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Abstract

Since its discovery, thermoelectricity has been developed and advanced as an energy conversion method.
At the same time, thermoelectric measurements have also evolved as a method to investigate trans-
port phenomena in condensed matter physics. In this thesis, studies on magnetic nanostructures
as well as topological microstructures are presented, contributing to current research in the �elds of
spincaloritronics and topological materials by using thermoelectric characterization. The presented
studies show how thermoelectric measurements can be used to investigate transport phenomena in
systems with multiple, parallel transport channels, namely the spin up and the spin down channel in
ferromagnetic systems and topological and non-topological transport channels in topological insulators
and semimetals.
For magnetic CoNi alloy and CoNi/Cu multilayered nanowires a classical, magneto-thermoelectric
characterization has been conducted, revealing that thermoelectric power generation from waste heat
at the nanoscale is a competitive scenario compared to conventional thermoelectric materials, because
the thermoelectric power factors can compete with the power factors of conventional thermoelectric
Bi�Sb�Se�Te based bulk materials. Utilizing magnetoresistance and magnetothermopower measure-
ments on CoNi/Cu multilayered nanowires, we developed a simple model based on the Mott formula
to distinguish between the absolute thermopower contribution of the magnetic nanowires and the
non-magnetic, electrical leads. Our model is a virtual tool to determine the absolute thermopower
contributions in an electrical measurement circuit. We further investigated the magnetic switching
behavior of CoNi and NiFe alloy nanowires under the in�uence of a temperature gradient. We found
that a temperature gradient can counteract the thermally assisted switching process in the magnetic
nanowires, which reveals an engineering challenge in future heat-assisted magnetic recording devices
to carefully distinguish between elevated temperatures and temperature gradients.
In our magneto-transport study on HfTe5, which is a promising low-temperature thermoelectric ma-
terial and has a topologically non-trivial band structure, we found that the application of a magnetic
�eld enhances the thermoelectric power output between 150K and 300K, this being the temperature
range relevant to thermoelectric applications of HfTe5, by up to 40% compared to the power output
at zero magnetic �eld. Furthermore, we observed an almost complete suppression of the magneto-
thermoelectric transport for temperatures below 100K and we introduced di�erent possible transport
mechanisms for this observation. In a bulk sample of the Weyl semimetal NbP, we investigated the band
structure by magnetometry measurements and identi�ed multiple non-topological transport channels
as well as one transport channel hosting Weyl fermions. This veri�cation of the existence of Weyl
fermions at the Fermi energy of NbP set the basis for our transport studies on NbP. In a micro-
structured NbP sample, we achieved a separation of the W2 Weyl cones in momentum space by a
slight shift of the Fermi energy compared to the bulk sample and measured the breakdown of the
chiral symmetry in the W2 Weyl cones by applying collinear magnetic and electric �elds. Finally,
the mixed, axial-gravitational anomaly, a breakdown of the chiral symmetry due to collinear mag-
netic �elds and temperature gradients has been observed in NbP. Thereby, we were able to realize an
experiment that remains elusive in high-energy physics.





Kurzfassung

Seit ihrer Entdeckung wird Thermoelektrizität hauptsächlich als Methode der elektrischen Energie-
erzeugung weiterentwickelt. Gleichzeitig haben sich thermoelektrische Messungen auch als Untersu-
chungsmethode für Transportphänomene in der Festkörperphysik etabliert. In dieser Arbeit werden
Untersuchungen an magnetische Nanostrukturen und topologischen Mikrostrukturen vorgestellt, die
zu aktuellen Fragestellungen aus der Spinkaloritronik als auch aus dem Bereich der topologischen Ma-
terialien beitragen. Die Studien in dieser Arbeit zeigen wie thermoelektrische Messungen zur Untersu-
chung von Systeme mit mehreren, parallelen Transportkanälen, gegeben durch den Spin-Up- und den
Spin-Down-Kanal in ferromagnetischen Materialien sowie topologische und nicht-topologische Kanäle
in topologischen Isolatoren und Halbmetallen, beitragen können.
CoNi-Alloy- and CoNi/Cu-Multischichtnanodrähte wurden magneto-thermoelektrische charakterisiert.
Wir konnten zeigen, dass unser Nanostrukturen für die thermoelektrische Energiegewinnung durch
die Nutzung von Abwärme auf der Nanoskala konkurrenzfähig zur konventionellen thermoelektri-
schen Materialien ist, da die thermoelektrischen Powerfaktoren der Nanodrähte in der gleichen Grö-
ÿenordnung liegen wie die von konventionellen Bi�Sb�Se�Te-basierten Materialien. Mit Hilfe von
Magnetowiderstands- und Magneto-Seebeckmessungen an CoNi/Cu-Multischichtnanodrähten wurde
ein einfaches, auf der Mott Formel basierendes Model aufgestellt um zwischen den absoluten Seebeck-
Koe�zienten zwischen den magnetischen Nanodrähten und der nicht-magnetischen, elektrischen Kon-
taktstruktur zu unterscheiden. Schlieÿlich wurde noch das magnetische Schaltverhalten von CoNi und
FeNi Nanodrähten unter dem Ein�uss von Temperaturgradienten untersucht mit dem Ergebnis, dass
die Temperaturgradienten dem thermisch unterstützen, magnetischen Schalten der Nanodrähte entge-
genwirken kann. Es zeigt sich somit, dass bei der Konstruktion von Bauteilen zur wärmeunterstützten
Magnetaufzeichnung (HAMR) sorgfältig zwischen Temperaturgradienten und erhöhten Umgebungs-
temperaturen unterschieden werden muss.
HfTe5 ist ein vielversprechendes Material für thermoelektrische Tieftemperaturanwendungen zwischen
150K und 300K und hat eine topologisch nicht-triviale Bandstruktur. In unseren Magneto-Transport-
messungen an HfTe5 konnten wir zum einen zeigen, dass zwischen 150K und 300K der thermoelektri-
sche Power Faktor durch das Anlegen eines magnetischen Feldes um 40% im Vergleich zum Nullfeldwert
gesteigert werden kann. Zum Anderen wurde der magneto-thermoelektrische Transport für Tempera-
turen unter 100K fast komplett unterdrückt. Mögliche Transportmechanismen für diese Beobach-
tung werden vorgestellt. In einem Bulk-Kristall des Weyl Halbmetalls NbP wurden in Magnetometrie-
Messungen verschieden nicht-topologische Leitungsbänder sowie ein Weyl Band identi�ziert. Der Nach-
weis von Weyl-Fermionen an der Fermi-Energie legt die Grundlage für unsere Transportstudien an NbP.
In einer mikrostrukturierten NbP-Probe, konnten wir durch eine kleine Verschiebung des Fermi Niveaus
die W2 Weyl Bänder an der Fermi-Energie separieren und den Zusammenbruch der chiralen Symmetrie
in den W2 Weyl-Bändern in parallel-verlaufenden, magnetischen und elektrischen Feldern nachweisen.
Schlussendlich haben wir die gemischte, axial-gravitative Anomalie, welches ein Zusammenbruch der
chiralen Symmetrie in parallel-verlaufenden magnetischen Feldern und Temperaturgradienten ist, eben-
falls in einer mikrostrukturierten NbP Probe nachweisen können. Wir konnten somit ein Experiment
aus der Hochenergiephysik realisieren, zu dem bisher kein experimenteller Zugang bestand.
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1 Introduction

