of the broadening function.

In Fig. 3.9, we see how the trace of the broadening function varies with layer index, z,
energy, w, and slab thickness, IV,. In this figure, and in the two that follow, the N, > 60
plots are virtually indistinguishable as their DCs and Fermi surfaces are the essentially the
same. We find Tr[I'(k, = kp, ky = 0,w = 0)] = 0 eV, which means there is an infinite lifetime
at the Fermi level, as expected. Indeed, for quasiparticles exactly at the Fermi level, there is
no phase space for electron-electron scattering due to the Pauli exclusion principle [63, 65].
As we move away from w = 0 €V, a finite lifetime results. For a fixed (small) frequency,
w, as a function of layer index, the broadening function follows essentially the probability
density of the SSs (see Fig. 3.3) and the spectral intensity (see Fig. 3.4). This is expected
from Eq. 3.81 and 3.82, which show that the broadening function for a given layer index
only involves the non-interacting spectral function on that layer. This, in turn, is due to the
on-site nature of the generalized Hubbard interaction in Eq. 2.8; we expect that a longer

range interaction would result in a slower decay of the broadening function with layer index.
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Figure 3.9: The trace of the broadening function. If we imagine a 2D cross-section for
constant w contours, we see a similar curve to that in Fig. 3.3, where Tr[I'] is highly peaked
near the surfaces (they peak at z = 4) and as we move away from z = 4, Tr[['] falls off

rapidly.
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Fig. 3.10 provides 2D slices through the 3D plots in Fig. 3.9 so as to examine the w
dependence of the broadening function more clearly. Little dependence on the slab thickness
is found in this range of thicknesses. Although for N, = 40 the DC is clearly still gapped
due to intersurface hybridization, while for higher values of N, this gap eventually closes
(Fig. 3.2). For a chemical potential sufficiently far from the DP the Fermi surface does not
vary much with slab thickness. For small w the broadening only depends on Fermi surface
properties, and is thus not affected much by N,. The only visible change on going from
N, =40 to N, = 60 is the N, = 40 curves are slightly flatter. This is most noticeable for
the largest positive values of w considered (w > 15 meV). These values probe the behaviour
of the spectral function near the DP, which is gapped for N, = 40 but gapless for IV, > 60.
Indeed, the DP is located approximately 16 meV above the Fermi level for the value of
1 considered. Since the gapless DP corresponds to an additional scattering channel for
electrons, this explains why the broadening function near the DP increases from N, = 40

to N, = 60 but then stays roughly the same.
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Figure 3.10: The trace of the broadening function for various slab thicknesses. These are
constant z contours from Fig. 3.9. Due to the reflection symmetry between the top and
bottom halves of the the slab, only half the layers need to be shown.
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For small w the broadening function is expected to predominantly depend on the dis-
persion relation near the Fermi surface. This is due to the spectral functions, on which the
broadening function depends, only having significant weight near the Fermi surface in the
relevant range of energies. For a Fermi liquid at low energies, we expect the broadening
function to behave like w? [63].

In Fig. 3.11, we fit the small w behaviour (Jw| < 1 meV) of the broadening function
to w?. This is what Song et al. measured experimentally (w = E — Ep) [55]. The two sets
of points for each layer index, z, correspond to the positive and negative w data, which
are plotted on the same graph. While the fit is relatively good, we observe a difference in
slope for positive and negative frequencies. This is a consequence of the fact that the DC
dispersion is in fact not perfectly linear (see Fig. 3.2), and thus positive and negative w are
not strictly equivalent.

Strictly speaking, for a 2D system at very low energies we expect the broadening function

to behave as

In (’“")’ (3.85)

where p is measured from the bottom of the band [75]. This expression is for a parabolic
band; however, a conventional 2D parabolic dispersion can always be linearized in the
vicinity of the Fermi surface. For a Dirac dispersion Fr = vpkp, while a parabolic band

has p = vpkp /2. Putting this together yields a I' dependence of

[~ w?

w
In{2|— 3.86
n( ’EF >’ (3.86)
for a Dirac dispersion, where Er is measured from the DP. The energies required to see
this behaviour must be several orders of magnitude less than Eg. If the energies are too
large, the sub-leading term, w?, dominates the behaviour of Eq. 3.86. Calculating GFs for
such energies requires a very small 1 (n < w in Eq. 2.35) and would lead to numerical

instabilities.
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72



Chapter 4

Surface States for a Finite Magnetic Field

Electrons in the presence of a magnetic field undergo circular orbits due to the Lorentz
force. In a 2D electron gas with a strong perpendicular magnetic field, electrons exhibit
quantized circular orbits called LLs. One of the effects of LLs is that they give rise to the
existence of the integer quantum Hall effect [6]. In this chapter we review the LL spectrum
in both relativistic and non-relativistic systems, and show that the experimental results
described in Sec. 1.2.4 indicate a relativistic LL spectrum. We also obtain the LL DOS for
a non-interacting TT system using the same Hamiltonian as in Ch. 3. Finally, we adapt the
many-body formalism of Ch. 3 to the case of finite magnetic fields and obtain an expression

for the second order self-energy in the LL basis.

