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1 Introduction

The utilization of the mathematical concept of topology to complement the
band theory of solids can be considered as one of the milestones in solid-
state physics in the last few decades. At the time of the introduction, most
scientists believed that the band theory — originally developed by Felix Bloch
in 1928 [1] — has already been well-understood. This concept acts as the basis
for today’s understanding of the band structure of crystals; therefore, it has
been thoroughly investigated and has led to many technological developments.
However, in 1972, J.M. Kosterlitz and D.J. Thouless introduced the concept of
topology to identify new phases of matter [2,3], for which they, together with
F.D.M. Haldane [4, 5], were awarded the Nobel Prize 2016 in physics [6].

Their approach not only allowed the explanation of the quantization of the
Hall conductance [7], it also enabled the prediction of a new class of materials
called topological insulators [8,9]. These fascinating materials are insulating in
the bulk but exhibit topological protected gapless edge or surface states, which
can be described by the Dirac equation for massless particles. The existence
of such topological states has been predicted and experimentally proved in
diverse materials [10]. Among these materials, an outstanding candidate is
mercury telluride, which allows the fabrication of Dirac fermion systems with
a high quality [11-13].

Mercury telluride is a narrow band gap semiconductor composed of heavy
elements. In such a material, the strong spin-orbit coupling, together with
relativistic effects, can lead to an inverted band structure [14,15]. Due to
this extraordinary band ordering, Dirac fermions can be realized in differ-
ent ways in mercury telluride — either as a two-dimensional electron gas in
quantum well structures at a characteristic thickness [16] or in two- or three-
dimensional topological insulators [17,18]. Whereas the former is characterized
by unpolarized two-dimensional Dirac fermions [19], the latter exhibit a strict
spin-polarization, which leads to a dissipationless transport along the edges or
in the surface states [9]. This variety of Dirac fermion systems allows a broad

investigation of these states and their properties.
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Recently, it has been demonstrated that spin-dependent photogalvanic effects
are a good tool for the investigation of Dirac fermion systems [20]. For exam-
ple, photocurrents can be generated in the surface states of three-dimensional
topological insulators BiySes [21] or BiTe and SbTe [22] with polarized radia-
tion. In the two-dimensional case Olbrich et al. investigated HgTe quantum
wells with different thickness, which are characterized by a normal, inverted,
or Dirac-like dispersion, with the help of cyclotron resonance [23]. Although
this work clearly demonstrates, that such enhanced photocurrents provide a
unique selective access to details of the band structure of these systems, the
study is limited to Dirac fermions in systems with critical thickness, which are
spin-generated. As this study acts as one of the bases of this thesis, its results
are summarized in Chapter 2, together with the fundamental concepts of topo-
logical insulators, photogalvanic effects, and the effect of cyclotron resonance.
In Chapter 3, a brief overview of the used setup, the different measurement

methods, and the investigated samples is given.

In this thesis, spin-polarized Dirac fermions in two- and three-dimensional
topological insulators based on mercury telluride are investigated by means
of terahertz laser spectroscopy. This study starts with the observation of
cyclotron-resonance-enhanced photocurrents excited in three-dimensional Hg'Te
films [24]. The obtained results are presented and discussed in Chapter 4.
There the cyclotron resonance behaviour is analysed in regard to the band
structure of the system, which allows an assignment of the observed photo-
currents to the topologically protected top and bottom surface states. Fur-
thermore, it is shown that such an opto-electronic study provides a sensitive
method to probe the cyclotron masses and the mobility of two-dimensional
Dirac surface states, even when the Fermi level lies in the conduction band
or for micrometre-sized samples, for which pure optical methods are almost

impossible.

In the second part, photocurrents flowing in the helical edge states are observed
for the first time by exciting HgTe based two-dimensional topological insulators
with circularly polarized terahertz radiation [25]. The corresponding study is
described in Chapter 5 in great detail. It is demonstrated that this current

arises due to a selective excitation of spin-up and spin-down electrons, which
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causes an imbalance of the electron distribution between positive and negative
wave vectors. Therefore, the associated photogalvanic current reverses its di-
rection upon switching the helicity of the radiation. This observation provides
a novel access for the probing of spin-transport in two-dimensional topological

insulators.

The main results of the analysis of the two- and three-dimensional topological
insulators are specified in the final chapter, which provides a summary and an

outlook.



2 Physical Background

This chapter presents the theoretical background necessary to understand
the experimental investigation of mercury telluride (HgTe)-based two- (2D)
and three-dimensional (3D) topological insulators with terahertz radiation-
induced opto-electronic effects. It starts with the fundamental concepts of 2D
and 3D topological insulators and their realization in HgTe. As the novel
transport properties of these structures are studied by means of terahertz
radiation-induced photocurrents, the second section depicts the linear and
circular photogalvanic effects, followed by an introduction to the cyclotron
resonance. Finally, a summary of a preliminary investigation of cyclotron-
resonance-enhanced photocurrents in Hg'Te quantum wells with parabolic and
Dirac-like dispersions are outlined. The latter acts as a basis for the under-
standing of the photocurrents in non-trivial systems, which are discussed in

the following chapters.

2.1 Topological Insulators

In the easiest picture a topological insulator (TT) is a material with an insulat-
ing bulk and metallic states at the boundary. These systems have been labelled
as topological insulators because the edge (in 2D TIs) or surface (in 3D T1Is)
states originate from the topology of the system. For an easier understand-
ing, first the Chern insulators are discussed, with which the basic concepts of
topology in solid-state physics are introduced. Then, an overview of the ele-
mental features concerning 2D and 3D topological insulators [26-28] is briefly

outlined.

2.1.1 Chern Insulators

In solid-state physics, all electronic properties can usually be described mathe-
matically with the Schrédinger equation Ev = H1, where H(k) is the Hamil-
ton operator and F(k) is the energy of the system in dependence on the crystal
momentum k. In a crystal, the corresponding energy eigenfunctions are writ-

ten as Bloch wave functions (k) [1] and their eigenvalues define the energy
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bands of the system. In the band theory of solids, an insulator is character-
ized by a gap between the last filled band (valence band (VB)) and the first
empty one (conduction band (CB)), with the Fermi energy Fr in between.
If the Hamiltonians of two insulators can interpolate continuously into each
other without closing the energy gap, they are topologically equivalent [29,30].
However, in some cases, such an interpolation is not possible and a gap closing
has to occur somewhere along the structure, leading to metallic states on the
interface [30].

Different topological classes can be distinguished by an invariant n € Z called
Chern number [31]. This number is defined as the integral over the Berry
curvature JF,,(k), which describes geometrical properties of the wave function

in the Brillouin zone. The Chern number for the m’th energy band is given as:

1 9
- ) 1
N, d“kF,, (1)

By summarizing n,, over all occupied bands N the total Chern number of a

systems is given by:

=S )

This invariant cannot change as long as the Hamiltonian varies smoothly and
the band gap is not closed. In other words, two Hamiltonians with different
Chern numbers cannot interpolate continuously and they belong to different

topological classes.

In this sense, most insulators are the topological equivalent to vacuum, which
— according to Dirac’s relativistic quantum theory — can be seen as a wide
band semiconductor with the Fermi energy in the gap. These insulators yield
a Chern number equivalent to zero and are labelled as topologically trivial.
One of the most famous topologically non-trivial Chern insulators (n # 0) is
the integer quantum Hall effect (QHE), discovered experimentally by K. von
Klitzing et al. in 1980 [32]. In their work, they showed that a two-dimensional
electron gas in a strong magnetic field can lead to conducting one-dimensional

channels at the edges of the sample with a quantized Hall conductance o, of:

Ogy = 7V, (3)
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(a) ®) &
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= Ep
non-trivial
Chern insulator
1
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Figure 1: (a) At the interface between a trivial and a non-trivial Chern
insulator, the band gap cannot interpolate continuously; therefore, it has
to close at some point. This closing leads to conducting chiral states at
the edges of the non-trivial insulator. (b) Electronic structure with a single
edge state connecting the valence (VB) and the conduction band (CB). Red
dot indicates the crossing point between the Fermi energy Er and the edge

states. Picture according to Ref. [30].

where e is the elementary charge, h the Planck’s constant, and v the filling
factor. In 1982 Thouless et al. [7] expressed Eq. (3) mathematically in terms
of the Berry phase and showed that the filling factor is equal to the Chern

number.

Therefore, the main features of the QHE can be explained with the help of
topology [33,34]. As already mentioned the Hamiltonian of two insulators
with different Chern numbers cannot by definition continuously interpolate if
they are put into contact. Somewhere at the interface, the bands have to close
and conducting edge states arise (see Fig.1(a)). These edge states propagate
only in a certain direction at one interface, which is referred to as chiral. As
there are no counter-propagating states at the same edge, no backscattering
is possible. Moreover, the conductivity of these states has to be quantized,
because the Chern invariant can only change in integers. In k-space, the edge
states are represented by a single band connecting the bulk conduction and
valence band. This is depicted in Fig. 1(b).

Since a magnetic field is needed for the QHE, the time reversal (TR) symmetry

is broken. Moreover, the TR breaking can be seen directly in the Hall conduc-
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(a) b)
trivial insulator CB
v=0
< — = Ep
quantum spin
Hall insulator VB
v=1 i
-T/a 0 k ma

Figure 2: (a) Interface between a quantum spin Hall insulator and a trivial
insulator. Green and blue lines represent helical edge states, where spin-up
and spin-down electrons propagate in opposite directions. (b) Schematic
band structure with edge states closing the band gap between the valence
band (VB) and the conduction band (CB). Picture according to Ref. [30].

tivity (Eq. (3)), which is odd under time reversal (t — —t). This led to the
assumption that topologically non-trivial states can only occur in the presence
of a high magnetic field. However, in 1988, Haldane [5] predicted a quantized
Hall state for electrons moving on a graphene-like lattice in the absence of
an external macroscopic magnetic field. Based on this idea, C.L. Kane and
E.J. Mele [9] predicted the quantum spin Hall (QSH) effect in graphene. In
QSH systems, the external magnetic field is replaced by the intrinsic spin-orbit
interaction and thus the TR symmetry remains [8,35,36]. This has non-trivial

consequences, as briefly outlined in the following chapter.

2.1.2 Two-dimensional Topological Insulator

In quantum mechanics, TR symmetry is represented by an anti-unitary op-
erator 7 = TK, where T is a unitary operator and K represents the com-
plex conjugation. For spin 1/2 particles, the operator 7 squares to minus
one (72 = —1) and Kramer’s theorem has to be applied [37]. This theorem
declares that all eigenstates of a TR-invariant Hamiltonian have to be double-
degenerated. Such pairs of degenerated states are known as Kramer pairs.
This degeneracy is valid for all states of a TR symmetric system, even for

edge states, which arise at the interface of two TR symmetric insulators with
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different topological classification. Without spin-orbit interaction, Kramer’s
theorem leads to a degeneracy of the spin-up (1) and -down (J.) states, whereas

in a system with strong spin-orbit interaction, the states have to satisfy:
Tk 1) ==k ). (4)

This leads to helical states, where carriers with a given spin move in one direc-
tion and the fermions having the opposite spin move in the opposite direction.
In Fig.2(a), this situation is schematically shown for the interface between a
QSH insulator and a trivial insulator. The conducting channels are depicted in
blue for spin-up and in green for spin-down electrons. This spin-momentum-
locking results in a fully spin-polarized current. Moreover, backscattering be-
tween these Kramer pairs is forbidden, as the electron would have to flip its
spin. Therefore, in this simple picture, the transport is regarded as dissipation-
less. A scheme of the corresponding band structure can be seen in Fig. 2(b).
As before, the lines represent the edge states for spin-up and -down states,

which are degenerated at £ = 0 and non-degenerated at k # 0.

Analogous to the Chern insulator, which is grouped using Chern numbers,
two-dimensional systems can be classified by the Zy = {0, 1} invariant, where
Zs = 0 represents the trivial and Zy = 1 the non-trivial phase [30,35]. One
way to determine the Z, invariant of a system, developed by L. Fu and C. L.
Kane [38], is briefly introduced here. In Fig.3(a) and (b), two examples of
the energy dispersion of edge states in a two-dimensional insulator are plotted.
Here, only half of the Brillouin zone (0 < k, < 'y = m/a where a is the lattice
constant) is shown, as the other half (I'y = —7/a < k, < 0) has to be the
mirror image due to TR symmetry. Again, the red and blue shaded areas
show the CB and VB respectively. In addition, possible edge states in the bulk
gap are depicted in black.

At the TR invariant momenta k, = 0 and k, = I, these states are spin-
degenerated, whereas for all other k,, they are split due to the spin-orbit
interaction, as seen in Eq.(4). The TR invariant points can connect in two
different ways. They can reconnect pairwise, so that states that are connected
at k, = 0 join again at k, = +7/a, as shown in Fig.3(a). Alternatively, they
can change their partner between these points, which is depicted in Fig. 3(b).
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fl
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Figure 3: Possible energy dispersions of a time-reversal symmetric insu-
lator along the edge. At k, = 0 and k, = ', = +7/a the surface bands
are spin-degenerated, whereas in between these TR invariant points, the
bands are split due to spin-orbit interaction. (a) The two states originat-
ing from k; = 0 join again at k, = I'y. This leads to an even number of
crossing points between Er and the edge states and therefore to a trivial
phase (Z2 = 0). (b) The edge states originating from k, = 0 do not rejoin
at k; = I'y but combine with different partners. Therefore, they cannot be
shifted out of the gap. This is characterized by an odd number of crossing
points, which results in a non-trivial phase (Zs = 1). Picture according to
Ref. [30].

In the first case, the edge states can be eliminated by pushing them completely
out of the band gap, which results in an empty band gap and therefore, in a
trivial system (Zy = 0). This situation is characterized by an even number of
intersections of the Fermi level with the edge states. However, in the second
case, the edge states cannot be pushed out of the gap; there is always an
odd number of intersections between the conducting state and the Fermi level,

making this system topologically non-trivial with Z, = 1.

In summary, a two-dimensional topological insulator exhibits gapless spin-
momentum locked edge states, which are protected against disorder by time-
reversal symmetry. Therefore, at low temperature, the transport from charge
and spin are regarded as dissipationless. These states can be distinguished

from a trivial band insulator by the Z, invariant.
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(a) k (b) k (©)

ky
—H o> /foj\ o> d > e,
i TE

Figure 4: Energy spectra of (a) a weak and (b) a strong topological in-
sulator in the first Brillouin zone. I'i 234 depict the TR invariant points,
which are referred to as Dirac points. The characterization depends on the
number of Dirac points which are intersected by the Fermi level Er. (c)
Simplest strong TI with only one Dirac point enclosed by the Fermi surface.

Picture according to Ref. [30].

2.1.3 Three-dimensional Topological Insulator

In 2007, three groups (L. Fu and C. L. Kane [39]; J. E. Moore and L. Balents
[40] and R. Roy [41]) independently predicted that topologically protected
states can also be realized in three-dimensions. Although the topologically
protected states are not edge currents but conducting surface states enclosing

the insulating bulk, the above discussed features can be applied to the 3D case.

One difference between the 2D and the 3D cases is that for the characterization
of a 3D TI four Z, topological invariants (vo; viv9v3) are necessary. This can
be understood by taking a closer look at the surface Brillouin zone, depicted
in Fig.4(a) and (b). There, the Brillouin zone has four TR invariant points
(I'12,34), where the surface states are Kramer-degenerated. These points are
depicted as green points and are referred to as Dirac points. Similar to the 2D
case, the characterization depends on the number of Dirac points, which are
intersected by the Fermi surface. If an even number of Dirac points is encircled
at every physical surface (see Fig.4(a)), the system is topologically trivial with

the topological invariant vy = 0.
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If the Fermi surface encloses an odd number of Dirac points the system is
topologically non-trivial and is labelled as a 3D topological insulator. This
system is characterized by vy = 1. The other three topological invariants
(v123) can be interpreted as the Miller indices of the reciprocal lattice [39].
In Fig.4(b) and (c) the simplest case with only one enclosed Dirac point is
shown. The black arrows represent the spin-direction. According to Kramer’s
theorem, the spin has to have opposite direction at k and —k. Therefore, it
winds around the Fermi surface. Although carriers can scatter between trivial
and non-trivial surface states, these states cannot vanish due to their protection
by topology [29]. In other words, the metallic behaviour of the surface states

is robust against disorder.