Thermoelectricity presents a method for power generation by directly converting heat into electrical
power without mechanically moving parts.1 The most e�cient, near-room temperature thermoelectric
materials are nowadays Bi�Se�Te�Sb based.2 Nevertheless, the e�ciencies of these materials are still
not su�cient to be competitive with other means of industrial power generation.3 However, ther-
moelectric measurement techniques also evolved to be a versatile tool to explore the in�uence of a
temperature gradient on the transport of di�erent kinds of charge carriers in condensed matter sys-
tems.
For example, the research �eld of spincaloritronics,4 dealing with the fundamental understanding of
the interplay of charge, spin and heat currents, uses thermoelectric measurements as one of its main
characterization methods. In spincaloritronics, the generation of pure spin currents due to a tem-
perature gradient, the spin Seebeck e�ect5,6 as well as spin-polarized currents due to a temperature
gradient, the spin-dependent Seebeck e�ect,7�9 are investigated. Due to the continuous down-scaling
of micro-electronic and spintronic devices, spincaloritronic and especially thermoelectric e�ects have
moved into the focus of current research. On the one hand, there are approaches to build nanostruc-
tured, thermoelectric energy converters with the aim to reuse the energy that is wasted by heat losses.10

On the other hand, due to the miniaturization of electronic devices, Peltier heating can become dom-
inant over Joule heating11 and large temperature gradients can change currents in a device through
the Thompson e�ect.12 Another closely related technology, in which temperature hot spots are used
to alter the local magnetization is the heat-assisted magnetic recording (HAMR) that is exploited to
maximize memory capacities in magnetic memory devices.13,14

Furthermore, there is a close connection between the research area of thermoelectricity and the �eld
of topological non-trivial materials, which is mainly given by the large pool of common, investigated
materials. For highly e�cient thermoelectric materials, a small band gap and a high spin orbit coupling
caused by heavy elements are bene�cial because they promote high thermoelectric power factors and a
low thermal conductivity, respectively. A small band gap and high spin orbit coupling is also a precon-
dition for the band inversion that is needed to form a topological insulator.15�17 Therefore, topological
insulators are quite often also good bulk thermoelectric materials and by the miniaturization of ther-
moelectric materials to the nanoscale, the topological character of these materials becomes observable
in transport measurements.15,18�20 With the realization of 3D-Dirac21,22 and Weyl23,24 fermions in
topological semimetals, there is an opportunity to investigate a whole new class of relativistic bulk
fermions in condensed matter systems. Thermoelectric measurements give the opportunity to observe
the in�uence of temperature gradients on these relativistic charge carriers.25

The aim of this thesis is to contribute to the investigation of the in�uence of temperature gradients on
di�erent condensed matter systems, including magnetic materials as well as topological Dirac and Weyl
systems. More speci�cally, the investigated materials are alloy and multilayered magnetic nanowires as
well as micro-ribbons of the topological non-trivial material HfTe5 and the Weyl semimetal NbP. These
materials were mainly investigated by electrical and thermoelectric transport measurements but also
magnetometry were utilized combined with a structural and compositional analysis of the materials.
In the �eld of spincaloritronics, we investigated the thermoelectric power output of magnetic CoNi alloy
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1. Introduction

as well as CoNi/Cu multilayered nanowires and found that their thermoelectric power factor can com-
pete with standard Bi�Se�Te�Sb thermoelectric materials. Furthermore, we showed that the thermo-
electric power factor can be described in the framework of the two-current model for magnetoresistive
systems. Utilizing magnetoresistance and magneto-thermopower measurements on CoNi/Cu multilay-
ered nanowires, a simple model was developed to distinguish between the absolute thermopower of
the magnetic nanowires and the electric leads. We thereby established a versatile tool to distinguish
di�erent thermopower contributions of a thermoelectric measurement circuit, with one ferromagnetic
component, without relying on superconducting leads or the Thompson e�ect.26,27 Finally, we in-
vestigated the in�uence of temperature gradients on the coercive �elds of magnetic CoNi and FeNi
alloy nanowires and showed that for magnetic materials with a high magneto-elastic anisotropy the
temperature gradient counteracts the thermally-assisted switching process, so that a careful distinc-
tion between elevated base temperatures and temperature gradients has to be made in future HAMR
devices.
In the �eld of topologically insulators and semimetals, we conducted magnetoresistance and magneto-
thermopower measurements on HfTe5, which hosts 2D/3D Dirac fermions.28�30 For one, we found
that the thermoelectric power factor of HfTe5 can be enhanced by the application of a magnetic �eld
for temperatures between 150K and 300K, which is the temperature range that is relevant for ther-
moelectric applications of HfTe5.31 Furthermore, we observe an almost complete suppression of the
thermoelectric transport in HfTe5 for temperatures below 100K when a su�ciently strong magnetic
�eld is applied. By comparing the magneto-thermoelectric measurements to the corresponding magne-
toresistance measurement, we propose di�erent transport mechanisms that might be responsible for the
vanishing magneto-thermoelectric transport at low temperatures. Moreover, we investigated the band
structure of the bulk and micro-sized Weyl semimetal NbP by de Haas-van Alphen and Shubnikov-
de Haas measurements, respectively. For the bulk NbP sample, we identi�ed several non-topological
transport channels as well as one Weyl band and for the micro-sized NbP, we found that the Fermi-level
is located su�ciently close to the Weyl points, for Weyl physics to be observed in transport experi-
ments. Accordingly, we observed signatures of the chiral anomaly, which is the breakdown of the chiral
symmetry32 in one set of Weyl points in collinear magnetic and electric �elds, in electric transport
experiments. In thermoelectric measurements, we found signatures of the mixed axial-gravitational
anomaly, this being the breakdown of the chiral symmetry in collinear magnetic �elds and temperature
gradients and we were able to draw a conclusion from our transport experiment in a condensed matter
system on a current question of high-energy physics.
This thesis is organized as follows: In chapter 2, the theoretical background needed for the presented
studies is introduced, including the basics of thermoelectricity, magnetic and topological materials
and their transport characteristics. Chapter 3 gives an overview of the experimental methods, which
include the sample growth, the compositional and structural analysis of the samples and the utilized
measurement techniques. In chapter 4, the main results of the studies that constitute this cumulative
thesis, including three publications about thermoelectric e�ects on magnetic nanostructures and four
publications on topological materials. In chapter 5, a general conclusion and outlook is given.
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2 Theoretical Background