4.1 Landau Levels Overview

For a non-relativistic electron confined to the zy plane, and a magnetic field, B, applied
in the 42z direction (here, and in the rest of this chapter, we use the Landau gauge for the
vector potential, A = —By Z), the LL Hamiltonian can be written as
2 2
(p+ed)” P 2 2

1
Hrr = S — — 4.1
LL o o + 5 MWe (¥ — v0) (4.1)

where p is the momentum operator, —e is the charge on an electron, m is the mass of

eB

an electron, y is the position operator, w. = <> is the cyclotron frequency, and yo = kg

eB’

where k, is a momentum and is a good quantum number. This has the same form as the
1D quantum harmonic oscillator Hamiltonian. As such, the eigenstates of this Hamiltonian

can be written in terms of Hermite polynomials and the energy spectrum is the familiar
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harmonic oscillator spectrum:
En:wc<n+>, n=20,1,2,... (4.2)

Here, however, n is the LL index.
For infinite L, and L, (the lengths of the slab in the x and y directions, respectively),
there is an infinite degeneracy in each LL. However, for a finite L, and L, the degeneracy

of each LL is

total flux through area L, L, L,L,
gn = =

= (4.3)
flux quantum 27 EQB

where (g = (eB)_l/ 2 is the magnetic length, and as such the strength of the magnetic field
determines the degeneracy [76]. This degeneracy is important in calculating the interaction
term in the LL basis (see Sec. 4.3).

For 2D relativistic electrons, the LL spectrum is [56, 57]

E, = Epp +sgn(n)vpy/2en|B, n=0,%1,+2,... (4.4)

where Epp is the energy of the DP and vg is the Fermi velocity. This spectrum can be
obtained from the Dirac Hamiltonian, Hpiac = vF 2 - (6 X k), where o are Pauli matrices
and k denotes momentum. There are some important differences in the LL spectra of Eq.
4.2 and Eq. 4.4. First, Eq. 4.4 describes massless particles; note that there is no mass term
present. Next, Eq. 4.4 supports a magnetic field independent (n = 0) LL, often referred to
as the zeroth LL, which occurs at E,—g = Epp. Finally, unlike Eq. 4.2 where E,, ~ Bn, in
Eq. 4.4, E,, ~ \/|n|B; thus, the relativistic LLs are not equally spaced.

Although LLs are a fundamentally 2D effect, the existence of the 2D SSs on 3D TIs
permits them to emerge on the 3D TI surfaces [76]. Due to the linear Dirac dispersion of
TI SS electrons observed in Fig. 1.8, the observation of the zeroth LL in Fig. 1.12, and the
\/[n|B dependence of the LLs observed in Fig. 1.13, Eq. 4.4 gives the expected LL energy

spectrum of TTs.

74



4.2 Landau Levels in Surface States

We now turn to the inclusion of a magnetic field in our theoretical model for 3D TIs to
demonstrate how the LL spectrum emerges from the full bandstructure of 3D TIs, and how
the spectrum and associated LL wavefunctions are affected by the slab thickness. In first

quantization, the kinetic momentum operator is defined as

m=k+eA (4.5)

where, again, we let —e be the charge on an electron. We add a magnetic field in the +z
direction to the non-interacting Hamiltonian, Eq. 3.2, by making the Peierls substitution

(k — ) in the 2 and y directions:

ky—>m=mi+myy (4.6)
Eq. 3.2 therefore becomes
heti(m), k=) = €m k. L+ M(m), k2)T's + Bo k.I's + Ao (myl'y — m,1'2) (4.7)
where
expk. = Co+ CLEZ + Cym)? (4.8)
M(my, k2) = Mo+ My k2 + My (4.9)

We can define raising, a', and lowering, @, operators! that raise and lower, respectively,

the LL index, n, for a wavefunction, v, describing an electron in the n** LL. They have

'Note that we are not in the interaction picture here.
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the following properties:

aln) = Vnltn-1) (4.10)

o [n) = VAT T [n 1) (411)
[a,a%] = 1 (4.12)

ata=n (4.13)

We can express 7 in terms of these operators:

— it g — at —a
T, = a' +a), e a' —a 4.14
o= @+ a) v= g @ =) (414)
such that
2 ( 1)
2 A~
== N+ = (4.15)
= 2
They can also be written as
Ty =T, £imy, (4.16)
where
2 2
T4 = £ ar, T = £ a (4.17)
€B gB

Substituting Eq. 4.14 and 4.15 into Eq. 4.7 gives the non-interacting Hamiltonian in

terms of the raising and lowering operators:

i

W (ky,a,a") =€ . 1+ M (m, k.)Ts + Bok.Ta +
( a a’) 67'I'||,I€Z (ﬂ-” ) 5 0 4 \/EEB

((@" —a)ry — (@' + a)Ta)

(4.18)
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where

2 1
. = Co+ C1I2 + - <n 4 2) (4.19)
B
, , 2 1
M (7T||,kz) = Moy + M, kz-i-ﬁMz n+§ (4.20)
B

We want to solve this Hamiltonian for n and B in a similar range as those observed in the
experimental measurements described in Sec. 1.2.4. That is, for 0 <n <10 and 0 < B < 20
T. The n = 0 and n > 0 LLs must be treated separately, but the same Hamiltonian, Eq.
4.18, is used in both approaches.

