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Part I
T H E O R Y A N D E X P E R I M E N TA L S E T - U P
Il semble que la perfection soit atteinte non quand il n’y a plus
rien à ajouter, mais quand il n’y a plus rien à retrancher.
Perfection is achieved, not when there is nothing more to add,
but when there is nothing left to take away.

Antoine de Saint-Exupéry
French writer (1900 - 1944)
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INTRODUCTION
One of the most important concepts of modern physics is the conservation or breaking of symmetries. This concept is widely used
throughout all branches of physics [1] from Noethers theorem linking symmetry and conservation laws [2] to the acquisition of mass
via the Higgs-mechanism by spontaneous symmetry breaking in
high energy physics [3, 4]. In solid state physics, symmetries are
used to distinguish between different phases and are at the origin
of a wide range of different phenomena such as magnetism or superconductivity.
For a long time, people believed, that all new possible phases of matter can be explained by different mechanisms of symmetry breaking. But it seems the fate of science, that as soon as you think that
in principle everything can be explained by existing theories, just
by refining them, a new experiment comes up, which does not fit
into the existing picture.
At the end of the 19th and beginning of the 20th century, scientists like Millikan (oil drop experiment [5]), Rutherford (scattering
trough a gold-foil [6]), Stern-Gerlach [7] and others performed experiments which could not be explained by existing theories, leading ultimately to the development of quantum mechanics.
In a similar way at the end of the 20th century, Klaus von Klitzing discovered the quantum Hall effect in 1980 [8], a novel phase
of matter breaking no symmetry. The experimental milestone was
the exact quantization of the Hall-conductance to multiples of e2 /h
independent of the material. This effect can be characterized by
the concept of topological classes describing general properties of
shapes but omitting small details as specific material properties [9].
The original quantum Hall effect can only exist in two-dimensional
materials and at very high magnetic fields, but the underlying concepts of topology have been generalized to insulators at zero external magnetic field (quantum spin Hall effect) [10] and higher dimensional materials [11]. These form a new class of materials, named
Topological Insulators, because they combine the two concepts of
topology and insulators.
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introduction

Through these discoveries, the importance of topology for the field
of solid states physics became apparent and in 2016 the Nobel prize
in physics was awarded to the theoretical founding fathers David
Thouless, David Haldane and Michael Kosterlitz for theoretical discoveries of topological phase transitions and topological phases of matter.
In this thesis, two completely different types materials with
a different relation to the concept of symmetry stand central:
LaAlO3 /SrTiO3 -heterostructures and strained HgTe. In the first, inversion symmetry is explicitly broken at the interface of the two
perovskites LaAlO3 and SrTiO3 and the symmetry breaking is crucial to the new physics which emerges at the interface. In the latter,
a 3D Tolopogical Insulator, symmetry breaking plays no actual role
for the physics at the surface of this material, but a change of topology.
This work is not only shaped around new and unique materials,
but also around a quite special technique: thermo-electric power
(TEP) or in short thermopower. Thermopower is the voltage created by a thermal gradient over a sample and we use this technique
to obtain unique information about the properties of the electron
inside a Oxide-heterostructures and Topological Insulators. TEPmeasurements have a big advantage over comparable techniques
such as resistivity-measurements: in thermopower, the electrical
current generated by the thermal gradient is exactly compensated
by another electrical current generated by the voltage difference and
the net-current is zero in thermopower-measurements. Therefore,
thermopower is less sensible to impurity scattering and gives experimental access to other interaction mechanisms as electron-phonon
interactions and different types of charge carriers, compared to resistivity measurements.
This thesis is divided into three parts. In the first part, a summary of
the general transport theory relevant for this thesis is given. Furthermore, the experimental set-up used for the experiments presented
in this theses is described in detail.
In the second part, we will introduce perovskite heterostructures,
where different layers of perovskites are grown on top of each other.
This structure explicitly breaks the inversion symmetry at the interface, creating a novel phase with new properties, different from
the mother-materials. We use thermopower and transport measurements to explore the electronic states at the interface and find, that
two different types of charge carriers with different properties are
present.

introduction

The third part of this thesis is dedicated to Topological Insulators,
where a novel phase is created, without breaking an additional symmetry. In these materials the Hilbert-space spanned by the electron
eigenfunctions has a topology distinct from its surroundings. In order to change the topology of a space, all existing energy gaps have
to be closed leading to a conducting surface on a primarily insulating material.
In the following chapters, first a more thorough introduction into
the matter of topology and Topological Insulators is given followed
by transport measurements on strained HgTe at zero and high magnetic field, which show a clear half-integer quantization of the Hall
resistance and prove the high quality and tunability of this material.
We will conclude this thesis, presenting the first magnetic field and
gate dependent measurements of thermoelectric power on a Topological Insulator, which give new insight into the bandstructure of
strained HgTe around the Dirac point.
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THEORETICAL BACKGROUND
This chapter serves as introduction to the theoretical background
needed in this thesis. However, this introduction will remain rather
general and specific details how the derived equations are applied
to the experimental problems treated in this thesis, will be given in
each corresponding chapter.

2.1

boltzmann approach

The general idea of the Boltzmann theory is that transport in solids
can be described by the distribution function f kt (r), that can be
different for different parts of the sample which causes transport. A
current density jα (r, t) of the general quantity α, e.g. mass, charge
or energy, is described by integrating α over the first Brillouin-zone
together with the particle velocity vk and the distribution function
f k (r, t)1 :
Z
jα (r, t) =

αk vk f kt (r)dk.

(2.1)

1.BZ

f k (r, t) is either the Bose-Einstein distribution for bosons or the
Fermi-Dirac distribution for fermions. As the distribution-function
is symmetric in k, when the system is in equilibrium, the current
density is zero as long as no force drives the system out of equilibrium. Any change of the distribution-function can be written as:


d f k ( r ), t
∂ fk
∂ f ∂r ∂ f ∂k
= k + k
+
(2.2)
dt
∂r ∂t
∂k ∂t
∂t explicit


∂ fk
∂f
∂f 1
= k vk − k Fk +
.
(2.3)
∂rk
∂k h̄
∂t explicit
In the last step, we introduced a momentum dependent velocity
vk = ∂rk /∂t and a general momentum dependent force Fk =
h̄ · ∂k/∂t. The first term on the right hand side reflects any spatial

1 compare for example with Ziman: Electrons and Phonons [12, chap. VII & IX]
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variation of the distribution-function in the crystal, i.e. a thermal
gradient in our case. The second term describes the influence of external forces such as electric or magnetic fields on the distributionfunction and the last term takes scattering-mechanisms into account.
In this thesis we limit ourselves to particles in quasi-equilibrium i.e.
d f k (r, t) / dt = 0 and it follows:


∂f 1
∂f
∂ fk
= k F − k vk
(2.4)
∂t explicit
∂k h̄
∂r
where the right hand side contains the forces driving the function
out of equilibrium and on the left hand side the scattering drives
the function back into equilibrium until a steady state is formed.
When only small changes of the distribution-function are considered, this equation can be linearised by expanding the distribution
function f k (r) around its equilibrium value f k0 (r) on the left hand
side of equation (2.4) up to the linear term
f k − f k0
∂f 1
∂f
= k F − k vk .
(2.5)
τ (k)
∂k h̄
∂r
On the right hand side, we introduce the external force generated
by an applied electric field2 F = qE and replace the spatial variation
by the heat gradient, given as ∂ f k0 /∂r = ∂ f k0 /∂T∇T. We obtain
f k − f k0
∂ f 0 qE
∂f0
= k
− vk k ∇T
τ (k)
∂k h̄
∂T

= vk

∂ f k0
∂f0
qE − k ∇T
∂ε k
∂T

(2.6)
!

(2.7)

using vk = 1/h̄ · ∂ε k /∂k for the last step. As is done usually, we
expand the energy ε k up to the linear term around the chemical
potential µ
∂ f 0 ∂ε
∂ f k0
ε − µ ∂ f k0
= k k ≈ k
(2.8)
∂T
∂ε k ∂T
T ∂ε k
and obtain immediately
!
∂ f k0
ε k − µ ∂ f k0
qE −
∇T + f k0 .
(2.9)
f k = vk τ (k )
∂ε k
T ∂ε k
2 for simplicity we refrain from adding the forces generated by magnetic fields at this point, but
will do so later

2.2 experimental quantities

As f k0 is symmetric in k, it gives no contribution to the following
integrals and can be omitted. Inserting this expression into equation
(2.1) with αk = q, the electrical charge as general quantity, we obtain
the charge current density jq :
jq =

∂f0
ε − µ ∂ f k0
q2 vk 2 τ (k ) k dk ·E − qvk 2 τ (k) k
dk ·∇T. (2.10)
∂ε k
T ∂ε k
|
|
{z
}
{z
}
Z

Z

=σ

=ǫ

We can express the details of the scattering and the spectral information in the macroscopic transport coefficients, conductivity σ and
thermoelectric tensor ǫ:
(2.11)

jq = σE − ǫ∇T.

Repeating the same procedure for the heat current density with
αk = ε k − µ we obtain
jh =

∂f0
(ε − µ)2 ∂ f k0
qvk 2 τ (k)(ε k − µ) k dk ·E − vk τ (k ) k
dk ·∇T.
∂ε k
T
∂ε k
{z
}
{z
}
|
|
Z

Z

= Tǫ

=λ

(2.12)
We immediately see that the first part of the last equation is identical to the last part of equation (2.10) except for a factor T, which
is commonly referred to as Onsager relation. In the same way as
for equation (2.10), we can now express the microscopic details of
equation (2.12) in the macroscopic heat conductivity λ and ǫT
jh = TǫE − λ∇T.

2.2

(2.13)

experimental quantities

In equations (2.11) and (2.13), the current densities jq and jh , the
electric field E and the heat gradient ∇T are easily controlled
and/or measured in an experiment. Therefore, resistivity ρ, thermoelectric power S and heat conductivity λ are the three standard experimental properties measured in transport experiments, instead
of the conductivity σ and the thermoelectric tensor ǫ.

9
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The resistivity ρ is measured when a thermal gradient is absent in
the sample ∇T = 0 and it follows from equation (2.11):
ρij :=

Ej
(i )
jq

= (σ−1 )ij

(2.14)

with i,j one of the crystallographic directions (x,y,z). The thermopower S is measured when the charge current jq = 0:
Sij :=

Ej
= (σ−1 ǫ)ij = (ρǫ)ij .
∇i T

(2.15)

By combining resistivity and thermopower measurements both coefficients of equation (2.11) can be obtained.
The last remaining transport coefficient is the heat conductivity λ in
equation (2.13), which can be obtained if no electric field is applied
to the sample by measuring the heat current density jh caused by
the temperature gradient ∇ T:
( j)

λij = −

jh
.
∇i T

(2.16)

As the transport coefficients must have the same symmetry as the
crystal, we can often simplify their expressions. In cubic crystals
and in absence of a magnetic field all directions are equivalent. Thus
we can write σxx = σyy = σzz or the equivalent simplifications for ǫ
and λ and often suppress the index completely.

2.3

thermopower

While the microscopic theories (i.e. Drude or Sommerfeld theory)
for electrical transport are well-known and can be found in many
textbooks [13, 14], thermopower is by far less familiar. Therefore a
separate section is dedicated to an introduction into thermopower.
As stated in equation (2.15), thermopower is the voltage arising due
to a thermal gradient along the sample. Electrons move along a temperature gradient with the current density jq = −ε∇T and charge
carriers accumulate at one side of the sample generating a voltage
gradient along the sample (see figure 1). This voltage generates an
electrical current jq = σE of the same absolute size, but opposite
direction, thus no net current is flowing.

2.3 thermopower

+
+
+
+
+
+

σE
-εΔT

-

ΔT
Figure 1 | Generation of thermoelectric voltages
Electrons move along the heat gradient by jq = −ε∇T and accumulate at one side
of the sample. This creates a voltage difference generating a counter current jq = σE
of the same size, but opposite direction. Therefore, in total no current is flowing. The
voltage needed to generate the compensation current is known as thermopower.

Therefore, thermopower is not sensitive to scattering directly, but to
the energy dependence of the scattering time, because the warmer
electrons travelling along the gradient have a higher average energy
than the cold electrons travelling opposite to the gradient.
There are two common mechanisms creating thermal voltages,
which will be explained in more detail in the following subsections:
the first mechanism is based on the temperature dependence of the
chemical potential µ. A temperature gradient along the sample also
creates a gradient in the chemical potential. Electrons will diffuse
along this gradient and accumulate on one side of the sample resulting in a voltage difference (diffusion thermopower - Sd ).
For the second mechanism we consider the influence of phonons on
the electron system: phonons move along the temperature gradient
and drag electron along (phonon drag thermopower - Sg ).

Diffusion Thermopower
To obtain an expression for the diffusion thermopower we insert the
expressions for σ and ǫ from equation (2.10) - here expressed as integrals over energy instead of momentum - into the basic expression
for thermopower (equation 2.15) 3 :
R
ǫ
1 (ε − µ)σ (ε)(d f 0/dε)dε
R
.
(2.17)
Sd = =
σ
qT
σ (ε)(d f 0/dε)dε

3 compare also [12, chap. IX] and [15]
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The spectral electrical conductivity σ(ε) can be expanded around
the Fermi energy:
σ(ε) = σ(ε F ) +

dσ
dε

εF

(ε − ε F ) + 1/2

d2 σ
dε2

εF

( ε − ε F )2 + . . .

(2.18)

Due to symmetry we keep only the even components of the expansion under the integral and we obtain:
Sd =

1 1 dσ
qT σ dε

εF

Z

(ε − ε F )2 (d f 0/dε)dε.