In this thesis, transport phenomena in magnetic nanowires and topological micro-ribbons are investi-
gated, with a focus on thermoelectric transport phenomena. Therefore, this chapter begins with a brief
introduction of thermoelectricity. Subsequently, the investigated materials � ferromagnetic materials
and topological materials � as well as relevant transport characteristics of these systems are introduced.

2.1 Thermoelectricity

Thermoelectric materials directly convert heat into electrical power.33 The �rst observation of ther-
moelectricity was made by T. J. Seebeck in 1820, when he reported on a compass needle that was
de�ected when one junction of two dissimilar conductors in a closed circuit was heated.34 While See-
beck believed to observe a thermo-magnetic e�ect, it was later revealed that the temperature di�erence
∆T caused an electric �eld that is proportional to ∆T � E = S ·∆T � with the proportionality factor
S being the Seebeck coe�cient or thermopower. Within the closed circuit of Seebeck's experiment,
E caused an electric current which then resulted in a magnetic �eld. In 1834, J. Peltier saw the re-
versed e�ect of Seebeck's observation, when he reported on an electric current j through two dissimilar
conductors that caused a heat �ux Q between the junctions, which can be described by Q = Π · j,
with the Peltier coe�cient Π as the proportionality factor.35 As a �nal fundamental e�ect Thomson
(Lord Kelvin) described the reversible change of heat Q̇ along a current carrying conductor in which
a temperature gradient is also present.36 The Thomson e�ect is given by Q̇ = j

σ − µj∆T , with the
electrical conductivity σ and the Thomson coe�cient µ. It was also Thomson who found the relation
between the three thermoelectric coe�cients S, Π and µ to be µ = T dS

dT and Π = T · S, today known
as the Thomson relations.37

A simple picture that captures the Seebeck e�ect is that the charge carriers on the hot side of a ma-
terial have more thermal energy than the charge carriers on the cold side of the material. The system
minimizes its energy by the di�usion of charge carriers from the hot side to the cold side of the sample.
An electric �eld builds up and the resulting potential di�erence is referred to as the thermovoltage
Uthermo = S ·∆T . Note that S is an intrinsic material property and not caused by an interface e�ect.
A positive/negative sign of S refers to holes/electrons that di�use from the hot side to the cold side of
a sample. Normally, electron conductors have a negative S and hole conductors possess a positive S.
Nevertheless, some electron conductors have a positive S. This is the case if the enhanced temperature
at one end of the sample leads to a strong reduction of the mean free path of the hot electrons. The
electrons then di�use on average from the cold side of the sample to the hot side of the sample and a
positive S is measured.1

In general, one distinguishes between the di�usive thermopower, when charge carriers predominantly
scatter on impurities and lattice defects and non-di�usive contributions to the thermopower, when
other scattering mechanisms dominate. The di�usive part of the thermopower can be described by
the Mott formula, as described in more detail in section 2.3. One example of a non-di�usive ther-
mopower contribution is the so-called phonon drag thermopower, when at low T � commonly between
5K and 50K � and for su�ciently pure metals phonon-electron collisions are the dominant scattering
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2. Theoretical Background

process.33,38,39 In these collisions, phonons transfer heat and momentum to the electrons and due to
the Umklapp scattering the momentums of the electrons reverse and the electrons are predominantly
dragged to the hot side of the sample. The di�usive thermopower Sdi�usive and the phonon-drag ther-
mopower Sp-e are independent and can be simply added up.33 It is: S = Sdi�usive + Sp-e.

Figure 2.1: Thermoelectric measurement cir-
cuit, consisting of 3 di�erent materials � the
sample (red), the micro-device (blue), and
additional electronics (black)� with di�erent
temperatures T1 - T4 at the interfaces.

The thermopower of a sample is always measured with re-
spect to a contact material � the sample and the contact
materials form a so-called thermocouple.1 A schematic mea-
surement setup is given in Fig.2.1, consisting of a sample
along which a temperature gradient (∆T = T2 − T3) is ap-
plied one part of the electrical contacts (in this thesis the
micro-device) that is also subject to ∆T and additional elec-
tronics that is kept at one temperature. In this measure-
ment circuit, the di�erent thermovoltages add up: Uth =

Smd(T1−T2)+Ssample(T2−T3)+Smd(T3−T4)+Sae(T4−T1),
with the thermopower of the micro-device, the sample, and
the additional electronics Smd, Ssample, and Sae, respectively.
For T4 = T1, it directly follows:

Uthermo = (Ssample − Smd) ·∆T, (2.1)

which shows that the measured Uthermo will always give S of the sample as well as the part of the
contact material, which is subject to the temperature gradient. Normally Pt is chosen as a contact
material. Absolute thermopower values Pt are known and were determined by using superconducting
leads at low T and the Thomson e�ect at higher temperatures.26,27 If it is not possible to have T1 = T4

within an experimental setup, normally an o�set-voltage is measured while keeping T2 = T3, which
can be subtracted after the actual thermopower measurement.
Thermoelectric devices are built from thermocouples that consist of one n-type and one p-type semi-
conductor leg, connected thermally in parallel but electrically in series, see Fig.2.2.1,2 Within a
thermoelectric generator, ∆T is used to run an electric current through an external load (Fig.2.2 a)
and within a thermoelectric cooler (also called Peltier cooler), ∆T is generated by running an electri-
cal current through the thermocouple. As a result, one side is cooled while at the other side heat is
dissipated (Fig. 2.2 b).
The power generation e�ciency of a thermoelectric device is given by:1

η =
Thot − Tcold

Tcold
·
√

1 + ZT̄ − 1√
1 + ZT̄ + Tcold

Thot

with ZT̄ =
σS2

κel + κel
· T̄ . (2.2)

ZT̄ is the dimensionless, thermoelectric �gure of merit, σ is the electrical conductivity, κel and κph
are the electronic and phonon part of the thermal conductivity, respectively, and T̄ = Thot−Tcold

2 is the
average temperature of the hot end and the cold end of the device, Thot and Tcold. The thermoelectric
power factor PF, given by PF = σ ·S2, is a measure for the thermoelectric power output of a material.
The highest energy conversion e�ciency can be reached for ZT̄ = ∞, becoming equivalent with the
Carnot e�ciency. To reach a high ZT̄ within a material, one needs a large S, a large σ and a low
κ.2 For metals and degenerated semiconductors, the relation between σ and S is given by S ∼ σ−

2
3 .

