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Abstract

This thesis discusses the electronic compressibility of two representative three dimen-
sional topological insulators: Strained mercury telluride (HgTe) and bismuth selenide
(BigSes). I present low temperature phase-sensitive electron admittance data over a
broad frequency range. This allows to extract the quantum capacitance related to the
density of states and the resistivity of the investigated materials. We show that the
response of an intrinsic topological insulator is dominated by topological surface states
over a large energy range exceeding the bulk material’s transport gap. This regime,
named “Dirac screening” is characterized by an electron compressibility proportional to
the surface Fermi level and a high mobility. Subsequently, we investigate the limits of
this regime. At high energy and large perpendicular electric fields we observe the pop-
ulation of excited massive surface states. Experimentally, these manifest themselves in
multiple signatures: A drop in the electronic diffusion constant, a peak in the conductiv-
ity, appearance of a second carrier type in magneto-transport and meta-stability in the
charge-voltage relation. A theoretical model based on a quasi-relativistic treatment of
the surface Hamiltonian is presented. It allows to identify the electric field and energy
dependence of the massive surface states. This thesis is complemented by experimental
results on BisSes crystals grown on boron nitride for which we demonstrate the impor-

tance of clean surfaces for the study of electronic properties in topological insulators.
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Résumé

Dans cette thése, j’étudie la compressibilité électronique de deux isolants topologiques
tridimensionnels : Le tellurure de mercure (HgTe) sous contrainte et le séléniure de bis-
muth (BiySes). Je présente des mesures d’admittance électronique a basse température
résolues en phase sur une large gamme de fréquence. Cela permet d’extraire la capacité
quantique associée a la densité d’états et la résistivité des matériaux étudiés. Nous mon-
trons qu’un isolant topologique intrinséque présente une réponse dominée par les états
de surface topologiques sur une large gamme d’énergie qui s’étend au-dela du gap de
transport du matériau massif. Ce régime, appelé « écrantage de Dirac », est caractérisé
par une compressibilité électronique proportionnelle & I’énergie de surface et une haute
mobilité. Dans la suite, nous nous intéressons & la limite de ce régime. Nous observons
qu’a haute énergie et sous l'influence de forts champs électriques perpendiculaires, des
états excités massifs de surface sont peuplés ce qui se manifeste expérimentalement de
différentes facons : Une chute dans la constante de diffusion électronique, un pic de con-
ductivité ainsi que ’apparition d’un deuxiéme type de porteurs en magnéto-transport et
de métastabilité dans la relation charge-tension. Un modéle théorique basé sur un traite-
ment quasi-relativiste du Hamiltonien de surface est présenté. Il permet d’identifier la
dépendance en énergie et champ électrique des états massifs de surface. Cette thése
est complémentée par des résultats expérimentaux sur des cristaux de BisSes obtenus
par croissance sur nitrure de bore mettant en évidence 'importance de la pureté des

interfaces d’isolants topologiques.
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Chapter 1

Introduction

1.1 A simple picture of electron conduction in a solid

Most physical properties of electronic transport in (crystalline) solids can be understood
within the so-called band theory; it is based on the quantum mechanical description of
particles moving in periodic potentials [1|. The usual classification of the conducting
properties that prevailed throughout almost the entire twentieth century knew metals,
insulators, semi-conductors, ferromagnets and superconductors. If we leave ferromagnets
and superconductors aside, the other phases can be predicted for a given material by
calculating the energy dispersion as a function of electronic pseudo-momentum for a
single electron E(k). It turns out that the energy spectrum forms bands, i.e. broad
energy ranges that do present electronic states. However, there exist also so-called gaps,
i.e. energy windows, in which no electronic states exist. The calculation of these bands
can often be accurately carried out in a single-electron picture, i.e. neglecting electron-
electron interactions [2]. This is somewhat surprising, as in a real material each atom
yields typically one electron. These occupy the energy levels up to a characteristic energy
w — the Fermi level. Note that due to Pauli’s exclusion principle each level can only be
singly occupied. For a metal, the Fermi level lies within a band, whereas for insulators,
the Fermi level lies within a so-called band-gap. According to this simple criterion,
a semi-conductor is just a certain kind of insulator; i.e. a system in which thermal
excitations are sufficient to populate a small portion of an electronic band, rendering the
system conductive. The connection between band-structure, Fermi level position and
conductivity can be understood in a simplified picture as follows: In order to pass an
electric current, i.e. transport electrons through the system, low energy electrons need
to be fed into the system through one lead and flow out of the system through another

lead. As electrons are Fermions and as such subject to Pauli’s exclusion principle, the
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additional electrons needed for conduction need to occupy an unoccupied energy level.
If there are no energy levels available in vicinity to the Fermi level, the electron cannot
flow into the system, i.e. it is an insulator, whereas in the metallic case, a large number

of states are available, resulting in a finite conductivity.

1.1.1 Electronic compressibility

From this simple picture, we can readily conclude that the number of available states in
close vicinity to the Fermi energy — called Density of states (DoS), defined as DoS =
On/Ou — is an important quantity for the determination of electronic conduction. The
above picture can be reformulated as follows: If an extra electron is put in the system,
how does the Fermi level change? Obviously, this question is somewhat ill-formulated,
as it does not specify any other external parameters that might affect the answer, like
temperature, external electro-magnetic fields, etc. We note that this question can be
treated in the framework of thermodynamics. Indeed, for the involved thermodynamic
variables in a homogeneous system, the thermodynamic identity is written using the

Helmholtz free energy as
dF(n,T,E,B,...) = —pdV — SdT + pdn — DA€ + HdB + ..., (1.1)

with the electric field €, magnetic field B and the corresponding conjugate variables D
and H. The inverse electron compressibility at fixed electromagnetic field, temperature

and volume is usually defined as [3]

0
1/k=n2 2 : (1.2)
Mlryven
with the particle density n = N/V. We observe that compressibility £ and density of
states are closely related. In chapter 3 I will show that the measurements presented in
this thesis probe the (surface) DoS. As a slight abuse of terminology we will therefore

use the term compressibility to designate the quantity y defined as

x(n,T,E,B,...) = (gZ) , (1.3)
T.E,B,...

whereas the term density of states is used to designate this compressibility at zero-
temperature. We note that y can explicitly depend on the electric field, a feature that

will turn out to be of great importance in this work.
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FIGURE 1.1: a) Quantum capacitance of graphene as a function of chemical potential
measured at LPA. Adapted from Ref. [15]. b) Oscillations in capacitance as a function
of gate voltage and B-field for a 3D strained HgTe TT sample. Adapted from Ref. [16].

We highlight that the above line of thought allows us in principle to distinguish between
conductors and insulators based on the thermodynamic quantity x. However, it does

not account for scattering processes limiting conduction.

We shall now discuss how x can be determined experimentally. Already in 1968, Kaplit
and Zemel [4] observed that the capacitance of a two-dimensional electron gas (2DEG),
is affected by strong magnetic fields due to Landau quantization. In particular they
observed strong suppressions of the measured “small-signal space charge capacitance”
when the system was driven in between two Landau levels. Smith et al. [5] showed that
these capacitance features are directly related to the density of states of the 2DEG up
to a factor of 2. Luryi coined the term “quantum capacitance” for this phenomenology
and pointed out that 2D charge carrier distributions screen electric fields only partly [6].
Since these first experimental and theoretical efforts, quantum capacitance measurements
were used to probe the electron compressibility of different low dimensional systems. As
examples, Eisenstein, Pfeiffer and West revealed a negative electron compressibility due
to electron-electron interactions in ultra-clean 2DEGs [7, 8]. Similarly Ilani et al. 9]
investigated the role of electron-electron interactions in carbon nanotubes, i.e. in a one
dimensional system. For graphene, Fang et al. [10] calculated the quantum capacitance
for an infinite sheet and nano-ribbons. Shortly after, the quantum capacitance with and

without quantizing magnetic fields was measured by several groups [11-14].

In order to probe the electron compressibility via capacitance measurements, one usually
measures the current in response to a small voltage excitation at finite frequency while an
external parameter is varied. This parameter can be a gate voltage, allowing to change
the Fermi level or a magnetic field. A common issue in this approach lies in the correct

disentanglement of resistive and capacitive effects at finite frequencies |5, 17]. Pallecchi
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et al. showed how a phase-sensitive microwave admittance measurement probes simulta-
neously capacitance and conductivity variations in graphene [15]. Importantly, as will be
recalled in more detail in chapter 5 of the present thesis, simultaneous measurement of
capacitance and conductivity allows us furthermore to determine the electronic diffusion

constant D.