(2.19)

Calculating the integral gives (πk B T )2 /3 and the well-known Mottrelation follows:
Sd =

π 2 k B k B T dσ
3 q σ dε

(2.20)
εF

which is more commonly expressed as
Sd =

π 2 k B k B T d ln σ
3 q ε F d ln ε

.

(2.21)

εF

To further simplify this equation, we can use the Drude formula for
the conductivity
q2 n ( ε ) τ ( ε )
(2.22)
σ(ε) =
m∗
with the energy dependent charge carrier density n(ε), the energy
dependent scattering time τ (ε) and the effective mass m∗ . We carry
out the differentiation for τ (ε) ∝ ε p and the charge carrier density
n(ε) ∝ ε3/2 (3D) or n(ε) ∝ ε (2D) and obtain
Sd =

π2 k B k B T
(3/2 + p)
3 q εF

3D

(2.23)

Sd =

π2 k B k B T
(1 + p )
3 q εF

2D

(2.24)

with p = (∂ ln τ/∂ ln ε)|ε F the exponent of the energy dependence
of the scattering time. The diffusion thermopower will be described
using these formulas throughout this thesis.

2.3 thermopower

Phonon Drag Thermopower
To calculate the phonon drag thermopower by the Boltzmann approach, the energy distribution of both electrons and phonons are
needed, making the calculation difficult and lengthy. Often it is easier to calculate how many phonons are dragged with the electroncurrent instead, i.e. the Peltier coefficient Π g = jh/jq , and relate the
Peltier coefficient back to thermopower via the Onsager relation
Sg = Πg/T (see also [15] or [16, chap. 5]).
The electron current is driven by the electric field inside the sample, which acts as a force nqE on the electrons. When the fraction
f ep of this force is transfered to the phonon system by electronphonon scattering, the momentum of the phonons is changed by
this amount:
P
f ep nqE =
(2.25)
τp
where P is the momentum density of the phonons and τp the momentum relaxation time. The phonon drag thermopower is then
Sg =

Πg
qv2 nτp
v2s τp
E
j
f ep =
f ep
= h = s
T
Tjq
T
jq
µT

(2.26)

using jh = v2s P, with vs as sound velocity, in the first step and
jq = nqµE in the second step. The last equation usually is written
as
Λvs
,
(2.27)
Sg =
µp T
with the phonon mean free path Λ = vs τp and the phonon limited
mobility µ p = µ/f ep .
The strength of equation (2.27) is, that it summarizes the main factors generating phonon-drag thermopower. However, care has to
be taken, because all relevant physics is hidden behind the phononmean free path Λ and the phonon-limited mobility µ p . It suggests
a wrong temperature dependence (1/T) of the phonon-drag thermopower since Λ and µ p are strongly temperature dependent themselves.
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--z

y

+ +
+ +
+ +

---

---

B+ +

---

+ +
+ +
+ +
+ +
+ +
EH

---

---

x

-

j, T

Figure 2 | Schematic view of a sample in magnetic field
The current/heat gradient is in x-direction and the magnetic field in z-direction. The
magnetic field creates a force qv × B on moving charge carriers perpendicular to the
direction of movement. This force is compensated by the Hall-field EH to keep the
current j in x-direction.

2.4

transport in a magnetic field

The magnetic field is a thermodynamic parameter which influences
the transport properties in many ways. Therefore, we use magnetic
fields as one of the main control parameters.
We assume that the crystals are isotropic4 and the electrical current/heat gradient is applied along x-direction and the magnetic
field along z-direction as depicted in figure 2. Then the conductivity/thermopower tensor simplifies to
!
!
σxx σxy
Sxx Sxy
σ=
and S =
(2.28)
σyx σxx
Syx Sxx
with σxy = −σyx and Sxy = −Syx .
In a magnetic field, the Coulomb force qE has to be replaced by the
Lorentz force q(E + v × B) in equations 2.6 to 2.10. Solving the last
equation leads to (see [13, chap. I])
!
!
σ0
− ωc τ
σxx σxy
1
σ=
=
(2.29)
1 + ( ω c τ )2 ω c τ
σyx σxx
1
for the conductivity in magnetic fields, with σ0 = neµ the zerofield conductivity, the scattering rate τ and the cyclotron frequency
ωc = eB/m∗ (e is the unity charge, B the magnetic field and m∗ the
effective mass). It follows, that the cyclotron frequency times the
4 isotropic means that the transport coefficient are independent of the crystallographic direction,
i.e. the diagonal components of the tensor are identical.

2.4 transport in a magnetic field

scattering rate is identical to the mobility µ times the magnetic field
ωc τ = µB, with µ = eτ/m∗ .
For diffusion thermopower we find similar expressions [17] for the
diagonal components


L0 qT
p
a+
(2.30)
Sxx =
εF
1 + µ2 B2
and for the off-diagonal components


pµB
L0 qT
Sxy =
εF
1 + µ2 B2

(2.31)

with L0 = π 2 k2B /3e2 the Lorentz-number, k B the Boltzmannconstant, ε F the Fermi-energy, p = (∂ ln τ/∂ ln ε)|ε F , τ the transport
lifetime and a = (∂ ln n/∂ ln ε)|ε F is equal to 1 (3/2) for 2D (3D).

Conduction by Multiple Charge Carriers
A magnetic field allows to disentangle contributions from different
types of charge carriers to the transport properties as used in chapter 4 of this thesis. The contributions of different charge carriers to
the conductivities in equation (2.11) and (2.13) add up to a total
conductivity. However, to obtain the relations for multiple carriers
for the measured quantities ρ and S (equations 2.14 and 2.15), the
rules for tensor multiplication and inversion have to be followed.
Yet, the classical formulas for the resistivity ρ are readily obtained.
Here we illustrate this by considering the isotropic case in magnetic
field for two different types of charge carriers (equation 2.29). For
two (or more) different types of charge carriers, the conductivities
add up to σtot = σ1 + σ2 and it follows after matrix inversion for the
diagonal components ρ xx [13]
"
#
n1 µ21 n2 µ22 (µ1 − µ2 )2 B2
(2.32)
ρ xx ( B) = ρ0 1 +
(n1 µ1 + n2 µ2 )2 + ((n1 + n2 )µ1 µ2 B)2
and for the off-diagonal components ρ xy of the resistivity
ρ xy ( B) =

B (n1 µ21 + n2 µ22 ) + (µ1 µ2 B)2 (n1 + n2 )
.
e ( n1 µ1 + n2 µ2 )2 + ( µ1 µ2 B )2 ( n1 + n2 )2

(2.33)
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The expressions for thermopower S can be found in the same manner as is shown in chapter 4, but are to long to be written down
explicitly [18].

Transport in quantizing magnetic fields
At very high magnetic fields (µB = ωc τ ≫ 1), the classical transport
equations (2.29) and (2.30) do not apply any more and, the energybands of the carriers quantize into so-called Landau-levels (LLs)5 .
When all scattering is neglected, the kinetic energy perpendicular
to the magnetic field is quantized in these levels and the electrons
move along orbits, which form tubes along the field direction in
k-space. Thus, the movement of the electrons perpendicular to the
field is quantized, while they can move freely along the field. This is
depicted in figure 3, with A0 the area enclosed by an orbit. For finite
scattering times, the levels become broadened until the broadening
is larger then the inter-LL distance.
The Landau-tubes are centred at energies of
Eν = ( N + 1/2)h̄ωc

N∈N

(2.34)

with N the LL-index and ωc = eB/m∗ the cyclotron-frequency.
The distance of the Landau-levels is proportional to the magnetic
field B and therefore the number of LL below the Fermi-level is decreasing with magnetic field. However, because each level is eB/h
times degenerate, the total number of available states below a certain energy remains unchanged and the Fermi-energy stays constant. Thus, when the magnetic field increases, subsequent LLs will
pass the Fermi-energy. Every time a Landau-level passes the Fermienergy, the density of states changes abruptly and all transport coefficients oscillate periodic in 1/B:
 

F
1
+ −β
(2.35)
σxx ∝ cos 2π
B 2

 
1
dσ
F
Sxx ∝
+ −β
(2.36)
∝ sin 2π
dε ε F
B 2
5 Here we consider only the case of a parabolic dispersion relation and neglect the electron spin.
Quantized transport for a linear dispersion relation will be described in chapter 5 in more detail.

2.4 transport in a magnetic field

Figure 3 | Illustration of Landau tubes in k-space (from [12])
The Landau-levels form tubes along the magnetic field direction. By analysing the
frequency of the oscillation the area enclosed by the orbits A0 can be obtained.

with F the oscillation frequency in 1/B given by [14]
F=

2πe
.
h̄A0

(2.37)

These oscillations are called Shubnikov-de Haas oscillations and
can be used to obtain information about the shape of the Fermisurface. The oscillations vanish, when the temperature is in the order of the distance between subsequent Landau-levels, i.e. k B T ≈
h̄ωc .
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E X P E R I M E N TA L S E T - U P
In this chapter, the basic principles of transport and thermopower
measurements are introduced, followed by a detailed description of
the new thermal transport set-up at the HFML. Details specific for
the different materials measured, may be found in the corresponding chapters later in this thesis.

3.1

measurement principles

Electric Transport
As derived in section 2.2, the measured value in electric transport
is the resistivity ρ = E/jq . There are two measurable variables in
this equation: the charge current density jq and the electric field
E = V/L, with L the length along which the voltage drop V is
recorded. Therefore, the resistivity is measured by applying a constant electrical current I which relates to the current density by
jq = I/S (3D - with S the cross section area of the sample) or
jq = I/w (2D - with w the width of the sample) and the resulting electric field by measuring the voltage difference between two
parts of the sample (constant current mode).
A second possibility is to determine the resistivity by applying a
constant voltage to the sample and detect additionally the current
by measuring the voltage drop over a known reference resistance
Rref via I = U/Rref (constant voltage mode). Still, the voltage difference between two parts of the sample has to be measured as in
the constant current mode.
To minimize the measurement errors and to separate the components of the tensors, the samples are often structured into Hall-bars
(figure 4). The current is applied along the length of the sample
(light green) and the longitudinal Vxx and transversal voltage drop
Vxy can be measured separately on the legs of the mesa. For an accurate measurement, the current contacts need to be placed far away
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Vxy

w

1

2

y
x

L,Vxx

Figure 4 | Lay-out of a typical Hall-bar used in this work
The sample (light green area) is patterned into a mesa with the width w and an easy
geometry for measurements. It can be connected at the contact pads (golden areas).
The current is passed between contacts 1 and 2 and the voltage drop is measured
between two of the contacts on the side. We distinguish between longitudinal voltage
Vxx and transversal voltages Vxy

.

from the voltage probes and the width of the probe channels much
smaller than the width of the w of the mesa.

Thermoelectric Transport
Following equation 2.15, thermopower is measured by applying a
heat gradient to the sample and measure the resulting voltage. The
heat gradient has to be small1 compared to the absolute temperature of the sample and is usually created by an electric heater attached to one side of the sample, while the other side is thermally
anchored to a cold finger, connected to a bath (see figure 5). The
temperature gradient is then measured by two thermometers, measuring the local temperature at two points on the back side of the
sample.
The voltage difference is in the order of several hundred nanovolt
and therefore measured in alternating DC, i.e. switching the heater
on and off, typically once every 20 s, taking the difference between
background and signal. The voltage in thermopower depends, in
contrast to electric transport, not on the current path along the sam1 typically smaller than 1%. However, at very low temperatures heat gradients of up to 10% of the
absolute temperature are tolerated.

3.2 thermopower set-up at the hfml

heater

thermometers

sample

cold �inger

Figure 5 | 3D representation of the sample holder
The sample (black) can be clamped to the cold finger of the sample holder. On one
side it is equipped with a heater (brown) to induce a temperature-gradient and two
thermometers (red) to measure the local temperature of the sample at two points.
The Hall-bar is on the back-side and connected with Manganin-wires (not shown).

ple, but only on the temperature difference between two interconnected parts of the sample. Therefore, the legs of a Hall-bar should
run parallel to the equipotential lines of the heat gradient (see figure
4).

3.2

thermopower set-up at the hfml

A major part of this work was to design and construct a new setup for thermopower measurements at the HFML. Two probes have
been constructed during this PhD, one for the 33 T magnets, where
a new sample holder was designed for an existing probe, and one
for the new 37.5 T magnet, which is a complete new design. However, the principal design of the sample holder is identical and
therefore we only describe the newly designed probe for the 37.5 T
magnet. The design is versatile, consisting of two completely separate parts: stick and sample-holder. This allows for a quick change
between different sample-holders, which can reduce the time to
change samples during a measurement week drastically, using simply preparing the next sample in an additional holder. Additionally,
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heater
sample

thermometers

1cm
Figure 6 | Picture of the sample holder with sample

it allows one to use different set-ups like specific heat in the same
probe.
The probe has 8 direct copper wires, that allow to connect instruments without room temperature solder junctions and 8 additional
wires for signals as well as 24 wires for monitoring and heating.
The set-up can be fitted on the 3 He-system with a temperature
range from 0.3 K to ∼30 K or a Variable Temperature Insert (VTI)
ranging from 1.2 K to room temperature and fits in the new 37.53 T
magnet at the HFML Nijmegen.

Sample Holder
The sample holder (figure 6) is made out of HYSOL2 to minimize
eddy current heating during field sweeps. The cold finger is made
from two 125 µm thick silver stripes3 and connected to the outer
Helium-bath by silver-sinter made out of pressed silver powder4 by
a standard procedure [19].
To obtain a good thermal contact to the cold-finger, the sample is
clamped into the sample holder between the two silver stripes with
additional silver-paint5 to improve the contact.
2
3
4
5

HYSOL epoxy CP4-4285, The Dexter Company, Olean, New York, U.S.A.
Ag-foil, purity 99.99+%, Goodfellow, Cambridge, England.
Ag-powder, purity 99.97+%, max. particle size 2 µm, Goodfellow, Cambridge, England.
DuPont, Silver paste 4292N.