Although the existence of quantum spin Hall states was first proposed in gra-
phene, the realization of this states in this material turned out to be unrealistic
due to its extremely small spin-orbit-induced band gap [42,43]. However, in
2006, Bernevig et al. [16] predicted QSH states in semiconductor quantum wells
(QW) with inverted band structure, followed in 2007 by the first realization in
HgTe-based QWs by Konig et al. [17]. Almost at the same time, the first 3D
system was established in Bi;_,Sb, (2008) [44], followed by BisSes (2009) [45],
BiyTes (2009) [46], and HgTe (2011) [18].

2.1.4 Band Structure of Mercury Telluride

To understand the origin of topological states in mercury telluride, a closer look
has to be taken at the band structure of this material. HgTe is a zincblende
II-VI material and forms its bonds between the 6s electrons from the mercury
atoms and the 5p electrons from the telluride atoms. In contrast to most
semiconductors where the s-type I's band lies above the p-type I's band, the
band ordering of HgTe is inverted due to strong relativistic effects [14, 15].
A schematic demonstration of the formation of the band structure of HgTe
compared to those in cadmium telluride (CdTe) is given in Fig.5(a) and (b)

respectively.

In the initial system (Hjy), the energy gap has approximately the same value
for HgTe and CdTe. While a consideration of the Darwin term (Hp) and the



2 PHYSICAL BACKGROUND 16
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Figure 5: Schematic description of the main energy band formation at the
I' point for (a) HgTe and (b) CdTe. From left to right, the influence of the
Darwin term (Hp), the mass velocity correction (Hyy), and the spin-orbit
interaction (Hg,) are considered. Due to the strong influence of the mass
velocity correction, HgTe exhibits an inverted band ordering, whereas CdTe

shows a trivial one. Picture according to Refs. [14,15].

mass velocity term (H,,,) only results in a small displacement of the I's and
I's bands in CdTe, the band ordering of HgTe is affected much more strongly.
Due to the large atomic mass of Hg, the mass velocity correction is so strong
that the I'g is lowered to almost the same value as the I's band. The spin-orbit
interaction described by Hg, then splits the three-times-degenerated I's band
in a double-degenerated I's and a ['; band. In HgTe, this shifts the s-type I'g
below the p-type I's state and inverts the two bands.

In Fig. 6, the resulting energy spectrum of (a) bulk HgTe and (b) bulk CdTe
is depicted near the I" point. While CdTe exhibits a band ordering typical
for a semiconductor, with the Fermi level between the I's and the I's band,
the Fermi level in HgTe lies between the heavy hole (H H;) and the light hole
(LH,) band. As these two bands are degenerated at & = 0 the system has
no energy gap. Therefore, bulk HgTe is a topological semimetal [16,47]. To
realize a topological insulator, the degeneration of the L H; and H H; band has
to be lifted. In the three-dimensional case, this can be done by growing a thin
film of HgTe on a material with a slightly different lattice constant (e.g. CdTe).

Due to the arising compressive strain, an energy gap opens and an insulating
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Figure 6: Band structure of (a) bulk HgTe and (b) bulk CdTe near the
I" point. HgTe represents a topological semimetal with an inverted band
ordering and no energy gap between the valence (H H;) and the conduction
bands (LH;). By contrast, bulk CdTe is a trivial semiconductor. Picture

according to Ref. [16].

bulk arises [38,48]. In the two-dimensional case, the degeneration can be lifted

due to confinement effects in quantum wells [49].

In the case of a HgTe quantum well with a barrier material with trivial band
order, e.g. CdTe, the strength of the spin-orbit interaction can be tuned by
changing the thickness of the well (see Fig.7(a)) [16]. For a thin QW layer,
the ordering of the trivial barrier dominates (£ above H H;), whereas for thick
QW layers, HgTe dominates and the QW spectrum is inverted (H H; above
E,), as shown in Fig. 7(a) and (b) respectively. This means that at some point,
the two bands have to intersect and a topological quantum phase transition
from a normal to an inverted band ordering occurs [17]. This quantum well
thickness is called critical thickness (d.). At this point, the dispersion of the two

bands becomes linear and can be described by the effective Dirac Hamiltonian

for massless particles [16].
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Figure 7: (a) Energies of E; (blue) and HH; (red) in dependence on
the quantum well thickness dqw. At dqw = d. the two bands cross and
a quantum phase transition from the (b) trivial (dqw < dc) to (c) the
topological one (dqw > d.) occurs. Picture according to Ref. [16].

In contrast to a 2D TI, the Dirac cones in a quantum well with critical width

are formed by the following four states [16,23]:

|E1,+1/2) = fi(2) [Ts, +1/2) + fa(2) |T's, +1/2)

[H1,+3/2) = fs(2) T's, +3/2),

|E1,~1/2) = fi(2) [Ts, —1/2) + fa(2) |Ts, —1/2), (5)
[H1,-3/2) = fa(2) s, —3/2),

where fi(2), f3(z) and f4(z) are envelope functions, z is the growth direction,
and |T'g, £1/2), |I's, £1/2) and |I's, £3/2) are the basis functions of the I's and
the I's bands. These states are degenerated at kK = 0. For k # 0, the states

mix and are coupled by an effective Hamiltonian. This means that although
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these states exhibit a Dirac-like dispersion, the spin-up and spin-down bands

are formed by a mixture of the states of Egs. (5).

In general, in HgTe QWs, it is possible to realize systems with a normal
parabolic, linear (Dirac-like), and inverted band structures. As already men-
tioned, Bernevig et al. [16] proposed that inverted band structures provide
a way to realize topologically protected states. The QSH states arise at the
boundary between the inverted (topologically non-trivial) and a normal (topo-
logically trivial) materials, as the band gap has to be closed (see Chap.2.1.2).
Moreover, in HgTe films, it is possible to realize 3D TI surface states (see
Chap. 2.1.3). Therefore, HgTe is the perfect candidate for the investigation of

this novel class of material.

2.2 Photogalvanic Effects

In the framework of this thesis, HgTe systems are investigated by means of
photogalvanic spectroscopy. This effect occurs by definition due to inhomo-
geneities in neither the optical excitation nor in the sample. Instead, the dc
electric current arises by a carrier redistribution in momentum space or in en-
ergy [20]. Here, a brief introduction to the basic physic behind this effect and

the well-developed model for conventional 2D QWs is given.

Phenomenologically, the photogalvanic effect (PGE) can be described in terms
of the squared ac electric field E of the terahertz (THz) radiation. The lowest,

non-vanishing term of the generated current density j has the form [50]:

= owEuE, (6)
LU
BB ={E.E} + [E.E], (7)
with
{E.E}} = §(€ueu + eveu) and [E,E| = 5(%% — eveu). (8)

The total photogalvanic current can then be rewritten as:

j)\ = Z X)\MU{E/LE;} + Z X}\MU[EME’:]7 (9)
v v
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where the first term on the right-hand side corresponds to the linear photogal-
vanic effect and the second term to the circular photogalvanic effect, excited
by linearly and circularly polarized radiations respectively. The linear PGE
is only allowed in non-centrosymmetric media of piezoelectric crystals, where
non-zero components of the third-rank tensor x,, exist. The circular PGE
can only occur in gyrotropic media, where a coupling between an axial A,, and

a polar vector P, via a second-rank pseudo-tensor M, is allowed [50].

The circular PGE can be further simplified by reducing x .. to a real second-

rank pseudo-tensor 7y, [50]:

Z Xovw BBy = Z’Ykpi(E x E*), = Z’YkpépEQPcirw (10)
v p p

where P is the degree of the circular polarization of light and é = q/q is
the unit vector pointing in the propagation direction of light. The pseudo-
tensor « strongly depends on the symmetry of the investigated material. In
point-groups with low symmetry like the Cs-group, a photocurrent generation
is even allowed for normal incidence of light. For a QW with C symmetry,

the currents flowing in z- and y-directions are then given by [51]:

jz = ('Yzy’éy’ + ’yleéz/)Echircy
jy/ :’yy’gjéxEOZPCiI‘C‘ (11)

For normal incidence, where é, = ¢, = 0 and é,, = 1, the current flows in

z-direction, which is parallel to the [110]-crystal direction.

Similar to the phenomenological theory, the microscopic picture of the current
generation due to the circular PGE strongly depends on the symmetry of the
investigated material and the polarization of the incident radiation [50]. As
an example, here a microscopic model of the circular PGE based on direct
inter-subband excitation in n-type QWs is briefly introduced. This is done
for the situation of a Cy point group [50,52]. In such a system, the spin-orbit
interaction adds an additional term H,, to the Hamiltonian H, which splits
the otherwise degenerated band in k-space:
212

2m*

H:

+ Heos (12)
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Figure 8: Microscopic picture of the circular PGE based on direct inter-
subband excitation in n-type QWs with low symmetry. Excitation with (a)
right- (oF) and (b) left-handed (o~) circularly polarized radiation induces
direct spin-flip transitions between the subbands e; and es of the conduction
bands. For right-handed circularly polarized radiation, only spin-flip transi-
tions between the e; states with s = —1/2 and the ey states with s = +1/2
are possible. A change of the helicity mirrors the picture and switches the

sign of the current. Picture has been adapted from Ref. [50].

where m* is the effective mass of the carriers. The k-linear term of the spin-

orbit interaction is given by:
Hso = Z B,U)\O',uk)n (13)
A

where f3,) is a second-rank pseudo-tensor and o, are the Pauli matrices. In
Fig.8, the splitting of the two levels e; and ey is shown. The spin-orbit in-
teraction splits the levels into spin-sublevels with spin components s = +1/2
along the growth direction z’. Due to the optical selection rules, only direct
transitions between the subband e; with spin s = —1/2 and es with s = +1/2
are allowed for right-handed circularly polarized radiation (see Fig. 8(a)). This
leads to an imbalance of the electron distribution in the momentum space and,
therefore, to an electric current in x-direction. By changing the polarization

from the right- to left-handed one, the transition can only occur between the
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ey level with spin s = +1/2 and ey level with s = —1/2 states and the current

direction reverses, as shown in Fig. 8(b).

2.3 Cyclotron Resonance

A good tool to enhance the generated photocurrents is cyclotron resonance
(CR), which results in a resonant absorption of radiation from electrons or
holes in a static and uniform magnetic field. As shown below, CR provides
a novel access to information about the band structure of the investigated

material.

In a classical picture, free carriers with the velocity v are deflected due to the
Lorentz force Fy, = g[v x B]| and start to move on circular orbits normal to
the magnetic field B with a cyclotron frequency of [53]:

qB

WCeR = —, 14
men (14)

where ¢ is the charge of the carrier, which is equal to —e for electrons and +e¢
for holes and mcg is the cyclotron mass. Radiation with a frequency exactly
matching the angular frequency of the electrons (w,aq = wcr) are absorbed with
a resonant behaviour. The resonant absorption of radiation can only occur if
most carriers can at least perform one whole cycle before being scattered. Using

the momentum relaxation time 7, this requirement is given as wcg > 1/7 [54].

In k-space, the electrons move on an orbit with constant energy in a plane
normal to the magnetic field [53]. For electrons with Fermi energy this tra-
jectory is also called Fermi surface, which is a sphere in the case of an ideal
parabolic band structure. Due to the Fermi surface symmetry, the electrons

move on closed circles with a period:

~  h*dS
T=—— 1
eBdE’ (15)
where % is the energy-dependence of the area of the closed orbit in k-space.

With this relation the cyclotron frequency can be rewritten to [55,56]:

2 2meBdE
= o~ — . 1
WCR T h? dS (16)
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For a free electron moving on a circle (S = wk?) and an energy of F = Ziﬂ—ki
(parabolic dispersion) Eq. (14) changes to:
eB
WCR — PR (17)

where m™ is the effective mass of the electron. Therefore, CR experiments allow
the determination of the effective mass of electrons and holes in semiconductor

structures [53].

The exact magnetic field position and the quantity of the absorbed light
strongly depend on the polarization state of the radiation. For circularly po-
larized light, the absorbed power P, is given by [54,57]:

UoEg

(w+wer)?m2+ 1’

Pcirc = (18)

with the electric field Ey of the polarized electro-magnetic wave and the dc
nq27
m* )

denominator of Eq. (18) stands for right- ("+”) and left- ("—") handed circularly

polarized radiation. As linearly polarized radiation can be considered as a

conductivity og= where ¢ is the charge of the carrier. The sign of the

superposition of both circular polarizations, the absorbed power Pj;, adds up
to:

1 1
(W—wer)?*m?+ 1 (w+wer)?m2+ 1]

1
Plin = _UOEg

; (19)

For electrons, an absorption occurs on the positive magnetic field side for right-
handed polarized and on the negative side for left-handed polarized radiation.
This situation is reversed for a system with holes as principal carriers. For
linear polarized radiation, the resonance appears for both carrier types on

both magnetic field polarities.

Apart from the classical approach, there is also a quantum mechanical model to
describe cyclotron resonance. At low temperature (kg7 < hwcgr), a constant
magnetic field applied perpendicularly to the quantum well plane splits the
energy spectrum into Landau levels. The energy of the [-th Landau level of a

system with parabolic dispersion is defined as [55,58,59]:

1

h2k?
El<kz) = thR (l + —> + =

2m*’

5 (20)
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Figure 9: Schematic illustration of Landau level splitting for a 3D system
with parabolic dispersion. Energy E of the Landau level, depending on (a)
the wave vector k, and (b) on the magnetic field B, is depicted. The black
arrows indicate transitions between two Landau levels with energies Ej,,.

The resonances stay at a fixed magnetic field value for different Fermi level
position Bcr. Picture adapted from (a) Ref. [55] and (b) Ref. [58].

with [ € N. From this relation, it can be seen that the Landau levels split
equidistantly with an energy difference of AE);1; = £hwcgr. This is schemat-
ically depicted for a 3D system in Fig.9(a). The cyclotron resonance corre-
sponds to a transition between two neighbouring Landau levels, if the radiation
energy exactly fits the energy difference between them. As these levels split
equidistantly, only the magnetic field defines the radiation frequency that is
absorbed. Therefore, the transitions for both Fermi energy positions Epq g2,
indicated in Fig. 9(b) with black arrows, are at the same magnetic field value

Beg for a given radiation energy Ej,, independent of the Fermi level position.

2.4 CR-Enhanced Photocurrents in HgTe QWs

The photogalvanic effect, in combination with cyclotron resonance, is observed
in HgTe QWs with parabolic dispersion as well as in QWs with dqw ~ d. =

6.6 nm, where the energy spectrum is expected to be characterized by a linear
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one. Here, the main features of CR in both types of quantum wells is sum-
marized. Furthermore, the photocurrent generation, based on the magneto-
gyrotropic photogalvanic effect, is outlined briefly. A full study of the data is
published in Ref. [23] and Ref. [60].

2.4.1 Parabolic Dispersion

Applying a magnetic field B and THz radiation normal to the surface of a 21 nm
HgTe QW sample (under CR-condition), THz radiation-induced photosignals
with a strong Lorentzian-like enhancement arise, as shown in Fig. 10(a). The
positions Bggr of these resonances depend on the frequency of the applied
radiation (not shown) and the effective mass of the carriers. These relations are
given by Eq. (17). Moreover, the resonances show a strong helicity-dependence,
where peaks at one magnetic field polarity are more pronounced for a given
helicity. This is in full accordance with the theory and the dependencies can be
described with Eq. (18). In Fig. 10(b), measurements for two different states of
the sample are shown. A change of the carrier density has almost no influence
on the positions of the resonances and only the peak amplitudes vary. All the
mentioned features can also be found in transmission measurements, as shown

in Fig. 10(c), and are in full accordance with the theory given in Sec.2.3.