For n > 0, we solve the Schrédinger equation, h/(k.,a,a") ¥,~0 = E, ¥,~¢, with the

eigenvector

c1Yn—1
o Yy

U= | 2V (4.21)
c3Up

Cq wn

where the ¢4 are probability amplitudes to be determined and ), is the eigenvector for
the n'" LL. After acting with h/(k.,a,a') on W,~¢, the ,’s can be cancelled on both sides

of the equation, leaving

C1 C1
(&) C2
h">0(k,) =E, (4.22)
C3 C3
C4 Cy4
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where the non-interacting effective Hamiltonian is

C_i+ M_% —iBok, 0
. 5 . /2n
hn>0(kz) _ ZBO k‘z CL% Mﬁ% ~’L i5 zilo
0 —iv2 Ay O+ M
—iZ@;AO 0 i Bo k.

and

~ 2 1
C:I:l :CO+C1 k§+702 (n:l:)
2 5 2
. , 2 1
Mil:MO+M1kz+TM2 n+t —
2 % 2

)

(4.23)

(4.24)

(4.25)

Following the steps described in Sec. 3.1.1, we periodize Eq. 4.23 using Eq. 3.9 and 3.10,

and then Fourier transform the result from k, to z using the form of Eq. 3.15. This yields

a tight-binding Hamiltonian of the same form as Eq. 3.16:

oo
T
0 y 0 A 0 Py A
7‘[”> — Z Z |:CILZOC hg; CnzB — (t"> )aﬂ cL}ZJrla Cnzg —

n=1 =z

where the on-site Hamiltonian is

C_y+M_s 0 0 i 28 Ag
>0 _ 0 Coy—M_y i A 0
0 —iv2 Ay O+ M, 0

—i 20 A 0 0 Cor—M

and

é:l: Co+201+%02 (n:f:l)
EB 2

(S

ol

_ 2 1
M:I: :M0+2M1—|-£7M2 (n:l:
B 2
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tn3? éILZOz én,erl,ﬁ (426)

ap

)

(4.27)

(4.28)

(4.29)



and the nearest-neighbour hopping in the z direction is

C1+ M,y —% 0 0
B
(t”>0>T - E 0 (4.30)
o0 0 0  Ci+M D
0 0 B0y -M

which is the same as Eq. 3.18.
We solve for the n = 0 effective Hamiltonian using the same process as for the n > 0
effective Hamiltonian. We solve the Schrodinger equation for the Hamiltonian in Eq. 4.18,

B (k,,a,a") U,—g = Ey ¥,—g, with the following eigenvector

0
0
WU,—0 = (4.31)
c1 Yo
2o
and we obtain
0 0
0 0 0
h" = (k) = Ey (4.32)
C1 C1
C2 C2

We can write this equation as a 2 x 2 matrix equation, where

S

K= (k,) = <Cg +C K+ 7
B

1

CQ) 1+ <M0+M1 kg + £2M2> o3+ Bok, o9 (4.33)
B

The bandstructures of Eq. 4.23 and 4.33 (i.e., for a slab without boundaries) are given

in Fig. 4.1. As seen in Ch. 3, this Hamiltonian describes a band insulator. As was done in

Ch. 3, only results for BisSes are shown in this chapter. By contrast with the purely 2D

case, here the LLs disperse with k.. These are bulk LLs. In the right panel of Fig. 4.1 we
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see that some of the k£, = 0 LLs have the “wrong” magnetic field dependence, i.e., some of
the conduction band LLs disperse downwards while some of the valence band LLs disperse

upwards. This is a consequence of band inversion and has been observed in 2D TIs as well

7).
0.6
0.45+
0.31
S
2. 015+
K
O L
-0.15+
03 _/—\ ﬁ\
0 0.2 04/0 0.2

ke [AT] ke [AT]

Figure 4.1: The bandstructure for infinite z obtained by diagonalizing Eq. 4.23 and 4.33 at
B =0T (left) and B = 20 T (centre). (Right) At k, = 0 A~!, the eigenvalues of Eq. 4.23
and 4.33 plotted as a function of the magnetic field. In all three plots, 0 < n < 10. This
figure reproduces results from Ref. [72].

We periodize Eq. 4.33 using Eq. 3.9 and 3.10, and then Fourier transform using the form

of Eq. 3.15. This yields a tight-binding Hamiltonian of the same form as Eq. 3.16:

_ R —0 . —o\T . R —0 - R
ano = Z |:CI7,ZOé hgﬁo CnzB — (tn O)aﬂ C:[Lz—‘rla CnzB — tZﬁO C;rzza Cn,2+1,8 (434)
z
where
n=0 1 1
h = Co+201+€702 1+ | Mo+ 2M,; +f7M2 o3 (4.35)
B B
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and

_o\T B
(tnio) =Cy1+ M, 0'3*2.70 09 (436)

The energy spectrum as a function of the magnetic field strength for slabs of finite
thickness, V., and their corresponding probability densities are shown in Fig. 4.2 and 4.3,
respectively, for the tight-binding Hamiltonian in Eq. 4.26 and 4.34. Only LLs for 0 < n < 10
are plotted here; however, in practice LLs with a higher n are occupied. In this section, we
include results for NV, = 20, which does not have well-defined SSs, as a point of comparison
for the thicker slabs. We added a small perturbative potential to the surface layer of the
Hamiltonian so as to break the reflection symmetry of the slab. This causes the SSs to
localize on either the top or bottom surface (see Fig. 4.3).

The states in blue in each figure are SSs, which is easily seen in the probability density
plots in Fig. 4.3. For the thinner slabs, a few SSs appear in the bulk conduction band.
However, once the slab is sufficiently thick, Fig. 4.2d, we see that all of the SSs are located
within the bulk bandgap. As with the bandstructure plots in Fig. 3.2, each state is doubly
degenerate: one state for the top surface, and one for the bottom. For smaller N, this
degeneracy is split. This is best illustrated in Fig. 4.2a where the zeroth LLs (the states
with a flat dispersion) are approximately 0.15 eV from each other. However, in the N, = 200
plot, the higher energy state has “converged” towards the lower energy state, which occurs
at the DP. There are twelve distinct SSs seen in each plot. Although the total number of
states increases with slab thickness, the number of SSs does not; the additional states are
bulk states. As N, increases, we also see the bulk states approaching the edges of the bulk
valence and conduction bands at B =20 T.