3.2 thermopower set-up at the hfml

For the measurement, all heat paths through the sample have to
be controlled to achieve a uniform thermal gradient, as assumed in
equation 2.15. Thus, heat leaks to the sample disturbing the heat
gradient have to be minimized. Therefore the whole experiment is
carried out in vacuum and wires connecting to the sample have to
be thin and have a low heat conductivity.
The gradient is measured either using two matched 3 kΩ
Ruthenium-oxide6 sensors or two Zirconium-dioxide (Cernox)7
sensors. Ruthenium-oxide sensors have a very reproducible
temperature-dependence and a small, systematic magnetoresistance and a good thermalization, but are not very sensitive at
high temperatures. Ruthenium-oxide thermometers are at low costs
available in large quantities, where all chips have a nearly identical
temperature- and magnetic field dependence (matched sensors), increasing the sensitivity especially at low temperatures. For this technique, one of the two sensors is calibrated absolutely in resistance
versus temperature, while the second one is calibrated relatively as
difference in resistance between the two sensors. The temperature
gradient was determined using the relative calibration to project the
measured resistance of the second sensor to the absolute temperature calibration of the first sensor. Then, the temperature of both
sensors was determined using the same absolute calibration curve,
which gives a good estimation of the temperature gradient. A more
detailed description of the procedure can be found in a paper of
Fletcher et al. [20].
Cernox have a high sensitivity in the full range from 300 K down
to 300 mK, but a large and unsystematic magneto-resistance at
low temperatures. Therefore Ruthenium-oxide sensors are normally
used at low temperatures and Cernox at high temperatures. Cernox
are generally not available as matched pairs, thus the calibration
procedure has been adjusted: as for the matched Ruthenium-oxide
sensors, one of the Cernox was calibrated absolutely in resistance
versus temperature, while the resistance of second sensor was calibrated against the first Cernox. Afterwards, the temperature gradient was determined by projecting the measured resistance of the
second sensor on the calibration curve of the first sensor and using
the absolute calibration of the first sensor for both Cernox, similar
to the procedure for the Ruthenium Oxide sensors.
6 Vishay-Dale, 3 kΩ, size 0805.
7 Lakeshore, Cernox CX1050-BR bare chip.
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For the wires running to the sample, heater and thermometry,
50 µm manganin wires are used. Manganin is an ideal material for
wires in thermoelectric set-ups, because it has a low thermal conductivity and a small thermopower by itself [21]. The latter is important, because the thermopower signal of the wires adds to the
measurement of the sample. For small thermopower signals, the
data needs to be corrected. However, using manganin as a material, the contribution of the wires can be and has been neglected for
most measured samples.
Electrical contacts to the sample are made by either soldering or
gluing the manganin-wires to the sample or to small (20 µm) gold
wires connected to the sample, because manganin is relatively stiff
and can break the sample or the contacts during cool-down.

Part II
PEROVSKITE HETEROSTRUCTURES
I pass with relief from the tossing sea of Cause and Theory to
the firm ground of Result and Fact.

Winston Churchill
British politician (1874-1965)

4

T H E R M O E L E C T R I C P O W E R O F L a A l O 3 / S r Ti O 3
Materials with tunable electronic and magnetic properties are
strongly desired by research and for technological application alike:
for fundamental physics due to interesting physical effects arising
at the transition between, e.g. magnetism and superconductivity
and for technological application it is highly interesting to have materials which can be used as magnet or ferroelectric and tuned into
one or the other just by a small change in parameters.
d-shell electrons offer this high tunability due to a large degree
of freedom in their number of spins and their orbital momentum.
Transition metals have a partly filled d-shell and can easily be interchanged chemically.
Oxygen on the other hand has partly filled p-orbitals, which can
mediate strong correlation between neighbouring spins via superexchange interactions [22, 23]. Thus, Transition Metal Oxides (TMOs)
are a natural starting point to design materials with highly tunable
properties [24, 25].
TMOs can crystallise in the so-called perovskite-structure ABX3 (see
figure 1), with A and B two cations of very different sizes, A being
larger than B, and X an anion. In the case of TMOs, A and B are
transition metals and X is oxygen. The unit cell is often cubic, but for
some material-combinations the symmetry of the structure can be
lowered to orthorhombic, tetragonal or even trigonal. The B-atoms
are at the centre of an octahedron consisting of six X-atoms, often
giving rise to the Jahn-Teller effect, which lifts the degeneracy of
the d-orbitals and provides an additional tuning parameter.
Perovskites are layered structures consisting of alternating planes of
AX and BX2 and it is possible to determine the termination layer by
etching. Pulsed laser deposition (PLD) and molecular beam epitaxy
(MBE) allow to grow perovskites layer by layer, making it possible
to grow heterostructures composed of perovskites with different
transition metals on the A- and B-sides.
These possibilities open up a gigantic playground to combine and
explore different material properties in one model system. One of
the most investigated heterostructures is the interface between LanThis chapter is based on work published in A. Jost et. al., Phys. Rev. B 91, 045304 (2015)
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BX2
AX
BX2

Figure 1 | Crystal-structure of Perovskites
Perovskites have a cubic unit cell and are formed by alternating layers of AX and
BX2 , where A and B are cations and X is an anion. The B-atoms are surrounded by
an octahedron of X-Anions

(LaO)+

e/2

(AlO2)(LaO)+

e/2
e/2

(TiO2)-0.5
(SrO)0
(TiO2)0
(SrO)0

Figure 2 | Structure of the LaAlO3 /SrTiO3 -interface with polar catastrophe
While the layers of SrTiO3 are non-polar, the (LaO)+ -layer transfers half an electron
per unit cell to the (AlO2 )– -layers adjacent to them. At the interface electrons are
transferred to the Ti 3d-orbitals of the (TiO2 )0 -layer making the interface conducting.

4.1 laalo 3 / srtio 3 -heterostructures

thanum Aluminium Oxide, LaAlO3 , and Strontium Titanium Oxide, SrTiO3 . Despite LaAlO3 (LAO) and SrTiO3 (STO) both being
non-magnetic insulators, a two-dimensional conducing layer [26] is
formed at the interface showing signatures of magnetism [27].

4.1

LaAlO 3 / SrTiO 3 -heterostructures

Since the discovery that at the interface between the two bandinsulating perovskite oxides SrTiO3 and LaAlO3 [26] conductions
takes place, a plethora of new effects have been found, ranging from
superconductivity [28] to magnetism [27, 29–35] and tunable switching of high mobility interface conductivity [36–38], depending on
the ground state the sample reaches. The nature of the ground state
present in the systems depends closely on the growth parameters of
the LaAlO3 -layer [27], the LaAlO3 layer thickness [39–41] and configuration of the heterostructures with different capping layers on
top of LaAlO3 [35, 42–44].
A number of possible mechanisms have been proposed to be responsible for the conduction at the interface [45–50], which can lead
to multiple charge carrier conduction if several are active. Indeed
multiple carrier conduction has been found in SrTiO3 /LaAlO3 interfaces over a wide range of growth conditions [29, 42, 51–55].
The most discussed mechanism for conduction in LAO/STO are
the polar-catastophe and oxygen-doping. The polar-catastrophe scenario is shown in figure 2. LaAlO3 consists of polar (AlO2 )– and
(LaO)+ -layers, while SrTiO3 is non-polar. When the SrTiO3 is terminated with a (TiO2 )0 -layer, a (LaO2 )+ -layer will grow on top, donating half an electron per unit cell to each of the neighbouring layers.
These additional electrons go to the 3d-orbitals of the (TiO2 )-layer
making the interface conducting. This model neglects any electrostatics from charged states on the surface which in III-V semiconductors are known to strongly effect the conductance of the channel
and is therefore not universally accepted.
The oxygen-doping scenario is based on the fact, that the growth
of the LaAlO3 -layers by PLD is a rather violent act and can create
oxygen vacancies. Each vacancy donates two electrons to the material, which can also give rise to conduction in the heterostructure.
However, this mechanism is usually unwanted and most sample are
grown in high oxygen pressure to avoid vacancies.
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Until present, most investigations on the electronic properties of
LaAlO3 /SrTiO3 interfaces have been done using transport experiments [24–44, 51, 54, 55], while measurements of thermoelectric
power are sparse [53, 56, 57]. Whereas conductivity experiments
are generally dominated by the charge carrier mobility, contributions of lower mobility can be accessed in thermoelectric power
measurements. Additionally, the thermoelectric power is known to
be sensitive to magnetic scattering, thus is an ideal tool to investigate multiple charge carrier contributions in samples with magnetic
signatures.
For our investigations we used a LAO/STO heterostructure with
a 10 nm (26 unit cells) LAO film, which is known to exhibit
magnetic signatures [27]. We performed magnetotransport and
thermoelectric-power measurements in a large temperature and
magnetic field range and apply a two carrier model to the magnetotransport data, finding two different charge carriers with different
densities and mobilities. By combining transport and thermopower
data, we extend this model to the thermoelectric tensor ǫ at zero
field and develop a preliminary description for its behaviour in
magnetic field.

Sample Growth and Experimental Details
The sample has been grown at the University of Twente by pulsed
laser deposition and has a 10 nm thick (26 unit cells) LAO film on
a TiO2 -terminated single crystal STO [001] substrate (treatment described in Ref. [58]). The LAO film was deposited at a substrate
temperature of 850 ◦C and an oxygen pressure of 2 · 10−3 mbar, in
order to minimize oxygen vacancies, using a single-crystal LaAlO3
target. The growth of the LAO film was monitored using in-situ reflection high-energy electron diffraction. After the growth, the samples were cooled to room temperature at the deposition pressure.
Electrical contacts to the sample were made using an ultrasonic
wire-bonder to punch through the LAO-layers and attaching
manganine-wires to the holes with silver-paint.
All measurements have been done in the 33 T probe (see chapter 3.2); the transport data in a 33 T Bitter-magnet, while the thermopower data have been taken in a superconducting 16 T magnet.
Both, resistivity and thermopower were measured in positive and

4.2 magnetotransport

negative field directions and the data shown is symmetrized (antisymmetrized) to obtain the diagonal (off-diagonal) components of
the resistivity- and thermoelectric power tensors. We use the historical sign convention for the Nernst-Ettingshausen effect throughout
the paper (positive Nernst signal along y-direction, when the field
is in z-direction and gradient in x-direction).

4.2

magnetotransport

We characterized the sample by electric transport measurements
at different temperatures and magnetic fields. The temperature dependence of the sheet resistance ρS , the magnetoresistance ρ xx and
the Hall-data ρ xy are shown in figure 3a, c and d, respectively. The
analysis of the transport data follows closely our previous work
[51, 59]. From the transport data (figure 3), we identify three different regions (from low to high temperature): region I (up to ∼ 8 K
with logarithmically decreasing sheet resistance and linear Hall effect, region II (∼ 8 K) to ∼ 50 K with strongly decreasing sheet resistance and strongly non-linear Hall-resistivity and region III (above
∼ 50 K) showing an increase in the sheet resistance and a linear
Hall-effect with respect to the magnetic field.
The transport data for T ≥ 7.5 K have been analysed using the twocharge-carrier model for two independent, electron-like channels
as described in chapter 2.4, but fitting the Hall-resistivity only and
restricting the zero-field resistivity ρ0 to
ρ0 =

1
e ( n1 µ1 + n2 µ2 )

(4.1)

with the e the electron charge and the independent fitting parameters n1,2 and µ1,2 as charge carrier density and mobility for the
two channels, respectively. For the lowest and highest temperature,
where the Hall-resistivity is completely linear, the density for one
type of charge carrier was obtained from a linear fit to ρ xy = B/(en)
and the mobility from ρ0 = 1/(enµ). The obtained fitting parameters are shown in figure 41 . The first type of charge carriers (n1 ,
µ1 ) has a relatively high and temperature independent charge carrier density of about n1 ∼ 1014 cm−2 . The mobility of these charge

1 The data-point at 7.5 K violates the Mott-Ioffe-Regel criterion (k f l < 1). We still included it in the
figure for completeness.
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Figure 3 | Transport characterization of 26-layer LaAlO3 /SrTiO3
a) Temperature dependence of sheet resistance (line). Sheet resistance from twocharge carrier model (dots). b) Sheet resistance (black line) and Hall-resistivity
(dashed red line) at 4 K showing the negative magnetoresistance and the linear Halleffect. c) Measured sheet resistance R xx for temperature between 4 K and 100 K. d)
Measured Hall resistivity for temperatures between 4 K and 100 K (empty dots) and
fits with the two-charge-carrier model (lines).
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Figure 4 | Results of the two charge-carrier model
a) Charge carrier densities of the two electron-like bands n1 , n2 from the two-chargecarrier model (inset: Arrhenuis-plot for the n2 ). b) Mobilities of the two electron-like
bands µ1 , µ2 from the two-charge-carrier model.

carriers is low with µ1 ∼ 40 cm2 /(V s) at high temperatures and
decreases towards lower temperatures to µ1 ∼ 1 cm2 /(V s) at 4 K
(therefore referred to as low mobility charge carriers). This decrease in mobility to lower temperatures was attributed to magnetic,
Kondo-like scattering due to the negative magneto-resistance at low
temperatures and is described in more detail in our previous work
[27, 51, 59]. The slight decrease in mobility at higher temperatures
is probably due to electron-phonon scattering.
The second type of charge carriers has a much lower charge carrier density which follows a thermally activated behaviour n2 ∝
e−∆2 /k B T from n2 ∼ 2 · 109 cm−2 at 11 K to n2 ∼ 4 · 1011 cm−2 at 65 K,
i.e. a non-degenerate electron gas. To derive the energy gap between
the non-degenerate, high mobility band at higher energy and the
low lying, low mobility band, we can use an Arrhenius-plot (inset
of figure 4a)), which gives a gap of ∆2 = (6.4 ± 0.4) meV, compara-
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ble to the results on other samples [35, 44, 51]. The mobility is high
at low temperatures (µ2 ∼ 2000 cm2 /(V s)) and decreases at higher
temperatures by one order of magnitude (high mobility charge carriers).