In Ref. [23], it is shown that the current arises due to the magnetic photogal-
vanic effect. The theory describes the dependencies of the induced current on
the applied magnetic field direction and the radiation polarization state with
respect to the crystallographic axes. In a linear approximation of the magnetic
field strength B, the photocurrent density j for gyrotropic materials is given
by [50,61]:

Jo =Y GapBa{ By} + > ftagyBaéy Eg Peire, (21)

Byv,6 By
where FE, are components of the complex amplitude of the radiation electric
field FE, é is the unit vector pointing in the direction of the light propagation,
and the Greek indices are Cartesian coordinates. The term on the right-hand
side, including the fourth-rank pseudo-tensor ¢, which is symmetric in the last

two indices, is induced by linear or unpolarized radiation. The photocurrents
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Figure 10: (a) Normalized photosignal U,/P as a function of the mag-
netic field B, for a 21 nm HgTe QW. The radiation and the magnetic field
are applied perpendicularly to the surface of the sample. For right-handed
(0T, red rectangle) circularly polarized radiation, the main peak is more
pronounced at the positive magnetic field side. By switching to left-handed
(o0, blue rectangle) circularly polarized radiation, the main peak appears
at a negative magnetic field value. (b) Normalized photosignal magnitude
U/P = W and (c) transmissivity 7 for two different carrier densities,

ny = 18-10%cm2 and ny = 24 - 1019 cm—2.

depending on the circularly polarized radiation are described by the second

term of Eq. (21) containing the third-rank tensor p.
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Figure 11: Semi-classical picture of the current generation due to the
magneto-gyrotropic PGE. Asymmetry in the relaxation process of a homo-
geneously heated electron gas for the (a) spin-up and (b) spin-down sub-
band. Curved arrows indicate the different scattering probabilities for elec-
trons with positive and negative k. (c) Model of the magneto-gyrotropic
effect, where the spin-up subband is preferably occupied due to the Zeeman

splitting and so an electric net current arises. Picture according to [50,61].

Apart from the phenomenological theory the magneto-gyrotropic PGE can
be expressed in a semi-classical microscopic picture. This picture is valid for
moderate magnetic fields, when the system is not in the quantum Hall regime.
For a fully quantized system this picture becomes more complicated and a
microscopic description is still outstanding. In the semi-classical regime the
homogeneous Drude-like absorption of THz radiation, together with a spin-
dependent asymmetry of the electron scattering, can lead to an imbalance in
the carrier distribution in momentum space. In gyrotropic media, such a spin-
dependent term arises in the electron-phonon interaction due to the spin-orbit

interaction and can be written as [50,61,62]:

Wkk’ == Wo + Z Wagaa(/{ig + klﬁ), (22)

af
where the first term of the sum is the conventional spin-independent scattering
Wy and the second term is the spin-dependent scattering. Here, W is a second-
rank pseudo-tensor, o, represents the Pauli matrices, and k and k’ are the wave

vectors before and after a scattering event.

The spin-dependence of the electron-phonon interaction results in different en-
ergy relaxation rates for electrons at positive and negative k. This effect is

depicted in Fig.11(a) and (b) for the spin-up and -down bands in a parabolic
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energy dispersion respectively. The black curved arrows indicate the differ-
ent relaxation rates in momentum space within one subband. Independent
of the energy dispersion, this scattering asymmetry causes an imbalance in
the carrier distribution between positive and negative k-states and therefore,
electron fluxes j1/, arise. The fluxes for the spin-up band (j11/2) and the spin-
down band (j_;/2) have the same strength, but different direction, since the
asymmetric part of the scattering amplitude depends on the spin-orientation.
Therefore, no electric current is generated. Only a pure spin-current arises,

which separates the electrons with different spins:
. 1. .
Js = §(J+1/2 - J—1/2)~ (23)

By applying a magnetic field B, the two subbands split energetically due to the
Zeeman effect, as shown in Fig. 11(c). The energy difference of the subbands

is given by:
AEz = gupB, (24)

where g is the effective Landé factor and pp is Bohr’s magneton. This leads to
a different equilibrium population for the two subbands and thus to different
flux strengths (e.g. ji1/2 > j-1/2). Now, the pure spin-current is converted
into a detectable charge current [61]:

AFE, .

jZ = —eE—F]s = 4€Sjs, (25)

where S = %(nH/Q —n_1/2)/(n41/2 + n_1/2) is the magnitude of the average
spin, with the carrier density ny of the spin-up and spin-down subbands. In

equilibrium, S is given by:

_QMBB
4

S — (26)

where £ is the characteristic electron energy, which is equal to the Fermi energy

Ey for a degenerate 2D electron gas.
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2.4.2 Dirac-like Dispersion

THz radiation-induced photosignals with strong Lorentzian-like enhancement
can also be found in samples with a linear dispersion by applying a magnetic
field, as shown in Fig. 12(a). Here, three different carrier densities (p;, 11, and
ng) are depicted. Similar to the results obtained in the sample with parabolic
energy dispersion, the resonance positions of the photosignal BESE show a
strong coincidence with the ones found in transmission measurements B&x!,
as depicted in Fig.12(b). Furthermore, the resonances exhibit a considerable
dependence on the radiation helicity and the radiation frequency. All these

features are already observed in the QWs with parabolic dispersion.

The main difference between the results obtained in the QWs with 6.6 nm
thickness and the ones with parabolic dispersion is the dependence of the peak
position on the carrier density in the samples with critical thickness. By a
change of the carrier density from p; = 1.5- 10 cm=2 to ny = 3.4 - 10 cm 2,
the main resonance not only shifts from the negative magnetic field side to
the positive magnetic field side, but appears also at a almost two times higher
value. A further increase in the carrier density to ny = 11101 cm™2 shifts the

resonance to an even higher magnetic field value.

Apart from the characteristic dependence of Bcr on the carrier density, the
resonances appear at much smaller magnetic field values then the ones obtained
in previous studies of HgTe/HgCdTe QWs, with a parabolic dispersion. In
6.6 nm QWs, the resonance positions range from Bcg = 0.38 — 1.20T for a
wavelength of A = 118 um. Similar values are found in photoconductivity
measurements in Ref. [63], done in d = 6.4 and 6.6 nm Hall-bar structures

under CR and in transmission measurements in Ref. [64].

As before, the origin of the photocurrent can be attributed to the magneto-
gyrotropic PGE, which can be adopted easily to Dirac fermions in a system at
critical thickness [23]. By taking into account the effect of CR and assuming
that the magnetic field only splits the states due to the Zeeman effect but does
not change the scattering mechanism, the current magnitude can be estimate
by [23]:

2ev sin 26

———¢&I15n, 27
V2Epwer 27)

9] =
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Figure 12: (a) Normalized photosignal magnitude U/P = W as a

function of the magnetic field for three different carrier states of the 6.6 nm
sample. Only the photosignals in the vicinity of the resonance are shown.
(b) Magnetic-field-dependence of the transmissivity 7 for right-handed cir-
cularly polarized radiation, see left scale for the p;- and ni-states and right

scale for the ns-state. Solid lines are Lorentzian fits.

where £ represents the spin-orbit interaction, S is the magnitude of the aver-
aged spin given in Eq. (26), and 7 takes into account the increased absorbance
in the vicinity of CR:

B 2¢?Fp Tp

kg 1+ (w— wer)?m2’

7 (28)

Herein, n,, is the refractive index and 7, is the momentum relaxation time.
Note that these equations are only accurate for a linear energy dispersion. For

the parabolic one, the main features remain and only the prefactors change.



3 Experimental Methods and Techniques

This chapter is dedicated to the experimental methods and techniques used in
this work. To get a better understanding of the studies carried out, herein a
brief introduction to the experimental setup is given. This includes an illus-
tration of the used continuous wave CO, far-infrared laser system. Then, the
different measurement setups are outlined, namely the setups for the magneto-
transport, photosignals (photovoltage and photocurrent), and radiation trans-
mission. Finally, all investigated samples are specified and the structure and
characteristics of the HgTe QWs and the HgTe films are introduced.

3.1 Experimental Setup

First, a brief overview of the generation of the THz radiation by a continuous
wave (cw) COg far-infrared (FIR) laser system and the optical path, including

an optical cryostat with a superconducting magnet, is given.

The monochromatic cw radiation used in this work is produced by a molecular
gas laser!, which is optically pumped by a CO, laser?. In Fig. 13, an overview
of the whole CO5 FIR laser system is depicted. The CO, laser emits discrete
spaced lines due to rotational-vibrational transitions of the P- and R-branches
of the COy molecule [50,65]. In more detail, the two possible transitions
between the vibrational states of the CO, molecule with centre wavelengths
of A = 9.6 um and A = 10.6 um are split further into many rotational states.
Therefore, the CO; laser is line-tunable around these two centre wavelength.
This middle-infrared (MIR) radiation, with a power in the order of P = 35 W,
is then used to pump the FIR laser.

To enable this pumping, the radiation produced by the CO, laser is deflected
by two planar mirrors and coupled into a second molecular gas laser via a
zinc selenide (ZnSe) lens through a ZnSe Brewster window and a gold-coated
planar steel mirror. The Brewster angle ¢ = arctan(n,,), where n,, is the

refractive index of the window, ensures that only the parallel components of

1295 FI R, Edinburgh Instruments, Livingston, UK
2PL5, Edinburgh Instruments, Livingston, UK
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Figure 13: Schematic picture of the used laser system, producing high-
power cw terahertz radiation. An electrical pumped COs laser is used to
optically pump a FIR molecular gas laser. The dashed red line represents
the optical path. Picture modified from Ref. [66].

32

the electric field E are transmitted, which results in a horizontally polarized

radiation. In the FIR laser resonator, the MIR radiation excites vibrational-

rotational transition of a molecule with a permanent electric dipole moment.

The subsequent relaxation occurs over pure rotational transition with a laser
emission in the FIR range [50,67].

The exact wavelength of the far-infrared laser radiation depends on the active

media used and on the pump energy of the CO, laser. With these parameters,

the laser system is line-tunable over the whole far-infrared range. In this work,

three strong lines are used, which are summarized, together with the used

active media, the wavelength A, the frequency f, the photon energy Ej,, and

FIR active media A (pm) | f (THz) | Epy (meV) | P (mW)
methanol (CH3OH) 118 2.54 10.4 60
difluoromethane (CHyF3) 184 1.62 6.7 80
formic acid (CH202) 432 0.69 2.9 20

Table 1: The parameters of the far-infrared laser radiation, including the

laser gas (active media) of the FIR laser system, the wavelength A, frequency

f, photon energy Ejy,, and power P of the emitted THz radiation.
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Figure 14: Schematic picture of the radiation path (red, dotted line) in-
cluding the reference detector (1), optical chopper (2), position of different
optical components like a wave plate, a grid or attenuators (3), planar mirror
(4), parabolic mirror (5), the optical cryostat, and the transmission detector

(6). Picture modified from Ref. [66].

the power P, in Tab.1. Furthermore, the wavelength and the mode of the
radiation can be adjusted with a moveable silver-coated z-cut quartz mirror
at the end of the cavity. This output mirror is transparent for the produced
THz radiation, but reflects the MIR radiation of the pump laser and ensures a
monochromatic output of the laser system. The shape of the outcoupled mode
can be monitored with thermal paper or with a pyrometer for temperature
detection (Pyrocam).

In Fig. 14, an example of the experimental setup is shown. The dotted red
line represents the optical path of the radiation beam. After leaving the FIR
laser, the beam is modulated by an optical chopper (2) at frequencies of fg, =
400 — 600 Hz and different optical components like a wave plate, a grid, or
attenuators (3). It is then deflected and focused on the sample into an optical
cryostat® with the help of a planar (4) and a parabolic (5) mirror. The outer
windows of this cryostat are covered with black polyethylene sheets, which

prevent an illumination of the sample with ambient light.

The sample is mounted in the centre of the cryostat between two supercon-

ducting split coil magnets. These magnets allow a generation of a magnetic

3Spectromag SM4000-8, Oxford Instruments, Abingdon, UK



3 EXPERIMENTAL METHODS AND TECHNIQUES 34

field up to =7 T, normal to the sample surface. Furthermore, the temperature
at the sample position can be set and kept at any fixed temperature between
T = 1.8 K and room temperature with liquid helium, a heater, and the help of
a temperature controller. The part of the radiation that is transmitted through

the sample and the cryostat is collected by a pyroelectric detector (6).

To reduce the influence of the surrounding electrically noise, Lock-in technique
has been used for the measurements of the voltage drops across the sample (for
details see Sec. 3.2). In addition, the part of the radiation which is reflected on
the optical chopper is used as a reference signal. This reflected signal enables
the analysis of the measurement data and a control of the stability of the laser.
All mentioned signals, including the voltage drop over the sample, the signal
of the transmission (6) and reference (1) detector, as well as parameters like
the magnetic field strength, sample temperature, etc., are transmitted via a
General Purpose Interface Bus (GPIB) system to a measurement computer,

where they are stored for further processing by a LabVIEW program.

3.2 Measurement Setup

After introducing the general laser setup in the previous section, an overview
of the different measurement methods is given here. This comprehend the
magneto-transport, the measurements of photovoltage and photocurrent ob-
tained by THz radiation, and the transmission of the radiation through the

sample.

3.2.1 Measurements of Magneto-Transport

All samples are first characterized with standard magneto-transport. For this
type of measurement, the sample are biased with an ac voltage in the range
of U, = 0.1 — 1V over a series resistor of R,. = 1 — 10 M{2. This results in a
current flowing through the sample in the range of I, = 0.01 —1 pA. An exem-
plary sketch of this setup is depicted in Fig. 15. The change of the resistance
in dependence on a magnetic field applied normal to the surface of the sample

or in dependence on the gate voltage is determined. Thereafter, the voltage
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Figure 15: Illustration of the magneto-transport setup. A magnetic field
B, normal to the sample surface and an ac current I,. over a load resis-
tor R, are applied to the sample. The voltage drops in z- or y-direction
are measured over a load resistor Rjo,q = 10MSQ via Lock-in technique.
From the obtained signals, the Hall and the longitudinal resistance can be

obtained.

drop parallel (U,,) and perpendicular (U,,) to the applied current is mea-
sured over a 10 M load resistor with Lock-in technique. From these signals,
the Hall (R,,) and the longitudinal resistance (R,;) can be calculated, using
R = U/I,.. The obtained traces give information about the characteristics of

the investigated sample, e.g. the carrier type and density.

3.2.2 Measurements of THz Radiation-Induced Photosignals

The THz radiation-induced photosignal is measured in an unbiased sample
under normal incidence. If necessary, an external magnetic field is applied per-
pendicular to the sample’s surface. The arising photosignal is measured in two
orthogonal directions (z- and y-direction) over a load resistor Ry, via Lock-in
technique. Depending on the ratio between the load resistor and the sample re-
sistance Rsample, the signal is measured as either a photovoltage (Ry, > Rsample)
or a photocurrent (Ry, < Rsample). A sketch of the corresponding setup is de-
picted in Fig. 16.
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Figure 16: Setup of the photosignal measurement. The THz radiation (fiw)
and if required the magnetic field B, is applied normal to the surface of the
sample. Depending on the load resistor Ry, the obtained photosignal is

measured as photovoltage (Rr, > Rsample) Or photocurrent (Ry, < Rsample)-

For better comparability of the obtained photovoltage U, , is normalized to

the recorded reference signal U, according to:

Ux,y : Pcalib

U,/ P=
71// Uref

(29)
Here P..;, is a calibration factor, obtained by measuring the averaged laser

output power P and normalizing it to the mean value of the reference signal
Urof-

3.2.3 Measurements of Radiation Transmission

In addition, measurements of the radiation transmission through the sample
are performed. This is a standard method to identify the effect of cyclotron
resonance. In the used setup, the THz radiation and the external magnetic
field are applied normal to the surface of the unbiased sample, as shown in
Fig.17. The part of the radiation that is not absorbed by the sample passes
through it and is focused onto a detector. This detector is either a Golay cell
(high sensitivity, slow) or a pyroelectric detector (fast). The signal is then
further processed with standard Lock-in technique. To improve the noise level
and overcome possible hysteresis effects of the detector, these measurements

are done twice and then averaged.
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Figure 17: Setup of the transmission measurement. The magnetic field B,
and the THz radiation (fw) are applied normal to the surface of the sample.
The part of the radiation that is not absorbed passes through the sample
and is detected.

3.3 Investigated Samples

In the framework of this thesis, 2D and 3D topological insulators based on Hg'Te
QWs and films are investigated. In this section, the designs and properties of
the used systems are briefly outlined. All of the samples presented here have
been grown in the A.V. Rzhanov Institute in Novosibirsk, Russia by Dr Sergey
A. Dvorestky and Dr Nikolay N. Mikhailov.

3.3.1 Mercury Telluride Films

For the investigation of photocurrents in 3D TTs, strained high-mobility 80 nm
HgTe films are used. The full cross-section of the samples is depicted in
Fig. 18(a). The different layers are grown by molecular beam epitaxy (MBE) on
a (013)-orientated GaAs substrate, which is covered by a thin ZnTe layer and a
fully relaxed 4 pm thick CdTe layer [68]. On top of this, the investigated layer
system is grown, which consists of the 80 nm HgTe film sandwiched between
two CdgesHgo 35 layers acting as capping (top) and buffer (bottom) layers.
These CdHgTe/HgTe/CdHgTe layers adopt the lattice constant a of the un-
derlying CdTe layer. The arising lattice mismatch between HgTe (a = 6.46 A)
and CdTe (a = 6.48 A) of about 0.3% results in a tensile strain in the HgTe
film. This opens a topological gap in the otherwise gapless material [18,38].