In Fig. 4.3 we see that as the thickness increases, the SSs become more localized. This
is evident in two ways. First, the relative probability densities of the blue curves near the
surface compared to the bulk layers becomes much greater. Second, in the thinner slabs, the
probability densities are “M” shaped. As the thickness increases, the probability density of

one of the “humps” decreases (this is best seen in Fig. 4.3c), such that at N, = 200, the

81



state can essentially only exist on one (either the top or the bottom) surface. This is what

is seen in Fig. 3.3.

0.6 0.6
0.5+ = 0.5+
0.4 0.4+
0.3 C 0.3 .
= 0.2k = 0.2F
9. 9.
R oo R oo
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Figure 4.2: The energy spectrum of Eq. 4.26 and 4.34 for various thicknesses, N,, and for
LL index 0 < n < 10. The red and green lines denote the bottom of the conduction band
and top of the valence band, respectively. The SSs are plotted in blue, while the bulk states
are plotted in black.
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Figure 4.3: The probability densities of the states plotted in Fig. 4.2 for B = 20 T. Though
difficult to see, the red and green lines denote the bottom of the conduction band and top
of the valence band, respectively.

83



We plot the non-interacting surface DOS in Fig. 4.4, which is given by

p(w) =3 AL (n,w) das (4.37)

n=0

where Agg (n,w) is the non-interacting spectral function in the presence of a magnetic field.
Although in principle the sum over LL index, n, goes to infinity, for a given magnetic field
strength and energy window, only a finite number of LLs contribute and we can truncate
the sum (for us, max(n) = 35 was sufficient). As observed in Fig. 1.12a-b (the BisSes
samples), the surfaces of 3D TIs support LL peaks in the DOS. However, there are a couple
differences between Fig. 4.4 and Fig. 1.12a-b. First, since this is a non-interacting model,
there is no broadening of the LLs away from Er and Epp. By Eq. 2.31, one might expect
perfect delta function peaks in the DOS; however, the peaks in Fig. 4.4 have a finite width,
7, that arises from the numerical calculation of the non-interacting GF (Eq. 2.35). Second,
the negative LLs (n < 0) are much easier to distinguish here than in the experimental data.
In the experimental data, no negative LLs are observed due to the DP lying near the valence
band; thus the bulk states overlapped with the surface LLs [57].

In Fig. 4.4a the minimum near E¢ occurs because no DC forms for so few layers (recall
the bandstructure in Fig. 3.2a). This is not seen in the other three plots. It is easier to
see positive LLs for the thinner samples in Fig. 4.4 because with so few layers, the bulk
layers act as stacked quasi-2D systems, and can thus support bulk LL quantization. In
addition, there are fewer bulk conduction band states to interfere with the n > 0 surface
LLs. Conversely, as the slab thicknesses increase they act more and more as true 3D systems
and only the SSs can support true LLs. For N, > 40, only the first positive LL is easily
distinguishable, as the rest of the positive LLs lie in the bulk conduction band. On the other
hand, the negative LLs are SSs that lie in the bulk bandgap and thus are not interfered with
by bulk states. The LLs are more distinct with increasing magnetic field, regardless of the
slab thickness. The DOS in the bulk bandgap does not qualitatively change for N, > 60. In
fact, the only noticeable difference between the N, = 40 and N, > 40 plots is the location
of the n = 0 LL. Since the n = 0 LL occurs at the DP, and the DP is gapped for N, = 40

and gapless for N, = 60, the DPs, and therefore the n = 0 LLs, of these slabs occur at
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different energies. The fact that the B = 5 T curves have the same general shape as the
non-interacting DOS curve in Fig. 3.5 suggests that if we could set B = 0 T (which does
not provide physical results in this formalism), we would return to the zero-magnetic field
results. In Fig. 4.4 and 4.5, results for NV, > 60 yield qualitatively the same results as the
DCs for these thicknesses, and therefore their Fermi surfaces as well, are virtually the same.
As with the non-interacting results from Sec. 3.2, the numerical evaluation of the DOS
resulted in quadratic scaling with N,. The number of n and w values resulted in a linear

time scaling.
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Figure 4.4: The surface DOS near the bulk bandgap for 0 < n < 35. Clearly, the LLs are
most easily distinguishable in the bulk bandgap.
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The energies where the LL peaks occur are plotted against /[n|B for —15 < n < 0 in
Fig. 4.5. Only LLs in this range are included here due to higher LL peaks being difficult to
discern under lower applied magnetic fields. In addition, at larger \/[n[B the peaks begin
to deviate from the expected linear behaviour. B < 10 T data was not used at it is too
difficult to accurately locate the LL peaks. The IV, = 20 slab is not thick enough to support
well-defined SSs, which is the reason for its far more dispersive results. The only noticeable
difference between the N, = 40 plot and the N, = 60 plot is the energy of the n = 0 LL,
which is slightly lower in energy for N, = 40. The slight deviation from linearity is likely
due to the Dirac dispersions of the SSs (see Fig. 3.2) not being perfectly linear. Although
Jiang et al. attributed this non-linearity to a tip-gating effect [58], we propose an alternate
explanation that the lack of a perfectly linear Dirac dispersion could cause these results.
This is because our deviation from linearity is not caused by any tip-related effects. Note
that the zeroth LL (the value at \/[n|B = 0) does not change with B, as expected for surface
LLs. The presence of the zeroth LL and the linear \/[n|B dependence are clear indicators
that the TI SSs obey a relativistic LL spectrum.