The capacitive method successfully used to measure the electron compressibility in low
dimensional systems, must be handled more carefully when three-dimensional systems
are investigated. This comes from the fact that the local compressibility as defined in
eq. (1.3) cannot directly be probed in a capacitance measurement. Indeed, the screening
effects in a 3D material lead to a space dependent electron density and a space-dependent
chemical potential. In this case, the experimentally accessible quantity is the (electronic)
surface compressibility xs = Ongot/Ops, where nyo is the total integrated charge of the
3D structure and ps the surface chemical potential. This quantity can yield valuable

quantitative information about the band-bending properties of bulk states [18].

In this thesis, we are going to employ capacitance measurements on three-dimensional
(3D) topological insulator (TT). These materials have a rich electronic phenomenology
as discussed in section 1.2.2 below. In particular, 2D topological surface states (TSS)
can coexist with “trivial” bulk electrons. A more detailed discussion of the combined
capacitive response in this case is given in chapter 3. First magneto-capacitance studies
on the TI BiySes were carried out by Xiu et al. [19]. There has been considerable theoret-
ical effort on magneto-capacitance in TIs, focusing on the effects of strain [20], Zeeman
splitting [21], quadratic corrections in the TSS band-structure and electron-electron in-
teractions [22] as well as hexagonal warping [23]. Kernreiter et al. [24] proposed quantum
capacitance measurements as a tool to characterize the topological phase transition of
HgTe-based quantum wells as function of well thickness. Kozlov et al. [16] presented
combined magneto-capacitance and -conductivity measurements on strained (3D) HgTe

films. I will further comment on these measurements in chapter 2.

Most measurements of electronic (surface) compressibility rely on a change of the electron
density via a (DC) gate electrode. Inevitably this implies the creation of electric fields
in the insulating layer between the investigated material and the gate electrode. For
several materials, e.g. double layer graphene |25-27|, black phosphorus [28-30] and
phosphorene [31], an explicit electric field dependence of the band gap has been calculated
theoretically and partly been observed experimentally. Also in the case of topological
matter, some effort has been made into this direction. As an example, the effect of
electric fields on strained 2D HgTe quantum well systems were studied: In this system, a
renormalization of the Fermi velocity and the inversion of the band-gap was theoretically

predicted under strong external electric fields [32-34|. Recently, Krishtopenko et al. [35]
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predicted a topological phase transition in two tunnel-coupled HgTe quantum wells when

the electric field between the double-well structure is varied.

The role of topology in thermodynamics has been less considered so far [36, 37]. Under
this aspect, compressibility measurements could eventually help to establish a stabil-
ity phase diagram. As a simple example consider the (p — V') compressibility kp =
—(1/V)0V/Op|T that diverges at the liquid-gas critical point. In the context of topo-
logical matter, measurements of local compressibility have been proposed to identify,
e.g. the normal- to topological p-wave superconducting phases of a nanowire (candi-
date for hosting Majorana fermions, see below in section 1.3) [38] or a “topological to
trivial™-phase transition of superfluid states in ultracold Fermi gases [39]. Interestingly,
the thermodynamics of the trivial to topological insulator transition are far less studied,
perhaps due to the fact that for topological transitions no local order parameter can be
defined [40]. Very recently, it has been shown however that such a phase transition in
a d-dimensional TI is of order d in the boundary and of order d + 1 in the bulk using
Hill’s thermodynamics, cf. Refs. [36, 37]. Hence, a third order phase transition, i.e. a
discontinuity in the derivative of a 3D TI’s TSS-compressibility with respect to chemical
potential is predicted to occur. In these seminal papers, the driving parameter for the
phase transition is the effective electron mass, hardly continuously variable in an experi-
ment. It is part of this thesis to raise the question (without answering it) whether strong

electric fields could drive such a phase transition.

Generally, to our knowledge, little attention has been paid to the role of strong electric
fields on the electronic properties of 3D TI materials in the context of quantum capac-
itance so far. Calculations on the evolution of the electronic bands in the strained 3D
HgTe TI system were carried out by Baum et al. [41]. In this work, quantum capacitance
effects were however explicitly neglected. It is a central aim of this work to investigate
the effects of strong electric fields applied perpendicular to a surface of a topological

insulator.

1.2 Topological insulators

In this section, I will present a short historical introduction of topological insulators.
The details of theoretical developments in the field will not be treated in depth. A com-
prehensive introduction to the important theoretical concepts of topological insulators
can be found in the book by Bernevig and Hughes [42|. In particular, the Berry cur-
vature, the Chern number and the Zs index will be introduced only very rapidly. It
shall be mentioned that topological phases can be classified into a “topological periodic

table” [43, 44]. Details on these classifications are omitted. I will rather point out the
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relevant properties of topological surface states for the understanding of this thesis in
section 1.2.2 and invite the interested reader to consult — besides Ref. [42| — the reviews
by Kane and Hasan [45], Qi and Zhang [46], but also my previous work [47]| as well as
the PhD thesis by Veyrat [48| and some of the original work [43, 44, 49-54] for details
on theoretical aspects. For a popular scientific introduction in French, I recommend the

article by Carpentier and Lévy [55].

1.2.1 A historical approach

As explained in the beginning of this chapter, shortly after the foundations of quantum
mechanics were laid, the band theory of solids predicted with good reliability the elec-
tronic properties of most materials. In 1979 however, Su, Schrieffer and Heeger [56] found
that although the one-dimensional chain of polyacetylene generally has a band-gap, some
soliton electronic states exist within the band-gap at the domain-boundary between “A’-
and “B’-type chains!. The topological origin of this soliton solution remained obscure at
the time. A first interpretation of these solitons in terms of topology was developed by

Ryu and Hatsugai [54].

The Quantum Hall Effect (QHE) [57] is probably the best-known example of a system
where standard band theory was shown to be misleading. Indeed, the electronic band
structure of a 2DEG under the influence of a strong external magnetic fields is deter-
mined by the formation of Landau levels. If the Fermi level is tuned to lie in between
two such Landau levels, band-theory predicts that no current can flow in the system.
However, (dissipationless) conduction through edge states on the sample boundaries is
observed [58]. These edge states are chiral, i.e. depending on the direction of the mag-
netic field, the electrons propagate clock or anti-clockwise. Thouless et al. (TKNN) [53]
were the first to reveal a link between the observed quantization of transverse (Hall)
conductivity and a topological index, the Chern number c. They realized that the Bloch
wave-functions |u, (k)) describing the bulk electrons in the Quantum Hall regime acquire

a phase when the wave-vector k varies around the boundary of the Brillouin zone?:

B = 72 (1t () |V st () ) 2. (1.4)

This phase is called the Berry phase [59]. The integrand is called the Berry connection
Ap. Using Stokes’ theorem the line integral can be expressed as a surface integral of

the Berry curvature B = Vg x Ap over the Brillouin zone [45]. The Chern number

n polyacetylene the C-C bonds are alternating single and double bonds. “A”- and “B™-type differ
by the phase of this alternation.

2The path can also be deformed as long as the gap is preserved, in other words as long as the
band-index n is well-defined.
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FIGURE 1.2: The quantum spin Hall effect in HgTe Quantum wells. A: Inverted band
structure of HgTe and normal ordered band structure of CdTe. B: Depending on the
width of the Quantum well, the bands are inverted (right) or not (left). C: Experimental
realization of quantized edge state conductance (III and IV) without magnetic field. D:
Schematic view of the QSHE. (A and B adapted from Ref. [62], C and D adapted from
Ref. [63].)

is defined as the sum of the Berry phases (divided by 27) of all occupied bands: ¢ =
i occupied bands $B- It shall be mentioned that the calculation of the Berry phase (and
consequently the Chern number) is mathematically analogous to the calculation of the
genus of a Riemannian Manifold via the Gauf-Bonnet theorem [60, 61]. This connection
to “pure mathematics” justifies the terminology topological insulator. Importantly, the
number of conducting edge modes v, defining the Hall conductivity in the Quantum Hall
regime 0gy = V% is equal to the Chern number, calculated from bulk bands. This link
between topological properties of bulk bands and edge-modes — also called bulk-boundary
correspondence — is of great importance for the understanding of topological insulators.

We highlight that a 2DEG in the integer QHE regime can thus be interpreted as the first

realization of a TI. It took some time before other topological indexes were identified.