An evidence of the arising strain can be seen in the X-ray reciprocal space map

depicted in Fig. 18(b), where the diffracted intensity is plotted on a colour-
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Figure 18: (a) Cross-section of the 80 nm HgTe film. The investigated
HgTe structure is sandwiched between two Cdg g5Hgo.35Te layers (in pink
and blue respectively). These are grown on a (013)-oriented GaAs sub-
strate including buffer layers (depicted in white). Some samples have an
additional gold (Au)/titan (Ti) top gate, which is isolated from the QW
by SiO9 and SiN layers (shown in green). (b) X-ray diffraction space map
near the asymmetric (113)-reflection, revealing the strain of the used films.
Here, the diffracted intensity is plotted on a colour-coded logarithmic scale

in dependence on the reciprocal lattice unit (r.l.u.).

coded logarithmic scale. The CdTe film is fully relaxed with respect to the
GaAs substrate, as their maxima points lie on a straight line with the origin
of the reciprocal space. In contrast, the peaks of HgTe and the CdHgTe layers
are on a straight line along the z-axis perpendicular to the sample surface with
the maximum of CdTe. This indicates that these layers are fully strained with
respect to CdTe.

The used sandwich design reduces the influence of dislocations due to the
lattice mismatch and enables high electron mobilities [69]. In the investigated
samples, mobilities up to y, ~ 4-10*cm?/V at T = 40K are obtained. The
low residual bulk impurity lies at about n ~ 10° cm?, which is estimated from

ungated samples.
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(b) (©)

Figure 19: (a) Photo and (b) sketch of a large-area square-shaped 80 nm
HgTe sample. This kind of sample is used for the simultaneous measure-
ment of transmission and photosignals. (c) Sketch of a cross-shaped gated
sample used for photocurrent measurements as a function of the Fermi level

position.

For the following study, several samples are prepared from the same wa-
ver. Large-area square-shaped samples (Van-der-Pauw geometry) depicted in
Fig.19(a) and (b) are used for the simultaneous measurement of the transmis-
sion and the photosignals. For the latter, eight ohmic contacts are soldered
to the sample with indium - four in the corners and four at the edges. These
contacts are connected via gold wires to the pins of an eight-pin chip carrier.
The edges of the samples are about 5 mm long and are oriented along z || [100]
and y || [031].

In order to allow the study of magneto-transport and photocurrents in depen-
dence on the position of the Fermi level, gated structures are fabricated by
photo-lithography technique and wet etching. To reduce the likelihood of in-
sulator leakages, small-area cross-shaped structures are produced, as shown in
Fig. 19(c). These structures are 50 pm wide and 1500 pm long and have four
Ohmic contacts, which are indium-soldered and connected via gold wires to the
chip carrier. The yellow area in Fig. 19(c) schematically depicts the gate area.
These semi-transparent gates with a diameter of 1500 um consist of 15nm Ti
and 5nm Au and are deposited on 100 nm Si0, and 200 nm of Si3sN,. The

latter one acts as a dielectric layer, as shown in Fig. 18(a).
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Figure 20: (a) Cross-section of the investigated 8 nm HgTe quantum well
structure. On top of the [013]-oriented GaAs substrate, with buffer lay-
ers (depicted in white), the Cdg ¢5Hgo.35/HgTe/Cdo e5Hgo.35 quantum well
structure is MBE-grown (in pink and blue respectively). Green layers depict
the gold (Au)/titan (Ti) top gate. (b) Layout of the Hall-bar structure with

different contact spacing.

3.3.2 Mercury Telluride Quantum Wells

In the second part of the thesis, 8nm HgTe single quantum wells are investi-
gated. In such systems, the band structure and ordering strongly depend on
the thickness of the studied QWs, as seen in Sec.2.1.4. For the 8 nm HgTe
layer used here, the band ordering is inverted and topologically protected edge
states can arise. Moreover, for the used thickness, the energy gap is in dimen-
sions of Eg,p =~ 25meV [17,70] and is consequently bigger than the photon

energy used for the investigation.

A cross-section of the MBE-grown [12] samples can be found in Fig. 20(a). On
top of the (013)-GaAs wafer, a thin film of ZnTe (5nm) and 4 um CdTe is
placed. These layers assemble the substrate of the investigated CdggsHgo.35/
HgTe/CdgesHgoss QWs. All samples are prepared with a semi-transparent
top gate, which allows the control of the Fermi level. This gate is grown by
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(b)

Figure 21: (a) Image of the investigated Hall-bar structure, where the
peach-coloured area represents the top-gate. (b) Sketch of the Hall-bar
mounted on the chip carrier. One of the pins is connected to the top gate

(peach-coloured) and the other seven to contacts of the Hall-bar.

chemical vapour deposition and is composed of 15nm Ti and 5nm Au. It is

isolated from the QW by a layer of 200 nm SiO,, acting as insulators.

To enable the studies of magneto-transport and photosignals in the quantum
spin Hall regime, small Hall-bars are prepared by photo-lithography technique
and wet etching. For bigger samples, the probability of inelastic electron scat-
tering increases, even in the helical edge states, which makes the investigation
more difficult. In this work, seven samples from two wafers are studied. A
sketch of the typical design, including dimensions can be found in Fig. 20(b).
The whole structure is about 57 um long and has a width of 3.2 um. The
spacing between the contacts differs, ranging from [ = 2.8 um to [ = 32.8 um.
A microscopical image of a real structure is plotted in Fig.21(a), where the

peach-coloured area is the top gate.

The sample is attached to an eight-pin chip carrier, as shown in Fig.21(b).
One of these pins is connected via a gold wire to the top gate (peach-colour),
allowing the application of a voltage to the gate layer. The other seven pins
are attached to contacts of the Hall-bar structure via gold wires and indium

soldering.



4 Cyclotron Resonance of 2D Surface States
in HgTe-Based Films

In this chapter, cyclotron-resonance-assisted photocurrents in strained high-
mobility 80 nm HgTe films are presented. In such a system, a band gap opens in
the otherwise gapless Hg'Te bulk material and a three-dimensional topological
insulator with conducting surface states can be realized, as seen in Sects. 2.1.3
and 2.1.4. Here, the existence of these states is proved and they are investigated
with the help of cyclotron-resonance-enhanced photocurrents. This study is
supported by complementary measurements of transport and transmission.
All results presented in this chapter are published in Ref. [24].

4.1 Sample Characterization

Before the performance of actual photocurrent measurements, all the samples
studied in this chapter are characterized by magneto-transport measurements.
This characterization is done in close cooperation with Dr Dmitriy A. Ko-
zlov? after Ref. [69]. Details concerning the experimental geometry and signal

detection can be found in Sec.3.2.1.

In Fig. 22, the longitudinal resistance p,,(B) and the Hall resistance p,,(B),
measured as a function of the magnetic field B, applied normally to the film
plane, are exemplarily depicted for temperatures of T' = 4.2K in blue and
for "= 40K in red. For both temperatures, the determined longitudinal
resistance p,, has positive values and is even in the magnetic field. The Hall
resistance p,, shows a non-linear N-type shape for small magnetic fields. This
— together with the large positive longitudinal resistance — is characteristic
for a system with coexisting electrons and holes [71]. The same behaviour is

found in measurements performed at various fixed temperatures in a range of
T =4.2 - 120K (not shown).

From these traces, the densities and the mobilities for both carrier types can be

obtained by using the classical two-component Drude model [69]. The resulting

4A. V. Rzhanov Institute, Novosibirsk, Russia
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Figure 22: Magneto-transport data obtained in an ungated cross-shaped
80 nm film for 7' = 4.2K and T = 40K in blue and red respectively. The
longitudinal resistance p.,, which scales on the left side, shows a large pos-
itive resistance. The Hall resistance p,, (right scale) exhibits a non-linear

N-type shape around B = 0T, which is typical for an electron-hole system.

carrier densities for holes, p (red triangle), and electrons, n (blue triangle),
are depicted in dependence on the temperature in Fig. 23(a). For both types
of carriers, an abrupt increase in the density can be found at temperatures
higher than T" 2 25 K. Below this temperature, the densities almost saturate
at a value of n = 0.4 - 10" cm™2 for electrons and p = 4.5 - 10! em ™2 for holes
(see inset Fig.23(a)). The existence of holes, even at low temperatures, is an
indication that the Fermi level is situated in the valence band and therefore,
the existing electrons can be attributed to the surface states of the Hg'Te film.
In Fig.23(b), the mobilities for electrons (u.) and holes (u,) as a function
of temperature are depicted. They decrease with increasing temperature and
saturate for T > 60K at a value of approximately p. = 5 - 10* cm?/Vs for
electrons and p, = 0.8 - 10* cm?/Vs for holes.

In addition, magneto-transport measurements are carried out on gated sam-
ples. Typical resistance curves (p,,) obtained at B, = 0T as a function of
the applied gate voltage are shown in Fig. 24(a) for 7' = 4.2K (blue) and for
T = 40K (red). The low-temperature resistance reaches a maximum near
Uy~ —0.8V. For the same applied gate voltage value, the Hall resistance pg,
changes its sign. This is exemplarily depicted in Fig.24(b) as a function of
the magnetic field for two different gate voltage values. For U, = —4V, the
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Figure 23: Electron and hole (a) densities (n (blue triangle) and p (red
triangle)) as well as (b) mobilities (e (blue triangle) and p, (red triangle))
as a function of temperature, extracted with the Drude model from magneto-
transport measurements on a 80 nm HgTe ungated cross-shaped film. The
carrier densities show an activation behaviour around 7" = 25 K (see inset in
(a)). The existence of holes even at low temperature reveals that the Fermi
level lies in the valence band. Therefore, the electrons can be associated

with the surface states.

Hall resistance p,, has the same behaviour as the ungated sample, whereas for
values larger than U, =0.8 V, the slope changes its sign. This proves that the
Fermi level can be tuned with the top gate from the valence band crossing the
surface states into the conduction band. In a detailed study of the transport
properties, the borders of the bulk bands are determined for this material sys-
tem in Ref. [69]. In Fig.24(a), these points are marked with E for the valence
band and F. for the conduction band edge.

In the same work, the carrier densities are determined as a function of the
applied gate voltage of the system investigated herein. As these results are
important for the analysis of the photocurrent study, the main conclusions are
depicted in Fig. 24(c) and are briefly outlined here. The densities of the total
number of electrons and the bulk holes (nia and ppyy) are plotted in black
squares and circles in dependence on the gate voltage respectively. Considering
the total number of electrons, a strong dependence on U, is observed. For
negative applied gate voltages, n¢a only slightly rises with increasing U,,

whereas for positive gate voltages, it increases rapidly up to a value of nyya =
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Figure 24: (a) Gate-voltage-dependence of the longitudinal resistance p.,
for T = 42K and T = 40K for the cross-shaped sample. The edge of
the valence band is marked with F, and the edge of the conduction band
with E.. For negative U, the system is a hole metal, which turns into a
topological insulator and — finally for large positive gate voltages — into an
electron metal. (b) Example of the magnetic-field-dependence of the Hall
resistance p, measured at a cross-shaped sample at 7' = 4.2K for fixed
gate voltages of Uy = —4V (blue) and U, = 2V (red) representing a hole
and an electron metal system respectively. (¢) Gate-voltage-dependence of
the carrier densities of electrons (n4ta1), holes (ppuk) and the surface states

(ntop and Npottom) determined from a Hall-bar.

4.4 - 10" cm™? obtained for U, = 5V. In contrast, the hole density decreases
for decreasing negative gate voltage and completely vanishes for U, > 0V.
The carrier densities of the top (ntep, red triangles) and the bottom surface
states (Npottom, red squares) are depicted in Fig. 24(c) respectively. From these
results — in combination with a calculation of the k-linear dispersion of Dirac
electrons [18] — an energy gap of Eg,, ~ 15meV is estimated [69]. Therefore,

the thermal occupation for low temperatures used in experiments is small,
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when the Fermi level lies in the valence band and only the surface electrons

can contribute to the transport.

Note that although the overall characteristics of the transport data are repro-
ducible, the position of the gap can shift on the gate voltage scale. This can
be attributed to built-in electric fields due to the fabrication of the gate or
due to different cool-down circles. To enable the comparability of all data,
transport experiments are done under the same conditions as the photosignal
measurements and the charge neutrality point (CNP) is shifted to the same

gate voltage value for all investigated samples.

4.2 Terahertz Radiation-Induced Photogalvanic Effects

In this section, the experimental data of the THz radiation-induced photo-
galvanic effect in unbiased HgTe films are presented. The radiation and the
magnetic field B, are applied under cyclotron resonance condition, meaning
that both are aligned normal to the surface of the sample. The experimental
setups of the photosignal and the transmission measurements are illustrated
in Secs. 3.2.2 and 3.2.3 respectively.

4.2.1 Photocurrents at Zero Magnetic Field

By exciting 80 nm HgTe films with linear polarized THz radiation under normal
incidence without a magnetic field, a measurable electric current is observed.
The dependence of the normalized photocurrent U, , /P in x- (red dots) and y-
directions (black dots) on the linear polarization angle « is depicted in Fig. 25.

Note that for a better comparability, the data for the z-direction are multiplied

direction | A B C
x 0.19 | 0.051 0.017
Y 0.06 | +0.016 | -0.012

Table 2: Fitting parameter after Eq. (30) for the photocurrent measure-
ments as a function of the angle «, without an external magnetic field for

the 80 nm HgTe film. Traces are depicted in Fig. 25 as solid lines.
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Figure 25: Normalized photosignal U, ,,/ P in z- (red dots) and y-directions
(black dots) as a function of the angle « without an external magnetic field
for the 80 nm HgTe film. Both curves are fitted with Eq. (30) (solid lines).
The curve for the z-direction is multiplied by —1 for a better compatibility.

by —1. The mean values of the normalized photosignal in the two orthogonal
directions are in the same order of magnitude, with U,/P = —0.19mV/W
and U, /P = 0.06mV /W for z- and y-directions respectively. By changing the
angle «, which represents a changing of the linear polarization plane in regard
to the x-direction, a modulated photosignal is detected, which can be fitted as

follows:
Uyy(a)/P = A+ Bsin(2a) + C cos(2a). (30)

The corresponding fitting curves are shown in Fig. 25 as solid lines and the

parameters are summarized in Tab. 2.

4.2.2 Cyclotron-Resonance-Assisted Photocurrents

By applying a magnetic field, the behaviour of the photocurrent changes and
a strong resonant dependence is observed. First, magnetic-field-dependencies
of the normalized photovoltage U, /P in an ungated square-shaped sample are
presented. The results found at a temperature of 7' = 40K for radiation
with a wavelength of A = 118.8 um are depicted in Fig.26(a) for left- (o,
blue dots) and right-handed (¢, red dots) circularly polarized radiations.
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Figure 26: (a) Normalized photosignal U, /P and (b) transmissivity 7 as
a function of the magnetic field B, measured in an ungated square-shaped
HgTe film at T' = 40 K. For right-handed (o) circularly polarized radiation,
two resonant peaks appear at positive magnetic field values of Bcrp = 2.55T
and Bcrz = 3.25T. (b) By switching the helicity to left-handed (¢7), the
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resonances shift to negative magnetic fields.

48

By exciting the film with o*-polarized radiation and sweeping the magnetic

field from B, = —7 to 7T two resonant peaks are observed at the positive

magnetic field side. The centre values of the resonances are Bery = 2.55T and
Bera = 3.25 T with maximal amplitudes of U,/P = 1.53mV/W and U, /P =
10.40mV /W respectively. By switching the radiation helicity from o™ to o~

the resonances shift to the negative magnetic field side, with Begy = —2.4T

(Us/P =3.33mV/W) and Begs = —3.3T (U,/P = 10.34mV/W).
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Figure 27: Averaged and normalized transmissivity 7 as a function of the
magnetic field B, for an ungated square-shaped 80 nm HgTe film measured
at different fixed temperatures in the range of T' = 4.2 — 120 K. Red lines
represent Lorentzian fits after Eq. (31).