4.3

thermoelectric power

To further elucidate the properties and the origin of the different
types of charge carriers in LAO/STO, we performed thermopower
measurements on the same sample. The temperature dependence
of the zero-field thermoelectric power −Sxx is shown in figure 5.
First, the thermoelectric power is negative, confirming that our carriers are electrons. Second, we point out the absence of a clear
phonon-drag peak [17]. Only a faint deviation from the observed
dependence is visible around 15 K (marked by an asterisk). Thus
we assume that we are in the regime of diffusion-dominated thermopower. The three regions identified in the transport measurements are indicated by the dashed lines. Region I cannot be clearly
identified in thermopower due to the lack of data-points. In region
II, the thermopower is increasing monotonously, proportional to
approximately between T 0.3 and T 0.4 . We note that the temperature dependence is also in agreement with thermoelectric power by
variable range hopping which gives a T 1/3 dependence for a 2D
electron gas [60].
If multiple charge carriers are present, the individual contributions
of the charge carrier have to be weighted by their conductivities and
we can write for Sxx at zero magnetic field2 :
(1) (1)

Sxx =

(2) (2)

σxx Sxx + σxx Sxx
(1)

(2)

σxx + σxx

.

(4.2)

The combination of contributions from both types of charge carriers can explain the observed temperature dependence and will be
described later using the thermoelectric tensor (see figure 7).
In region III, the thermopower is constant up to about 120 K and
increases monotonously to higher temperatures, again proportional
to approximately T 0.4 .
2 see also chapter 2.4
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Figure 5 | Zero-field Thermopower
The Zero-field thermoelectric power Sxx is plotted semi-logarithmically for clarity.
A small deviation from the observed T 0.4 dependence around 15 K is marked by an
asterisk.

When a magnetic field is applied, the magnitude of the thermoelectric power decreases. We can define the magneto-thermopower MS
as
Sxx ( B) − Sxx ( B = 0)
MS( B) =
,
(4.3)
Sxx ( B = 0)
shown in figure 6a. In region I (4 K), the magneto-thermopower is
weak and linear with a decrease by about 11% at 16 T. In region II,
the MS becomes stronger and non-linear with a maximal suppression of 25% at 15 K. Above 15 K the magneto-thermopower becomes
weaker again but remains non-linear. In region III, the magnetothermopower is reduced even more and becomes linear again.
The Nernst effect Sxy (figure 6b) shows similar behaviour. In region I it is nearly linear and small, with ν = Sxy /B ≈ −12 nV/(T K).
We note that this is still enhanced compared to the classical Fermiliquid picture [61], which is approximately
ν=−

π2 k B k B T
eV V
µ ≈ 10−11
3 e ǫF
ǫ F KT

(4.4)
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Figure 6 | Magnetic field dependence of thermopower and Nernst-effect
a) Magnetothermopower MS (see text) for selected temperatures between 4 K and
100 K. b) Nernst effect Sxy for the same temperatures.

4.3 thermoelectric power

with T = 4 K and µ = 1 cm2 /(V s). For a 2D electron gas with a
density of n = 1014 cm−2 , we expect a Fermi-energy between 10
nV
,
and 100 meV, which results in a Nernst coefficient of −[0.1...1] TK
much lower than the measured value.
At higher temperature (region II), Sxy becomes non-linear and increases by an order of magnitude at 40 K and 16 T in comparison
to the value at 4 K. When entering region III, the Nernst signal becomes linear again and decreases towards higher temperatures.
Generally speaking, the thermoelectric signals in magnetic field resemble the transport signals, i.e. linear and small in regions I and
III and non-linear and large in region II (figure 6). Therefore we derive an appropriate two-charge-carrier model for the thermopower
following the work of S. Cao et al. [18].
The thermopower tensor is defined by S = E/(∇ T ) under the condition of Jq = 0, with E the electric field, Jq the charge current
density and ∇ T the temperature gradient. We can use an extended
Ohm’s law
Jq = σE − ǫ∇ T
(4.5)

with σ the conductivity tensor, ǫ the thermoelectric tensor and
ρ = σ−1 the resistivity, to find an expression for the thermopower
tensor:
(4.6)
S = E/(∇ T ) = σ−1 ǫ = ρǫ.

By rewriting equation (4.6), we get ǫ = σS for the thermoelectric
tensor. Using σ and S from our measured data we obtain ǫxx and
ǫxy , as shown in figure 7.
The temperature dependence of the thermoelectric tensor ǫxx at
zero magnetic field (figure 7) is characterized by a negative quantitity as typical for electrons, that increases linearly with temperature for T <25 K. At 25 K, the thermoelectric tensor starts to increase rapidly up to a plateau, which extends between 50 K and
90 K. This increase originates from two simultaneous effects: the increase in mobility of the low mobility (degenerate) charge carriers
and the thermally activated population of the high mobility (nondegenerate) band. Above 90 K, the thermoelectric tensor starts to
decrease, probably due to an increase in phonon scattering.
To describe the zero-field data, the contributions of the degenerate
and the non-degenerate bands have to be added up: ǫ = ǫd + ǫnd .
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Figure 7 | Temperature dependence of the thermoelectric tensor ε
The temperature dependence of ǫxx (black dots) in a semi-logarithmic plot. For illustration, typical curves for degenerate and non-degenerate electrons are shown (see
text)

The degenerate, low mobility band can be described by the the wellknown Mott-formula [62]:
ǫd = −σd

π2 k B k B T
(1 + p )
3e ǫ F

(4.7)

with the Fermi-energy ǫ F and the scattering parameter p =
(∂ln τ/∂ln ε)|ε F . The temperature dependence of the thermopower
of a non-degenerate two-dimensional electron gas, i.e. the thermally
excited high mobility charge carriers, is given by [12]:
kh
ǫe i
(4.8)
ǫnd = σnd ( p + 2) +
e
kT

with ǫe the energy between the lower edge of the conduction
band and the Fermi-energy, and p = (∂ln τ/∂ln ε). Thus, the thermopower of a non-degenerate electron gas is proportional to 1/T.
To illustrate the behaviour of the temperature dependence of these
bands, we plotted typical curves for the thermoelectric tensor of degenerate and non-degenerate electron systems ǫd and ǫnd in figure
7 using the conductivities of the two bands as determined by the
transport measurements.

4.3 thermoelectric power

As parameters for the curves we used p =−0.5, which is the theoretical value for hard sphere scattering [15], ǫe = 6.4 meV for the
non-degenerate gas, as extracted from the thermal activation analysis, and ǫ F = 20 meV for the degenerate electron gas, to archieve
the right magnitude compared to the data measured. We note that
ǫ F = 20 meV is in the right order of magnitude for a 2D electron gas
with the density measured. Fitting the temperature dependence is
not possible because the scatter parameters and energies in equations (4.7) and (4.8), respectively, are not independent from each
other. The actual values of the scattering parameter p(i) and the energies ǫe and ǫ F can be determined by magnetic field dependent
measurements, using an appropriate model for the magnetic field
dependence of the two bands.
The magnetic field dependence of the diagonal (ǫxx /ǫxx ( B = 0))
and off-diagonal (ǫxy ) components of the thermoelectric tensor are
shown in figure 8a and b, respectively. The magnitude of the diagonal component of the thermoelectric tensor ǫxx /ǫxx ( B = 0)
decreases with field at all measured temperatures. However the
details of their magnetic field dependence change drastically. At
low temperatures, ǫxx /ǫxx ( B = 0) decreases steeply at low fields,
turning into saturation towards higher fields. The total decrease is
thereby the largest at 20 K. Starting from 30 K, ǫxx /ǫxx ( B = 0) is
flat at low fields, getting steaper towards high fields and saturate
again at highest fields. This saturation vanishes at 100 K within the
measured field range.
The off-diagonal component ǫxy increases linearly at low fields,
changing with a kink to a lower, still linear slope at higher fields.
The field where the slope changes, increases linearly with temperature from about 2 T at 4 K to 4.2 T at 20 K. Due to the sharpeness
of the kink and his B-T-dependence, we attribute this kink to be a
remnant of magnetic scattering. At 30 K and 40 K, a similar change
in the slope exists, but at higher fields and smeared out over several
Teslas. Therefore, we attribute this behaviour to the existence of two
different types of charge carriers. At 65 K and 100 K, the transition
either vanishes or is so much broadened and shifted to higher fields,
that it is not visible anymore in our measurement.
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Figure 8 | Magnetic field dependence of the thermoelectric tensor ε.
a) Magnetic field dependence of ǫxx for selected temperatures between 4 K and 100 K.
b) Magnetic field dependence of ǫxy for the same temperatures.

4.4 discussion and conclusions

To model the field dependence of the thermoelectric tensor of the
first type charge carriers, we can use an expression for the diffusion
thermoelectric tensor in the classical, degenerate limit given by [17]:


L0 eT
1 − µ2 B2
ǫxx = −σxx
1+ p
εF
1 + µ2 B2
(4.9)


L0 eT
2p
1+
ǫxy = −σxy
εF
1 + µ2 B2
with L0 = π 2 k2B /3e2 the Lorenz-number, k B the Boltzmann-constant,
ε F the Fermi energy, p = (∂ln τ/∂ln ε)|ε F and τ the transport lifetime. The conductivities σxx and σxy are calculated with
σxx =

neµ
1 + µ2 B2

σxy =

neµ2 B
1 + µ2 B2

(4.10)

using the charge-carrier densities n and the mobilties µ obtained
from the transport data (figure 4).
The second type of charge carriers (n1 , µ1 ) is non-degenerate. Therefore it cannot be modeled with the same equations. To the best of
our knowledge, a theoretical model for the magnetic field dependent thermopower of a non-degenerate electron gas is still missing.

4.4

discussion and conclusions

The main part of our data, i.e. for temperatures above 30 K, is well
described by a two-charge carrier model. However, below 30 K some
peculiar features are observed: first, the magnitude of the Nernstsignal is enhanced compared to the Fermi-liquid picture. Second,
the kink observed in the off-diagonal component of the thermoelectric tensor ǫxy , which has a linear B-T-dependence.
A similar anomaly is observed in transport measurements at the
same temperature, namely the observation of a negative magnetoresistance shown in figure 3b and described elsewhere [27, 51].
There, the negative magneto-resistance is attributed to magnetic,
Kondo-like scattering. Indeed, the thermoelectric power in Kondolattices shows similar behaviour as in the LaAlO3 /SrTiO3 interface.
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Figure 9 | Temperature-dependence of ν = Sxy /B for selected magnetic fields.
The Nernst coefficient ν is strongly enhanced for low magnetic fields and saturates
towards higher magnetic fields. The maximum in the Nernst-effect around 40 K at
high fields is likely related to the high mobility charge carriers and independent of
the described effect of the Kondo-lattice.

In three-dimensional Kondo-lattices with one type of charge carrier, the Seebeck coefficient Sxx is decreasing strongly with magnetic field and saturating at high fields, and the Nernst coefficient
ν = Sxy /B is large at small fields and decreasing to higher fields
[63, 64]. In our measurements, we observe the same behaviour for
low temperatures; a strong decrease in the Seebeck effect with saturation to high fields and a strong increase in Nernst at low field
saturating at high fields (see figure 6 and 9, where we show the
Nernst coefficient ν = Sxy /B for various fields). This effect is visible across the whole region II, but strongest around 15 K in both
Seebeck-effect and Nernst coefficient.
Since we observe the same signatures as in Kondo-lattice materials,
we suggest that a similar mechanism could play a role in our sample and we attribute the strong magnetic field dependence of the
thermoelectric tensor to an additional magnetic scattering acting
on the low mobility charge carriers (n1 , µ1 ) at low temperature.

4.4 discussion and conclusions

A possible route to magnetic scattering can be found by charge
transfer, according to some [45] possibly due to the polar catastrophe, where charge is transfered to the interface due to the polarity
of the LaAlO3 -layers. This additional charge can change the electric
state of the non-magnetic Ti4+ -ions in SrTiO3 to magnetic Ti3+ -ions
[34, 65]. These magnetic Ti3+ -ions can act as scattering-partners for
the electrons at the interface and the low mobility charge carrier
are located close to the interface at the Ti3+ -ions. Over the location
of the high mobility charge carriers we cannot give a conclusive
answer.
In summary, we have measured a complete set of transport and
thermoelectric power data in a temperature range from 4 K to 100 K
in fields up to 18 T. We find two different electron-like charge carrier with different densities and mobilities: a degenerate band, with
a low mobility and a high carrier density and a non-degenerate
band with a higher mobility, which vanishes at low temperatures.
The temperature dependence of the thermoelectric tensor can be
described by this two-band picture, but for the magnetic field dependence an appropriate model for the non-degenerate band is still
missing. We identify anomalies in the thermopower data, which
cannot be readily explained by the two-band picture. We attribute
them to an additional strongly magnetic field dependent scattering
mechanism of the low mobility charge carriers located close to the
Ti3+ -atoms at the interface.
For future prospect, the temperature range of the thermopower
measurements should be expanded to the millikelvin range, to
get further insight into the mechanism of the negative magnetoresistance. The effects of magnetic scattering should be clearly visible in Seebeck- and Nernst-Ettingshausen-effect and the analysis
with only one type of charge carrier should be straightforward and
easier to interpret. However, this experiment is challenging, due to
the small absolute value of the thermopower signal and the high
resistivity of the sample at low temperatures.
An easier experiment might be the investigation of quantum oscillations in the thermopower of a high mobility sample such as in Ref.
[42].
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Part III
3 D T O P O L O G I C A L I N S U L AT O R S
Cursed be the hand that made these fatal holes.