Materials with a high σ normally have a low S and vice versa.2 A relation between σ and κel is given
by the Wiedemann-Franz law: κel = L · T · σ, with the Lorenz number L, showing that for a high σ
also a high κel follows.40,41

In general, thermoelectric material optimization is complex and there are several quantities that can
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be optimized. Highly doped semiconductors with a carrier concentration between 1019and1021 1
cm3 are

considered to be good thermoelectric materials. Further, charge carrier mobilities and the e�ective
mass have to be optimized for a thermoelectric material.2 Often the expression �phonon glass-electron
crystal� is used to describe to describe a new material engineering approach to design high-e�cient
thermoelectric materials with a high σ and a low κph.42 For near-room temperature applications, the
Bi�Se�Te�Sb materials such as Bi2Te3 with a maximum ZT̄ around 1 are used.2 This corresponds to
a heat conversion e�ciency around 10%, which is still far o� from the power conversion e�ciencies
of conventional power generation between 30% and 50%.3 Nevertheless, thermoelectricity is used for
example in outer space missions, because no mechanically moving parts are needed for thermoelectric
power generation, which makes for a very robust and long-living technology.43 Furthermore, there is
a recent trend to apply thermoelectricity to waste heat recovery.44

Figure 2.2: Thermoelectric de-
vices can be divided into (a) ther-
moelectric generators, in which
a temperature gradient is used
to generate an electrical current
and (b) thermoelectric coolers, in
which an electrical current is used
to generate a temperature di�er-
ence and therefore cool one side of
the device.

In the beginning of the 1990s, there was the idea to minimize ther-
moelectric materials for higher thermoelectric e�ciency. On the one
hand, researchers made use of the classical size e�ect, which describes
a reduction of κph due to an enhanced scattering on sample bound-
aries or grain boundaries when minimizing the sample geometry or
introducing superlattices.3 On the other hand, there is the quantum
size e�ect, described by Hicks and Dresselhaus,45,46 who discovered
an enlarged thermoelectric PF for quantum wells and quantum wires
with one or two sample dimensions a smaller than the de Broglie wave
length λdB (a < λdB), respectively. They predicted an increased PF
due to a change in the energy-dependence of the density of states for
reduced dimensions. Nevertheless, numerous transport experiments
on thermoelectric nanowires could not observe the predicted increase
in PF, which was later explained by the topological nature of many
thermoelectric materials like Bi2Te3. In topological insulator materi-
als with a high surface-to-volume ratio, the highly conductive surface
channel forms a parallel circuit with the (thermoelectric) bulk chan-
nel and has a measurable impact on the transport properties, which
signi�cantly decreases the thermoelectric performance of the sample.47

Although the anticipated enhancement of the thermoelectric e�ciency
could not be achieved by minimizing thermoelectric materials, much
of what was learned in transport experiments on low-dimensional ther-
moelectric materials turned out to be useful in the newly-established
research �eld of topological insulators.15

Thermoelectric measurements are nowadays employed in other mate-
rial systems as well. For example, in the research �eld of spincaloritron-
ics,4 in which the correlation between electrical current, spin and heat
transport is investigated, thermoelectric measurements are applied to
magnetic and magnetoresistive materials to observe the in�uence of a
temperature gradient on these systems. Here, one distinguishes between the spin-dependent Seebeck
coe�cient7�9 � or: spin-dependent thermopower � that describes the �ow of a electrical current due to
a temperature gradient in a spin-polarized system, and the spin-Seebeck e�ect5,6 that deals with the
�ow of a pure spin current (without a charge current) due to a thermal gradient.
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2. Theoretical Background

2.2 Ferromagnetic Materials

The �rst part of this cumulative thesis deals with the investigation of ferromagnetic nanowires. In this
section, �rst the Stoner model of band magnetism is introduced, which is needed to understand the
occurrence of negative magnetoresistance in the ferromagnetic systems being investigated in Ref. [I]
and Ref. [II]. Further, di�erent magnetic anisotropies are presented, which are studied on magnetic
CoNi and FeNi nanowires in Ref. [III]. Finally, the magnetic hysteresis is shortly introduced, in
order to interpret the hysteresis curves obtained in the magneto-optical Kerr measurements in Ref.
[III]. Signatures of a magnetic hysteresis can be also seen in the magnetoresistance and magneto-
thermopower measurements in Ref. [I] and Ref. [II].

Figure 2.3: For ferromagnetic materials
below the Curie temperature, the density
of states shows a spontaneous spin split-
ting of the energy bands without the ap-
plication of an external magnetic �eld.

Ferromagnetic materials are characterized by a spontaneous
magnetization even in the absence of an external magnetic �eld.
This spontaneous magnetization ~M evolves due to the paral-
lel alignment of individual magnetic moments of the free elec-
tron gas in a ferromagnetic material. Given that there is a cer-
tain number of majority (↑) and minority (↓) electrons, n↑ and
n↓respectively, ~M is given by ~M = µB(n↑ − n↓), with the Bohr
magneton µB. An explanation of the occurrence of a ferromag-
netic order is given by the Stoner model of band magnetism48,49

that is based on the spontaneous spin splitting of the population
of the majority and minority spin bands that causes a reduction
of the total energy of the system. The amount of electrons that
is shifted in the process of the band splitting from the minority

band to the majority is given by g(EF)(δE)/2, with the density of states g and the energy di�erence
δE, compare Fig. 2.3. The total amount of gained, kinetic energy is given by ∆Ekin = g(EF)(δE)2/2.
Simultaneously, there is a decrease of the potential energy ∆Epot because for an unequal population
of the majority band and the minority band, the mean free distance between two electrons increases
due to the Pauli principle. The decrease of ∆Epot is given by ∆Epot = − 1

2U(g(EF)δE)2, while U is
a constant from the exchange interaction and gives a measure for the Coulomb interaction. The total
energy Etot of the system is then given by:

Etot = ∆Ekin + ∆Epot = −1

2
g(EF)(δE)2(1− U · g(EF)) (2.3)

A spontaneous magnetization occurs when the total energy can be minimized:

Etot < 0⇐⇒ 1 < U · g(EF) (2.4)

Eq. 2.4 is called the Stoner criterium for a ferromagnetic order and is ful�lled for the elements Fe, Co
and Ni.