We can extract the Fermi velocity from the plots in Fig. 4.5 using the slope of the linear
fit and Eq. 4.4. For N, = 80, we obtain |vg| = 1.5064 x 10° m/s. Comparing to experiments,
Xia et al. measured the Fermi velocity of BigSes to be 5 x 10% m/s using ARPES [35] and
Cheng et al. measured vp = 3.4 x 10° m/s using a STM [57]. Liu et al. predict that their
Hamiltonian (similar to Eq. 3.2), yields vp = 5 x 10° m/s. These different values do not
precisely match but are within a factor of four of each other. Furthermore, vg is not uniquely
defined but depends on the Fermi level (which varies from compound to compound), since

the dispersion is not strictly linear.
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Figure 4.5: Linear behaviour of the LL peak energies plotted against /|n|B (see Eq. 4.4).
The deviation from linearity at larger /|n|B is also seen in Fig. 1.13.
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4.3 Interactions for a Finite Magnetic Field

To include interactions we must write Eq. 4.26 and 4.34 in second-quantized form and write
the interaction term, V, in the LL basis. We might expect that we can simply write the

second-quantized Hamiltonian as

HO = Z Z C;rzza h?ﬁ (n) Cnz'B (4.38)

zz! n=0

which uses the same basis as Eq. 4.26 and 4.34. However, this neglects the degeneracy
described in Eq. 4.3. This degeneracy leads to an additional quantum number, k,, that
must be summed over.

We now derive the non-interacting Hamiltonian more carefully. Once again, using the
gauge A = —ByZ, k = k, is a good quantum number. In second-quantized form, the

Hamiltonian is
,HO = Z / d2rH CI‘Hza h?ﬁ (d¢ &T) CT”z’B (439)
zz!

where h?ﬁ (a, &T) is Eq. 4.18 periodized in the z direction and Fourier transformed from k,

to z. We change to the LL basis to allow the a,a! to act on LL eigenstates:

Cr) 21 Cnkzl 1/}n—1,k('r||)
ez | i/oo dk | Cnkz2 Pn1k(T)) (4.40)
Cry 23 n=0’/=00 =T Cnkz3 YVnk (7))
Cr) 24 Crkz4 Yk (T||)
where
1/4 2
1 L ke —(y—ke3)? /262, y — klp
() = 2 A 4.41
Vi (r) (mB) NoT R {5 e
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and H,, are Hermite polynomials. It can be shown that this forms an orthonormal basis.

We define ¢_1 i, to be zero. The Hamiltonian can thus be written as

Ho=2 >, / 97 Cnkza hh(n) e (4.42)

where hgﬁ (n) is either Eq. 4.26 or Eq. 4.34 depending on the LL index, n.

The interaction term, Eq. 3.26, is

V=Uy Z/dzTH C;I;HZ’Y Cry 2 Ci\lzé Cry 26 (4.43)
z

Making the same change of basis as in Eq. 4.40, and explicitly writing the sum over v and

d, we obtain

dk1 dk:4 4 i
V= Z U76 Z Z / . nlklz’y Crgkazy € n3k3zd Crgkyzd

Z ni..nq

X U Py ke (P1) gy (7)) Vg ks (7)) Yrakeas (7))

(4.44)

where we define

wn,17k(r||) , Q= 1, 2
Vnka(r)) = (4.45)

Yok(r)),  a=3,4

The expression in square brackets in Eq. 4.44 is what must be determined. We define

AY ey, k) = /d27°|| Vrrkery (P11 Unakeary (7)) Vg kegs (7)) Ynakeas (7)) (4.46)

To express this more simply in terms of the standard LL eigenstates, Eq. 4.41, we define a

new quantity, Wy, . n,, that is independent of spin:

Wiy g (ks oo ka) = /dzTH Vraker (P1)Unaks (7)) Vg (7)) Vrakes (7)) (4.47)
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where

A71111,1122727113,27%4 = Wni—1na—1,n3—1,n4—1 (4.48)
Aﬁﬁ?ﬁé = YWni—1,na—1,n3,n4 (4.49)
Ag’lll,?iﬁllsjl34 - Wnl,n27n3—1,n4—1 (450)
Ai?%tﬁiﬁi = Whi nainsna (4.51)

Writing Eq. 4.47 out explicity using Eq. 4.41, we obtain

1 9—(nitna+nsz+na)/2

7762 vnilng!nz!ng!
k02 kil
/ dyexp< Z(y % ) )HHm (yB> (4.52)

lp

Wayooma (k1y o kg = / da o~ ik1—ka+ks—ka)z

Letting y/¢p — vy, defining p; = k;{p, and evaluating [ dz, we obtain

1 9—(nitna2+tnz+ng)/2

2l o — —
MQB N mlp 6(p1 — p2 + p3 — pa)
o 14 )\
><€B/ dy exp (—QZ(y—pi) ) 11 Hn: (v —pi) (4.53)

i=1 =1

Wiy (k1o ka) =

To evaluate the integral over y we express the product of two Hermite polynomials as a
sum of higher order single Hermite polynomials, as was done by Na and Marsiglio [78].
This reduces the product of four Hermite polynomials appearing in Eq. 4.53 to a sum of
products of only two polynomials, which can be evaluated by making use of the orthogonality
of Hermite polynomials. As will become clearer later, it is most useful to cast this expansion

in the form

Hy(y —p) H anml (p,q [\@ (y - p;—qﬂ (4.54)

where the argument of H; is chosen such that we can exploit the orthogonality of Hermite
polynomials. We must find the coefficients f,.,1(p, ¢). The procedure is somewhat different

from what is done in Ref. [78], as the arguments of the two Hermite polynomials on the
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left-hand side of Eq. 4.54 are different in our case, but the basic idea of the method is the
same.