William Shakespeare
English poet (1564-1616)
from: Richard III, Act 1, Scene 2

I N T R O D U C T I O N T O T O P O L O G I C A L I N S U L AT O R S
Topology is an area of mathematics dealing with the properties of
space that are conserved under smooth transformations [66]. The
mathematical concept of topology has been applied recently in
solid state physics to the Hilbert-space spanned by the electroneigenfunctions, leading to the prediction [10, 67] and experimental
discovery [68] of a new class of materials called Topological Insulators.
When we speak about topology in solid state physics, we essentially count the number of holes in the Hilbert-space of the electroneigenfunctions, a procedure, which can only be applied to materials with a fully gapped energy spectrum such as insulators. We
find that most insulators, including vacuum, have a trivial topology,
i.e. without holes in the Hilbert-space. However, in recent years a
number of insulators have been realised with a non-trivial topology,
which are therefore referred to as Topological Insulators (TIs) [69].
It can be shown from the general principles of topology, that a system cannot change its topology class without a quantum phase transition, where it becomes gap-less [9]. Thus, when a TI is placed
next to a trivial insulator, the topology class has to change at the
interface, and the band-gap has to be closed at the interface, which
becomes therefore conducting.
A way to achieve a non-trivial topology in a material is by inverting
the band-structure of an insulator [70]. This phenomenon is common in materials with a large spin-orbit coupling (SOC), i.e. consisting of heavy elements such as Bi and Hg, which are the building
blocks of most known TIs.
The first material predicted to be a Topological Insulator was
graphene [10]. But as carbon is a relative light element, the spinorbit coupling is not large enough to produce a sizeable inversion
that can be probed in experiments. Shortly after, also HgTe quantum wells were predicted to be a 2D TI [67], and only one year later
experimental proof has been found in the exact quantization of the
conductance, known as Quantum Spin Hall effect [68], as well as
in non-local [71] and spin-polarized [72] transport. Later on, the
theory has been expanded to three dimensions and the Bi(1-x) Sbx
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Figure 1 | Sketch of the bandstructure of a Topological Insulator
with conduction band (CB), valence
band (VB) and topological surface
states (TSS). The spin of electrons in
the surface states is always perpendicular to the momentum an left moving
electrons have the opposite spin direction compared to right moving electrons (depicted in blue and red).

momentum (a.u.)
system was predicted to be an 3D TI [11]. Again only one year
later, ARPES (Angle-Resolved PhotoEmission Spectroscopy) measurements found surface states with a linear dispersion in the Bi2 Te3
[73] and Bi2 Se3 [74] 3D Topological Insulators.
These materials are easily available and can be grown in a large
number of laboratories all over the world, which sparked enormous
scientific activity all around the globe and lead to the discovery
or prediction of more than 50 possible Topological Insulator compounds up to now [9, 69, 75–77]. However, achieving good sample
quality is still an issue, due to unintentional doping, which pushes
the Fermi-energy into the bulk conduction band.

5.1

properties of 3d topological insulators

Topological Insulators are not only fascinating from a theoretical
point of view due their unique connection of the mathematical concept of topology and physics, but also a number of properties interesting for application have been predicted.
Topological Insulators are insulators with a non-trivial topology.
When a TI is surrounded by a trivial insulator e.g. vacuum, the
topology class has to change at the surfaces of the TI. Therefore,
states have to exist at the surfaces, closing the bulk band-gap and
making the insulator conducting on the surfaces [9].
In figure 1, we present a simple sketch of the band-structure of a TI
with the bulk conduction (CB) and valence (VB) band. Topological

5.1 properties of 3d topological insulators

Figure 2 | Different path of backscattering on a impurity in a TI (from [9])
An electron has quantum mechanically two possibilities for backscattering on an
impurity. Because of the acquired phase the two paths interfere destructively, which
leads to a perfect transmission.

surface states (TSS) cross the bulk band-gap with a linear dispersion.
Thus, a two-dimensional electron gas (2DEG) with a linear dispersion relation exists on the surface of Topological Insulators, offering
the possibility to explore the physics of 2D Dirac fermions on a 3D
material, if the Fermi-energy is situated in the bulk band-gap.
In addition, the surface states are helical, i.e. the spin-projector
points always perpendicular to the momentum and left moving
electrons have the opposite spin direction as right moving electrons
(spin momentum locking) [11, 78]. This makes Topological Insulators a promising material class for future application in spin-tronics.

Helical surface states and topological protection
One of the crucial ingredients to make a Topological Insulators is
strong spin orbit coupling (SOC). Rashba realized already in 1959
that strong spin orbit coupling in combination with broken inversion symmetry, but preserved time-reversal symmetry, lifts the spindegeneracy of a band [79]. This is exactly the case at the surfaces
of a TI! In other words: at the surface of a Topological Insulator,
where inversion symmetry is broken, particles of opposite momentum have opposite spin hs(−k)i = h−s(k)i (spin-momentum locking) [11, 78]. This has intriguing consequences for backscattering at
the surface of a Topological Insulator.
Suppose we have a (non-magnetic) impurity on the surface of a
TI. Quantum-mechanically an electron has two possible paths for
back-scattering on an impurity (figure 2). On both possible paths,
the spin of the electron has to rotate adiabatically by +π or −π to
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fulfil the spin-momentum locking condition. Thus, both paths differ
by a complete rotation of spin by 2π, leading to a different sign of
the electron wave-function for both possible paths [9]. Both paths
will interfere destructively and backscattering by 180° is forbidden.
This leads to perfect transmission in the edge-states of 2D TIs or
enhanced mobility on the surfaces of 3D TIs, respectively, and we
say, that the electrons in Topological Insulators are topologically
protected from back-scattering.

Non-trivial Berry-phase
A second interesting property of Topological Insulators is the nontrivial Berry-phase, which is a consequence of the linear dispersion
of the surface states.
Consider a quantum mechanical state of a particle Ψ(t) , which is
defined by both its amplitude and its phase. A time evolution of
such a state is given by the time-dependent Schrödinger equation
as
ıh̄

∂
Ψ(t) = Ĥ (R(t))Ψ(t)
∂t

(5.1)

with a general Hamiltonian Ĥ, which depends on a set of time
dependent variables R(t). We can find the eigenvalues En (R) of
the nth eigenstate |n(R)i at every time t by solving the timeindependent Schrödinger equation
Ĥ (R(t)) |n(R)i = En (R) |n(R)i .

(5.2)

Berry realised, that the phase-change of the nth state γn around a
closed cycle C can be finite and is given by [80]
γ[C ] =

=

I

ZC
S

dR · ı hn(R)|∇R |n(R)i

(5.3)

dS · ∇R × ı hn(R)|∇R |n(R)i

(5.4)

using Stoke’s theorem for the last step. The phase γ[C ] is called
the Berry-phase and Bn (R) = −∇R × ı hn(R)|∇R |n(R)i the Berrycurvature, a measure of the number of holes of a space. In a Topological Insulator, an integration around the origin along the path

5.1 properties of 3d topological insulators

C in k-space (i.e. the set of time dependent parameters R(t) = k)
gives:
I
γ=
dk · ı hu(k)|∇k |u(k)i = π
(5.5)
C

with |u(k)i a Bloch electron wavefunction.
Usually, the associated Berry-phase β is used as the main parameter
[69, 81, 82], which is given by:
β=

1
2π

I

C

dk · ı hu(k)|∇k |u(k)i =

γ
1
= .
2π
2

(5.6)

If we integrate over the whole Brillouin zone instead, we obtain the
Chern-number, a measure of the number of holes a space possesses
ν=

1
2π

Z

BZ

d2 k Bn ,

(5.7)

which is always an integer number and non-zero for Topological
Insulators.

Landau-quantization and Quantum Hall Effect in TIs
Next, we will address the behaviour of a 2DEG of Dirac-electrons
in quantizing magnetic field. The linear dispersion relation of Diracelectrons leads to a different energy dependence of the Landaulevels in Topological Insulators, compared to materials with a
quadratic dispersion relation and is given by
q
=
sgn
(
N
)
(2eh̄v2F B)| N | N ∈ Z.
(5.8)
ε±
N
The field dependence of the Landau-levels of a Dirac-system are
plotted in figure 3 for N ∈ [−5, 5]. Three properties of the Landaulevels are remarkable: (i), the square root field dependence which
is a direct consequence of the linear dispersion relation. Thus, the
Landau-levels are not equidistant in energy at a certain field. (ii),
the existence of a negative branch originating from holes. The surface states in Topological Insulators have no gap, but a smooth transition from electrons to holes. (iii), the existence of a zero-energy
mode without any energy dependence, which is equally shared by
electrons and holes.
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Figure 3 | Magnetic-field dependence of the Landau-levels in Dirac-systems
The Landau-level dispersion shows a positive and a negative branch, originating
from electrons/holes because of the gap-less nature of Dirac-electrons. The Landaulevels show a square root energy dependence due to the linear dispersion. Between
the two branches, a zero-mode exists, which is independent on energy.

Looking at the quantum oscillations in the conductivity, the minima
in σxx of Dirac-electrons are shifted in magnetic field, compared to
usual metals and semiconductors. This is a consequence of the acquired Berry-phase (see above) as the oscillatory part of the conductivity ∆σxx is given by (see chapter 2.4)
 

1
F
∆σxx ∝ cos 2π
+ −β
(5.9)
B 2
with F the oscillatory frequency in 1/B and B the magnetic field.
Therefore, the Berry-phase can easily be extracted from the oscillatory part of σxx .
The zero-mode of the Landau-levels has interesting consequences
for the quantum Hall effect (QHE) in Dirac-systems. Due to the
equal occupation by electrons and holes, the first Landau-level appears at half the normal filling and the plateau is therefore shifted
by N = 1/2 [83]. All following plateaus are fully degenerate, but remain shifted by 1/2 and the complete sequence is half-integer quantized [84]:


e2
1
σxy =
N+
.
(5.10)
h
2

5.2 strained mercury telluride

In Topological Insulators slabs, a real sample has two surfaces perpendicular to the magnetic field leading to Landau-quantization.
We describe them as two independent 2DEG’s with different electrostatic environment, which can lead to a unequal charge carrier density on the two surfaces. This results in a total Hall conductivity of
[85]
e2
tot
t
b
σxy
(5.11)
= σxy
+ σxy
= ( Nt + Nb + 1)
h
with σt(b) the conductivity and Nt(b) the Landau-level number of the
top (bottom) surface. When the charge carrier densities of the surfaces are approximately equal, we observe only odd filling factors
tot = (2N + 1) e2 /h. Otherwise, at an imbalanced carrier concenin σxy
tration at the two surfaces, both odd and even filling factors can be
observed.

5.2

strained mercury telluride

Mercury Telluride is a well-known II-VI semi-metal and HgTe/
CdTe super-lattices are commercially used in infrared detectors for
space and military applications [86]. Therefore, HgTe, is well studied over decades and its band-structure, shown in figure 4, was
already calculated in the 1970’s [87].
HgTe has a strong spin-orbit coupling, that leads to an inversion of
the Γ8 and Γ6 bands, which lies now 300 meV below the Γ8 , inducing a non-trivial topology. The conduction and valence bands are
originate from the light- and heavy-hole Γ8 bands, which are gapless at the Γ-point due to the cubic symmetry of the zinc-blende
structure (figure 4). In order to realize a 3D TI, a band gap has to
be opened at the Fermi-energy between the light and heavy hole
Γ8 -bands. This can be achieved by straining HgTe along an axis and
hence breaking the cubic symmetry [88], as sketched in the insert
of figure 4.
A relatively straightforward way to induce strain in HgTe is by
growing it on a CdTe-substrate, which is a topological trivial wide
band-gap insulator with identical crystal structure but slightly
larger lattice-constant: 6.46 Å for HgTe vs. 6.48 Å for CdTe - a difference of 0.3 %. Thin (<150 nm) layers of HgTe grown on CdTe
will adopt to the lattice constant of the substrate until the stress
relaxes for thick samples by dislocations [89]. A difference in lat-
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Figure 4 | Bandstructure calculation of unstrained HgTe (adapted from [87])
The Γ6 and the Γ8 bands are inverted due to spin-orbit coupling. The conduction and
valence band are formed by the light and heavy hole Γ8 bands, which are gap-less
at the Γ-point. The inset shows the result of strain on HgTe around the Γ-point: a
gap opens at the Γ-point and topological surface states appear which cross the bulk
band-gap.