All resonances exhibit a Lorentzian-like distribution and are fitted by:

2A w
™ W2 + 4<B - BCR)2,

F(B)=0=+ (31)
where O is an offset, A the amplitude, W the width, and Bcr the centre
value of the resonance. Such fits can be seen exemplarily as solid lines in
Fig. 26. The slight asymmetry of the curve and the resulting deviation from the
perfect Lorentzian shape can be explained by taking into account the multiple
reflections in the substrate and a super-radiant decay [72,73]. Note that the
signals in y-direction exhibit a similar behaviour with resonances at the same

magnetic field positions (not shown).

The same strong helicity-dependence can be found in the transmissivity mea-
surements, as shown in Fig. 26(b) for a temperature of T' = 40 K. Here, the data
are normalized to the laser power and the maximal signal is defined as 100 %.
To further improve the clarity of the data, two measurements are averaged. In
the transmissivity 7 measurements, two strong resonances can be found for
right-handed circularly polarized radiation (depicted in red rectangle). The
first resonance appears at Bery = 2.67T and the second at Bcere = 3.35 T,
with a minimal value of 7= 0.85 and 7= 0.76 respectively. For left-handed
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Figure 28: Normalized photovoltage U, /P measured for three different
frequencies in an ungated cross-shaped sample. The data are shifted in the
vertical direction by 0.2 for f = 1.62 THz and by 0.4 for f = 0.69 THz and
the maximum of each trace is normalized to one. Full lines show Lorentzian

fits pursuant to Eq. (31).

circularly polarized radiation, the dips appear at negative magnetic field values
of Bcri = —2.6T (T = 0.82) and Bcre — 3.35T (T = 0.74). Again, the solid
lines represent the Lorentzian fits after Eq. (31).

Similar dips in transmission 7 are detected in a temperature range of T'= 10K
to T'= 120 K, as exemplary depicted in Fig.27. For temperatures lower than
T = 10K, no clear resonances can be observed, as the amplitudes of the dips
are smaller than the noise level of the used setup. As already seen in Fig. 26(b),
two clear dips arise at T' = 40 K. With rising temperature, the amplitude of the
dips increases and at T > 80 K, they start merging together. For temperatures
as high as T = 120K, only one resonance can be found, with a centre value
of Ber = 2.8T. These curves are again fitted with a Lorentzian function
(Eq. (31)), see solid lines in Fig. 27.

Until now only measurements in large-area square-shaped samples (Van-der-
Pauw geometry) are shown. Although these samples are necessary for trans-
mission measurements, they are too big for the fabrication of a gate. Therefore,
the following study of photocurrents is done on smaller cross-shaped samples.
In Fig. 28, the resonances of the photosignal U, /P are depicted in dependence
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Figure 29: Normalized photovoltage in dependence of a magnetic field
tilted by an angle 6. A strong dependence of the cyclotron resonance posi-

tion on the magnetic field angle is observed.

on the magnetic field for three different radiation frequencies. For better clar-
ity, the traces are shifted in y-direction by values of 0.2 and 0.4 for frequencies
of f = 1.62THz and f = 0.69 THz respectively. In addition, the maximal

signal of each radiation frequency is defined as U, /P = 1.0.

The resonances for a radiation frequency of f = 2.54 THz arise at almost
the same magnetic field positions as in the large square-shaped samples, with
values of Beri = 2.4T and Bere = 3.25T. By reducing the radiation frequency
to f = 1.62 THz, the resonances move to smaller magnetic field values, Beri =
1.65T and Bcro = 2.15T. In case of a further reduction in the frequency to
f = 0.69 THz, the resonances appear at even smaller values of Bcgy = 0.7T
and Bcro = 1.1T. Moreover, the relative strength of the first and the second
resonance changes considerably. The first resonance has a smaller amplitude
than the second one for frequencies of f = 2.54 THz and f = 1.62 THz, whereas
this behaviour is reversed for f = 0.69 THz.

For a better understanding of the photocurrent origin, measurements with
a magnetic field tilted by an angle 6 and a fixed radiation frequency of f =
0.69 THz are performed. Focusing on the main resonance, a clear shift to higher
magnetic field values for an increase in the tilting angle 6 is observed, as shown
in Fig.29. The resonance shifts from Bgry = 0.7T to Berr = 1.45T when
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angle 6 | CR position Beg (T) | Bdg (T)
0° 0.7 0.7
20° 0.8 0.75
40° 0.85 0.65
50° 1.35 0.85
60° 1.45 0.72

Table 3: Resonance position Bcr and the effective position Bé‘R = Bcr -
cos(0) for the normalized photosignal measured in an ungated cross-shaped
sample at a frequency of f = 0.69 THz. The according curves are depicted
in Fig. 29.

changing 6 = 0° to § = 60°. The values of all shown traces are summarized
in Tab.3. Again, these traces are normalized, so that the maximum of the
photosignal equals U, /P = 1.0. Moreover, for an in-plane magnetic field B,

(0 = 90°) the photosignal completely vanishes (not shown).

4.2.3 Gate-Voltage-Dependency

To investigate the influence of the Fermi energy position on the resonances,
samples with top gate structure are used. In Fig.30(a) and (b), the observed
photocurrents are shown as a function of the applied gate voltage for T'= 40 K
and T = 20 K. For better clarity, the traces are shifted in the y-direction and
fitted with Eq. (31) (solid lines). Starting with the higher temperature, a strong
dependence of the photosignal on the applied gate voltage is observed. For a
negative gate voltage — depicted here for U, = —0.5V — no clear resonance
is found. By increasing the gate voltage, first a resonance at Bcro = 3.35T
(Uy = 0V) and then a second one at Begry = 2.6 T (Uy = 0.5V) appear. Note
that for such small gate voltages, the resonance position is similar to those

obtained for the ungated samples.

By increasing the applied gate voltage further to values above U, =~ 1.5V, a
third resonance appears at Borz = 2.45'T. Moreover, all resonances increase
in amplitude by increasing the gate voltage. Focusing on the position of the

resonances, it can be found that only the resonance at a magnetic field of
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Figure 30: Magnetic-field-dependency of the gated cross-shaped sam-
ple #1 for different applied gate voltages, measured at (a) 7' = 40K and
(b) T = 20K. Solid lines show Lorentzian fit pursuant to Eq.(31). Note
that the traces are shifted in the y-direction for clarity. (c¢) Magnetic-field-

dependencies of the resonances for low temperature and high magnetic fields.

Bcri =~ 2.6 T exhibit a clear dependence on the applied gate voltage. This
resonance shifts from Bery = 2.56 T to Bery = 2.91 T due to an increase of the
gate voltage from U, = 0.5V to U, = 5.0 V. The other two resonance positions
show no observable dependence on the applied gate voltage. For T' = 20K a
similar behaviour can be observed, although the resonance at Borz = 2.4 T is
absent. Here, Bcg; shifts from 2.7T to 2.85T upon changing the gate voltage
from U, = 1V to Uy = 3V. Note that the curves for gate voltages of Uy =2V
and Uy = 3V in Fig. 30(b) are multiplied by a factor of four and are shifted in
the y-direction. Hence, the amplitudes J,/P of the resonances decrease with

an increase in the applied gate voltage.
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Figure 31: Magnetic-field-dependence of the normalized photovoltage U/ P
of the gated cross-shaped sample #2 measured in two orthogonal directions
for linearly polarized radiation. The two resonances behave independently
of each other and can exhibit odd or even dependence on the magnetic
field B,.

In Fig. 30(c), the measurements of the normalized photosignal J,/P at helium
temperature are depicted for different applied gate voltages. For gate voltages
larger than U, = 2V, a fourth resonance appears at a higher magnetic field
value (Bcrs = 6.3T). The position of this resonance is almost independent
of the applied gate voltage. For B, < 5T and T = 4.2K the CR related
resonances are superimposed by Shubnikov-de Haas oscillations (not shown)
and therefore will not be discussed here. The influence of these oscillations on
the photocurrent is well-known for HgTe samples and is studied in Ref. [74]
for HgTe QWs with different widths, which are characterized by a Dirac-like,

inverted or normal parabolic band structure.

Until now, only photocurrent measurements for one magnetic field polarity are
shown. In Fig.31, the photocurrent behaviour measured in two orthogonal
directions is depicted for a reversal in the magnetic field direction. Surpris-
ingly, the two resonances behave different on the magnetic field polarity. For
example, the resonance at the smaller magnetic field (Bcgry) in the y-direction

is odd in the magnetic field, whereas the peak at Bcro is even. Moreover, for
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the z-direction, the situation is reversed and the first resonance behaves evenly

while the resonance at higher magnetic field is odd.

4.3 Discussion

Teraherz radiation-induced photocurrents observed in strained 80nm HgTe
films and shown in Sec. 4.2 are discussed in this section. These photocurrents
exhibit strong resonances, which can be understood in the framework of cyclo-
tron resonance of electrons in the topologically protected bottom and surface
states of the films. From the obtained data, the cyclotron masses of the two
states are extracted and their dependence on the position of the Fermi level
is discussed in regard to the band structure. Moreover, it is demonstrated
that the photocurrent stems from magnetic-field-induced asymmetric scatter-
ing of surface state carriers in momentum space. All theoretical calculations
are performed simultaneously to the measurements by Grigory V. Budkin® and
Prof. Dr Sergey A. Tarasenko® and are published in Ref. [24]. Here, no de-
tailed derivations of the equations are given and only the main features of the

theoretical considerations are outlined.

4.3.1 Cyclotron Resonance of Surface States

By applying a magnetic field normal to the surface of a HgTe film, a THz
radiation-induced photosignal with a strong resonant behaviour is observed,
as shown in Fig. 26. These resonant positions BESY in the photosignal show a
strong coincidence with the dips in the transmission measurements, arising at
BEM (see Tab.4). This is a clear sign that the enhancement of the photocurrent

occurs due to an increased absorption of radiation.

Moreover, the photocurrents exhibit a considerable dependence on the radia-
tion helicity. For example, the photosignal peaks are more pronounced for the
positive than for the negative magnetic field side for right-handed circularly
polarized radiation. This is even more distinct in the transmission measure-

ments, where only one dip at one magnetic field polarity appears for a fixed

5Toffe Institute, St. Petersburg, Russia
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helicity (not shown). This, together with the fact that the resonances can be
nicely fitted with a Lorentzian curve, is a clear evidence that the absorption
is caused by cyclotron resonance. All these features are also found in QWs
with parabolic and linear energy dispersion (see Sec.2.4) and can be explained
by the theory given in Sec.2.3. Moreover, the fact that right-handed circu-
larly polarized radiation leads to an absorption at the positive magnetic field
side is a strong indication that the resonant absorption is due to the cyclotron

resonance of electrons.

From these traces, the cyclotron masses mcr can be calculated with Eq. (14).
The masses obtained from the photosignal resonances at Bery = +2.5T
(Bcrz = £3.3T) measured at T = 40K are mcr1 = 0.028mqg (mcre =
0.037mg). Almost the same values (mcgr; = 0.029mg and mgre = 0.037 my)
are obtained from the transmission measurements. All CR positions at this
temperature are summarized in Tab.4. The masses are calculated from the
average CR positions for both radiation helicities and are in accordance with

the values obtained in similar systems investigated in Refs. [75,76].

These experimentally obtained masses agree well with the ones estimated from
k - p calculations of the band structure of (013)-oriented 80 nm HgTe films.
Details of the calculation of the energy dispersion of HgTe-based T1Is in general
can be found in Ref. [77] and those for the (013)-oriented films used here are
given in the appendix of Ref. [24]. The results of these calculations are shown
in Fig.32(a), where the obtained bulk bands are depicted in black and the
two surface states in red. The energy dispersion of the surface states clearly

deviates from the expected linear one. This derivation arises due to the fact

BeR" (T) By (T) | meg® (mo) | méy (mo)
ot o~ ot o~
CR; | 255 | =240 | 267 | —2.6 0.028 0.029
CRs | 325 =33 |3.35| —3.35 0.037 0.037

Table 4: Summary of the cyclotron resonance positions of an ungated
80nm film for o+ and o~ circularly polarized radiation, obtained from pho-

tosignals (BESE) and transmission measurements (BEN). From these val-

ues, the cyclotron masses mggE and mgll\{l are calculated.
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Figure 32: (a) Band structure of the (013)-grown 80 nm HgTe film calcu-
lated by k - p method. The black lines represent the bulk states and the

red lines the surface states, calculated for

two perpendicular in-plane crys-

tallographic directions (in dashed and solid lines). Cyclotron masses of the

two surface states (b) estimated from the calculation and (c) obtained from

transmission measurements (for examples

see Fig.27) in an ungated 80 nm

strained HgTe film in dependency on the temperature.

o7

that the Dirac points of both interfaces lie deep in the valence band, which

results in a hybridization with the I's heavy hole band [18].

The energy spectrum of the (013)-grown film is anisotropic at the interface

plane. This is depicted in Fig. 32(a) for two orthogonal in-plane directions in

solid and dashed lines. From this calculation, the masses of the top and bottom

surface states can be estimated as a function of the energy, being in the range

of mcricr2 = 0.027 — 0.031my, as shown in Fig.32(b).

Not only do these

values match quite well the experimentally acquired ones (mcr; = 0.028 mq

and mcre = 0.037my), but the cyclotron mass of bulk carriers estimated from

the k- p calculations is also substantially larger, with a value of about 0.07 my.
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Note that a detailed comparison of the computed and the experimental results
would require a detailed knowledge of the electric field distribution of the real

structures, which is out of the scope of this work.

Moreover, only a slight dependence of the surface masses on the energy is
found, as shown in Fig. 32(b). This corresponds to the weak shift of the exper-
imentally gained values upon changing the temperature, as shown in Fig. 32(c).
These masses are estimated from transmission measurements, which are exem-
plarily depicted in Fig. 27. The deepening of the resonances and the consequent
merging of the dips found therein can be explained by an increased absorption
of radiation due to a higher carrier density for larger temperatures. Exactly
such a behaviour is found in magneto-transport measurements for holes and

for electrons, as shown in Fig. 23(a).

All the aforementioned features are good indications that the resonances arise
due to electrons in the surface states. In addition, this assumption is further
supported by the magneto-transport characterization of the sample, discussed
in Sec.4.1. It is shown that the Fermi level in the ungated samples lies in the
valence band. These bulk states have a large effective mass and, therefore, a
high density of states. It can be shown that the Fermi level in this sample, as
well as in gated samples with negative gate voltages, is pinned to the top of
the valence band. This can also be seen directly in Fig. 32(a), where no bulk
electrons exist and hence the two clear resonances of electrons can only arise

in the surface states.

For an experimental verification of the origin of these resonances, additional
measurements on a smaller cross-shaped sample are performed. Although this
geometry is too small to be used for transmission measurements, it allows the
fabrication of a semi-transparent gate. First, photosignals U, /P for different
frequencies are investigated in this type of sample, as shown in Fig.28. For a
frequency of f = 2.54 THz, a resonance position similar to that of the previous
experiments, performed on the square-shaped sample, is obtained. This is an
indication that the additional processing of the sample has no influence on the
band structure of the material; therefore, this sample can be used for further
investigations. By lowering the frequency, a more or less linear shift of the two

resonances arises, as shown in Fig.33(a). Such a dependence is expected for
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Figure 33: (a) Magnetic field positions of the first (Bcri, filled squares)
and the second (Bcra, open squares) resonance in dependence on the ex-
citation frequency f, obtained from photocurrent measurements shown ex-
emplary in Fig.29. (b) Magnetic field component normal to the surface
BR = Bcg - cos(f) in dependence on the tilting angle 6 extracted from

photocurrent measurements, as shown in Fig. 29.

CR in a system with parabolic and linear energy spectra, as seen in Eq. (14)

and Eq. (35) respectively, and therefore, allows no further conclusion.

In contrast, a clear evidence that the CR arises in the 2D surface states can
be found by measurements with tilted magnetic field. As seen in Sec. 2.3 the
carriers move due to the Lorentz force on circular orbits normal to the magnetic
field. In a 2D system the movement of the carriers is restricted to the 2D plane
and therefore, only the part of the magnetic field normal to the confinement
area can act on the carriers. Such a behaviour can be seen in Fig. 29, where
the resonances shift to higher magnetic field values for an increased tilting
angle 6. By calculating the magnetic field component normal to the surface
BER = By - cos(), an almost constant value of BSR 2 0.7 T is found, as seen
in Fig.33(b). This means that only the magnetic field part normal to the 2D
plane acts on the carriers, which is proof of the two-dimensionality of these

states.

For an in-plane magnetic field, the resonance completely vanishes (not shown).