The prediction and coining of the term “topological insulator” goes probably back to
two seminal papers by Kane and Mele [49, 50|, in which a general scheme for identifying
another topological index (the Zz index) was laid out and a “toy model” in graphene with
spin-orbit interaction (actually dating back to Haldane [64]), illustrating the emergence
of topologically protected edge states was presented. These edge-states are similar to
the chiral edge states of the Quantum Hall effect. However, as time-reversal symmetry is
preserved in this system, chiral edge states are forbidden due to symmetry. Importantly
the edge states are helical, i.e. spin-polarized (cf. Fig. 1.2). This new type of spin-

polarized quantum Hall edge states without magnetic fields is called the quantum spin
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Hall effect [65]. Unfortunately, it quickly turned out that spin-orbit interactions in
graphene are far too weak to observe topological effects [66-68]. An alternative approach
to topological insulators was simultaneously developed by Bernevig, Hughes and Zhang
(BHZ) and presented in Ref. [62]|. Here, a six-band model for CdTe/HgTe was reduced to
the case of a quantum well grown in [001] direction (Fig. 1.2). This lead the authors to an
effective 4-band Hamiltonian that is nowadays called the BHZ-Hamiltonian. Importantly,
HgTe presents a large spin-orbit coupling, leading to an inversion of I'g and I'g-bands.
They thus proposed the first realistic system in which non-trivial topological phases
(apart from QHE) could be observed in an experiment. Shortly after, the Molenkamp
group in Wiirzburg indeed observed quantized edge-state conduction without magnetic
field in a CdTe/HgTe/CdTe quantum well [63] as predicted for a 2D TI, Fig. 1.2. In a
subsequent experiment, the spin-polarization of these edge states could be measured and

confirmed their topological character [69].

After these initial findings, the hunt for other topological materials started. In partic-
ular, the prediction of 3D TIs — 3D bulk insulators with conductive topological surface
states (T'SS) — cf. Kane, Fu and Mele, Ref. [52], led to considerable research effort in
this direction, cf. Ref. [45] for a review. In this context, Bij_,Sb,, BisSes, BiyTes and
SboTes were proposed by Zhang et al. [70] and confirmed in several ARPES measure-
ments [71-74]. In 2011, the Wiirzburg group demonstrated that thicker (~ 100nm)
layers of (strained) HgTe are also 3D TIs [75].

1.2.2 Properties of topological surface states

For the understanding of this thesis, some properties of topological surface states are

particularly important.

First, the topological surface states are robust: They emerge at the interface between
two materials of different topological index. To understand this point in more detail, it
is insightful to stick to the edge states of the QHE in first place. As explained above, the
Hall conductance of a 2DEG in the integer Quantum Hall regime is given by o = ve?/h,
where v is equal to the sum of Chern numbers of all occupied bands (calculated for
an infinite system). Importantly, as v is a (topological) integer, it cannot vary under
smooth transformations of the Hamiltonian (as for example due to weak disorder). This
“topological robustness” can be illustrated by the topological distinction of a ball and a
donut, where smooth transformations (mathematically homeomorphisms) cannot pierce
a hole into a ball, cf. Fig. 1.3. As stated above, the calculation of the topological indexes
is analogous to the calculation of the genus of a manifold, i.e. the number of holes in a

structure.



Topological insulators 9

F1GURE 1.3: Topologically a football and a calabash gourd — a traditional gourd for
drinking mate, the argentinian national drink — are identical, with genus ¢ = 0 (no
holes, they can smoothly be transformed into each other). Similarly a donut and a
Majskrug — the traditional mug for drinking beer, the bavarian national drink — are also
identical with genus g = 1.

Following the argumentation in Ref. [42, Chapter 6], it is now interesting to investigate
the phenomenology at the boundary between two systems with different Chern number,
i.e. different Hall conductance. The integer Chern number is unambiguously defined on
both sides of the boundary and cannot be changed as long as the system remains gapped.
Thus, when approaching the boundary region from one side, the gap must close and re-
open with a different Chern number on the other side in order to explain the change in
Hall conductivity between the two systems. This implies that at the boundary between
two materials with different Chern number (Hall conductivity) electronic states are al-
ways available in the boundary regions at in-gap energies. It is important to highlight
that it is a bulk property that determines the existence of boundary states. Therefore,
disorder in the boundary region cannot gap out these edge-modes. This phenomenology
is often called bulk-boundary or bulk-edge correspondence. In a topological insulator it is
not necessarily the Chern number that takes non-zero values, resulting in edge/surface
states, but it can be another invariant as the Zs-index [43, 50]. Importantly the bulk-
edge correspondence, if extended to a 3D system, results in topological surface states
whose existence is ensured by the same topology based arguments as described for 2D

systems above.

Second, the TSS are spinors, i.e. (at least) two-component wave-functions. This is
a clear difference to (spinless) quantum well states that can be described by a scalar
wave-function. In particular the TSS (in a time-reversal invariant system) are spin-
polarized?, i.e. the vector product k| x s — also called the helicity — is a constant for all
in-plane momenta k. This phenomenon is very similar to the pseudo-spin polarization

of electrons in graphene where the pseudo-spin is associated to the sub-lattice index,

3This terminology has to be handled with care: Indeed, it is not necessarily the real electron spin s,
but rather the total angular momentum j that is polarized. More precisely, in a time-reversal invariant
system of spin-1/2 particles, all energies are (at least) doubly degenerate due to Kramer’s theorem.
The two states corresponding to the same energy are called Kramers partners that have opposite total
angular momentum. To simplify the notation, the term spin will however be used.
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cf. e.g. [76]. An important consequence of this spin polarization is that direct back-
scattering is forbidden [77-80]. This results generally in a high mobility of topological
surface states, e.g. on the order of ~ 100.000 — 600.000 cm?/(Vs) for HgTe TSS [81, 82].

Third, related to the first and second point, the TSS Fermi surface encloses an odd
number of Dirac points [52, 83] — usually a single one. A Dirac point is characterized
by a linear band-crossing, such that the small-energy spectrum can be approximated as
E = hvpk with the Fermi velocity vg. The consequence of such a linear band dispersion

— yet another similarity to graphene, is a linear density of states

gFE

DoS(E) = o (hop )

(1.5)
where g is a degeneracy factor. In contrast to graphene (¢ = 4 due to spin and valley
degeneracy) for TSS g = 1. In the context of quantum capacitance, this linear relation is
particularly important. It shows that when the charge carrier density is lowered, e.g. by
application of a gate voltage, the quantum capacitance varies linearly with the chemical
potential. This is in strong contrast to a massive 2DEG, e.g. emerging at the interface
between two semi-conductors [84, 85], where the density of states is constant and given
by

gm*

W. (1.6)

DoSaoprc =

1.3 Other topological phenomena in physics

Topological phenomena in physics are not limited to topological insulators. Indeed,
presumably the first link between this field of mathematics and the physical world was
established by Berezinskii [86, 87] and Kosterlitz and Thouless [88] in order to describe
a topological phase transition in a 2D spin system. Kosterlitz and Thouless received
the 2016 Nobel prize in Physics for this discovery, together with Haldane who, besides
his contributions to the “quantum Hall effect without Landau levels” [64], revealed the

importance of topological solitons in 1D spin-chains [89, 90].

Over the last decade, a true hunt for new topological phenomena in solid state physics
started. One of the most prominent is the so-called Majorana zero mode. E. Majorana
predicted the existence of zero-energy particles, described by a real-valued wave-function,
based on the Dirac equation [91, 92|. Importantly, these “Majorana” quasi-particles are
their own anti-particles. Several candidates for these exotic particles have been proposed
over the last decades, including the photino — the supersymmetric partner of the photon
— or the neutrino [93] and excitations within vortex cores of p- or f-wave superconduc-

tors [94, 95]. Possible experimental realizations are SraRuQOy4 [96] and UPt3 [97-99],
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respectively as well as p-wave superfluids such as Helium 3 [100]. Combining s-wave
superconductivity (NbTiN) with strong spin-orbit-coupled semiconductors (InSb) in a
Zeeman-field [101], first (controversial) signatures of Majorana bound states were de-
tected in Kouwenhoven’s group in Delft [102]. Since then, important theoretical and
experimental effort has been made on these Majorana bound states, due to their poten-
tial applications for fault-tolerant quantum computing, cf. Refs. [103—107, and references
therein|. As an alternative platform for the observation of Majorana end modes, chains
of ferromagnetic atoms on the surface of superconductors have been proposed [108, 109].
A real space mapping of such Majorana states using Fe on Pb has been performed
via scanning tunneling microscopy in Yazdani’s group at Princeton [110, 111]| and re-
cently confirmed and complemented in Basel and Berlin [112, 113]. From the topological
perspective, Majorana zero-modes occur at the boundary of topological superconduc-
tors [43, 114]. If a topological insulator is rendered superconducting, e.g. by proximity
coupling to a (standard) s-wave superconductor, such Majorana modes are predicted to
occur. Besides the above, further experimental signatures for Majorana zero modes were
predicted, such as a splitting of the zero-bias peak [115] or a 4m-periodic AC Josephson
effect [116, 117]. Such a 4m-periodic Josephson effect (and the corresponding vanishing
of odd Shapiro steps) was reported by the Wiirzburg group on Josephson junctions made
out of HgTe in 2D [118, 119] and 3D [120].