The total energy E of a ferromagnetic material can be divided into di�erent contributions E = Eex +

EZee + Eshape + Emc + Eme, with the exchange energy Eex, the Zeeman energy EZee and energy
contributions that can arise from magnetic anisotropies, namely from the shape anisotropy Eshape,
from the magneto-crystalline anisotropy Emc and from the magneto-elastic anisotropy Eme.48,49

In the Heisenberg model, the exchange energy between two atoms i and j with the spins Si and Sj,
respectively, is given by:

Eex = −
∑
i,j

Ji,j~Si~Sj. (2.5)
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The exchange integral Ji,j describes the overlap of the charge distribution of the two atoms i and j
and has a quantum mechanical origin. For positive Ji,j, there is a parallel spin alignment and Eex is
minimized. A ferromagnetic spin order occurs.
A Zeeman interaction occurs in a ferromagnetic material that is placed into an external magnetic �eld.
In a homogenous magnetic �eld ~Hex, the Zeeman energy is given by:

EZee = − ~M · ~Hex. (2.6)

EZee is minimized when ~M is aligned parallel to ~Hex.
For the orientation of the magnetization in a ferromagnetic material, certain directions can be preferred
over others. These axes are called easy and hard axes, respectively. Di�erent magnetic anisotropies
give rise to the occurrence of easy and hard axes in a ferromagnetic materials.
The magneto-crystalline anisotropy is caused by an anisotropic overlap of the charge distributions of
neighboring atoms, which is dependent on the crystal axes and can be caused by lattice constants
that di�er for di�erent crystal axes and atomic charge distributions that are not spherical due to
spin orbit coupling. As a result of this anisotropic overlap of the charge distributions, the exchange
energy contribution depends on the crystal axis.50 The magneto-crystalline anisotropy is given as a
function of the angle Φ between the magnetization and and a speci�c crystal axis, and additionally
depends on the anisotropy constants (K1, K2, ...) with respect to the crystal axis. For example, the
magneto-crystalline anisotropy energy of Co is given by:

Emc = K1 sin2(Φ) +K2 sin4(Φ) +O(sin6(Φ)) (2.7)

Even though the magneto-crystalline anisotropy is a result of the crystal structure of ferromagnetic
materials, this anisotropy is also measurable in poly- and nano-crystalline samples.51 For Co, Ni and
Co-Ni alloys, the magneto-crystalline anisotropy constant52,53 varies between 2 kJm−3 and 5 kJm−3

and the magneto-crystalline anisotropy constant54 of Fe15Ni85 is 7.5 kJm−3.
The shape anisotropy results from the stray �eld outside of a magnetic sample and is small for small
stray �elds. The demagnetization energy Ed, which is equivalent to the stray �eld energy, is given by:

Ed = −1

2
~M ~Hd, (2.8)

with the demagnetization �eld Hd. For ferromagnetic samples with high aspect ratios, like ferromag-
netic nanowires, the stray �eld becomes dominant and the magnetization aligns with the longest axis
of the sample. For nanowires that are approximated as an in�nite long wire, the shape anisotropy
constant can be calculated as:55

Kshape =
1

4
µ0M

2
S , (2.9)

with the vacuum permeability µ0 and the saturation magnetization MS.
The magneto-elastic anisotropy describes the e�ect of stress on the magneto-crystalline anisotropy.
The corresponding energy Eme is given by:56

Eme =
3

2
λmσcos

2(Φ), (2.10)

with the magnetostriction coe�cient λm, the axial stress σ and the angle Φ between the magnetization
and the stress direction. The elastic and magnetic properties of ferromagnetic materials are connected
by the e�ect of magnetostriction,57 which describes the change in the magnetization when mechanical
stress is applied and vice versa. Mechanical stress can be induced in a ferromagnetic system by ap-
plying a temperature gradient among other sources. In this case, σ is given by:58 σ = αCo/Ni/FeY∆T ,
with the thermal expansion coe�cient α, the Young's modulus Y and the temperature gradient ∆T .
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2. Theoretical Background

Figure 2.4: Sketch of the hysteresis curve
of a ferromagnetic material, showing the
magnetization M as a function of the ex-
ternal magnetic �eld H. The saturation
magnetization MS, the remanence magne-
tizationMR, the coercive �eld HC and the
saturation �eld HS are indicated.

The formation of magnetic domains is one process to min-
imize the total magnetic energy of a ferromagnetic ma-
terial. Inside a magnetic domain, the magnetic mo-
ments are homogeneously aligned in one direction. The
regions between magnetic domains, which have an inho-
mogeneous magnetization distribution, are called domain
walls.

Magnetic hysteresis curves show M of a ferromagnetic material
as a function of the applied magnetic �eld H and give informa-
tion how M is in�uenced by the magnetic history of the sam-
ple.48,49 In order to have a de�ned magnetization alignment
within the sample, the saturation �eld Hs is applied for measur-
ing maximum hysteresis loops. The saturation magnetization
MS is reached when all magnetic moments are aligned along
H. Upon approaching a magnetic �eld of zero, ferromagnetic

samples retain a remanence magnetization Mr. The applied magnetic �eld necessary to achieve a
magnetization of zero within the sample is called coercive �eld Hc.

2.3 Spincaloritronic Transport

In the �rst part of this thesis (Ref. [I] �[III]), magnetic nanowires exhibiting giant magnetoresistance
and anisotropic magnetoresistance are investigated. By performing thermoelectric measurements on
these nanowires, we added a spincaloritronic component to our studies. In this section, magnetoresistive
e�ects of ferromagnetic systems, the relation between thermopower and the resistivity as well as the
magnetic �eld-dependence of the thermopower of ferromagnetic materials are introduced.