5.2 strained mercury telluride
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Figure 5 | Sample-layout and growth-structure of the HgTe-samples
a) Picture of a sample with the main length-scales of the Hall-bar outlined. b) Structure of the growth-layers of the samples. The sample is grown on a CdTe (001) substrate. The HgCdTe-layer has a slightly larger lattice constant than HgTe, inducing
0.3 % of strain to the sample. On top of the HgTe-layer is a second buffer layer to
protect the surface of the sample and the gate, consisting of a SiO2 /Si3 N4 insulator
and a gold layer.

tice constant of 0.3 % is sufficient to open an energy gap in HgTe
of ∼22 meV at the Γ-point [90], which allows to probe the surface
states in measurements.
Three samples were studied in this work, grown by molecular beam
epitaxy (MBE) and patterned into a Hall-bar structure. The layer
structure of samples Σ1 and Σ2, which are in fact two different
pieces of the same wafer, is shown in figure 5b. A 104 nm thick
layer of HgTe is directly grown on a pre-etched commercial CdTe
substrate. On the HgTe, a 13 nm HgCdTe layer is grown, which
protects the surface and increases its mobility by one order of magnitude [91, 92]. On top of these layers an insulator consisting of
110 nm SiO2 /Si3 N4 -layers and 100 nm of gold as a gate-electrode
are deposited. The gate can be used in experiment to change the
charge carrier concentration via the electric field-effect.
Sample Σ3 consists of a CdTe-substrate and 600 nm of HgTe without
any additional layers. Having a thickness of 600 nm, the strain on
this sample is completely relaxed and it is a semi-metal instead of
a Topological Insulator.
All samples were patterned in Hall-bar geometry with a mesa of
1.2 mm length and 200 µm width using argon etching. A picture of
the sample is shown in figure 5a. Great care was taken to assure that
the legs running to the contact-pads, which are not controlled by
the gate-voltage, are perpendicular to the applied heat gradient. In
contrast to electrical transport, thermopower measurements depend
not on the current path along the sample, but on the temperature

55

56

introduction to topological insulators

difference of two interconnected parts only. Assuming that the heat
gradient is uniform along the length of the sample, only the parts
of the sample below the gate contribute to the Seebeck effect Sxx .
The legs running to the contacts pads are perpendicular to the heat
gradient and therefore give no contribution to thermopower.
Yet, having a gate on the sample still creates a problem for Nernsteffect measurements. In our structure, the Nernst-signal measured
consists of three contributions: from the part of the sample below
the gate, the legs without gate and the gold pads. The contribution
of the gold pads is very small <0.5 nV/(K T) and is therefore neglected. The contribution of parts of the sample not covered by the
gate is unknown and in the same order as our signal. However, we
know that this contribution remains constant when the gate-voltage
changes and gives therefore only a constant background to our measurement. We find, that the Nernst-effect of sample Σ1 (figure 18b)
shows qualitatively the same behaviour as the for data sample Σ2
(figure 11c), but with an off-set of about 20 µV K−1 .
Throughout the following chapters, the results for all transport measurements on strained HgTe are given as resistance, instead of either
2D or 3D resistivities. The values given have to be multiplied by a
factor of 0.167 (1.67 · 10−8 m) to obtain the 2D (3D) resistivity.
The samples were measured in the new thermopower set-up (see
chapter 3). For the temperature control either a simple 4 He tube
with a base temperature of 1.2 K, a Variable Temperature Insert or
a 3 He set-up with a base temperature of 300 mK was used. The
magnetic fields were either generated by a 16 T superconducting
magnet, a 33 T Bitter-magnet or a 37.5 T Bitter-magnet.

M A G N E TO - T R A N S P O RT O F S T R A I N E D M E R C U RY
TELLURIDE
We present here longitudinal and Hall-resistance data on sample
Σ1 (strained HgTe - see chapter 5.2) at zero/low and quantizing
magnetic field. We will use these measurements to show, that we
observe pure surface transport using our gate to tune the Fermienergy through a large part of the Dirac-cone, from a high electron
concentration to a high hole concentration.

6.1

transport in low magnetic fields

First, we look at the temperature dependence of the resistance at
zero gate-voltage. When the sample is cooled down, the resistance
R xx increases exponentially down to ∼65 K as expected for a small
band-gap semiconductor (see figure 6a). Below 65 K, R xx decreases
down to 40 K where it saturates, as typical for metals. Because the
gap in strained HgTe is only induced by strain, the indirect bandgap is supposed to be relatively small in the order of 4 meV [93],
which corresponds to approximately 45 K. Therefore, electrons are
exited to the bulk conduction band at higher temperatures, dominating the transport at room temperature. The charge carriers freeze
out at lower temperatures and the contribution of surface electrons becomes visible below ∼65 K. The surface states are metallic,
i.e. the charge carrier density remains approximately constant, but
the resistance decreases with temperature due to reduced electronphonon scattering. Below 40 K, the dominant scattering is due to
impurities and the resistance becomes temperature independent.
At low temperature, we use the gate to tune the charge-carrier
concentration. The dependence of resistance and low field Hallresistance on the gate-voltage is shown in figure 6b. A clear double
peak develops around Vg ≈ −1.85 V, which we will call the charge
Parts of this chapter are based on C. Thienel, et. al. Ambipolar Dirac fermion transport in high
mobility strained bulk HgTe. to be submitted. and A. Jost et. al. Probing the Surface States of the
3D Topological Insulator Strained HgTe with Thermopower. submitted.
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Figure 6 | Low field characterisation of strained HgTe
a) Temperature dependence of R xx ( T ) at zero magnetic field. At high temperatures,
the resistance behaves similar to a small-gap semiconductor, while the low temperature dependence resembles a metal-like behaviour. b) Gate dependence of R xx (black)
at zero-field and R xy (red) at 200 mT (1.5 K), with the charge neutrality region (CNR)
around Vg = −1.85 V. In the Hall-resistance, a change from electron-like transport
to hole-like transport is clearly visible in a change in sign at Vg = −2.2 V.

6.1 transport in low magnetic fields
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Figure 7 | Gate dependence of the charge carrier concentration
Charge carrier density extracted from low-field Hall resistance (blue squares);
Charge carrier densities of the top/bottom surface extracted from quantum oscillations (green/red triangles); the red and green line are linear fits; Adding up the
carrier densities of the two surfaces we approximately obtain the Hall-density (blue
dots).

neutrality region (CNR). The double peak likely emerges from the
two Dirac-cones of the 2DEGs on the top and bottom surface of
the sample, which are in a different electrostatic environment and
therefore slightly shifted in density.
At higher (lower) gate-voltages than the CNR, the sample is dominated by electron- (hole-) like charge carriers. On both sides of
the CNR, the resistance decreases first, but increases again at high
positive and negative gate-voltages, and even shows an additional
maximum at negative gate-voltages, whose origin is unknown. The
resistance on the hole side (low gate-voltages) is much higher than
on the electron side, due to the higher effective mass of the holes.
The Hall-resistance R xy in figure 6b is small and positive at high
voltage, pointing to a large density of electron-like charge carriers.
R xy increases towards the CNR, as the density of electrons is reduced and passes zero, when the Fermi-energy enters into the holedominated region. In the CNR, the density of holes is first small
and the Hall-resistance large and negative. The number of holes
increases towards lower gate-voltages and the Hall-resistance decreases.
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Using the full range of the gate, we can sweep the charge carrier
density from the electron dominated region (n ≈ 1.4 · 1012 cm−2 at
Vg = 4 V) through the charge neutrality point deep into the hole
region (p ≈ −1.3 · 1012 cm−2 at Vg = −6 V). The total charge carrier density nHall , as extracted from the slope of the low field Hallresistance, depends linearly on the gate-voltage (open blue squares
in figure 7). The Drude-mobility of the sample is ranging from 15
to 30 m2 V−1 s−1 on the electron side and from 2 to 9 m2 V−1 s−1 on
the hole side.

6.2

transport in quantizing magnetic fields

At high perpendicular magnetic fields, we observe quantum oscillations and a pronounced surface quantum Hall effect (see chapter
5.1) for both, electrons and holes, shown in figure 8a-c for different
carrier concentrations. For the electrons with a Drude-mobility of
µ = 15.3 m2 V−1 s−1 , the oscillations start at about B = 500 mT (see
inset of figure 8a) and we observe zero resistance already starting
from 6.5 T. The hole mobility is lower by a factor of five and far less
oscillations are visible at low field. However, we still find a good
quantization and zero resistance states also for holes, showing, that
only the surfaces contribute to the transport. This is surprising as
ARPES-experiments place the lower half of the Dirac-cone inside
the bulk valence band [94], which should therefore also contribute
to transport.
Analysing the quantum oscillations and the quantum Hall effect,
we can distinguish two different situations as described in chapter
5.1: (i) both surfaces have approximately identical charge carrier
densities, where we observe only odd filling factors and (ii) the
surfaces have different charge carrier densities, where both odd and
even filling factors can be observed.
These two situations are sketched in figure 9. In figure 9a, both
surfaces have identical charge carrier densities and the LLs of both
surfaces have the same energy. When the magnetic field increases,
always two Landau-levels will cross the Fermi-energy at the same
time and we observe a pure odd-integer sequence.
However, in a real crystal both surfaces have usually a different
electrostatic environment resulting in slightly different charge carrier concentrations on both surfaces. In figure 9b, this situation is
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sketched for nb = 1.2nt . The LL-sequence for this case is less obvious as, depending on the specific set of parameters, one or even
several Landau-levels could cross the Fermi-energy without a clear
plateau, while increasing the magnetic field.
This can be seen for example in figure 8a: while below 6.5 T and
above 12 T all filling factors are clearly resolved, between filling factor ν = 4 and ν = 7 only weak oscillations are visible with no
quantization of the Hall-resistance.
The strength of the gate-influence for the two surfaces is different
and we can have both situations in one sample. In figure 7 we can
see, that the densities of both surfaces are equal at about −1.2 V
(crossing of the red and green line), but the charge carrier density
at this point is too low to observe decent quantum oscillations. However, even at Vg = −5 V, the densities are close enough that the odd
filling factors (3,5,7) are dominant, while the even filling factors (2,4)
are much weaker. If we go further away from the point of equal density, we see more and more filling factors appearing (figure 8c) and
eventually the full sequence as in figure 8a.
From Fast Fourier Transforms of the quantum oscillations we can
extract two different frequencies and compute two charge carrier
densities nt(b) corresponding to the two surfaces (see figure 7). We
assign the charge-carriers with the higher slope (green triangles, nt )
to the top-surface, closer to the gate, and the other type of charge
carriers (red triangles, nb ) to the bottom surface. Adding up the
densities of the two surfaces (blue dots), we obtain approximately
the carrier density directly extracted from slope of the low-field
Hall-resistance. Based on these observations, we assume that the
transport properties are uniquely due to the surface carriers.
At last we extract the Berry-phase from the quantum oscillations
for two exemplary gate voltages, Vg = +3 V and Vg = −5 V, which
have an approximately identical total charge carrier density for electrons/holes, respectively. We follow the procedure outlined in chapter 5.1 and plot the minima of the conductivity as a function of 1/B
in figure 10.
The intercept with the y-axis of a linear fit through the point gives
the associated Berry-phase, which should be β = −0.5 for Diracelectrons with a linear dispersion relation. From the fits we extract
β = −0.14 for electrons and β = −0.42 for holes, the latter being in
reasonable agreement with theory. We recall, that the Berry-phase
for a quadratic dispersion relation should be around β = 0. There-
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Figure 10 | Extraction of the Berry-phase for electrons and holes
A linear fit through the Landau-level indices gives β = −0.14 for electrons and β =
−0.42 for holes. This indicates, that while the dispersion relation is approximately
linear for holes, the dispersion of the electrons is more quadratic.

fore, the dispersion for electrons seems to be more quadratic and
not linear in our sample.

7

THERMOPOWER EXPERIMENTS ON STRAINED
M E R C U RY T E L L U R I D E
As demonstrated in the previous chapter, resistivity measurements
show no traces of bulk carriers to the transport in HgTe even though
the range of our gate should be big enough to tune the Fermi-energy
all the way from the conduction to the valence band. However, resistivity measures primarily the charge carrier with high density and
high mobility and the contribution of the bulk charge carriers might
be too small to be visible in resistivity measurements.
Thermopower is a compensation method, i.e. the current due to
thermal gradient is cancelled out by a current generated by the
electric field and no net current is flowing. Therefore, mobility and
charge carrier density contribute differently to thermopower than
to the conductivity. Thus, thermopower is sensitive to different details of the band-structure compared to other transport properties
such as conductivity, making it the perfect tool for a complementary
investigation of the transport properties of TIs (see also chapter 2).
Despite the advantages, thermopower-measurements are sparsely
used due to experimental challenges. Only few studies have been
done in Topological Insulators so far, at high temperatures and
zero magnetic field [95, 96] or in samples which have high bulkcontributions, but still show quantum oscillations from surface
states [97].

7.1

thermopower at low magnetic fields

In figure 11, the gate-dependent resistance and thermopower of
sample Σ2 (strained HgTe) at low temperatures and low magnetic
fields are shown. The resistance of this sample shows overall a quite
similar gate-voltage dependence as sample Σ1 from the same wafer
in figure 6b. The longitudinal resistance R xx in figure 11a has a pronounced maximum at Vg ≈ −1.35 V, and the Hall resistance R xy
at 0.2 T crosses zero at a lower gate-voltage Vg = −1.85 V (vertical
dashed line in figure 11). For higher (lower) Vg , R xy is positive (nega-
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Figure 11 | Comparison of low-field transport and thermopower data
a) Gate-voltage dependence of the resistance R xx at 200 mT and Hall-resistance at
200 mT. The position where R xy crosses zero is marked by a vertical line. b) gatevoltage dependence of the thermoelectric power Sxx at 0 T. c) gate-voltage dependence of thermopower Sxx and Nernst-effect Sxy at 200 mT.