The existence of topological surface states in topological insulators is ensured by time-
reversal symmetry. This concept can be extended to crystal symmetries leading to
so-called topological crystalline insulators [121, 122]. The Pb;_,Sn,(Se,Te) material
class has been identified as a realization of this topological platform [123], observed in
ARPES [124, 125] and magneto-optics [126]. Importantly a topological phase transition
can be driven by changing the Sn content [127|. Yet another topological class are the
topological Kondo insulators [128] realized e.g. in SmBg [129]. Recently, a systematic
numerical approach to identify topological non-trivial band-structures was developed and

published as a software package allowing to screen material databases [130].

Another fundamental aspect of topological physics and topological insulators is the close
link to axion electrodynamics. Wilczek pointed out that an additional term FE - B in the
electromagnetic Lagrangian — initially introduced in particle physics to resolve a problem
related to CP-violation — leads to modifications of Maxwell’s equations [131]. Here 6 is
the so-called axion field. When Qi, Hughes and Zhang developed a field-theoretical
approach to topological insulators in Ref. [132], they noted that the electromagnetic
action of a topological insulators includes such an axionic term, where the topological
insulators “magnetoelectric polarization” P3 plays the role of the axion field 6. A direct
consequence of this magnetoelectric polarization are crossed terms in the constituent

equations between D (H) and E (B). Furthermore, they lead to surprising physical
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phenomena, such as magnetic monopoles [133] and (recently observed) quantized Kerr

and Faraday rotations [82, 134].

Although some experimental techniques developed during this PhD might be adapted
to the study of the above-mentioned new topological phenomena, they do not lie in the

focus of this work.

1.4 Scope and outline of this thesis

It is the goal of the present thesis to investigate the dynamical electron compressibility of
3D TIs. In particular, the role of strong electric fields applied perpendicular to the surface
of 3D TT systems will be investigated in a radio-frequency metal-insulator-topological

insulator (MITI) capacitor geometry.
The thesis is organized as follows:

The investigated materials are strained layers of three-dimensional HgTe thin films grown
on CdTe substrates and BiaSes-flakes grown by solid vapor deposition (SVD). It is the
topic of chapter 2, to introduce the main properties and to provide a short overview of

the experimental and theoretical state of the art for those two representatives of 3D TIs.

When probing the capacitance of a 3D TI system, depending on the carrier concentra-
tion, the corrections to the geometrical capacitance can be dominated by the quantum
capacitance of a TSS, or feature a combined response of TSS and bulk states, similar to
the Debye capacitance of a doped semi-conductor. In the degenerate limit, i.e. if the
doping concentration of the bulk is sufficiently high to lift the Fermi level into a bulk
band, the standard formulae for semi-conductor capacitance (accumulation, depletion,
inversion) do not hold any more [2]. In chapter 3, I will formally introduce the concept
of quantum capacitance and derive useful formulae for the response of a bulk system,

possibly coexisting with the TSS.

Chapter 4 is divided into two parts. First, I will present the fabrication techniques of
the studied MITI-capacitor devices. Afterwards, I will present the measurement setup
used for DC biasing, lock-in capacitance measurement and radio-frequency (RF) admit-
tance measurements. To conclude this chapter, the RF de-embedding procedure will be

explained in some detail.

In Chapter 5, I present the main results of this work that have been obtained on
strained HgTe MITI capacitors. I will discuss experimental results on two different

batches of samples, corresponding to an intrinsic, i.e. almost bulk-carrier free, and
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an unintentionally n-type doped sample. By comparing these two samples, we con-
clude on the high quality of the intrinsic sample by investigating the energy depen-
dence of the electronic diffusion constant, finding a constant charge carrier mobility of
pte = 120.000 cm?/(Vs). We observe a drastically increased scattering rate for this sam-
ple at large electric fields. Combining this observation with magneto-transport data,
obtained by our collaborators in Wiirzburg, our RF admittance measurements and the
appearance of meta-stability above a certain threshold voltage in low-frequency quantum
capacitance measurements, we present four-fold evidence of massive surface sub-bands
at high electric fields (~ 108 V/m). Furthermore, the capacitance measurements confirm
the intriguing screening properties of TSS, coined “Dirac screening” in Ref. [135]. For the
n-type sample, we present oscillations in the electrical resistivity as a function of applied
gate voltage, i.e. electric field and charge carrier density. A simple model, developed by
Serguei Tchoumakov, Mark Oliver Gorbig (Université Paris Sud) and David Carpentier
(ENS Lyon), depending on very few adjustable parameters, will be presented. It explains
most of the observed phenomenology. In particular, we show that the electronic spec-
trum for the interface region between an inverted gap and a normal gap insulator has a
richer structure than naively expected. Indeed, if a finite width £ of the interface region
is assumed, massive surface states coexist with the massless Dirac T'SS. Interestingly the
properties of the interface region are determined by only a few parameters that are the
Fermi velocity vp, the gap of the topological insulator A and the width €. In partic-
ular natural scales for electric fields &7 ~ A/¢ and “topological confinement energies”
e = hvup /€ emerge. Our thin gate design for the quantum capacitance studies enables us
to investigate the high-electric field limit £ — £p. The observed sub-band population as
well as the resistance oscillations can be explained through a gap reduction of massive

surface states and a renormalization of the Fermi velocity in this high field limit.

Chapter 6 contains recently realized measurements of BisSes-based MITI capacitors. In
particular, we report on the observation of a capacitance minimum associated to a T'SS
Dirac point in a hBN-encapsulated BisSes-flake. Interestingly, on this alternative 3D TI
platform, similar features as for the HgTe samples can be observed in the resistance data
at high electron concentration. At low TSS carrier concentration, the resistance data
suggests however the coexistence of other conducting channels in the system that are
attributed either to bulk or bottom-surface carriers. From the temperature dependence of
capacitance and resistance, we identify the role of electron-acoustic phonon scattering and
find a value of the deformation potential D = 17¢eV. To conclude the chapter, we show
indications for T'SS Dirac physics at room temperature. Furthermore, we assess a sixfold
mobility difference between the top- and the bottom surface of the investigated sample,

with a very high carrier mobility of the bottom TSS on the order of pe ~ 4000 cm?/(Vs).
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This observation highlights the importance of protecting the surface of BisSes during

device fabrication in order to maintain high electron mobilities of the TSS.

To conclude, I will summarize the main findings of this thesis in chapter 7 and provide an
outlook of future experiments on strained (3D) HgTe and encapsulated BiySes-samples
as well as on more exotic emergent systems such as Weyl semi-metals. I will also shortly
comment on how capacitance measurements might be used to investigate axion physics

in topological matter.



Chapter 2

A short review of the
three-dimensional topological

insulators HgTe and BiySej

This chapter provides an overview of the theoretical and experimental studies on topo-
logical insulators. The following does not pretend to be a complete review of a field with
over 1.600 publications in 2015 [136], but it will focus on the two main materials studied
in this thesis, BisSes and HgTe. To start, I will quickly present four approaches to in-
vestigate topological insulators in general, pointing out their advantages and drawbacks.
This will be followed by a presentation of HgTe and BisSes. In these sections, the focus
lies on relevant findings for the understanding of the subsequent chapters of the present
thesis and aims at placing my work in the context of current research. In the last section,

I will summarize the main similarities and differences of these two materials.

2.1 Methods for characterizing topological insulators

There are four main approaches for the characterization of topological insulators. These
are a) theoretical band-structure calculations, b) angle-resolved photoemission spec-
troscopy (ARPES), ¢) classical and quantum magneto-transport and d) Capacitance
spectroscopy. All the presented methods are in fact not limited to TIs and date back
to the early or mid 20th century. I will therefore not explain them in detail but rather

point out their advantages and limitations when employed on topological insulators.