Magnetoresistance

The magnetoresistance MR48 is de�ned as the change of the resistance of a material when a magnetic
�eld is applied:

MR =
R(H)−R(0)

R(0)
, (2.11)

with the resistance R(0) in the absence of an applied magnetic �eld and the resistance R(H) within an
applied magnetic �eld. In general, one distinguishes between the longitudinal MR, when the magnetic
�eld is applied parallel to the current direction, and the transversal MR, when the magnetic �eld is
applied perpendicular to the current direction.
All electrically conducting materials possess a so-called ordinary or positive MR that is proportional
the H2. This positive MR is caused by the Lorentz force, which forces the charge carriers onto spiral
trajectories when a magnetic �eld is applied. Therefore, the mean free path between two scattering
events is reduced and the resistance increases for increasing magnetic �elds.
In ferromagnetic materials below the Curie temperature TC, the positive MR is normally superimposed
with a much stronger negative MR caused by the magnetization M of the material. The negative MR
therefore depends only implicitly on the applied magnetic �eld. The negative MR is proportional to
−H2 as long as there is a non-vanishing angle between M and H, and reaches a saturation value as
soon as M is fully aligned to H.
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Figure 2.5: The Stoner band model
for a ferromagnetic material below the
Curie temperature TC shows a split-
ting of the majority (↑) and minority
(↓) d-bands, resulting a di�erent den-
sity of states g(E) for ↑ and ↓ electrons
at the Fermi energy EF.

The negative MR48 can be explained within the framework of
the Stoner band model. Ferromagnetic materials have an s-
band with a low density of states (DOS) at the Fermi en-
ergy EF and a low DOS at EF. Below TC, there is
a band splitting of the d-bands: The majority spin state
(↑) is more populated that the minority spin state (↓), as
shown in Fig. 2.5. In general, the electric current is
carried by the s-electrons due to their low e�ective mass.
For a non-vanishing spin orbit coupling (SOC), s-d scat-
tering is allowed. S-electrons that scatter into empty d-
states can no longer contribute to the electric current and
a higher resistivity is measured. As the exchange splitting
between majority and minority electrons increases, the DOS
of the d-bands at EF decreases. There is less s-d scatter-
ing and therefore an increasing conductance/decreasing resis-
tance.

A rather descriptive picture of the negative MR is given by Mott's two-current model,48,59�61 that
shows the two di�erent spin channels in a parallel circuit, see Fig. 2.6. The total resistance of the
ferromagnetic system is than given by:

Rtotal =
R↓ ·R↑
R↓ +R↑

, (2.12)

Two kinds of negative MR, namely the anisotropic MR and the giant MR are relevant for this thesis
and will be discussed in more detail.

Figure 2.6: In Mott's two current
model the majority and minority spins,
↑ and ↓, form a parallel circuit.

The anisotropic MR (AMR) is de�ned as the change of resistiv-
ity of a ferromagnetic material or a material system having ferro-
magnetic compounds depending on the angle between the electrical
current and the magnetization.48,62 Due to the orbital anisotropy of
the empty d-states, the scattering cross section of the s-d scattering
depends on the angle between the magnetization and the electrical
current. Therefore, the resistivity is also angle-dependent, and can
be expressed as:

ρ(α) = ρ0(1 +
ρsd
ρ0
· cos2(α)), (2.13)

with the angle α between the magnetization and the electrical current, the resistivity ρ0 without an
applied magnetic �eld, and the resistivity ρsd due to the s-d scattering. In ferromagnetic bulk materials,
the magnetization of the di�erent domains is assumed to be randomly distributed in zero magnetic
�eld and the resistivity ρ0 is given as:

ρ0 =
1

3
ρ‖ +

2

3
ρ⊥, (2.14)

with the longitudinal resistivity ρ‖ and the transverse resistivity ρ⊥. This expression can be easily
understood when considering M‖H along one spatial direction and M⊥H along the other two spatial
directions. In bulk materials, the AMR is commonly de�ned as:

AMRbulk =
ρ‖ − ρ⊥
ρ0

, (2.15)
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2. Theoretical Background

In contrast to bulk materials, ferromagnetic nanowires normally have a strong shape anisotropy, which
aligns the magnetization of the nanowire parallel to the nanowire axis. Therefore ρ0 ≈ ρ‖ and the
AMR can be expressed as:

AMRnw =
ρ‖ − ρ⊥
ρ0

≈
ρ‖ − ρ⊥
ρ‖

≈ ρ0 − ρ⊥
ρ0

, (2.16)

Moreover, the AMR of ferromagnetic nanowires with M fully aligned along the nanowires axis in zero
magnetic �eld can be distinguished from bulk AMR by showing a sharp resistivity jump when M is
reversed due to an applied magnetic �eld, compare for example Ref. [III] Fig. 2. The AMR e�ect size
is on the order of a few percent in bulk as well as in nanostructured materials.

Figure 2.7: The Stoner band model for two ferromagnetic layers that are separated by a non-magnetic spacer layer
for (a) an antiparallel magnetization alignment and (b) a parallel magnetization alignment. The bold and thin arrows
indicate a high conductance and low conductance within a spin channel, respectively.

Another negative MR e�ect is the giant MR (GMR), which occurs in layered systems, in which
at least two magnetic layers are separated by one non-magnetic metal or antiferromagnetic layer. In
these systems, the GMR is de�ned as:

MR =
R(B)−R(0)

R(0)
, (2.17)

and was �rst observed by Baibich et al.63 and Binasch et al.64 on Fe/Cr multilayers and Fe/Cr/Fe
trilayers, respectively. The GMR e�ect size65,66 can be on the order of 100% and is therefore much
larger than the AMR e�ect. In layered systems that show a GMR e�ect, there is a general distinction
between the electrical current in plane (CIP) and the current perpendicular to plane (CPP) geometry.
In this thesis, the CPP geometry is used.
Without an applied magnetic �eld, the magnetizations of neighboring magnetic segments are aligned
antiparallel due to the dipole interaction. To achieve maximum GMR e�ect sizes, a complete an-
tiparallel alignment of M of neighboring magnetic layers is crucial. Therefore, sputtered samples with
smooth and parallel aligned surfaces have higher GMR e�ect sizes than for example electrodeposited
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samples, which nevertheless can reach GMR e�ect sizes up to 35%.67 In sputtered thin �lms with
very smooth layers, an interlayer exchange coupling (RKKY- interaction)68 that shows an oscillat-
ing coupling strength depending on the interlayer thickness is observed. Nevertheless, this e�ect has
never been observed in electrodeposited material systems, likely due to the higher surface roughness of
the single layers. Within the magnetic saturation �eld, the magnetizations of all magnetic layers are
aligned in parallel. Fig 3.1 shows the density of states for two magnetic layers and a non-magnetic
spacer layer for (a) the antiparallel alignment of the magnetizations and (b) for the parallel alignment
of the magnetizations. As described above, a spin channel has a high conductance (low resistance)
if there is only little s-d scattering due to a small DOS of the d-band at EF. Contrarily, there is a
low conductance (high resistance) if there is a large s-d scattering cross section at EF. In Mott's two
current model (Fig 2.8), the resistance from the two parallel spin channels can be summarized as
follows. For an antiparallel of the magnetizations of the two magnetic layers, there is a total resistance
of :