7.1 thermopower at low magnetic fields

tive) pointing towards electrons (holes) as dominant charge carriers.
As the low-field Hall effect is dominated by the most mobile charge
carriers stemming from the surfaces, we assign the zero-crossing
of the Hall-effect at Vg = −1.85 V to the Dirac-point of the surface
states.
The gate dependence of the thermoelectric power Sxx is shown in
figure 11b. Thermopower can originate from two different mechanisms: diffusion and phonon-drag (see chapter 2.3). Diffusion thermopower arises from the non-equilibrium of the Fermi-Dirac distribution of the electrons due to a thermal gradient. In addition,
phonons travel down the heat gradient and can drag charge carriers along, which is referred to as phonon drag thermopower. Independent of the mechanism, thermopower is usually negative for
electrons and positive for holes [15]. Besides the two different mechanisms, different bands can contribute, making it challenging to distinguish between the individual contributors.
At positive gate-voltages, Sxx is negative as expected for electrons,
rather small of the order of 1 µV/K, and constant for a wide range
of gate-voltages (figure 11b). Between Vg = +0.3 V and −1.0 V, the
thermopower increases nearly linearly and crosses zero at Vg ≈
−0.3 V, at a higher gate-voltage compared to the zero-crossing of
the Hall-effect. Below Vg = −1.0 V, Sxx starts to increase strongly
up to a maximum of 37 µV/K at Vg = −4.4 V, which a much larger
absolute value than on the electron-side. This raises the question:
why is the thermopower on the hole side much larger than on the
electron side, if both come from the surface states?
The temperature dependence of Sxx at different gate-voltages (figure 12) can help to further elucidate the nature of possible contributors. At lower temperatures, the thermopower on the electron-side
is small and gate-voltage independent, with a weak linear temperature dependence. This points towards a pure diffusion driven mechanism for the surface electrons. In contrast, there is a clear peak
at 12 K on the hole side and Sxx is much larger in absolute value.
Phonon drag thermopower is known to give rise to large signals
and to exhibit a maximum when the phonon heat conductivity is
largest [17], which is at 7 K for CdTe (the substrate) [98] and at 15 K
for HgTe [99]. Therefore, the much higher signal in thermopower
in the hole-dominated region might be explained by an additional
phonon drag contribution.
The thermopower shows a clear drop at all gate-voltages around
40 to 50 K and becomes negative even for the most negative gate-
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Figure 12 | Temperature dependence of thermopower at different gate-voltages
The thermopower is small and nearly flat on the electron side Vg = 0 V and 1.9 V, and
large with a phonon-drag peak at 12 K on the hole side at Vg = −2.6 V and −6.1 V.
The temperature, where electrons from the bulk valence band start to dominate the
thermopower depends linearly on temperature (inset).

voltages, where holes dominate the low temperature transport. At
high temperatures, electrons are exited to the bulk conduction
band and dominate the zero-field thermopower. The temperature
Tc where the thermopower bends down shifts linearly by about
10 K over the whole range of gate-voltage (see inset of figure 15),
which suggests a change of Fermi-energy by 0.9 meV. Over the
same range of gate-voltage, the charge carrier density changes from
p = −1.3 · 1016 m−2 to n = +1.4 · 1016 m−2 . With v F = 4.2 · 105 m/s,
this
√ corresponds already to a change in Fermi-energy of EF =
2πnh̄v F ≈ 80 meV measured from the Dirac-point, for the electron side only. However, a change of the Fermi-energy of this size
would place the Fermi-energy inside the bulk-bands, which is is in
clear contradiction to the experimental observation, namely the surface quantum Hall-effect and the temperature dependence of the
thermopower.

7.1 thermopower at low magnetic fields

Thus, to describe our experimental data, we need a model for the
bandstructure of HgTe, which keeps the Fermi-energy within the
bulk-band gap, while changing the surface charge carrier density
by several 1016 m−2 with gate-voltage. The Dirac-screening model
suggested by Brüne et. al. [100] could explain such a behaviour by
introducing an effective Hartree-potential at the surface of the Topological Insulator.
Within this model, we calculate the band-structure on the basis
of the six-band k · p - approach [101] for a heterostructure of
Cd0.7 Hg0.3 Te/HgTe/Cd0.7 Hg0.3 Te. An effective Hartree-potential is
utilized, in the spirit of the Dirac screening model of Ref. [100], to
primarily dope the Dirac surface state from the n- to the p-type carrier concentrations for a large range of gate voltages while the structure of the bulk bands is weakly affected. This phenomenological
approach is motivated by the disagreement between self-consistent
Hartree calculations [102] and the experimentally observed exclusive surface quantum Hall effect (SQHE). In comparison to the approach in Ref. [100], an additional interface potential is considered
arising from a reduced point symmetry [103]. This introduces a coupling between the LH and HH components even at k = 0. The interface potential is adjusted such that the position of the Dirac point
in the k · p - model coincides approximately with ab-initio calculations [93] and ARPES results [90, 104] where it was found that for
ungated HgTe the Dirac point is located several tens of meV below
the HH band edge. In the dispersion relation, we clearly identify
the topological surface states (TSS). Notably, the chemical potential
remains in the bulk band gap in the whole range of carrier concentrations. However one should note that the dispersion of the surface states strongly deviates from an ordinary linear behavior due
to strong coupling with HH subbands.
We use this model to calculate the band-structure for different gatevoltages on both electron and hole side, presented in figure 13. In
both sub-figures, bulk bands are shown as black lines, the surface
states as blue (top surface) and red (bottom surface) lines and the
Fermi-energy is marked by a grey dashed line. At Vg = +1 V (figure 13a), we find the bulk valence and conduction bands, with an
indirect energy gap of 12 meV, which is a bit larger than extracted
from the temperature dependent measurements above. Two states
associated with the top and the bottom surface cross the bulk-band
gap with a slightly different slope, which gives rise to the different
charge carrier densities on the two surfaces. However, the effective
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Figure 13 | Bandstructure of strained HgTe for different gate-voltages calculated
with the Dirac-screening model
a) Bandstructure at Vg = +1 V. The Fermi-energy resides inside the bulk band-gap,
but crosses electron-like surface-states, with a quadratic dispersion relation. b) Bandstructure at Vg = −3 V. The Fermi-energy is still in the bulk band-gap, but the surface states show a hole-like dispersion relation.

7.1 thermopower at low magnetic fields

mass and Fermi-velocity are very similar for these states and about
meff = 0.02m0 and v F = 4.2 · 105 m s−1 for a large range of positive
gate voltages.
In figure 13b, the band-structure at Vg = −3 V is shown, which
is representative for the situation in the hole-like region. The bulkbands remain widely unchanged compared to Vg = +1 V, but the
behaviour of the surface states changes drastically between the two
different gate-voltages. The curvature of the bands is now holelike with a much smaller slope, giving an effective hole-mass of
meff = 0.11m0 and a Fermi-velocity v F = 1.8 · 105 m s−1 . The surfaces now have nearly identical dispersion, which gives approximately identical charge carrier densities on the surfaces, consistent
with the measurements presented in figures 7 and 8.
We can use the parameters obtained from this model to calculate
the expected thermopower signal at zero-field. The diffusion thermopower Sd is given by the Mott-formula (chapter 2.3 equation
2.20):
π 2 k B k B T dσ
.
Sd =
3 q σ dε ε F
This formula relates diffusion thermopower to the energydependence of the conductivity instead of gate-voltage as in our
measurements. Therefore, we need to relate gate-voltage1 and energy to calculate the diffusion thermopower:
Sd =

π 2 k B k B T dσ dVg
3 q σ dVg dε

Sd =

εF

π 2 k B k B T dσ
D (Vg )
3 q σ dn

(7.12)

with n the charge carrier density and D (Vg ), the density of states at
a certain gate-voltage.
The conductivity σ and dσ/dn, we can obtain from our transport
measurements in figure 11. First, we rewrite dσ/dn as
dσ
dσ dVg
=
.
dn
dVg dn

(7.13)

The derivative of the conductivity with respect to the gate-voltage
dσ/dVg we obtain numerically direct from the measurement and
for dVg / dn, which is approximately linear (see for example figure
1 Throughout this derivation Vg is measured from the Dirac-point, which we set to Vg = −1.25 V.
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7), we use the linear slope of the experimental data in our calculations.
To calculate the density of states at a certain gate-voltage D (V ),
we assume that sample and gate form a plate capacitor with the
capacitance
dN
dQ
(7.14)
C=
=e
dVg
dVg
with Q = eN the transferred charge, e the unit charge and N the
total number of transferred particles.
We can use the definition of the density of states
dn = D ( E) dE = Cg /e dV

(7.15)

and link it via the transferred charge to the capacity per unit area
Cg .
For the DOS we first use a linear dispersion relation E = h̄v F k
and assume no spin degeneracy due to spin-momentum locking
(see chapter 5)), but an additional factor 2 because we have two
independent surfaces:
D ( E) =

1 E
.
π (h̄v F )2

(7.16)

Inserting this into equation (7.15) we obtain a relation between energy and gate-voltage:
dE =

Cg π
(h̄v F )2 dV
e E

Cg
π (h̄v F )2 dV
e
Cg
1 2
E =
π (h̄v F )2 V
2
e
r
2πVCg
.
E(V ) = (h̄v F )
e
If we now combine equations (7.16) and (7.17) we get
r
r
2Cg 1
V
D (V ) =
.
π hv F
e
E dE =

(7.17)

(7.18)

7.1 thermopower at low magnetic fields

The last unknown in this equation is the capacitance, which we get
from Cg = en/Vg = 42.5 nF cm−2 and obtain density of states for
our sample at a gate-voltage V

r

26 s2 C1/2
electrons
V 3.7 · 10 kgm4 V1/2
·
D (V ) =
(7.19)
e 
8.6 · 1027 s2 C1/21/2
holes
4
kgm V

with veF = 4.2 · 105 m s−1 and vhF = 1.8 · 105 m s−1 as obtained by the
calculations with the Dirac-screening model.
Motivated by the more quadratic dispersion obtained by the bandstructure calculations, we perform the same calculation for a
quadratic dispersion relation, which is more consistent with the
curvature of the surface bands in figure 13 and the Berry-phase
for electrons calculated in chapter 6.2. We obtain


5.2 · 1036 s2 4
electrons
m
kgm
=
(7.20)
D (V ) =
2
2

πh̄
2.8 · 1036 s 4
holes
kgm

with me = 0.02m0 and mh = 0.11m0 , which is independent of the
gate-voltage.
We insert these expressions in equation (7.12) and calculate the thermopower for electrons/holes for both linear and quadratic dispersion, which is shown in figure 14. Around the charge neutrality
point, the Fermi-velocities and effective masses are changing too
fast to give a reliable result and therefore this part of the calculated
curves is not shown.
On the electron side we find a reasonable agreement with the data
between Vg = 0 V and 1.5 V, the result of the calculation with a
quadratic dispersion being to small by a factor of two and with
a linear dispersion to large, also by a factor of two. However, a
refined calculation with a mixture of linear and quadratic contributions would be in complete agreement with the experiment and
the thermopower on the electron side seems to be purely diffusiondriven.
Above ∼1.5 V, the calculation does not match the measured data
and even gives the wrong sign for gate-voltage larger than 2.3 V.
This effect is due to the slight increase in resistance above 2.3 V
in figure 11a. As the diffusion thermopower is proportional to the
derivative of the conductivity, the calculated thermopower changes
sign, when the resistance changes its slope.
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Figure 14 | Comparison of the calculated diffusion thermopower with the measurement
The agreement between data and calculation on electron side is reasonable, being
only a factor of two to small (large) for quadratic (linear) dispersion, and consistent with a purely diffusion driven thermopower. On the hole side, both linear and
quadratic dispersion give a similar size of signal, but much lower than the measurement. This disagreement can be explained by an additional contribution from
phonon-drag.

7.2 thermopower in quantizing magnetic fields

On the hole side, the calculated thermopower gives similar results
for both, quadratic and linear dispersion, being constant and in the
order of Sxx ∼ 2 µV/K over the whole gate-range, which is thirteen
times smaller than the experimental value at Vg = −3 V. This difference is likely originating from an additional phonon drag contribution for holes, already suggested by the temperature dependence
figure 12, which is larger compared to electrons due to their higher
mass [105].
When adding a small magnetic field of 0.2 T (figure 11c), Sxx shows
the same overall behaviour as at zero-field, but develops a small
hump at Vg =−1.85 V (vertical line), directly at the Dirac-point. This
can be explained by the fact, that if a Topological Insulator is subject to a magnetic field, the former gap-less surface states become
gapped at the Dirac-point. Thus the charge carriers acquire a higher
mass giving rise to an increase in thermopower.
In magnetic field, the voltage perpendicular to the heat gradient is
referred to as Nernst-Ettingshausen effect Sxy . This effect is usually
small in systems with a single type of charge carriers and large,
when both electrons and holes are present or when the charge carriers have a high mobility [61]. In gated samples not only the parts
of the sample underneath the gate contribute to the Nernst-signal,
but also the legs of the Hall-bar. This gives an offset to the measurement, which is unknown, but constant when sweeping the gatevoltage (see chapter 5.2). The low field Nernst-effect Sxy (figure 11c)
is small at positive gate-voltages and increases towards a maximum
at Vg = +1.85 V, exactly at the zero crossing of the Hall-voltage, but
at a lower gate-voltage than the sign change in Sxx . On the hole-side
the Nernst effect decreases, but remains large.

7.2

thermopower in quantizing magnetic fields

In strong magnetic fields, the density of states becomes quantized
and we observe quantum oscillations in thermopower and Nernsteffect at T = 1.5 K for both electrons and holes. The oscillations
in thermopower mimic the transport oscillations in frequency and
main features (figure 15a and b), but are shifted by π/2, as the
thermopower is proportional to the derivative of the conductivity
with respect to the energy [106].
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Figure 15 | Quantum Oscillations in Thermopower
a) Quantum oscillations at Vg = +3.0 V (electrons) in thermopower and resistivity.
The oscillations in thermopower are shifted by π/2 with respect to the resistance (see
text). b) Quantum oscillations at Vg = −4.5 V (holes) in thermopower and resistivity.
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Figure 16 | Evolution of filling factors
The filling factors, marked by integer numbers, evolve with gate-voltage from a oddsequence at equal concentrations of the charge carriers on either surface to a oddplus-even sequence.