15
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2.1.1 Theoretical band-structure calculations

Generally, the investigated materials are present as solids and usually form a crystalline
structure. Once the crystal structure is determined, several methods can be employed
to calculate the band-structure of the material, i.e. the energy quasi-momentum re-
lation within one Brioullin zone. Commonly used (textbook) methods are quasi-free
electrons in a weak periodic potential or tight binding calculations, along with several
other methods cf. Ref. |2, Chapter 11: “Other methods for calculating band structure”].
A prominent example is given by the k - p-method: If the band structure for a given
pseudo-momentum fikg is known (typically a high-symmetry point), the band structure
around this k-vector can be found using perturbation theory. Most of these methods
work well in the limit of an infinite crystal. Thus bulk bands can theoretically be calcu-
lated with relatively good precision. For the case of TIs, where surfaces play a crucial
role, these methods have their limitations. This issue can be circumvented using the
so-called envelope function method developed by Bastard [137, 138]. This method treats
generally the case of an abrupt (step-like) change in some parameters of the Hamil-
tonians “left” and “right” of the barrier. We will discuss an alternative approach in
chapter 5, where a finite width £ for this region is assumed. Furthermore, almost all
methods mentioned so far describe single-electron motion. Including electron-electron
interactions requires other (numerically expensive) methods like density functional the-
ory, see e.g. Ref. [70, 139]. Note that most of these methods are valid for infinite crystals
at zero applied electric fields. Most technologically relevant devices are however based
on gate-tunable electron transport. Quite often, a classical description using Maxwell’s
equations and (very few) material-specific parameters is sufficient to catch the exper-
imentally observable phenomenology. Such an approach will be explained in detail in
chapter 3. However, there are also quantum mechanical methods to treat this kind of
situation, like for example Schrédinger-Poisson calculations: There, the electron density
is calculated self-consistently from a Schrodinger equation including an (electrostatic)

potential created by this electron density in the original Hamiltonian [41].

2.1.2 ARPES

The concept of angle-resolved photo-emission spectroscopy (ARPES) goes back to the
beginning of the 20th century and the photo-electric effect: The investigated material
is exposed to high energy photons E. in order to overcome the electronic work function
(typically on the order of 2 5¢eV). If an initially bound electron of the material absorbs
such a photon, it is released into free space. By measuring the energy and momentum

of the photo-emitted electrons, using an angle resolved setup, one can access the initial
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FIGURE 2.1: The inelastic mean free path of electrons as a function of energy above
the Fermi level follows a universal law [140]. We observe that ARPES probes mainly
the surface band structures of materials. Adapted from Ref. [140].

state of the electron and reconstruct the dispersion relation (i.e. the band-structure)

E(k) of the investigated material.

However, the concept of ARPES leads to an important drawback of this method: Only
occupied electronic states, i.e. the valence band can be observed by this technique. In the
case of p-doped samples, or intrinsically undoped topological insulators, no information

about the dispersion at energies above the Fermi level can be gained by standard ARPES.

Furthermore, due to the finite (and energy dependent) inelastic mean free path of photons
and photo-electrons, ARPES probes the electron structure typically only in the surface
layers (~ 1-10nm) of the investigated material [140], cf. Fig. 2.1.

2.1.3 Magneto-transport
2.1.3.1 Classical

When a conducting sample is placed in orthogonal electric and magnetic fields, a volt-
age develops along the axis orthogonal to the axes of the fields. This effect was first
investigated by Hall [141] and carries his name nowadays. It is a standard exercise for
undergraduate students to show that the Hall resistance is given by

Vy, B

Ry=-Y=" 2.1
H I, ne’ (2.1)

where B and I designate magnetic field and current respectively whereas e is the elec-
tronic charge and n the 2D carrier density. In eq. (2.1), a current is driven along the
z-axis, Vj is the voltage along the direction orthogonal to the current and the magnetic
field (oriented along the z-axis). This relation can therefore be used to extract the carrier
density in a system of one type of charge carriers. The temperature dependence of charge

carrier density can in principle be used to determine the type of conductor: For a metallic



18 Chapter 2: 3D TI HgTe and Bi2Se3 — a short review

system this quantity should not depend on temperature whereas it decreases exponen-
tially for a semi-conductor. This argumentation was used also for topological systems
(e.g. Ref. [142]), in order to identify the contributions of topological (metallic) surface
states vs (semi-conductor like) bulk states. A problem with classical magneto-transport
arises naturally when dealing with topological insulators. As typically the two surface
states and often the bulk states contribute to transport, the linear relation between Hall
resistance and magnetic field breaks down and one typically observes S-shaped features.
This situation is treated, e.g. in Ref. [2]. In this case, correct identification of the differ-
ent parameters becomes cumbersome and requires several a priori-assumptions. Eguchi

et al. addressed this issue for the particular case of topological insulators [143].

2.1.3.2 Quantum Hall effect and Shubnikov-de Haas oscillations

Under strong magnetic fields, Landau levels develop, causing oscillations in the longitu-
dinal resistance (Shubnikov-de Haas effect) and plateaus in the Hall resistance (Quantum

Hall effect), cf. Ref. [144] for an introduction to both effects.

Especially the analysis of SAH oscillations is a common tool for Fermi-surface determi-
nation |2, p.263ff.|. For Dirac fermions with non-vanishing Berry phase (i.e. the TSS,

cf. chapter 1), the Landau level index and magnetic field are related via
B
N = 27r§F + 8, (2.2)

where N is the LL index, B is the frequency of the oscillations, and 8 the Berry phase.
In principle, the phase of a topological surface state differs by m with respect to a non-
topological state (chapter 1). As pointed out by Gorbig et al., this phase yields the
Diracness of the states, but need not necessarily be equal to m for topological states
[145].

Further information can be obtained from the frequency of oscillations. For spin-degenerate
(2D) carriers, it is given by! B = nh/(2¢). The frequency of SAH oscillations thus yields
the charge carrier density. In the presence of multiple carrier types, several frequencies
can be involved giving rise to beating in the SAH oscillations. In this case, a Fast Fourier
Transform (FFT) can be used to identify the corresponding charge carrier densities. This

was done e.g. in Ref. [146] as illustrated in Fig. 2.2 (g).

In order to distinguish between bulk and surface carriers, it is common to change the
angle between magnetic field and sample surface. A detailed analysis of the electron

motion under strong magnetic fields shows indeed that the frequency of oscillations is

lremove the factor 2 in case of lifted spin degeneracy.



Methods for characterizing topological insulators 19

a) C) 18 —— T T T T T T T T 35
16 F 430
14 F .
o~ 12fF T=19K S I
S wfy-av J20 &
g < Lo« =z
= 13 8 Jis =
B ’ °F 2 v =1 Jwo =
4 F tot
NEPZEN | Is
v P PR P | R B | N 0
0 1 2 3 4 5 6 7 8 9 10
B(T)
d) 1o — € ——1—q 12
b) & 0.8 atom s N, = 1x10"cm’ g7 ] ;0
9 < 06 (%) ]
=~ ] 46 =
<8 1 04 < ¢
g7 1 0.2 " =N, = Lax10"em*|
2 - v \ N - 4
E o ] 0.0 L 1 PR " 1 N Il 0
25 1 0.0 0.5 0 0 1 2
2 v B(T) 1/B(T")
33 05V 3 j
22 205V] . g
S1 15V — —V,=ov
w25V Y 0.6 —V, =-110v [
0 =35 V1 = 3
1 L 5V <} 2
00 0.1 02 03 04 05 % 0.3 =
1/B (1T £
om 200 <
& o
T-0.3 w : :
009 012 015 100 200 300
1/B (T) AU

FIGURE 2.2: Typical examples of magneto-transport on topological insulators. a) SAH
oscillations in strained HgTe revealing two carrier type transport, b) Landau-level index
as function of inverse magnetic field reveals 7 Berry phase. Adapted from Refs. [75, 135].
¢)-d) Quantum Hall effect and SAH from strained HgTe with e) Landau level index vs
inverse magnetic field used to extract charge carrier densities. Adapted from Ref. [81].
f) Multi-frequency SdH from BipSez-flakes. The FFT in g) reveals three different carrier
types. Adapted from Ref. [146].

actually related to the cross section of the Fermi surface orthogonal to the magnetic field

direction A via [2, 146, 147]
27TGBF

h

Thus, by changing the angle of magnetic field, one can reconstruct the Fermi surface and

Al =

: (2.3)

identify its two- or three-dimensional character.

2.1.4 Quantum transport

Due to the spin-orbit-locking of topological surface states, electron back-scattering off
non-magnetic impurities is suppressed, a phenomenon known as weak anti-localization
(WAL) [148-150] as long as time-reversal symmetry is preserved. It originates from
the destructive interference of a scattering path with its own time-reversed path. FEx-
perimentally this effect manifests itself as an increased conductivity at zero magnetic
field. Hikami, Larkin and Nagaoka derived an analytical formula for this correction in
Ref. [149]:

2m2h Ta Ta

Ao = o(H) — o(0) = — ac” [ml " (; + 1)} , (2.4)
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FIGURE 2.3: a) Principle of weak antilocalization: clock-wise and anti-clockwise spin-
polarized closed loops interfere destructively, leading to an enhanced conductivity at
zero magnetic field B = 0. b) Weak-anti-localization data. Adapted from Ref. [153].

where o = —1/2 per channel, cf. Ref. [151], a = 4DeH /(hc) with the diffusion constant
D and the relaxation time 7. Fitting the conductance data at low magnetic fields is
often used to extract the a-“amplitude” of the WAL and thus the number of channels
presenting weak anti-localization, i.e. TSS [150-153]. It must however be noted that
there is controversy about this equation, and a modification for the analysis of topological
surface states was pointed out e.g. by Assaf et al. [153] and Adroguer et al. [154], the

latter suggesting a reinterpretation of existing WAL-data.