Rap =
R↑↑ +R↑↓

2
, (2.18)

and for a parallel magnetization alignment, there is a total resistance of:

Rp = 2
R↑↑ ·R↑↓
R↑↑ +R↑↓

, (2.19)

where R↑↑ and R↑↓ give the parallel and antiparallel alignment of the spin to the magnetization, re-
spectively. From Fig. 2.7 it can be directly seen that R↑↑ < R↑↓ and from eq. 2.18 and eq. 2.19
Rap > Rp directly follows, which is equivalent to a negative MR in these layered systems.

Figure 2.8: Mott's two current model
for two ferromagnetic layers separated
by a non-magnetic layer for (a) a an-
tiparallel magnetization alignment and
(b) a parallel magnetization alignment.
The index of the resistance R is given
as RM, spin.

To maximize the GMR e�ect, magnetic materials with a
high spin-polarization are normally chosen. Common spin-
polarizations are for example 40% for Fe69 and 44% mea-
sured in Ni-nanowires.70 A second approach maximiz-
ing the GMR e�ect is to aim for a large spin di�u-
sion length in the normal metal spacer layer. The spin-
di�usion length gives the length scale over which the spin
polarization is kept in a paramagnetic metal layer. It de-
cays exponentially in a normal metal.71 In Cu, the spin-
di�usion length can be up to 400 nm at room tempera-
ture.71

The �nal type of magnetoresistance that is relevant for the ferro-
magnetic nanostructures investigated in this thesis is themagnon-
induced MR (MMR), which occurs when conduction electrons
are scattered on magnons.72 This e�ect can occur even within the
magnetic saturation �eld. For decaying temperatures as well as
increasing magnetic �elds, the magnons are less exited and �nally
start to freeze out. The electron-magnon scattering decreases and the conductivity increases. Accord-
ingly, for the MMR, the resistivity is proportional to −|H|.
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2. Theoretical Background

Mott Relation

The Mott formula describes the relation between the thermopower S and the resistivity ρ within the
free electron model and is given by:73

S = −π
2

3

k2
BT

q

1

ρ

(
dρ(E)

dE

)
E=EF

, (2.20)

with the carrier charge q and the energy of the charge carriers E. The Mott relation is a �rst-order
approximation of the Boltzmann transport equation in kBT/EF. Deviations are expected for high
temperatures from approx. 1000K on.73 The Mott formula describes only the di�usive part of the
thermopower with predominat scattering of the charge carriers on impurities, grain boundaries and
lattice defects. Non-di�usive parts of the thermopower like the phonon-drag38,39 are not covered by
the Mott relation.
The resistivity as well as the thermopower depend on an externally applied magnetic �eld. A linear
relation S(ρ(H)) ∼ 1

ρ(H) is commonly observed in magnetoresistive material systems like magnetic-
non-magnetic multilayers, spin valves and granular alloys.7,8, 74�82 Inserting this linear relation into
eq. 2.20 shows that

(
dρ(E)
dE

)
EF

is independent of the applied magnetic �eld. It follows:

S(H) = −π
2

3

k2
BT

q

1

ρ(H)

(
dρ(E)

dE

)
E=EF

. (2.21)

Magneto-Thermopower

The thermopower S � like the resistivity � of a ferromagnetic material depends on the external magnetic
�eld as given in eq. 2.21. The change of S within an applied magnetic �eld can be quantized by the
magneto-thermoelectric power (MTEP):

MTEP =
S(H)− S(0)

S(H)
, (2.22)

with S being the measured thermopower S = Sabssample + Sabscontact. Inserting this relation into eq. 2.22
one can derive:

MTEP =
Sabssample(H)− Sabssample(0)

Sabssample(0) + Sabscontact(0)
. (2.23)

In contrast to the MR � given the MR was measured in a four-point geometry � the MTEP does not
only describe the sample properties but the sample and the contact material. Sabs is available for
common electrical contact materials,26,27 like Pt, Au, and Cu but these values are sensitive to size
e�ects39,83 and impurities.84 Also, the MTEP can reach in�nite values for Sabssample ≈ −Sabscontact. A
more precise but also harder to obtain in an experiment de�nition of the magneto-thermopower was
given by Gravier et al.75 as:

MTP =
Sabssample(H)− Sabssample(0)

Sabssample(0)
=

S(H)− S(0)

S(H)− Sabscontact(0)
. (2.24)

The change of the thermopower within an applied magnetic �eld can be illustrated in an analogous
picture to Mott's two current model with the minority and majority spin carriers in a parallel circuit.
In such a parallel circuit, the thermopower is given by:85,86

Stotal =
σ↑S↑ + σ↓S↓
σ↑ + σ↓

, (2.25)
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with the conductivity/thermopower of the majority spin channel σ↑/S↑ and the minority spin channel
σ↓/S↓, respectively.

2.4 Topologically Insulators and Semimetals

Recently, topological insulators and semimetals have attracted great attention in the condensed mat-
ter research community. In this thesis, the topologically non-trivial materials HfTe5 and NbP are
investigated. Di�erent studies see HfTe5 either at the phase transition between a weak and a strong
topological insulator28,29 or as a 3D Dirac semimetal.30 In contrast, NbP is a Weyl semimetal.87,88

In this section, the basic principles of 3D topological insulators and Dirac and Weyl semimetals are
introduced.

Topological Insulators

3D topological insulators are a new state of quantum matter in which the 2D topological surface band
structure has di�erent properties compared to the bulk band structure.16,89 This leads to di�erent
transport properties of the bulk and the surface channels of topological insulator samples. More specif-
ically, the bulk channel represents a small-gap semiconductor, while the band structure of the surface
channel is characterized by a gapless, linear band structure, the so-called Dirac cone, as sketched in
Fig. 2.9.

Figure 2.9: The band structure of topological in-
sulators is given by parabolic bulk bands with an
band inversion and a linear surface band structure that
forms a 2D Dirac cone hosting spin-momentum locked
fermions.