On the electron side in figure 15a, the minima in thermopower2
are very deep and even reach zero at higher fields (see also the following section for data on an additional sample). Thereby the thermopower increases from 1 µV/K at zero field to around 100 µV/K
at high field. Also on the hole-side, figure 15b, the quantum oscillations are clearly visible and dominate the measurement. Here the
thermopower increases from ∼30 µV/K to over 200 µV/K.
These observations directly lead to the interesting question: why
is the thermopower in magnetic so strongly enhanced in strained
HgTe? The electrons/holes on the surfaces are two-dimensionally
confined charge carriers with a high mobility. If subjected to a quantizing magnetic field (µB ≫ 1) the electrons/holes are confined into
Landau-levels. In our sample the two-dimensional electron/holegases are incorporated into a 3D phonon system. Experiments
[107, 108] and theory [109] on GaAs-quantum wells, a standard system for a two dimensional electron gas embedded into a 3D phonon
system, or Bi2 Te3 [97] show that the thermopower is strongly en2 for convenience the negative thermopower −Sxx is plotted.
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Figure 17 | Gate-voltage dependent quantum oscillations
Quantum oscillations at B = 4 T and T = 1.5 K in thermopower Sxx and Nernst-effect
Sxy . At high fields, the zero-crossing of the thermopower and the maximum in the
Nernst-effect is at the same gate-voltage.

hanced when the samples are subjected to strong magnetic fields,
due to intra- and inter- Landau-level scattering. This is exactly
the same situation as in strained HgTe, which enhances the thermopower of the surface states in magnetic field.
The oscillations show only odd filling factors at Vg = −4.5 V as
expected for two surfaces having Dirac charge carriers with similar
densities. The sequence is moving accordingly with gate-voltage
and develops also even filling factors as the charge carrier densities
of the two surfaces move apart (figure 16). At Vg = −6.0 V, we have
the complete sequence of odd and even filling factors.
When sweeping the carrier concentration of the sample, we observe
large quantum oscillations in Sxx on the hole side (figure 17), a zerocrossing at Vg = −0.8 V and smaller oscillations on the electron side.
The Nernst-effect Sxy also shows pronounced quantum oscillations
on the hole side and a large maximum on the charge neutrality region. In contrast to the low field measurement, this peak is now
at exactly the same gate-voltage as the zero-crossing of the thermopower.

7.3 measurements on a second sample

7.3

measurements on a second sample

In figures 18 and 19, measurements on a different sample (sample
Σ1) from the same wafer as the sample in chapter 7 are shown.
The sample is identical to the one used for the high field transport
measurements in chapter 6. The overall behaviour is comparable
to measurements on sample Σ2 in chapter 7. Figure 18a presents
the gate-voltage dependence of the resistance R xx and the low field
Hall resistance R xy . The resistance in this sample shows a double
maximum around the charge neutrality region, presumably because
the densities of the two surfaces are shifted further apart and reach
the maximum resistance for different gate-voltages. The increase in
resistivity at high positive and negative gate voltages, which is relatively weak in the sample Σ2 presented above, is very pronounced
in this sample and even shows an additional maximum at negative
gate voltages. The Hall resistance shows no noteworthy differences
compared to sample Σ2.
Thermopower Sxx and low field Nernst-effect Sxy are presented in
figure 18b. All features described on the previous sample are reproduced by these measurements. On the electron side, the thermopower is negative, flat and very small. In this sample, Sxx goes
trough a small minimum before crossing zero, which is not observed in sample Σ2. On the hole side, Sxx is much bigger in magnitude than for electrons and has a large maximum around Vg =
−5 V. At B = 200 mT, the thermopower does not change for positive
gate voltages, but shows a strong increase in magnitude for negative gate voltages. A similar hump at the charge neutrality region
as in the other sample is also observed on this sample.
The Nernst-effect Sxy is completely flat for positive gate voltages
and increases strongly towards the charge neutrality region and decreases slowly in the hole-dominated region. The offset in absolute
of the data from the sample Σ2, due to the geometry of the gate
as described in chapter 5.2, is clearly observed in the two measurements.
The field dependence of thermopower and resistance is shown in
figures 19a and b. The transport and thermopower measurements
on this sample were not executed immediately after each other, but
with a gate sweep in between. Therefore the shift by π/2 between
thermopower and transport, as observed in the other sample, is not
clearly visible in the data presented on this sample.
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However, the quantum oscillations are even more pronounced in
this sample, especially for electrons, where we observe clear zeros
in resistance and thermopower. It is peculiar, that the amplitude
of the thermopower on the electron side is much smaller than on
the other sample. A possible explanation might be, that the phonon
drag contribution in the quantum Hall regime is smaller in this
sample, because the electron-phonon scattering is less efficient. In
contrast, the oscillations on the hole-side are comparable in absolute
signal and shape to the sample presented in chapter 7.
Even though small differences between sample Σ1 and Σ2 are observed in the measurements, the conclusions remain unchanged
and the measurements serve as a good validation of the observations presented above.

7.4

transport properties of unstrained mercury telluride

To demonstrate the difference between HgTe as a Topological Insulator compared to HgTe as a common zero-gap semiconductor,
we repeated the experiments on a sample grown under exactly the
same conditions, but 600 nm thick instead of the 104 nm for the
strained sample (sample Σ3). Thus the strain on this sample is completely relaxed by dislocations.
The sample has a very low density of n = 1.4 · 1016 cm−3 and a high
mobility of µ = 3.0 m2 /(V s). In figure 21a, the temperature dependence of the resistivity is presented. When the temperature is decreased, the resistance increases strongly and saturates below 12 K,
but does not show the metallic decrease in resistance at low temperatures as the strained sample does. The thermopower (figure 21a) is
negative, as expected for an electron-dominated material, diffusion
driven [110] and increases strongly up to 70 K, where it saturates.
The thermopower of unstrained HgTe is relatively independent of
the concentration, as can be seen in comparison with the data from
Takita et. al. [110].
When a high magnetic field is applied (figure 21b) only small oscillations with a single frequency emerge in ρ xx up to about 9 T, better
visible in the derivative dρ xx / dB (see inset of figure 21a). Above
the quantum limit, one more large oscillation appears at about 20 T.
The Hall effect also shows small oscillations at low fields and a
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The resistivity ρ xx (black line) increases strongly towards low temperatures. Sxx
(black dots) is negative and decreases towards low temperatures. The data is in very
good agreement with data by Takita et. al on a macroscopic sample [110] (red dots).

broad plateau-like feature above 20 T. The thermopower, shown in
figure 21c, first makes a small dip at 0.7 T, but increases strongly in
absolute value towards up to 15 T, with a second dip at 4 T. Above
15 T the thermopower decreases again and saturates at about 30 T.
The Nernst effect first increases up to 13 T, but decreases again at
higher fields and saturates above 20 T.
It is obvious, that the overall behaviour of unstrained HgTe differs
substantially from the strained one (TI): (i) while the thermopower
of the Topological Insulator is nearly temperature-independent for
small electron concentrations (figure 12) and only increases considerably when electrons are thermally exited into the bulk conduction band, the thermopower of HgTe as unstrained zero-gap
semiconductor increases directly with temperature. (ii) Although
the unstrained HgTe sample has a reasonable high mobility, only
weak quantum oscillations are observed and no quantization of the
Hall-resistance (the plateau like features in the Hall effect does not
match the observed oscillations and does not quantize as multiples
of σxy = e2 /h if calculated as 2D Hall-conductivity).
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conclusions and outlook

In the last chapters, we presented the first complete set of data for
ambipolar transport and thermopower of a Topological Insulators
at low temperature in magnetic field, for both electrons and holes.
The temperature dependence of the resistance at zero gate-voltage
shows insulating behaviour at high temperature turning into metallic behaviour towards low temperatures, which we interpret as
strong indicating, that the Fermi-energy lies in the bulk band-gap.
At low temperatures, we can use the gate to sweep the charge carrier concentration linear from electron to hole dominated transport.
We see ambipolar quantum Hall effect stemming from Dirac-like
surface charge carriers and introduce a two surface model to explain the order of observed plateaus.
The thermopower is purely due to diffusion thermopower on the
electron side, while we see a strong phonon-drag contribution for
the holes. In the temperature dependence of the thermopower we
find a strong contribution from the bulk conduction band at higher
temperatures, which shifts only slightly with gate-voltage. We see
that as an indication, that the Fermi-energy does not move as much,
as we would expect from the large range of accessible charge carrier
densities.
We develop a model to describe the gate-voltage dependence of
the zero-field diffusion thermopower with the Mott-relation. This
model gives a reasonable agreement between data and calculation
for electrons, while on the hole side, the measurement is completely
dominated by phonon-drag thermopower. Therefore, the calculation underestimates the measured data.
The quantum oscillations show the expected behaviour as they are
shifted by π/2 with respect to the oscillations in transport, but follow all main features observed. In the quantum Hall regime, the
thermopower is strongly enhanced presumable due to intra and inter Landau-level scattering.
However a number of open questions remains to be answered: (i)
what causes the upturn in resistivity at high positive and negative
voltages and why does the thermopower not show any feature at
the same gate-voltage? (ii) Why are the zero-crossings of Hall-effect
and thermopower and the maximum of resistance at three different
gate-voltages? (iii) Why are holes much more susceptible to phonondrag than electrons?
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Some of these questions can probably be solved by getting a better
picture of the band-structure. An easy and interesting experiment
could be to use a scanning tunneling microscope (STM) to measure
the local density of state at different gate-voltages. This would deliver direct information on the dispersion relation of the surfaces
and give a clear signal if the Fermi-energy enters a bulk band.
More evolved experiments would require a back-gate. ARPES measurements on a back-gated sample would deliver immediate prove
of the Dirac-screening model, even with the limited resolution provided by ARPES experiments, and could help to understand the
behaviour at higher gate voltages.
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S U M M A RY
The work presented in this thesis is devoted to measurements of
thermo-electric effects on semiconductors and Topological Insulators in high magnetic fields. We used Seebeck- and Nernst-effect
measurements combined with resistivity measurements to obtain
new insights into band-structure and band-alignment of two different systems: LaAlO3 /SrTiO3 hetero-structures and strained HgTe, a
3D Topological Insulator. This manuscript consists of three different
parts, a general introduction of the topic and the two systems.
In chapter 2, the theoretical foundation for the interpretation of our
results is laid. We start with the description of transport with the
Boltzmann approach and derive the general transport equations.
We relate these equation to the properties measured in experiment:
resistivity and thermopower. A more thorough description of thermopower follows and we introduce the effect of magnetic fields on
the transport properties.
In chapter 3, we introduce the general necessities for transport and
thermopower measurements and describe the lay-out of our samples. In the second half of this chapter, the thermopower set-up
developed for this thesis is described in detail.
After having introduced all necessary background we progress to
the experimental parts of this thesis. Perovskite heterostructures offer an enormous play-ground in this highly tunable material class
to observe a plethora of different physical effects. We focus on
one type of hetero-structure composed of LaAlO3 and SrTiO3 . This
structure combines two insulating, non-magnetic materials and creates a two-dimensional, highly mobile magnetic electron gas. We
combine electric transport and thermopower measurements to obtain the thermoelectric tensor. We find two types of electron-like
charge carriers with different mobilities and densities, one high mobility and one low mobility. The high mobility type of charge carrier
is non-degenerate and about 6 meV from the Fermi-level. The low
mobility electrons are degenerate and subject to a strong magnetic
scatter mechanism at low temperatures. We establish a theoretical
model to describe this combination of charge carriers with the thermoelectric tensor at zero-magnetic field.
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In the next chapter, we switch topic from semiconductor heterostructures to Topological Insulators. In chapter 5, we introduce the
concept of Topological Insulators and their physical properties most
relevant for the present work followed by a thorough description
of the material used, strained HgTe, the growth procedure and a
description of the Hall-bar lay-out.
In chapter 6 we present resistance and Hall effect data on strained
HgTe. We start with a description of temperature dependence and
low-temperature gate-voltage dependence of the resistance, which
show, that we are in the bulk band-gap and can sweep the charge
carrier density over a large range from electron-like transport to
hole-like transport. The high quality of the sample is demonstrated
by ambipolar quantum Hall effect measurements. We observe not
only odd filling factors for all gate-voltages as expected for a Dirac
system, but dependent on the gate-voltage only odd or even plus
odd. We explain this behaviour with a two surface model, which
gives only odd filling factors, when the charge carrier densities of
top and bottom surface are similar, but holds a odd plus even sequence if the densities of the surfaces differ.
In the last chapter of this thesis, chapter 7, we further elucidate
the transport in strained HgTe by thermopower measurements. We
present temperature and gate-voltage dependent measurement at
zero magnetic field and find diffusion dominated thermopower for
electrons and phonon-drag dominated thermopower for hole. We
introduce the Dirac-screening model to calculate the band-structure
at different gate-voltages for both electrons and hole and develop
a formula to describe the gate dependence of the diffusion thermopower and compare it to our data. We find a reasonable agreement for electrons between the model and our data and can estimate the size of the diffusion thermopower compared to the
phonon-drag. At high magnetic fields we observe quantum oscillations in thermopower, which are similar to the oscillations observed
in resistance. We compare our measurements on strained HgTe with
a data-set on an unstrained sample - a conventional semi-metal.
In the last part of this chapter, we draw conclusions of our work,
present open questions and suggest further experiments.
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