Another interesting effect of quantum transport in topological insulators can be observed
in small-radius nano-wires. The surface states form a cylidrical conducting layer. If
a magnetic flux threads the cylinder, as long as the phase coherence length exceeds
the circumference of the wire, Aharonov-Bohm oscillations appear in the longitudinal
resistance along the wire [155, 156]. As quantum transport experiments are based on a
phase-coherence length larger than (at least one) other typical length-scale of the physical
problem, they require generally ultra-low temperatures (typically in the mK range) in

order to manifest themselves.

2.1.5 (Quantum) Capacitance

Measurements of capacitance as a function of DC-gate voltage constitute a standard
characterization tool for semi-conductors [18]. To my knowledge, only three studies
employed capacitance measurements on topological insulators [16, 19, 157]. We will

discuss these experiments in some detail in the following sections.
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2.2 Materials

As pointed out in the introduction, chapter 1, topological phenomena extend nowadays
from Quantum Hall effects over two- and three-dimensional TIs to Weyl semi-metals.
Focusing on 3D TIs, the list of materials is still rather long: Bi;_,Sb;, BisSes, BisTes
and SboTes were the first proposed systems [70] and confirmed by ARPES [71-74] shortly
after. However, strained HgTe, first identified as 2D TI, turns out to be a 3D TI as long
as the sample is thick enough in order to avoid opening of a confinement gap due to
hybridization of top and bottom surface states [41, 75, 81]. The issue of unintentional
bulk doping in the Bismuth based binary compounds quickly lead to a search for ternary
or even quaternary compounds with non-trivial topology. Thus, some non-stoichiometric
compounds of (Bij_,Sbi_,)2Tes were identified as ternary 3D TIs[158]. The Ando group
explored different compounds of Bi,Sb,Se and Te and identified Bij 5Sbg.55¢e1.3Te1 7 to be
an “ideal” TT [159, 160]. Moreover, a large number of TIs are predicted in more exotic
systems, such as half-Heusler alloys [161, 162] or topological crystalline insulators like

PbSnSe [125], PbSnTe [163].

The materials studied in this thesis are strained HgTe and BisSes. This choice is mainly
motivated by the following: First, BisSes can be easily obtained by several methods.
For this thesis mechanical exfoliation and catalyst free chemical vapor transport (CVT)
was used. For HgTe, we had access to thin films grown by molecular beam epitaxy
(MBE) via a collaboration with the Molenkamp group in Wiirzburg. MBE-growth is a
highly controlled fabrication process which brings the advantage of yielding large sample
numbers and therefore makes it possible to check the reproducibility of experimental
results. Second, BisSes has a band-gap of ~300 meV rendering the investigation of T'SS
transport a prior: possible even at room temperature. It might thus be a good candidate
for future TI applications. However, as-cleaved (or as-grown) crystals are most often
heavily n-type doped due to the formation of Se vacancies [164, 165]. HgTe on the other
hand requires low temperature due to its small band gap on the order of 25 meV. For
the investigation of basic physics issues it is however probably the best 3D TI available

today due to its very low intrinsic doping concentration.

In the following, I will thus focus on these two materials and present their most important

properties.

2.2.1 Mercury telluride

Mercury telluride (HgTe) and cadmium telluride (CdTe), both of the II-VI class of semi-

conductors, grow in a zinc-blende structure. As explained for example in Ref. [168] the
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FIGURE 2.4: a) Gap of different semi-conducting compounds (Adapted from Ref. [166])
b) Evolution of the band gap of Cd,Hg;_,Te as a function of Cd mole fraction z.
(Adapted from Ref. [167]). Bulk band structures of HgTe and CdTe, revealing the
“inverted” character of I's and I's in HgTe. (Adapted from Ref. [33]).

crystal lattice can be seen as two intercalated face-centered cubic lattices, with either Hg
or Cd on sub-lattice “A” and Te on sub-lattice “B”. Thanks to a relatively small (0.3%)
lattice mismatch between stoichiometric HgTe and CdTe, non-stoichiometric compounds
Hgy_,Cd, Te are stable and available at “all desired” cadmium contents = [169]. First
band-structure calculations of InSb as a typical II-VI compounds date back to Kane [170]
and were applied to Hg_,Cd,Te compounds in Ref. [171]. Already in these “historical”
papers, the existence of a “negative” gap in HgTe was highlighted. The evolution of the
band-gap with respect to cadmium content and temperature was then investigated by
Wiley and Dexter [172], Scott [173], Guldner et al. [174] and Berroir et al. [175]. Hansen
et al. [167] collected data of 22 studies and found a nowadays accepted formula for the
band gap as a function of temperature and chemical composition. This is illustrated in
Fig. 2.4 (b). It shall be pointed out that the gap as defined by Ref. [167] is measured
between extrema of the I's and the I's bands. The symmetries of the I's-band is of
atomic “s-type”, whereas the symmetry of the I's-band is of “p-type”. The origin of the
observed band inversion in HgTe lies in the relativistic effects due to the large atomic
mass of Hg (M=200.6u) as compared to Cd (M=112.4u). It is the light hole part of the
I's band that turns into a conduction band by increasing the mercury content. Based on
topological arguments, surface states are predicted to span between the inverted bands,
i.e. I's electrons and I'g light holes. However, it is important to note that bulk HgTe has
no band gap, i.e. it is a semi-metal. Indeed, the I's heavy holes and I'y electrons touch
at the Fermi level, cf. Fig. 2.4 (c¢). Even in this situation, topological surface states have
been observed by ARPES buried within the I's heavy hole band [75, 176]. At first sight,
it seems thus difficult to observe topological insulator behavior in HgTe samples. A way
to overcome this problem is to apply strain on the system which lifts the light electron

- heavy hole degeneracy and leads to a finite (inverted) gap [177].

Not only the negative gap of HgTe was readily discovered long before the link to topology
was identified: Even the emergence of interface states was already mentioned in a study

from the late 1980’s by Volkov and Pankratov [178| and Berroir et al. [177, 179] where
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a well of HgTe sandwiched between CdTe layers was studied theoretically and using
magneto-optics. This study highlighted also two effects of strain on HgTe: increasing the
gap between heavy-holes and light electrons as well as the emergence of interface states
whose energy levels lie within this bulk band-gap. Unfortunately, this study concluded
that strain effects could be neglected and no special attention was paid to these interface
states. Furthermore, even their spin-polarization was highlighted already in 1990 by
Pankratov [180].

The identification of the topological non-trivial character of the inverted gap in strained
HgTe was discovered by Bernevig, Hughes and Zhang [62]?. These findings were also
supported by Fu and Kane [51] who developed a recipe for identifying Zy TIs based
on a simplified criterion, valid in the case of time-reversal and inversion symmetry of
the system. Even though the zinc-blende structure of HgTe does not present inversion
symmetry, they claim that HgTe should fall into the 3D T1I class according to an argument
based on adiabatic continuity between an inversion symmetric model and the HgTe

model.

First experimental hints of transport by surface states (although their topological charac-
ter remained completely obscure) go back to the 1980’s, Ref. [181]. New band-structure
calculations with special focus on band-topology was carried out by Dai et al. [182],
where the non-trivial topological character of strained HgTe was confirmed. They calcu-
lated the local density of states for a HgTe/CdTe interface and found a (bulk) band gap
on the order of 30 meV together with champagne-glass shaped topological surface states
(TSS), cf. Fig. 2.5 (a). As is obvious from this study, the Fermi velocity of the T'SS
is almost constant over a large energy range and slightly “slows” down near the valence
band edge. The asymptotic electronic Fermi velocity extracted from this paper is on the

order of 8:10° m/s.

Further information about the band-structure can be gained from a recent ARPES study,
Ref. [176]. Although the authors of this paper investigated bulk, i.e. unstrained, sam-
ples of HgTe, they can clearly resolve TSS-like features buried in the heavy hole band,
interconnecting the I's heavy holes and the I'g light holes. Assuming that this sample’s
properties are not too different from those for thin layers of MBE-grown strained HgTe,
studied in the present thesis, two main features of this study are of great importance.

First, the Fermi velocity, measurable from the data on cesium doped HgTe surfaces,
corresponds to a value of approximately 1.0 - 10°m/s (dashed lines in Fig.2.5 e)). How-
ever, the subjective perception of the ARPES features might also be in agreement with a
slightly higher Fermi velocity on the electron side of the TSS (compare dotted green lines
in Fig. 2.5 d) and black dotted lines in 2.5 ¢)). Furthermore, I will discuss in chapter 5

2See also chapter 1
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that the Fermi velocity of T'SS depends on the applied electric field. Doping the surface
with Cs atoms might lead to relatively strong fields close to the surface. Therefore, the
extracted Fermi velocities should not be over interpreted.