For an interpretation of this result, the thickness of the film and the cyclotron
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radius rcg have to be considered. The cyclotron radius r¢r can be calculated
by [78]:

ror = krly, (32)

where kg is the Fermi wave vector and [ the magnetic length given by:

Vh

- (33)

ls

For a carrier density of n = 2-10' cm™2 and a magnetic field value B = 3.3 T,
a radius of rcr & 22nm is obtained. This value is smaller than the thickness
of the film; therefore, CR for the bulk carriers should arise even for an in-plane
magnetic field. Therefore, the vanishing of the resonances is another clear

evidence that the resonances appear in the surface states.

Moreover, from the full width at half-maximum W of the cyclotron resonance

peaks or dips, the mobility p can be estimated by [54]:

et 2
/J“_m*_Wa

where 7 is the momentum relaxation time. For the surface states, a mobil-

(34)

ity of e = 5.5 x 10* ¢cm?/Vs is obtained from the CR dip in transmission
measurements in the square shaped ungated sample at T" = 40K, as seen in
Fig.26(b). This value fits quite well with the mobility values obtained by

magneto-transport, which are depicted in Fig. 23.

4.3.2 Fermi-Energy-Dependency

After proving with different methods that the resonances arise in the surface
states, these states are further investigated with the help of gated samples. By
comparing the magneto-transport data (see Fig.24(a)) and the photocurrent
measurements, the resonances can be interpreted in terms of the Fermi level
position. As seen in Fig. 30(a) for 7" = 40 K no resonances appear for a negative
gate voltage, in which case the Fermi level lies in the valence band. By pushing
the Fermi level into the band gap, two resonances appear, shown exemplarily
for Uy = 0.5V and U, = 1.5V in Fig. 30(a), and both grow in magnitude for

an increasing gate voltage. This rise can be attributed to an increase in the
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Figure 34: (a) Gate-voltage-dependence of the first and the second res-
onance Bcri,crz for T = 20K and T" = 40K obtained from measure-
ments exemplarily depicted in Fig.30(a) and (b) respectively. The first
resonance Bcri shows an almost linear dependence on the applied gate
voltage, whereas the second one Bcre is more or less independent of it.
(b) Calculated cyclotron masses mcri,crz for two orthogonal directions for
T = 40 K. The masses obtained from J,(B) and .J,(B) are depicted in circles

and squares respectively.

carrier density of the surface states, as shown in Fig. 24(c). For a higher gate
voltage, where the Fermi level is located in the conduction band, the resonances
remain. This is again in accordance with the transport measurements, as shown
in Fig. 24.

The same characteristics are found for a temperature of 7' = 20 K. The main
difference between the two temperatures is a missing peak seen for 7' = 20 K at
a magnetic field value of B = 2.4 T for Uy; > 1.5V. For these gate voltage, the
Fermi level lies close to the bottom of the conduction band. A possible expla-
nation for the missing resonance could be a change in the energy dispersion of
the bulk electrons due to the high gate voltage [79]. Such a so-called inversion
layer can only appear for high temperatures, where a noticeable bulk electron
density is present. Therefore, the disappearance of the additional resonance
at T'= 20K can be explained by this hypothesis. For a full understanding of
this additional resonance, further study is needed, which is beyond the scope

of this work.

In Fig.34(a), the positions Bcricre of the two resonances are depicted in
dependence on the applied gate voltage U, for T" = 20 and 40 K. For both
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temperatures, the first resonance Bogr; = 2.4—2.7 T shows a strong dependence
on the Fermi level position. In contrast the second resonance stays more or
less fixed at a value of Bcro = 3.1T. As expected, the same dependence can
be found in the determined cyclotron masses, as depicted in Fig. 34(b). These
masses are obtained from the experiments at 7' = 40 K for the orthogonal -

and y-directions.

A similar dependence of the peak position on the carrier density is found in the
sample with critical thickness, as seen in Sec.2.4.2. To understand this rather
unexpected observation, the extraordinary energy spectrum of such systems
has to be considered. As depicted in Sec. 2.3, the cyclotron frequency can
be expressed by wer o< dE/dS, see Eq. (16). For a linear dispersion with an
energy of £ = pupy, the formula for the cyclotron frequency changes to [80,81]:

eBv
WoR = pDF, (35)

where p is the momentum and vpg the constant velocity of the Dirac fermions.

Therefore, the cyclotron mass mcr at Fermi energy Ey is given by:

4 Er
Mep = —— = —5—

= ) 36
= (36)
With the relation Er = +2mnhvpr of two-dimensional Dirac fermions the

cyclotron resonance position Bcg is given by:

V2mn

B CR — hw y
EUDF

(37)

revealing a square-root-dependence of Bog on the carrier density n.

In a more illustrative way, this dependence can be seen in the Landau level
splitting of a system with linear dispersion. In such a system, the [-th Landau
level is given by [19,26, 82]:

E; = sgn(l)vprV2lheB, (38)

with [ € N. This means that the Landau levels is no longer equidistant and
the energy difference between the [-th and the (I 4+ 1)-st Landau levels can be

calculated with:

AE; 1 = vppV2heB(V/I] — /|l + 1]). (39)



4 CR IN 2D SURFACE STATES 63

i [1StLL

(a) (b)

&3]

Er g
L

L &
Y 5
—

=

ky N
=)

G

o
>
20

o

(=]

84}

Bcri - Bcr2
Magnetic field, B

Figure 35: Schematic illustration of Landau level splitting for a system
with linear dispersion. (a) Energy dispersion showing unevenly spaced Lan-
dau levels. Pictures according to Ref. [83]. (b) Magnetic-field-dependence
of the Landau levels. Black arrows, representing the energy of an applied
radiation FE}, indicate transitions between two Landau levels. Depending
on the position of the Fermi level Fry pa2, the magnetic field position jumps

from Bcri to Bcre.-

This relation is schematically depicted in Fig. 35(a).

In Fig.35(b), Landau levels in dependence on the magnetic field are schemat-
ically depicted for the first six Landau levels. By applying radiation with an
energy Ej,, a transition between two Landau levels can occur if By, = AE; 4.
The corresponding magnetic field value Bcg of this transition can be calculated
with Eq. (39). An example of such a transition is given in Fig. 35(b) between
the second and the third Landau levels, by a black arrow representing Ej,,
at a given magnetic field Begry. With an increase in the carrier density and
therefore, a higher position of the Fermi energy Es, a transition at the initial
magnetic field value is no longer possible, as all states of the third Landau level
are already occupied. A transition can then occur from the third to the fourth

Landau level at a different magnetic field value of Bcgo.

Therefore, a strong dependency of the cyclotron resonance position on the

applied gate voltage is expected for a system with Dirac fermions. The fact
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that only one of the two resonances in the surface states shows this dependence
leads to the assumption that the first resonance Bogr; corresponds to the top
surface and is therefore more affected by the gate voltage, whereas the other
one — belonging to the bottom surface — is almost not affected by the applied
gate voltage. Such an unequal influence can also be found in the transport
measurements, as shown in Fig. 24(b). The filling rates dNn'/**"™ /dU, are
different, which is attributed to a screening effect, where a part of the electric

field is screened by the top layer of Dirac electrons [69].

Returning to Fig.30(c), an additional resonance is detected for gate voltages
larger than U, > 2V, where the Fermi level lies in the conduction band. This
resonance can be found at a much higher magnetic field value of B = 6.3 T and
lower temperatures T = 4.2 K. From this value and the used frequency f =
2.54 THz, a corresponding cyclotron mass of mcr = 0.07 myq is obtained. This
value matches the one estimated for bulk electrons. Moreover, the resonance
position does not depend on the applied gate voltage; hence, the resonance can
be attributed to CR of the bulk electrons.

Moreover, from Eq. (37) and the position of the resonance, the Fermi velocity
can be determined. For a photon energy of Ej, = 10.35 meV (f = 2.54 THz)

2 a value of vpr = 5.3-10°m/s and

and a carrier density of n, = 0.4- 10 cm™
vpr = 4.1-10° m/s are calculated. These values are in good agreement with the
velocities obtained from transmission measurements (vpr = 5.2 - 10° m/s) in
Ref. [75] and from dec Shubnikov-de Haas measurements (vprp = 4.6 - 10° m/s)

estimated in a 70 nm film and in Ref. [18].

4.3.3 Photocurrents at Zero Magnetic Field

For a better understanding of the origin of the photocurrents, signals excited
with THz radiation under normal incidence without a magnetic field are inves-
tigated. The observed photosignals exhibit a strong dependence on the direc-
tion of the linear polarization, as shown in Fig. 25, which can be well-fitted by
Eq. (30). All obtained fit parameters are summarized in Tab. 2. For systems
with parabolic dispersion, the generation of such a current has already been
studied in Refs. [84,85] and is attributed to the photogalvanic effect, which is
briefly outlined here.
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Considering the C; point-group symmetry of the sample, which exhibits no
symmetry except identity, all components of the tensors y (see Eq.(6)) are
linearly independent and no simplifications of Eq. (9) are possible. Therefore,
the direction of the photocurrent is not restricted to a certain crystallographic
axis. The dependence of the linear PGE on the azimuth angle a in z- and

y-direction is given in the phenomenological theory by [23,84]:

o= [me sin 20 — X —; Xayy + Xzoz —; Xoyy cos 204] In,
40
Jy= [thcy sin 20 — Az ;— Xywy + Xyaw ;— Xouy o 2@} In, (40)

where [ is the radiation intensity and 7 is the free-carrier absorbance. Here, the

azimuth angle « is defined by the z-axis and the plane of the linear polarization.

The measured dependence on the linear polarization of the photocurrent gen-
erated in the 80 nm film can be nicely described by Eq. (40). This allows the
assumption that the current generated in this system also arises due to the
PGE. A further conclusion about the origin of the excited carriers cannot be
drawn as the surface states and the film itself belong to the lowest symmetry
group C4. Therefore, this work is considered as preliminary and no detailed

study is performed.

4.3.4 Origin of the Photocurrent

Similar to the effect discussed in Sec. 2.4, the photocurrent in the vicinity of a
magnetic field can be understood in the framework of an asymmetric excitation
or relaxation of a non-equilibrium electron gas [24]. In the already discussed
model, a spin-dependent term in the electron-photon interaction leads to an
imbalance of the carrier distribution in k-space; therefore, a pure spin-current
is generated. By applying a magnetic field, this spin-current is converted into
an electric current, as the spin-branches are populated differently due to the
Zeeman splitting. Although this effect describes the generation in trivial HgTe
QWs quite well, it cannot be applied to TIs. In these systems, a magnetic

field leads only to a shift of both linear branches in k-space, but no relative



4 CR IN 2D SURFACE STATES 66

(2) E (b) E
Jx Jx
[t > [ >
0 ky 0 ky

Figure 36: Schematic model of the current generation in k,-direction due
to the orbital effect for (a) the relaxation and (b) the excitation mechanisms.
Thickness of arrows indicates the asymmetry of the scattering rates for

carriers at positive and negative k. Picture according to Ref. [86].

change of population occurs. To understand the photocurrent generation in

TIs, a new model — based on an orbital effect — has to be introduced.

In contrast to the previous model, the photocurrent generation in topological
non-trivial HgTe films is caused by the Lorentz force acting directly on the
moving charge carriers [86,87]. The applied magnetic field leads to a correction
of the scattering rate Wy, which scales linearly in the wave vector and in the
in-plane magnetic field. For gyrotropic structures, the scattering rate can be

written as [87]:

Wik = Wo+ Y wapBal(ks + kj), (41)

af
where W, is the scattering rate at zero magnetic field, w represents the scat-
tering asymmetry degree and k and k' are the initial and the scattered wave
vector respectively. The sum on the right-hand side of Eq. (41) leads to an
asymmetric distribution of carriers in k-space due to different scattering prob-

abilities for positive and negative k-states.

In Fig. 36, the current generation due to the orbital effect for (a) the relax-
ation and (b) the excitation mechanism is illustrated. The thickness of the
black arrows indicates the different probabilities for elastic scattering events
for positive and negative electron wave vectors. This difference leads to an
asymmetric distribution (marked by blue area) of carriers in k-space and hence

to an electric current. This current can then be enhanced by the effect of CR.
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Due to the spin-momentum locking in topologically protected surface states,

these photocurrents are expected to be spin-polarized.

The asymmetric electron distribution in momentum space due to THz radi-
ation, its behaviour in the magnetic field, and its decay due to scattering
processes can be described with the Boltzmann equation for the distribution
function f, [24]:

_%:gp_fp_<fp>' (42)

B
elv x B op -

Here, p is the electron momentum and v is the electron velocity, g, is the
generation rate of electrons at the state with momentum p, 7 is the momen-
tum relaxation time, and (fp) is the distribution function averaged over all
momentum directions. The photocurrent density 5 without an in-plane bias
can be obtained by multiplying Eq. (42) with ev and summing it up over p, ac-
courding to j = > evf,. Considering this relation, Eq. (42) can be rewritten

as:

—jwaR:G—;, (43)

where wcr = wer2 = eB,/mcr is the cyclotron frequency, 2 is the unit vector

pointing along the z-axis, and G' = Zp evgp is the current generation rate.

The current generation rate G is determined by the scattering of the surface
state carriers with phonons or static defects and by the radiation absorbance.
For the system investigated here with C point-group symmetry, the scattering
rate comprehends asymmetric terms even for a magnetic field perpendicular to
the sample surface. As mentioned before, the scattering in the surface plane
is not forced to a certain crystallographic axis. The photocurrent generation

rate G is given for an applied magnetic field B, by:
G = vIn(w)B.. (44)

Herein, I is the radiation intensity, n(w) is the absorbance and = is the vector
defined by the magnetic field-induced asymmetry of the electron scattering
process. The direction of & can depend on temperature, the applied gate
voltage, the radiation frequency, etc. This explains the rather unpredictable

photocurrent direction of the two resonances on the magnetic field direction.
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Using Eq. (43), it can be shown that the currents in z- and y-direction are
described by [24]:

. e + WCRT Yy

.= In(w)B.,
J 1+ (WCRT)Q 77( )
. Yy +WCeRTYa (45)
=y e Ty B,.
Ty 1 + (werT)? n(w)

With Eq. (45), the main features of the experimental results can be explained.
On the one hand, the photocurrents j, and j, show a resonant behaviour at
w = wcr due CR. The absorbance 7 in the surface states of the HgTe film
has the same form as the one found in QWs with critical thickness given by
Eq. (28), but without the prefactor of two. This difference arises because the
surface states have one Dirac cone in the Brillouin zone, whereas Hg'Te QWs at
critical thickness have two cones. The dependence on the absorbance explains
all characteristic aspects of CR in a linear dispersion, e.g. the strong helicity-
dependence, the dependence of the CR~position on the carrier density etc. On
the other hand, Eq. (45) contains even and odd contributions in the magnetic
field. This behaviour is found in many sets of experimental data and is for

example depicted in Fig. 31.

In Fig. 37, the formation of the photocurrent for (a) a positive and (b) a neg-
ative magnetic field is sketched. For the positive magnetic field, the photocur-
rent is generated along the positive 2- and y-directions. Due to the Hall effect,
the generated electrons are shifted by an angle of arctan(wcr7). By inverting
the magnetic field polarity, the photocurrent generation rate G changes its
sign. Although arctan(wcr7) changes its direction, the j components j, and
Jy may or may not change their directions. An example is given in Fig. 37(b),
where j, remains positive and j, becomes negative. The exact parity of the
signal depends on the direction of the photocurrent rate G relative to the
contacts and the magnetic field strength, which determines the Lorentz force
acting on the carriers. In addition, the generation rate G' depends on temper-
ature, gate voltage, radiation frequency, etc. Therefore, every combination of

parity is possible, which is in full accordance with the experimental results.
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(a) (b)

Figure 37: Sketch of the photocurrent generation rate G and the steady-
state photocurrent j for two opposite magnetic field directions. Due to the
Hall effect, the direction of the resulting photocurrent j deviates from the
direction of the photocurrent generation rate G. In the example illustrated
here, j, changes its sign upon a change of the magnetic field direction, while

Jy does not.

4.4 Brief Summary

In this chapter, the presence of surface states in 3D topological insulators
based on 80 nm fully strained HgTe films is proved. This is done by means of
cyclotron-resonance-enhanced THz radiation-induced photocurrents, accom-
panied by measurements of THz radiation transmission as well as magneto-
transport. The arising resonances can be attributed clearly to states lying

either in the surface or in the conduction band of the studied system.