First, we write the Hermite polynomial generating function
242t = t"
— X
e = ZOHn(x) — (4.55)
-

Since we want to solve the product of two Hermite polynomials with arguments (y — p) and

(y — q), we write the product of two generating functions:

2 B _82 s o0 o0 tn Sm
et 2t (y—p) o—s"+2s(y—q) _ Z Z H,(y —p) Hnly — q) — (4.56)
= = n!m!
The left-hand side (LHS) of this expression can be written as
2
s = 205)Va-59)- (%) se-ar-0-90-0 (4.57)

where the first exponential is a generating function with different arguments. Using Eq.

4.55, we obtain

> PHa\] (t+s\' 1 14 g2 (s
LHS = Y H, [\/§<y—)]< ) ~ema (=) =(=e)pa) (4.58)
1=0 2 vz /ol

We must now expand this expression in powers of ¢ and s. We use the binomial theorem to

write

l
L+ 3>l 1 <l> u yl—u
By o Lo () (4.59)
< V2 2/ o \u
Completing the square of the exponential in Eq. 4.58, yields

o 5(t=9)"—(t=5)(p—a) _ o3(pP—a)? —3(t—s+p—q)® (4.60)
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and then expanding the second exponential in the above expression in a power series of

(t —s), gives
e~ (t=stp—a)® _ Zgr q—p)(t—s) (4.61)

The LHS of this equation can be written as a generating function of Hermite polynomials:

Ymstp-a)® _ ~ba-p)? N g—p\ (t—s)
e 2 = e 2 ;)H( \/§> 73] (4.62)

and thus it is easily seen, by comparing Eq. 4.61 and 4.62,

—3(q—p) _
ez q—p
9rla=p) =~ Hr< \/5> (4.63)

Expanding (¢t — s)" using the binomial theorem, and putting it all together, we can write

Eq. 4.56 as

i[—[z [\/§<y_p-2HJ>] 6;2;‘2 igr ) ZZ:Z <i>< ) v gk

u=0v=0

" s™
—ZZHny p) Hnly —q) 5 (4.64)
I'm]!
n=0m=0
Matching the powers of ¢t and s yields

n=Il+r—u—v m=u-+v (4.65)

We can use these two expressions to remove the sums over r and v. In addition, Eq. 4.65
gives more stringent bounds on the sums on the LHS of Eq. 4.64. Comparing Eq. 4.54 to

Eq. 4.64, we see that

1
fami(q —p) = eI ez @ g (g = D) T (4.66)
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which is an explicit expression for f,..(p,q), and
min(m,l)
meuf LY [n+m—1
Dot = Y. (=1) <u> ( i ) (4.67)
u=max(0,l—n)

Now, we make use of the results just obtained to determine the matrix elements,
Wiy na(k1,...,ka), in Eq. 4.53. We begin by substituting the product of two Hermite

polynomials as sums of single Hermites, as in Eq. 4.54, where f,,.1(¢ — p) is given by Eq.

4.66:
ni+ns
p1+Dp
HTLI (y - pl) Hng Yy — p3 Z fnlngl pl) Hl |:\/§ (y - 123)] (4.68)
na2+n4
Dp1+ D3
Hn2 (y - p2) HTL4 Yy — p4 Z fn2n4j )H] [\/§ (y — 2>:| (469)

where we have used p; +p3 = p2 +p4 coming from the momentum-conserving delta function

in Eq. 4.53. By completing the square, we can write the Gaussian in Eq. 4.53 as

4 2\ 2
exp (i > —pf) _ 20 Ao e (470)

i=1
Thus, using Eq. 4.69 and 4.70, we can write the the integral over y in Eq. 4.53 as

ni1+n3 na2+nq

6_%@1 —p3)’® e 4(p2 —pa)? Z Z f’nl’ngl pl)fn2n4j(p4_p2)

/dye %) H [\/i (y - pl;pgﬂ H, [\/5 (y - pl;mﬂ (4.71)

Defining = = v/2 (y — %), we can write the integral above as

Jli /_O:O dre ™ Hy(z) Hy(z) = \}i 2 11 /76y (4.72)

where we have used the orthogonality relation of Hermite polynomials. Finally, substituting

the coefficient in front of the integral in Eq. 4.71, and Eq. 4.72 into Eq. 4.53, we arrive at
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our expression for Wy, n,(k1,...,ks) in Eq. 4.47, which is

19— (ni+na2+tnz+ng)/2

Wit oma (b1, .o k) = oL Tl 216(p1 + p3 — p2 — pa)

) . 1 ) min(ny+n2+nz+na4)
x e~ aP1mps)” = (p2mpe) > 2' 1 frr gt (D3 — P1) Fronat(Pa — p2)  (4.73)
1=0
We write the spin-dependent matrix element, A%f,...,n LK1y k), as
A aary o ka) = 2w 6(py s — pa — pa) ML (0,15 q) (4.74)
where
1 27(n1+n2+n3+n4)/2 1 5 1 5
MY (p,7',q) = e~ 1(P1—p3)* o—3(P2—pa)
MtLyemd V2 v/nilnglnglng!
min(ni+n2+nz+ng)
X > 211 fringt (D3 — P1) Frgnar(pa — p2)  (4.75)
1=0

is a form factor that contains information about the LL wavefunctions of the interacting
particles. The delta function leaves three unconstrained momenta, p,p’, ¢, which can be

chosen as p1 = p' + ¢, p2 =P, p3 = p — ¢, p1 = p, and we obtain

9—(n1+n2+n3+na)/2

]. 17,7 2 1.,/ 2
76 Iy — -1 —p+29)* —3('~p)
mns (PP ) = e = e ¢
min(ni+nz+nz+ng)
2'1! —p =2 — ) (4.76
X Z 'fn1ngl(p p Q)fn2n4l(p p) ( )
1=0