Second, surface doping via cesium deposition makes it possible to resolve the electron-
part of the spectrum as well. Surprisingly, although unstrained HgTe is expected to
have no bulk band gap, the ARPES data seems to be T'SS dominated over several hun-
dreds of meV with an increasing gap when adding surface dopants. This can be seen
as hint indicating a certain robustness of T'SS with respect to increasing surface carrier

concentration, similar to the Dirac-screening observed in transport (see below).

A recent magneto-optics study by Teppe et al. [183] on bulk crystals with different
compositions of Hg;_,Cd, Te sheds further light on the Fermi velocity: For compositions
x close to the band inversion, they find that the Fermi velocity parameter for a simplified
Kane model, i.e. a spectrum roughly given by E = i\/m is universal, i.e. it
does neither depend on temperature nor on composition and is given by vp = (1.07
0.05) - 105m/s. Typically, one expects that the TSS Fermi velocity is similar to that of
the light electron band.

The first electric transport experiments on (3D) strained HgTe on CdTe with focus on
topology were carried out by the Wiirzburg group [75]. In this work, additional ARPES
data, Fig. 2.5 (b), clearly shows the linearly dispersing bands within the bulk valence
band that are attributed to surface states. Note that these TSS extend in energy far
beyond the valence band maximum. The TSS hole Fermi velocity corresponding to the
dashed white lines in Fig. 2.5 reads 5.5-10°m/s. In the same paper, a quantized Hall
effect was measured, resolving only odd steps at low fields. This is a direct hint for a
parallel contribution of two distinct Dirac-like conductors. Indeed, a single Dirac cone
contributes to the (quantized) Hall conductance by e*/h(n + 1/2), where the 1/2 term
comes from the (non-trivial) Berry phase of T'SS. The sum of two such cones, yields thus
an odds series of quantum Hall plateaus as long as the filling factor of the two systems
remains identical. The data presented in this work seems quite self-consistent up to one
point: The extracted surface carrier densities of 3.7 (4.8) x 10! /em? for the bottom (top)
surface correspond to Fermi levels on the order of 2 100 meV, far beyond the expected

strain-induced transport gap. This points towards an unexpected screening behavior of
TSS.

This feature was further investigated in a gated sample [135]. Here, the evolution of quan-
tized Hall plateaus with respect to an applied gate electrode was carefully analyzed. The
experimental findings confirm that electric fields are screened in an unexpectedly efficient
way by the TSS, leaving the bulk unpopulated over a broad range of gate voltages. These

experimental findings are in contrast to a self-consistent Schrédinger-Poisson calculation,
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FIGURE 2.5: HgTe band structures obtained from theory and ARPES. a) Interface
density of states as a function of energy and in-plane momentum calculated using
Green’s functions on a tight-binding description. Figure adapted from Ref. [182]. b)
ARPES data on a fully relaxed 1pm thick film of HgTe. Figure adapted from Ref. [75].
¢) ARPES data on strained HgTe. The blue (green) dashed lines correspond to a hole
(electron) Fermi velocity of 0.6:10°m/s (1.6:10° m/s). Figure adapted from Ref. [184].
d) and e¢) ARPES data on bulk HgTe cleaved in-situ. The surface is doped with Cs in
order to resolve the electronic part. The dotted blue line in d) and the dotted black
lines in e) correspond to a Fermi velocity of 1.0-10°m/s. As for ¢), a Fermi velocity
of 1.6:10°m/s, dotted green line in d) is not incompatible with the ARPES spectrum.

Images d) and e) adapted from Ref. [176].

carried out for the same system, in which bulk bands are expected to be populated at
moderate electric fields [41]. In Ref. [135] an ad-hoc model of sharply varying dielec-
tric constants yields a suitable potential landscape and explains the observed only-TSS

behavior.

It is one of the main goals of the present thesis to investigate these unusual screening
properties of TSS in HgTe by means of quantum capacitance spectroscopy. The exact
procedure will be explained in the following chapters and the results of chapter 5 indeed

support the so-called Dirac-screening in the case of low bulk doping of the sample.

In order to give an approximately complete overview of the bibliography on (3D) HgTe
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FIGURE 2.6: Left: Longitudinal resistance (top) and Hall angle O 4 (bottom) as
a function of gate voltage on strained HgTe. Image adapted from Ref. [186]. Right:
Longitudinal resistance (blue) and Hall resistance red as a function of gate voltage (b).
In (c) the authors show the calculated charge carrier densities as a function of gate
voltage. Adapted from Ref. [81].

since its identification as a TI, I want to quickly review further results, not linked to
the Wiirzburg group. To my knowledge, there are currently only three research groups
worldwide able to grow strained HgTe films in MBE for fundamental research purposes:
Wiirzburg, Grenoble and Novosibirsk [185].

There are two preprints from the Grenoble group on strained HgTe on CdTe in the
[001] orientation, thus similar to the Wiirzburg samples, showing two carrier magneto-
transport features and weak-anti-localization at low fields, characteristic for TSS [186].
It is however unclear in the paper why the bulk contribution to the Hall conductivity
can be completely neglected. Generally, multi-carrier fits to magneto-transport data

are always subject to some uncertainty as one of the variables has to be chosen a little

bulk
Y

work observes a n- to p- crossover in the carrier type as a function of gate, pointing

arbitrarily (e.g. neglecting o but including an offset on o,, [186]). However, this
towards a strongly gate tunable T'SS in which p-like conduction can be observed. In
particular they interpret the diverging Hall angle, cf. Fig. 2.6, as a clear signature of
Dirac fermions. This interpretation is based on an energy independent scattering time,
cf. Ref. [186]. In chapter 5 of this thesis we show that this assumption must be revisited

for our samples.

For band-structure information, an ARPES study on strained in-situ etched films of
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(strained) HgTe can provide valuable information [184]. As in Ref. [75], extraction of
features related to the electron side, i.e. above the Fermi level, are poorly resolved.
However, some spectral features can be observed up to ~100meV above the valence
band edge. It is of course difficult to attribute these faint features to TSS or bulk states,
i.e. one cannot extract a bulk gap. However, it seems like the Fermi velocity on the
electron side is larger than for the T'SS hole states. The green dotted line in Fig. 2.5 (d)
corresponds to a Fermi velocity of 1.6-10m/s, compatible with the ARPES data?.

In 2014 the Novosibirsk group and Regensburg presented magneto transport results on
HgTe films as well in the (classical) low field limit as in the (quantum) Shubnikov-de
Haas and IQHE regime. Their treatment of the bulk’s contribution seems to rely on a
rather simplified “two-dimensional description”. Even though not stated explicitly, the
bulk’s properties are treated as an effective 2D system with a density of states given by
d - DoS3p, where d is the thickness of the sample and DoS3p is the three dimensional
density of states evaluated at the surface chemical potential. We point out that this
interpretation contradicts the Dirac screening observed by the Wiirzburg group and
furthermore completely neglects any screening properties of the bulk. A detailed analysis
in chapter 3 of this thesis shows that screening leads to an inhomogeneous chemical
potential along the vertical (i.e. the growth-)axis. This effect can generally not be
neglected. A detailed analysis of this is one of the aims of the present thesis. The reported
SdH oscillations in this paper show the ambiguity of magneto-transport data (even in
the quantum transport case): Whereas they attribute the observed minima to a single
series of SAH oscillations with changing frequency as a function of magnetic field, Briine
et al. [75] interpret the oscillations rather as two series with different frequencies. The
goal of this thesis consists however not in a reinterpretation of these measurements but
in the presentation of an alternative experimental approach as laid out in the following

chapters.

Finally, and closing this section about the existing literature on (3D topological) HgTe,
the Novosibirsk/Regensburg collaboration published recently a paper about quantum
capacitance in HgTe [16] which is of great relevance for the present thesis. One of the
conclusions of this paper is that quantum capacitance is a particularly surface sensitive
tool. This point will be further discussed in chapter 3. This conclusion is based on
a comparison between the quantum corrections to the capacitance and the resistance
oscillations at high magnetic fields. As I will explain in chapter 4, the extremely thick
gate stack (over 300 nm between gate electrode and HgTe) used in this study leads to a
very small geometrical capacitance, rendering the detection of any quantum correction
extremely difficult. This explains why the actual value of the quantum capacitance is

not discussed in Ref. [16], but only its variations that are on the order of 5%. The main

3As will be shown in chapter 5, this value can be extracted from our capacitance measurements.
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conclusions of this work are based on similar arguments as those in [81] and therefore
subject to the same problem when it comes to labeling of minima. In this thesis I will
take a complementary approach and analyze the “bare” quantum capacitance at zero

magnetic field quantitatively.