First, the nature of the two main resonances found in photosignals and in trans-
missions measurements is investigated with different techniques. Although the
Fermi level for the ungated systems lies somewhere in the valence band, these

resonances show a clear behaviour of electrons, as shown in Fig.26. More-

over, the experimentally obtained cyclotron masses (mt&gl = 0.028 my and
meettom = (.036mg) for the top and bottom surfaces fit perfectly the ones

estimated from k - p calculations for these states. The origin of the resonances
is further confirmed by measurements in tilted magnetic fields, as shown in

Figs.29 and 33. The shift of the resonances in regard to the tilting angle is
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an experimental proof of the 2D character of the investigated carriers, which

allows an assignment to the surface states.

In addition, the obtained resonances are investigated as a function of the Fermi
level position (see Figs.30 and 34). In this study, it is shown that the reso-
nances completely vanish for a Fermi level located deep in the valence band.
In contrast, they are distinctly resolved for Fermi levels in the bulk gap and
in the conduction band. This finding is in full accordance with the calculated
band structure. Moreover, one of the resonances exhibits a strong dependence
on the applied gate voltages, which can be explained with the non-equidistant
splitting of the Landau levels of a Dirac fermion system, characterized by a

linear dispersion.

Furthermore, a microscopic model based on asymmetric excitation or relax-
ation caused by the Lorentz force acting on the moving charge carriers is
introduced. The photocurrent described by Eq. (45) exhibits a resonant be-
haviour due to the CR-enhanced absorbance and behaves evenly or oddly
in the magnetic field. Both features are in full accordance with the experi-
ments. Moreover, the currents are expected to be spin-polarized due to the

spin-momentum locking of the surface electrons.

In general, this work proves, that CR-assisted photocurrents provide a sensitive
method to probe the cyclotron mass and the mobility of 2D Dirac surface
states, even for micrometre-sized samples and for samples with a Fermi level
lying in the conduction band, where transmission measurements are hardly

possible.



5 Photocurrents in 1D Edge States

In this chapter, two-dimensional topological insulators based on 8 nm HgTe
QWs are investigated. It is demonstrated that photocurrent spectroscopy can
be effectively used to probe the helical edge states of this system without ap-
plying a magnetic field. In particular, it is observed that exciting the system
with circularly polarized terahertz laser radiation results in circular photogal-
vanic currents in a wide range of applied gate voltages. Depending on the exact
Fermi level position, the photosignal has different origins, which are outlined

and discussed. All results presented herein are published in Ref. [25].

5.1 Sample Characterization

For the characterization of the studied samples, magneto-transport measure-
ments are performed at the helium temperature. The obtained curves exhibit a
conductance of 2¢?/h, which is typical for the ballistic transport in topological
insulators. In Fig. 38, representative curves of the four-terminal conductance G
are shown for two different contact pairs of one of the investigated Hall-bars,
labelled as # 1. For these measurements, the current is applied between con-
tacts 1 and 6 and the voltage drop is measured between contact pairs 4 —5 and
3—5, which have a significantly different spacing. The used contact numbering
is depicted in the inset of Fig.38. For both of these contact pairs, a strong

dependency on the conduction on the applied gate voltage is found.

For small applied gate voltages (U, < —0.4V), the Fermi level lies in the bulk
valence band, indicated by a large conductance. By increasing the applied gate
voltage, a minimum conduction is reached. The exact value of the minimum
shows a significant dependence on the distance of the used contacts. For the
shorter distance (I54 = 2.8 um), shown in red, a plateau value of G = 2¢%/h for
a gate voltage range of Uy = —0.2 to 0.2V is found. This value demonstrates
that the system is tuned into the quantum spin Hall regime [17], where the
transport only arises in the topological protected edge states. In contrast,
for the larger contact spacing (ls3 = 8.6 um), the plateau value decreases to
almost G = e*/h. This reduction can be attributed to a higher probability of

electron spin-flip scattering, meaning that the transport is no longer perfectly
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Figure 38: Longitudinal conductance G of the Hall-bar # 1 for two contact
pairs (4-5) and (3-5). The measurement across the shorter spacing of l54 =
2.8 um exhibits a quantized conductance value of G = 2¢2/h, indicating the
quantum spin Hall regime. For the larger contact spacing of l53 = 8.6 um,
the minimum value decreases to almost G = e%/h. The inset depicts the

layout of the sample and the used contact numbering.

ballistic [17,88]. By applying a large positive gate voltage, the Fermi level is

shifted into the bulk conduction band, resulting again in a high conduction.

Note that — similar to the measurements in the 80 nm HgTe film (see Sec.4.1)
— a cool-down dependent charge-trapping occurs, which shifts the charge neu-
trality point in regard to the applied gate voltage. To enable a comparison
between different measurements, all data are plotted as a function of the nor-

malized gate voltage, Uy = Uyppliea — Ucnp-

5.2 Photocurrent Experiments

By illuminating 8 nm Hg'Te Hall-bars with circularly polarized radiation under
normal incidence, a photosignal is observed between any of the contacts along
one edge of the sample in a wide range of gate voltages. Here, only experimental
data obtained at the helium temperature are presented. For details on the

experimental setup of the photovoltage measurements see Sec. 3.2.2.
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Figure 39: Gate-voltage-dependence of the photovoltage U obtained in
the gated HgTe Hall-bar # 1 at T'= 4.2 K. (a) The signals measured in the
direction 8 —9 exhibits opposite signs for right- (¢7) and left-(o ™) circularly
polarized radiation. (b) Photoresponse of two opposite sample edges for a

fixed helicity (0~ ) showing consistently different polarity.

In Fig.39(a), photovoltage measurements between the contacts 8 — 9 are de-
picted with a dotted red line for an excitation with right-handed circularly
polarized radiation. In the whole gate voltage range, a photosignal can be
found. For positive gate voltages, a negative photosignal can be detected.
Near the CNP (U, = 0.1V), it changes sign, increases and saturates at a value
of U =~ 20 — 25uV by reducing U, to —1.5V. By changing the helicity from
oT to o7, the polarity of the photosignal changes in the entire investigated
gate voltage range. Otherwise, the dependence on U, remains similar to the
previous one, with only a slightly higher saturation value of U ~ —50 uV for

negative gate voltages.

The data curve obtained with o~ is replotted in Fig. 39(b), together with the
photosignal measured at the opposite sample edge (contacts 3-4). This signal
again shows a consistently different polarity compared to the one measured for

contacts 8—9. This indicates that the photoresponse stems from a photocurrent
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Figure 40: (a) Helicity-sensitive photoresponse U¢ in dependence of the
gate voltage obtained from measurements performed on Hall-bar # 2 for
two opposite edges. For both edges (8 —9 in blue and 5 — 3 in red), a strong
helicity-dependent signal that changes its sign near the CNP is obtained.
(b) Photovoltage Ujg is obtained across the sample.

flowing along the sample edges, where the direction of the current flow is

determined by the helicity of the applied radiation.

A similar behaviour is observed in a number of samples. In Fig.40(a), the
helicity-dependent signal of a second Hall-bar sample (#2) is depicted, which
can be calculated by:

Upm(0) = Upm(07)

¢ _ 4

where U(o™) and U(o™) are the voltages obtained for right- and left-handed
circularly polarized radiations respectively and n and m are the used contacts.
The signals U¢ for Hall-bar #2 show opposite polarities for opposite edges and
saturate at a value of U® =~ £15 — 30 uV. They change their signs near the
CNP.

The conclusion that these helical photosignals mainly flow along the edges

of the sample is further confirmed by the fact that the photosignal almost
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Figure 41: (a) Helicity-sensitive photosignal U¢ measured over a large gate
voltage range obtained for Hall-bar # 1 for the two opposite edges. The
inset in (a) shows U¢ measured over the smallest contact spacing. (b) Pho-
tocurrent J for left-handed polarized radiation for the two opposite edges.

The inset in (b) shows the sample layout with the contact numbering.

vanishes for measurements across the sample. In such a case, the two counter-
propagating currents along the opposite edges compensate each other and no
measurable electric current arises. Such a dependency is depicted in Fig. 40(b),

obtained between contacts 1 — 6 for o (red line) and o~ (blue line).

In Fig.39(a) and (b), a second change of sign can be assumed at U, =~ 0.5V.
To explore this feature further, the cool-down procedure is modified, enabling
the study of photosignal at larger positive gate voltages. In Fig.41(a), the
helicity-dependent photovoltage curves U° for two opposite edges measured
across contact pairs 4 —3 (red line) and 8 —9 (blue line) are depicted. A strong
signal for negative gate voltages is found, which decreases in the vicinity of
the CNP. In contrast to the previous measurements, a second inversion point
at Uy ~ 2V is now clearly detectable. A similar result is obtained for US,
measured over the smallest contact spacing of l54 = 2.8 um, as depicted in the
inset of Fig.41(a).
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Figure 42: Helicity-sensitive photocurrent J¢ obtained at two opposite
edges at contact pairs 4 — 3 (blue) and 8 — 9 (red) for (a) fw = 10.4meV
and (b) fiw = 6.7meV.

In Fig.41(b), the photocurrents J obtained across the contact pairs 4 — 3 and
8 —9 are depicted. For details of the photocurrent measurements see Sec. 3.2.2.
Similar to the photovoltage curves, two sign changes are clearly observable, at
Uy = 0V and U, = 2V. The only significant difference between the results
for the two measurement methods is that stronger photocurrent signals are

obtained for high positive gate voltages.
From these traces, the helicity-dependent signal is given by:

Jnm(0F) = Jnm(07)

. , (a7)

c
‘]nm_

where J,,(07) and J,,,,(c7) are the photocurrents obtained in nm-direction
for right- and left-handed circularly polarized radiation respectively. The ac-
quired traces are depicted in Fig.42(a) for the two opposite edges (4 — 3
and 8 — 9) for a radiation energy of fuww = 10.4meV (A = 118 um), which
shows the already well-known behaviour. By changing the radiation energy
from hw = 10.4meV to hw = 6.7meV, a similar behaviour of the helicity-
dependent photocurrent with a generally higher magnitude is found, as shown

in Fig. 42(b). The main difference in these two signals is the position of the zero
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Figure 43: Edge Jg,,, (red line) and QW Jgy (black line) contribution to
the photocurrent obtained for radiation energies of (a) hw = 10.4meV and
(b) Aw = 6.7meV. Black solid lines at the bottom of each graph represent
the respective resistance measurements between contacts 3 —4 (right scale).
The photocurrents can be grouped in three regions, depicted as I, IT and III

in (b).

crossings. The first change of sign shifts to higher gate voltages of U, ~ 0.5V
for the smaller excitation energy, whereas the second change of sign stays fixed
at Uy, =~ 2V.

As the edge currents (Jy3 and Jgg) at opposite sides of the sample have opposite
directions, the pure edge contribution Jg,. can be obtained by subtracting

these currents:

C — ‘]23 B JSCQ (48)

edge 2 )

and the bulk contribution Jg,, can be determined by summing up the two
currents:

c c
_ J43 + 89

Jow = 2= (49)

The obtained traces are depicted in Fig.43 for radiation energies of (a) fuw =
10.4meV and (b) for Aw = 6.7meV. The traces in Fig.43(a) indicate that



5 PHOTOCURRENTS IN 1D EDGE STATES 78

almost the whole photocurrent flows in the edges of the sample for the higher
photon energy, exhibiting the already well-known behaviour. The contribution
of the bulk of the QW can almost be neglected for this radiation energy. In
contrast, for a radiation energy of hw = 6.7meV, a clearly evident QW contri-
bution to the current arises for gate voltages higher than U, < 2V. In addition,
the corresponding resistance R,, measured between contacts 3 — 4 is depicted
in Fig.43(a) and (b), scaled at the right axis.

To summarize, by illuminating a 8 nm HgTe QW, a helicity-sensitive photosig-
nal arises. This photosignal flows — depending on the position of the Fermi level
— mainly at the edge or in the bulk of the sample. All of these obtained traces
can be grouped into three regions, which are marked by I to III in Fig. 43(b).
In region I (Uy > 2V), a constant helicity-sensitive edge photosignal is found
over a wide range of applied gate voltages. Near U, = 2V, this edge photosig-
nal decreases for decreasing gate voltages and then changes its sign, defining
the beginning of region II (0V > U, < 2V). In region II, the edge photosignal
remains negative, reaches a minimum, and increases again till a second change
of sign occurs. At this point, region III (U, < 0V) begins, where the signal

increases and a strong helicity-sensitive edge photosignal is observed.

5.3 Discussion

In Sec. 5.1, photon helicity-sensitive photosignals flowing in the edges and in
the bulk of the sample are observed, which are grouped into three regions.
In the following section, the origin of the photocurrents is discussed for each
region separately. The main focus of this discussion lies on region II. It is shown
that the photocurrent in this region is caused by a photoionization of helical
edge electrons to the conduction band. For this phenomenon, a microscopic
model is introduced, which was developed simultaneously to the experiments
by Mikhail V. Durnev® and Sergey A. Tarasenko®. Here, only the main features

of Ref. [25] are given, without any derivation of the equations.

6Toffe Institute, St. Petersburg, Russia
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5.3.1 Photocurrents in the Conduction Band Regime

First, the origin of the photocurrent in region I, which comprises gate voltages
larger than U, ~ 2V, is discussed. Following the transport measurement
depicted at the bottom of Fig.43(b) for the corresponding cooling circle, the
Fermi level in this region lies in the conduction band. Therefore, the bulk and

the edge photocurrents are formed by conduction band (bulk) carriers.

The generation of a helicity-sensitive photocurrent flowing in the bulk of Hg'Te
QWs can be understood in the framework of the circular photogalvanic effect.
This effect is investigated by Wittmann et al. in Ref. [84] for QWs with
dow = 8nm and dqw = 21 nm. By considering the C; point-group symmetry
of the sample, all components of the tensor x are linearly independent and no
simplification of Eq. (9) is possible. For an excitation of a QW with elliptically
polarized radiation under normal incident, the currents in x- and y-direction

are given by [84]:

Jo = {%Z sin2¢ — W

+W(1 + cos4y) + %sinﬁlw] In, (50)
‘ ) Xyazz T X
Gy = {%z sin 2¢ — %

 Xyez — Xyyy ; Xyyy (1 + cosdy) + —Xé‘ry sin 44 In, (51)
where 7, is a second-rank pseudo-tensor, I the radiation intensity, and n the
free-carrier absorbance. Note that v and y strongly depend on parameters like
the temperature or the wavelength of the used radiation. Such a dependence
is also found in the measurements, as a helicity-sensitive bulk photosignal Jg

arises only for a radiation with an energy of ~Aw = 6.7meV, as shown in Fig. 43.

In addition to this bulk photosignal, a considerable contribution from the edge

of the sample is found in this region, as shown in Fig. 43. This helicity-sensitive

C

cdge) 18 caused by diffuse scattering on the sample boundaries.

photocurrent (

A similar effect has been observed earlier in graphene [89,90], QW structures
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Figure 44: Schematic picture of the edge photocurrent generation in bulk
states. (a) The electric field E of linearly polarized radiation acts on the
carriers. The current arises due to a diffusive scattering of the carriers (here
electrons) at the boundary of the sample. (b) The electric field E of the
right- (solid red line) or left-handed (dotted blue line) circularly polarized
radiation forces the carriers on clockwise or counterclockwise trajectories
respectively. Again, the current arises due to a diffusive scattering of the

carriers at the boundary of the sample. Picture according to Refs. [89,90].

[91], and bulk materials [92,93] for linear and circular polarization, and is

briefly outlined here.

In the framework of this mechanism, the edge contribution of the photosignal
is generated in a narrow stripe within the mean free path [ at the sample
boundary. Far from this stripe (z > [), the electric field of the applied radiation
results only in a oscillation of the charges without a generation of a current.
However, for an electron inside from the mean free path, the carrier follow the
electric field and are pushed towards the boundaries of the sample, as shown in
Fig.44(a). There the charges are diffusive scattered, which results in a random
velocity at the boundary. This destruction of the balance between the back
and forth motion of the carrier results in a measurable edge photocurrent. A
similar effect is found for circularly polarized radiation, as shown in Fig. 44(b).
There the direction of the arising current depends on the helicity of the applied

radiation.
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The microscopic theory of the effect can be developed in the framework of the

Boltzmann kinetic equation [89]. The electron distribution f(p,z,t) is given
by:

of of of

hil = E(t)= = , 52
where p is the momentum, z is the coordinate of the carrier, E(t) = Ege ™!+
Ejet™! is the electric field of the radiation, v, is the electron velocity in z-
direction and ¢ is the carrier charge, with ¢ = +|e| for holes and g = —|e| for
electrons. The parameter Q{ f} is the collisions integral which can be described
by:

f Db, l',t - f €
QUf(p. 1))y = T PEDZIG) (53)

T

with 7 being the scattering time and €, the electron energy.