Substituting Eq. 4.74 into Eq. 4.44 gives

> dpdp’ dq 5 , t t
V= Z Uys Z Z / 55 5 Mt (P05 @) €y g oy Crap' oy g pg,5,5 Crap=s
" Lo 2T 2T 21

Z ni..n4

(4.77)
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In the interaction picture we obtain

N o dp dp’ dq
Vi) =>Us>, > / oo MY (0,7 )
~vé

i, 21 27 27

A

X cn1,p’+q7zn(ﬁ>6”21"2’7(71)6713,19—11,275(71)6"41’25(71) (4.78)

which, aside from the form factor, the sum over LLs, and the momenta being only in 1D,
is essentially of the same form as Eq. 3.29. Thus, we can carry out Wick contractions for
Eq. 4.78 and follow the steps laid out in Sec. 3.4 to obtain the second order self-energy for

a finite magnetic field.
4.3.1 Second Order Self-Energy for a Magnetic Field

The non-interacting Matsubara GF in the LL basis can be written as
0 R R
gizgiﬁn/(ky k’7 T — 7'/) = — <TT [anza(T) CL’k/z/g(T/)}> (4.79)

and due to translational invariance in the x direction of the Hamiltonian in the Landau

gauge, similar to Eq. 3.31, the GF is diagonal in k:

G (b K7 = 7) = GO (k7 — 1) 2 6(k — &) (4.80)

zz' mn! zz' nn!
and since the non-interacting Hamiltonian, Eq. 4.42, is also diagonal in n:

g(o)aﬁ (k,7— T/) = g(o)aﬁ(n’ k,7— 7'/) O (4.81)

zz! mn/ 2z

Moving to the Matsubara frequency domain, we can calculate the non-interacting Matsubara

GF from

G\ (n, iky) = (ikm — h(n)) 2 (4.82)

zz! za,z' B
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where, once again, h(n) is either Eq. 4.26 or Eq. 4.34 depending on the LL index, n. Note
that in this basis the non-interacting Matsubara GF has no dependence on k. As such, the
spectral functions in the self-energy will not have any dependence on k either.

The second order correction to the GF in the LL basis is

G298 (1, r) = = / i / dry (T [V (71)V (72) Gaza(7) s 0)] ), (4.83)

which is similar to Eq. 3.44. As mentioned in the previous section, the only differences
between this equation and Eq. 3.44 are the k) are “replaced” by the quantum numbers
appropriate in a magnetic field, n and k, there is a sum over LLs, and there is an additional
factor, the form factor, in the interaction terms. Following the same steps as those described
in Sec. 3.4.1 and 3.4.2, and using the properties in Eq. 4.80 and 4.81, we can obtain the
second order self-energy expressions for a finite magnetic field. We only give the final results
here due to the similarities in calculating the self-energy with and without a magnetic field.
The pair-bubble retarded second order self-energy for a finite magnetic field is (analogous

to Eq. 3.61)

R(2a
EZI(ZZ )W(n w) =

4U’y5 U,Lw Z / nnl,ng,ng(pﬂk )Mﬁly,n ng,ng(p - Q7k7 —CI)
ninansg
dey dea d€3

A(O)W(n17 €1)

27T 2122

A(O)(Sz/ (ng, 62)

27‘(’ Z122

y ((TLF(@) - nF(€3))(nF(€1) +np(es — €2))
w+ 10 — €1 — €2 + €3

A(O)ué(n% 63)

2921

) (4.84)

and for the double exchange diagram it is (analogous to Eq. 3.62)

R(2b
EZI(ZZQ )’W(n w) =

—4Uy U Z / nm,n27n3(p+q’k_q7 )M#ﬁnzm& (k;p,k —p—q)
ninang
de de de
27:142?)%”(”1:61) 2A§21i5(nz,ez) T;Agf)z‘i“ (n3, €3)

o ((nF(63) —nrp(e))(np(ea —€3) +np(er)
w+10 — €1 + €9 — €3

) (4.85)
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It is possible to evaluate [ g—ﬁ J g—fr analytically as we can write the product of the form
factors in terms of Hermite polynomials and a Gaussian, from which we can exploit the

orthogonality property of the Hermite polynomials. Performing this calculation yields

dp [ dq 5
/ % % MT’Z,nl,nz,ng (p7 k— q, CI) M#inm?)ﬂm (p —dq, ka _q) =
max(n+ni+n2+nz)

Nnnaj Mningj
- - - 4.86
2 (ID2(n +n2 = §)Hn1 +ng — j)! (4.86)

1 nlnilngIng!
(27)2 9(n+ni+n2+ns)

=0

for the form factors in Eq. 4.84 and 7)pn,j, nyny; are defined as in Eq. 4.67. Coincidentally,
. dp rd i
this is the same result for [ 52 ﬁMrﬁu,nz,na (p+a,k—q,q) MEY ) py (ks b —p—q) in
Eq. 4.85. Note that this expression is independent of momentum.
Using Eq. 4.86, we can write the broadening function for the pair-bubble diagram as

L5 (n,w) =

2 U75 U/“, Z n!nl!nQ!ng! max(n+m na+ns) nnngj 77n1n3j
deq deo
X /ﬁAg?)z;’“(nl, €1) / ﬂAg?)z‘i”(ng, €2) Aggll;5(n2, €1+ € —w)