2.2.2 Bismuth selenide

BisSes together with ShoTes and BigTs were among the first proposed candidates for
3D topological insulators. Zhang et al. [70] performed first-principles calculations for
these materials and predicted their topological character. The crystal structure of BisSes
is “rhombohedral |[...] with the space group D3, (R3m) with five atoms in the unit cell”
[70, 187]. For details on the crystallography, the interested reader might refer to Ref.[70].
As compared to HgTe, BisSes has the advantage to form a layered structure, shown in
Fig. 2.7 (a,c), similar to graphite and can thus be — just like graphene — reduced to
very thin flakes using mechanical exfoliation following the original Scotch-tape tech-
nique [188]. In contrast to graphene, the BisSes-layers are not mono-atomically thin.
Instead, five covalently bound atomic layers form a so-called quintuple layer (QL) of
thickness tg7, ~1nm. The possibility to fabricate samples via mechanical exfoliation
renders this system more cost-efficient than the expensive MBE setups required for Hg'Te
studies. This might partly explain, why up to date, the literature on BisSes is far more

extensive than on HgTe.

Using this scotch tape method for obtaining freshly cleaved BisSes-surfaces, already in
2004, Urazhdin et al. [187] found in a scanning tunneling spectroscopy (STS) study that
BisSes and BisTes present in-gap states localized close to the sample surface. Their
results of DoS mapping excluded these surface states to be due to surface impurities.
Similar to HgTe, the topological character of these surface states remained obscure until

these two materials were proposed as TIs in 2009.

2.2.2.1 ARPES

Indeed, surface states of BigSes were revealed by ARPES shortly after [72, 74]. These
studies reveal a band gap on the order of 300 meV, much larger than for HgTe, render-
ing the study of topological surface transport a priori accessible at room temperature,
Fig. 2.7 (b,d). Already these first experimental observations of the surface states via
ARPES revealed the main problem of this material. The clear visibility of the TSS dis-
persing over the bulk band gap implies a Fermi level high above the conduction band

edge. This implies that bulk carrier density in BisSes samples is generally high due to
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FIGURE 2.7: Crystallographic structure and band structure of BiySes. a) The layered
structure of BigSes. b) Ab-initio band-structure calculation along high symmetry axis.
¢) Side view of the crystal structure revealing the quintuple layers (QLs). d) ARPES
data around the I'-point of BisSes, revealing the TSS. Images a), b) and c) adapted
from Ref. [70]. Image d) adapted from Ref. [72].

unintentional doping. Commonly, the high doping concentrations are attributed to Se-
vacancies [164, 165]. Such a high Fermi level explains why BisSes was discovered so early
in ARPES: As discussed in the beginning of this chapter, levels need to be filled in order
to be visible in ARPES. At the same time, this is a drawback for transport studies as
most electrical phenomena are dominated by a large (trivial) bulk contribution. It was
shown in ARPES [74] that admixing of Ca can reduce the Fermi level and NO2-surface
doping of BisSes leads to an upwards shift of the Dirac point with respect to the bulk
bands. ARPES can also yield an estimate of the Fermi velocity. Thus, for BisSes, Xia
et al. found a Fermi velocity on the order of 5-8-10°m/s for the electronic part of the
TSS [72].

Concerning the electronic surface structure, calculations and ARPES data, presented
by Bahrami et al. [189], reveal that the electronic surface spectrum of BiySes does not
only present the topological surface states, but excited massive states that shift to lower
energies at finite (built-in) electric fields. A similar evidence for the coexistence of TSS

and (trivial, massive) 2DEG states has been reported by Bianchi et al. [190].
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It is a central part of this thesis to show the importance of electron scattering between

topological surface states and massive surface states for electron transport.

2.2.2.2 (Magneto)-transport

The first “direct” signatures of topological surface conduction in BisSeg were reported in
2010 [191, 192|. The experimental method that led to the observation of surface state

signatures was in both cases compensation doping in order to decrease bulk contributions.

Analytis et al. [191] performed magneto-transport studies on Sb compensated BisSes,
substituting Bi by Sb, leading to bulk carrier densities on the order of several 106 /cm?3.
From the angle dependence of the SAH oscillations, they conclude that in one of their
samples the bulk is in the extreme quantum limit (i.e. only the lowest LL is filled), and
that the TSS quantum limit can also be reached for sufficiently high fields. However,
plotting the LL index against inverse magnetic field leads to an interception at 0, in
contradiction to the expected Berry phase (1/2) for TSS. The authors argue that this is
due to Zeeman-splitting. Without entering into the details of their analysis, the mere fact
that the labeling is discussed in much detail reveals the ambiguity of correctly assigning

LL-labels to resistance oscillations (see also the discussion in Ref. [193]).

As an alternative to (quantum) magneto-transport, the temperature and thickness de-
pendent resistance of BigSes-flakes was investigated by Steinberg et al. [192|. They used
As-doping to compensate the natural n-doping of BisSes. A main result, indicating the
existence of TSS was obtained by tracing the total conductivity as a function of sample
thickness. This leads to a linear relation with a non-zero intercept, attributed to the
(thickness-independent) surface states. From the thickness dependence of low field Hall
resistivity, they conclude on a combined 2D and 3D conduction. Using a combined back-
and top-gate design, the authors were able to individually tune the carrier densities of top
TSS (*TSS) and bottom TSS (°TSS). Sweeping the top-gate, they observed a conduction
minimum around Vj; = 0 independent of the backgate. This shows that *TSS and bTSS
can be treated independently (at least on bulk doped samples) due to efficient screening
via bulk states. A similar approach was used by Checkelsky et al. [194]. Instead of
As, they used Ca doping to reduce bulk contributions. A gate voltage allowed them to
observe ambipolar conduction on thin flakes at low temperatures. They also observed
a dramatic decrease of mobility between bulk samples (1=7000cm?/Vs) and thin flakes
(1=1000cm?/Vs). From the temperature dependence of the sample’s resistance, they
conclude coexistence of bulk and surface conduction. These authors might be the first

to specifically address the issue of bulk screening in the case of a doped TI. They adapt
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a text-book analysis of semi-conductor screening [18]. In chapter 3 I extend this kind of

analysis to degenerate bulk-doping.

Several studies [150-152, 194] reported on weak-antilocalization in BisSes. Due to the
spin-momentum locking of the T'SS, these observations are also strong indications for the

existence of T'SS in BisSes.

The (trivial) 2DEG-like surface states, coexisting with the T'SS, identified by ARPES (cf.
above) were also investigated in electronic transport studies. Brahlek et al. calculated
these in the context of band-bending. Experimentally, this issue was addressed in some
detail by Veyrat et al. [146] to identify up to five oscillations with different frequencies
on BisSes flakes grown via solid-vapor-deposition (SVD, cf. chapter 4 for more details).
From the gate dependence of these oscillations, the contributions of bulk, the two (topo-
logical) surfaces and additional massive surface bands attributed to surface-band bending
could be identified. In chapter 5 of the present thesis, an explanation for the emergence
of massive surface states, based on topological confinement and (surface) electric fields,

will be presented.

Similar to the work by Veyrat et al., Sacépé et al. [193] analyzed quantitatively the
bulk and surface contribution to conduction based on a comparative analysis of SAH
oscillations and gate-induced charge carrier density variations. Particularly, they pointed
out an interesting interpretation of observed SAH oscillations: As the total conduction is
dominated by bulk (according to the authors presumably through an impurity band), the
observed oscillations are not attributed to an enhanced scattering within the TSS when
the surface Fermi level crosses a LL but are due to enhanced scattering between bulk and
surface states: The augmented DoS when the Fermi level crosses a surface LL, leads to
enhanced bulk scattering as the number of available final states for scattering is increased.
Investigating this kind of T'SS-to-bulk / T'SS-to-massive surface state scattering is also

part of the present thesis.

2.2.2.3 Other characterization methods

Scanning tunneling spectroscopy (STS) can also yield valuable information, such as an
estimate of the band-gap and the Fermi velocity. Hor et al. [165] found a band gap on
the order of 150 meV for BisSes and thus a value somehow smaller than earlier ARPES
studies. STM setups are also used for quasi particle interference measurements. Bei-
denkopf et al. [195] found a Fermi velocity in Mn-doped BisSes on the order of 2-10° m/s
using this method.

Xiu et al. [19] investigated the quantum capacitance of thin flakes of BisSes. As for

Ref. [16], the actual quantum capacitance is never evaluated but the authors focus rather
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