By expanding the distribution function in powers of the electric field and taking
the boundaries into account, the edge current generation in a degenerated
electron gas is given by:

3

v T @ [1 (e o< Bl

1 — (wr)? i .
+ (1 + <w7_)2) (EO,:ISEOW + EonyO,a?) . (54)

The first term includes the helicity-dependent current, whereas the second
term describes the photocurrent caused by linearly polarized radiation. The
model demonstrates that the current is caused by a movement of the carrier
towards the edges and involves a retardation of the electron motion compared
to the instantaneous electric field. With the help of this model, the arising

helicity-dependent edge photocurrent in region I can be fully understood.

5.3.2 Topological Edge Current

For applied gate voltages smaller than U, ~ 2V, corresponding to the start
of region II, the Fermi level crosses the bottom of the conduction band and

enters the bulk gap. As for these gate voltages, no bulk carriers are present,
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Figure 45: Schematic illustration of possible transitions in region II. (a) Di-
rect inter-band transition between the spin-up and the spin-down branches
of the linear edge states and indirect (b) inter-band and (c) intra-band tran-

sitions. Picture according to Ref. [90]

the aforementioned mechanism can no longer be effective. This is clearly seen
for the bulk photocurrent, which vanishes on entering region II. Moreover,
the edge photocurrent changes its sign, rises until a maximum is reached at
Uy = 1V, and decreases again. Such a behaviour cannot be explained in the
framework of the model described in Sec.5.3.1. Therefore, a new effect of
optical transitions involving the topological edge states has to be considered

in order to understand the photocurrent generation in this region.

There are several possible transitions, that can lead to a photocurrent gener-
ation in the bulk gap. First, there are direct transitions between the spin-up
and the spin-down branches of the linear edge states, as shown in Fig. 45(a).
These currents are expected to show the observed helicity-dependence, as the
probability for e.g. transitions from the spin-up to the spin-down branch is
different for the two helicities [94]. In total the probability for such transi-
tions is low [95]. Moreover, the generated current would show a maximum
near the Dirac point, which is not observed in the here presented experiments.

Therefore, this effect cannot be the origin of the investigated currents.

Other possible mechanisms could be indirect inter-band or intra-band transi-
tions, as depicted in Fig. 45(b) and (c) respectively. These transitions require
an additional scattering and a k-dependent velocity; therefore, their probabil-

ity again is rather small.
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Figure 46: Schematic picture of the photoionization of helical states into
the conduction band for a Fermi level in region II. Green arrows indicate
the transitions for photon energies of (a) fuwv; and (b) Aws, with w; > we.
Due to a difference in the optical transition probabilities for spin-up and

spin-down states, a photocurrent j, is generated.

A fourth candidate for the generation of photocurrents in the gap are local-
ized electron states, which may exist in the bulk band gap of HgTe/CdHgTe
QWs. Such so called charge puddles are discussed as a possible source of
backscattering in helical channels in Refs. [96-98] and can lead to a photo-
current generation by enhancing the Drude absorption. Again, the expected
contribution of this effect should be small, as the density of the trivial states
localized at the edges is much smaller than that of the helical states. Moreover,
the photoresponse measured over the shortest contact spacing is equivalent to
the measurements over the larger distances. As these shorter part of the edge
shows perfect ballistic transport, such charge puddles cannot be the origin of

the arising photocurrent.

The last and most likely candidate for the generation of the circular edge pho-
tocurrent in region II is the excitation of electrons from helical edge states
to bulk conduction band states [95,99]. This effect is similar to the photo-
current generation in semiconductor QWs due to inter-subband transitions,
which is discussed in Sec.2.2. Therefore, this effect is also referred to as the

‘photoionization’ of edge channels.

In Fig. 46(a), this photoionization mechanism is depicted for an excitation with

right-handed circularly polarized radiation, with a photon energy of F; = hw;.
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For a Fermi level Fg in region II, but still in the vicinity of the conduction
band, Dirac states are depopulated by exciting them into the bulk states.
In the case of right-handed circularly polarized radiation, the probability of
optical transitions from spin-up states (s = +1/2, red line) is higher than that
of transitions from spin-down states (s = —1/2, blue line), as indicated by
the thickness of the vertical arrows. Due to this difference in the transition
rates, the remaining population of the edge states exhibits an imbalance in
k., which leads to a photocurrent generation in z-direction. For an excitation
with left-handed circularly polarized radiation, the transitions from the spin-
down states dominate and the generated photocurrent reverses its sign. This

behaviour is found in the measurements, as shown in Fig. 42.

Considering the fact that the initial state of the transition has to be occupied
and the final one has to be empty, a photocurrent can be excited in an energy
range of F. — hw < Frp < E. + hw. This means that a decrease in the photon
energy reduces the range of gate voltages in which a photocurrent is generated,
as shown in Fig.46(b). Exactly such a behaviour is found by changing the
photon energy from hw = 10.4meV to hw = 6.7meV, as depicted in Fig. 43(a)
and (b).

The rate of the photoionization gy, s of electrons from the edge states into the
conduction band can also be theoretical described by Fermi’s golden rule, as

given in the supplemental material of Ref. [25]:
2m
Gkys = E Z ’Ms’s(l{x7 ky)P fD(GkIS - fO(EEIkys)] 5 <€sz‘ys — €kys — h&)) . (55)
ky

Here, fo is the equilibrium distribution, €j , . is the energy of the conduc-
tion band states, and €, _ is the energy of the edge states, where k,/, are the
wave vectors in the x- and y-directions respectively, and s is the pseudo-spin
index. The matrix element |My4(k,, k,)| represents the edge-to-band optical
transition for a given radiation polarization. From the selection rules described
above, it can be seen that the relative difference of the rates g, 1,2 and gx, 1,2
has to be proportional to the helicity of the photons P,,.; therefore, the selec-

tion rules can be presented as:

g+1/2(kx) - 9—1/2(—7%)

= KPcirc- 56
G+1/2(kz) + g-1/2(—kz) (56)
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Herein, g11/o are the probabilities of the transitions from initial states with
s = £1/2, K is the coefficient describing the rigidity of the selection rules, and
P is the radiation helicity. With the help of the Bernevig-Hughes-Zhang
(BHZ) model, it can be shown that the coefficient K only weakly depends on
k, and the photon energy hw. For details see Ref. [95] and the supplemental
material of Ref. [25].

The edge current is then given by:

jm = —¢ Z Tp(ekzsvkzsgkzs)a (57)

kes

where vy, 5 is the velocity and 7, is the momentum relaxation time determined
by the backscattering processes. The spin-relaxation of the bulk carriers is
assumed to be fast; hence, the photoexcited carriers get unpolarized before
they are trapped back on the helical edge states. This means that only the
depopulation of the edge states determines the photocurrent. By considering
Kramer’s degeneracy, which is given by €,s = €, s and € kys = €—ko—ky—s:

the formula for the edge photocurrent can be rewritten as:

6-K?-Pcirc
emh

jx = /Tp(e)gt0t<€)d€' (58)
Here, giot(€) = g41 /24912 is the total rate of the photoionization of electrons,

which are excited by circularly polarized radiation with energy e.

In Fig.47(b), the calculated currents for photon energies of iw = 6.7meV
and hw = 10.4meV are depicted for Fermi levels in the bulk gap. For the
calculation shown here, a step-like function of the momentum relaxation time
is assumed [25]. For the Fermi energy in the band gap, it is set to 7, = 20 ps,
approximated from the length of the ballistic transport edge 54 ~ 2.8 um and
the edge state velocity ~ 107 cm/s. For Fermi energies in the conduction band,
the momentum relaxation time is estimated from the bulk mobility with a value
of 7, = 0.3 ps. By comparing these results with the measured ones, which are
magnified depicted in Fig.47(a), a clear narrowing of the peak occurs with
a decrease in the photon energy in both cases. Moreover, the amplitude for
hw = 10.4meV is smaller than that for hw = 6.7meV. The obtained decrease

in the photocurrent magnitude for large w can be attributed to a reduction in
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Figure 47: Comparison of (a) experimental and (b) calculated circular
edge photocurrent in region II for two photon energies (iw = 10.4meV
(blue) and hw = 6.7meV (red)). The calculated currents are shown as a

function of Er counted from the Dirac point.

the photon density at a fixed radiation intensity and a reduced probability of
edge-band optical transitions. This probability reduction occurs because the
overlap between the wave functions of the edge and bulk states decreases with

the photon energy, as seen in the supplemental material in Ref. [25].

In conclusion, the here introduced theory can nicely describe the dependence of
the photocurrent on the gate voltage and the radiation frequency. In addition,
the magnitude of the calculations and that of the experiments are in the same
order. Therefore, the current generation in region II can be attributed to the

effect of photoioniziation.

5.3.3 Photocurrents in the Valence Band Regime

Now, the discussion turns to the photocurrent generation in region III. In this
region, the applied negative gate voltages shift the Fermi level further towards
the valence band edge. Therefore, the photosignals — similar to the effects
discussed above — can be contributed to transitions from the valence band to
the edge states.

In Fig. 48, such transitions are depicted for an excitation with right-handed
circularly polarized radiation. To explain the change of sign of the photosignal

compared to region II, as seen in the experimental data, the selection rules
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Figure 48: Schematic picture of optical transitions from the valence band
to the edge states for a Fermi level close to the valence band top (region III).
The different thicknesses of the green arrows indicate the difference of the
optical transition probability for spin-up and spin-down states. In contrast

to region II the resulting photocurrent direction is reversed.

for the optical transitions have to be reversed. So, the transition from the
s = 4+1/2 edge state would have to occur with a higher probability compared
to the one starting from states with s = —1/2 for an excitation with -
polarized radiation. This is depicted in Fig. 48 by different thicknesses of the
green arrows. Such a reversal of the selection rules, however, is not compatible

with the BHZ model used for the previous calculations.

In fact, such a disagreement is not surprising as the real valence band structure
of 8nm HgTe QWs is quite complex. The closely lying excited |H2) subband,
which is completely neglected in the BHZ model, has a strong influences on
the valence band structure. This results in a non-monotonic dispersion of
the hole states and leads to the formation of side maxima [100]. In addition,
the change in the sign of the current can also be related to a strong energy-
dependence of the momentum relaxation time. For a realistic calculation and
a fully understanding of the photocurrent based on transitions from valence
band states to edge states, a detailed knowledge of the real band structure
beyond the BHZ model would be required. Such a detailed simulation of the
band structure is still a challenging and difficult task.
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5.4 Brief Summary

In this chapter, circular photogalvanic currents excited by terahertz radiation
in 2D HgTe topological insulators are observed. In detail, 8nm QWs are
investigated, which exhibit a quantized conductance of 2¢*/h, characterizing
the quantum spin Hall regime. Through measurements in a wide range of
gate voltages, it is shown that in these samples, a photosignal can be excited
which flows along the edges of the sample and shows a strong helicity-sensitive
behaviour. The latter means that the photosignal direction is reversed by
switching from right- to left-handed circularly polarized radiation, as shown in
Figs. 40 and 41.

By extracting the pure edge and bulk contribution, it is shown that the origin
of these photosignals can be segmented into three regions. In region I, where
the Fermi level lies deep in the conduction band, the whole photosignal has
to be generated by bulk carriers. The formation of the helicity-sensitive bulk
photocurrent can be attributed to the circular photogalvanic effect, whereas
the part flowing in the edges is attributed to a diffusive scattering at the
boundaries of the sample and the action of the electric field of the circularly

polarized radiation on the carriers.

By tuning the Fermi level below the conduction band bottom, region II is
reached. The measured data reveal that the photocurrent in this region is
caused by photoionization of helical edge electrons into the conduction band.
The strong helicity-dependence of this current arises due to the selection rules,
where for a fixed radiation helicity, the probabilities for transitions from spin-
up and spin-down states are different, which results in a photocurrent genera-
tion. A comparison of the calculated photocurrent (Eq. (58)) and the experi-
mentally obtained data shows that all relevant features can be described with
this theory. For example, by decreasing the photon energy, a narrowing of the

peak with an increased magnitude is found for both cases.

The photocurrent in region III — similar to the effect of region I — can be
attributed to transitions from the valence band to the edge states of the system.
To obtain the change in the photocurrent direction found in the experiments,

the selection rules would have to be reversed. A theoretical calculation of the
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photocurrents in this region would require a detailed knowledge of the real
band structure and the optical transitions in non-trivial HgTe QWs, which is

still a challenging task.



6 Conclusion

In the framework of this thesis, two- and three-dimensional topological insu-
lators are investigated with opto-electronic effects in the terahertz range. It is
demonstrated that in both cases, photogalvanic effects can be utilized for the

detection and the analysis of Dirac fermion states.

In the three-dimensional case, a cyclotron-resonance-enhanced photocurrent
is observed by exciting 80 nm strained HgTe films with terahertz radiation.
The arising resonances could be clearly attributed to the topologically pro-
tected top and bottom surface states of the system. Studying these resonant
responses in a gated sample, the behaviour of the photocurrent is observed
upon a modification of the Fermi energy, which allowes the extraction of the
cyclotron masses of the top and bottom surface states as a function of the
Fermi energy. For larger gate voltages, an additional cyclotron resonance is
detected, which is caused by bulk carriers and corresponds to a mass about

two times larger than that obtained for the surface states.

These results are in full agreement with the band structure of the strained
HgTe films, calculated by the k - p method. The cyclotron masses of the
surface states estimated from this calculation fit well with the experimental
ones. Based on the experimental results, a microscopic theory of the resonant
photocurrent is developed. It is shown that an orbital effect emerges due to an
asymmetric scattering of non-equilibrium surface electrons, resulting in a fully
spin-polarized direct electric current, which exhibits a resonant behaviour due

to the cyclotron-resonance-enhanced absorbance.

Photogalvanic spectroscopy is also used for the investigation of two-dimensional
topological insulators. There spin-polarized photogalvanic currents flowing
mainly in the edges of the sample are observed by exciting 2D HgTe QWs
with circularly polarized terahertz radiation. These currents exhibit a strong
helicity-dependence, meaning that the reversal of the radiation helicity reverses
the direction of the photocurrent. Moreover, the sign of the photosignal for a
fixed helicity is opposite for the opposite edge, which demonstrates that the

current indeed flows in the edges of the sample. Such chiral edge photocurrents
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are detected in a wide range of applied gate voltages, in which they change

their sign twice, which allows a division into three different regions.

The mechanisms responsible for the generation of the photocurrent strongly
depend on the location of the Fermi level within the band structure. For a
Fermi level in the conduction band, the helicity-sensitive photocurrent flowing
in the bulk can be attributed to the circular photogalvanic effect, whereas the
part generated in the edges is attributed to diffusive scattering at the bound-
aries of the sample together with the action of the electric field of the circularly
polarized radiation on the carrier. In contrast to this, in the TI-regime, the
photocurrent is caused by a photoionization of helical edge electrons into the
conduction band. For this effect, a microscopic model and the microscopic
theory are developed simultaneous to the experiments. It is shown that due
to spin-dependent selection rules, the photoionization from spin-up and spin-
down branches induced by right- and left-handed circularly polarized radiation
is different, which leads to an imbalance of the edge state population and thus
to an electric net current. A similar effect is expected for a Fermi level near the
valence band region. The photocurrent generation is attributed to transitions
from the valence band to the edge sates. However, no full theory could be
given till now, as this would require a full understanding of the complex band

structure of Hg'Te near the valence band.

To conclude, this work clearly demonstrated that opto-electronic methods
present a convenient tool for the investigation of two- and three-dimensional
topological insulators and can even be suitable for the search for new topolog-
ical insulators. An important feature of this kind of investigation is that it can
be applied to diverse geometries and states of samples. Thus, opto-electronic
effects can be utilised for micrometre-sized samples where pure optical meth-
ods can no longer be performed. Furthermore, the CR~assisted investigation of
3D TT can even be carried out in samples where classical dc transport is hardly
possible. For example, it can be used in samples with a high residual carrier
density of the bulk or in samples with a Fermi energy lying in the conduction
band.
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