X (np(ea) —np(er + €2 —w))(np(er) + npleg —w))  (4.87)

and for the double exchange diagram we have

p(b)wu(n’ w) =

Z2122

. 2 U»Y(S UHV Z TL!TL]_!nQ!n,?)! max<n+nzﬁ_n2+n3) nnnzj 777117L3j
R ez gGEmmEe) 2 (2t g — g)l(n + g )]
deq des

A(O)’YV(nl, €1)

o a2 A (ny, e9) AV (ng,w — €1 + €2)
T

o “lzozm Z122
2

X (np(w—€ + €) —np(e2))(np(er) + nple; —w) (4.88)

As was mentioned in Sec. 3.4.4, numerically evaluating the expressions for the broadening
function give the qualitative behaviour of the quasiparticle lifetime. In order to obtain a

quantitative measure of LL broadening, the Hermitian part of the self-energy is also needed
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so as to calculate the interacting spectral function. Once this is calculated, the DOS can be

plotted and the width of the LL peaks can be extracted.
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Chapter 5

Conclusion

In this final chapter we summarize the work that has been accomplished and suggest a few
directions for future research. Before examining the effects of electron-electron interactions
and magnetic fields on the SSs of 3D TIs, which was motivated by a number of recent
experiments, we needed to understand the SSs in the non-interacting limit. First, we plotted
the bandstructures for various slab thicknesses. We observed that a DC forms for thicknesses
greater than approximately 40 layers, and the gap closes at the DP at approximately 60
layers. Given that for our choice of effective lattice constant 60 layers corresponds roughly
to six physical QLs, this is in good qualitative agreement with experiments on TI thin films
(see Fig. 1.9). In addition, the states on the DC are localized to the surface, while all other
states are found anywhere in the TI slab. Moreover, the spectral function was found to
closely resemble the TI bandstructure and the surface DOS was approximately linear for
energies near the DP, as expected.

To include electron-electron interactions in the model, we first calculated the first order
self-energy. As predicted by theory, it does not affect the quasiparticle lifetime. However,
the second order self-energy does due to it having an anti-Hermitian part. It was too compu-
tationally intensive to calculate the full self-energy; therefore, we could not obtain a quan-
titative value for the quasiparticle lifetime. Nevertheless, we calculated the anti-Hermitian
part of the self-energy (the broadening function, I') which allowed us to examine the quali-
tative behaviour of the quasiparticle lifetime near the Fermi level. As expected, the lifetime
is infinite at the Fermi level and becomes finite as we move away from it. Our numerical

results for the broadening function were found to fit reasonably well to an w? dependence
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on w for small w, in qualitative agreement with Fermi liquid theory and in agreement with
experiment (see Fig. 1.10).

In examining the effects of magnetic fields on TI SSs, we first returned to the non-
interacting regime. Here, we found that the number of surface LLs does not increase with
the slab thickness. We calculated the surface DOS and plotted the LL spectrum. The zeroth
LL was easily distinguishable and the LL peaks were linear in /[n|B, except for the thinnest
slab considered. These two signatures are clear indicators that for sufficiently thick slabs the
TI SSs obey a relativistic LL spectrum. Once again, this is expected for states on a massless
DC. Next, we added interactions to our finite magnetic field model by deriving second order
self-energy expressions. We did not numerically evaluate these expressions; however, given

more time it would be possible to do so and would be an interesting property to examine.

5.1 Future work

There is still much work to be done in terms of obtaining a better understanding of how
electron-electron interactions and magnetic fields affect SSs on 3D TIs. Some new results
can be obtained within the framework of this model through only minor effort, while other
results will require substantial work and time.

Since the Hamiltonian used in this thesis describes BisTes and SbyTes in addition to
BisSes, it is quite easy in principle to conduct the same numerical work done in this thesis for
these materials as well as no change to any analytical work is needed. Another easy property
to examine is the temperature dependence of the broadening function. As the Matsubara
formalism was used in calculating the GFs, all that is needed to incorporate temperature
effects is to keep the full Fermi and Bose functions in Eq. 3.73 and 3.74. Calculating the
broadening function for a larger/different range of energies, for momenta away from the
Fermi surface, and for different chemical potentials are also easy to do as the numerical
algorithms for such calculations need not be changed.

One of the more involved calculations would be to numerically evaluate the integrals for
the calculation of the Hermitian part of the self-energy, A. This would be very computation-

ally intensive. As such, it would only be realistic to calculate A for smaller slab thicknesses
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(i.e., N, =~ 40). This, along with the calculation of I', would allow for the calculation of the
interacting spectral function, and thus a quantitative result for the quasiparticle lifetime by
measuring the width of the peaks in the spectral function. To determine the quasiparticle
lifetime in a finite magnetic field, a numerical calculation of the self-energy expressions at
the end of Sec. 4.3.1 is needed. The interacting spectral function and then the DOS could
then be calculated and the quasiparticle lifetime extracted from the broadened LL peaks.
Real TI samples are not perfect crystals; they have defects/disorder that break translational
symmetry. Our model could be made more realistic by considering such disorder effects. This
is possible by periodizing our Hamiltonian in all three directions, Fourier transforming fully
to real space, and adding a randomly varying potential on each lattice site to mimic disor-
der. Moreover, we neglected the cubic terms in k in our Hamiltonian. Including such terms
would allow for an examination of how interactions renormalize DC warping, and conversely,
how DC warping affects the quasiparticle lifetime in the presence of interactions. Finally, we
used a contact interaction here. More accurate results may be obtained by using a screened

Coulomb interaction.
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