The gapless surface states occur in materials that have
a small band gap in the bulk band structure combined
with a strong SOC.16 These materials exhibit a band
inversion in their bulk band structure. On the surface
of the topological insulator, a continuous transition
of the inverted bulk conduction and valence band of
the topological insulator to the conduction and valence
band of the surrounding matter is required.89 If the
surrounding material is non-topological (e.g. vacuum)
the linear, gapless surface states occur. This gapless
and linear band structure � the Dirac-cone � of the
surface states can be described by the the relativis-
tic Dirac equation. Fermions that are hosted by the
Dirac cone � the Dirac fermions � are massless be-
cause me� ∼ δ2E/δk2.40 Due to the strong SOC, the
spin of the Dirac fermions is locked to the momentum
vector at a right angle, which is referred to as protec-
tion by time-reversal symmetry.90 This protection by
time-reversal symmetry results in a suppressed back-scattering of the Dirac fermions because in this
case a spin-�ip would also be required. In conclusion, a topological insulator can be described by a
semiconductor bulk band structure and surface states that host massless Dirac fermions that form
a spin-polarized current with a high mobility that is protected from back-scattering by time-reversal
symmetry.
In recent years, a number of materials has been identi�ed as 3D topological insulators, among them
Bi1−xSbx, Sb2Te3, Bi2Te3, Bi2Se3, and (Bi1−xSbx)2Te3.16,17,91 It becomes apparent that there is a
broad overlap between topological insulator materials and highly e�cient bulk thermoelectric materi-
als. While topological insulator materials have a small band gap and high SOC, due to heavy elements,
high-e�cient thermoelectric materials need the same preconditions to exhibit a high thermoelectric
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2. Theoretical Background

power factor and a low thermal conductivity, respectively.15

3D topological insulators were �rst predicted by Teo et al.91 and realized and observed in ARPES
measurements by Hsieh et al.92 in 2008. In ARPES measurements, the surface and bulk band struc-
ture can be directly mapped.93 Therefore, ARPES can be used as measurement technique to directly
identify topological insulators by resolving the Dirac cone of the surface band structure and the gapped
bulk band structure. Furthermore, spin-resolved ARPES allows for measuring the spin-distribution
of the Fermi surface.89 Thereby, one can estimate the Berry phase which is a geometric phase that
arises when the electron wave function travels a closed trajectory in momentum space. The spin of
the surface Dirac electrons of a 3D topological insulator rotates by 2π when the Dirac fermions move
around the Dirac cone. The Dirac fermions pick up an additional phase of π, which is referred to as
the π-Berry phase.89

A second important investigation method for 3D topological insulators are electrical transport mea-
surements, which can only give indirect evidence of the topological surface states. To observe the
signatures of topological surface states in the electrical transport, such as for example quantum oscil-
lations or weak antilocalization, a thin �lm or nanowire geometry is required because a high surface to
volume ratio is needed to measure transport contributions from the surface conduction channel.18�20,94

Dirac Semimetals

Figure 2.10: The band structure of 3D Dirac
semimetals characterized by the Dirac cone
that is formed by linear valence and conduc-
tion bands that touch near the Fermi energy
and are degenerate with respect to the chiral-
ity.

Unlike topological insulators, 3D Dirac semimetals host rela-
tivistic and massless fermions not only in two, but in all three
dimensions. Therefore, the bulk band structure of 3D Dirac
semimetals consists of a Dirac cone with linearly dispers-
ing bands along all three momentum axes hosting relativistic
and massless Dirac fermions, as shown in Fig. 2.10.95 Each
state on the Dirac cone can host up to two Dirac fermions
of di�erent chirality (χ = ±1), which gives the fermion spin
direction relative to its linear momentum.95 Interestingly,
Dirac semimetals are named after Paul Dirac, who solved
the Schrödinger equation for relativistic fermions and not af-
ter Herman Weyl who found a solution of the Schrödinger
equation for relativistic and massless fermions, which might
at �rst glace be a more �tting description. The chosen nam-
ing of Dirac semimetals gives tribute to the fact that the
Weyl equation falls into two decoupled equations for the two
di�erent chiralities,96 which does not �nd any representation
in the band structure of Dirac semimetals but which is rep-
resented by the two separated Weyl cones in momentum space in Weyl semimetals, as introduced in
the next section.
For 3D Dirac semimetals, materials on the phase boundary between normal insulators and topological
insulators are considered,95 in which inversion symmetry as well as time reversal symmetry is kept.21

3D Dirac fermions as quasi-particles in solid state physics were �rst predicted by Young et al.21 in
2012 and �rst observed by Borisenko et al.22 in Cd3As2 in 2014 via the imaging of a bulk Dirac cone in
ARPES experiments. NaBi3 is another well investigated 3D Dirac semimetal but also other material
like ZrTe5 and HfTe5 are considered to host 3D Dirac fermions.30,97,98

In the presence of an external magnetic �eld, the Dirac cone of a 3D Dirac semimetal splits into two
Weyl cones,97 which are discussed in more detail in the next section. Therefore, 3D Dirac semimetals
posed the �rst opportunity since their realization in 2014 to investigate so-called Weyl physics such
as transport e�ects related to topological surface Fermi arcs99 or quantum anomalies,32 which are
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discussed in more detail in the next sections.

Weyl Semimetals

Weyl semimetals are a newly realized quantum matter, in which massless and relativistic fermions �
Weyl fermions � exist in the bulk band structure.95 The band structure of Weyl semimetals consists
of pairs of so-called Weyl cones that host the Weyl fermions and are spatially separated in momentum
space, as depicted in Fig. 2.11. For the Weyl fermions, the chirality is given by the spin direction
relative to its linear momentum. They are left-handed Weyl fermions when the spin is aligned an-
tiparallel to the linear momentum and right-handed Weyl fermions when the fermion spin is aligned
parallel to the linear momentum. One of the Weyl cones is populated by left-handed fermions while
the other Weyl cone is exclusively populated by right-handed fermions, compare Fig. 2.11. For Weyl
fermions, the chirality is normally a strictly conserved quantum number.32,95

Figure 2.11: The band structure of Weyl semimetals consist
of two spatially separated Weyl cones in momentum space,
that each host relativistic Weyl fermions of one chirality, either
χ = −1 or χ = +1 depicted in red and blue, respectively.

Compared to Dirac semimetals, in Weyl
semimetals either inversion symmetry or time-
reversal symmetry is broken.23,88,100 Inversion-
breaking Weyl semimetals are given by the four
members TaAs, TaP, NbAs, NbP, which are
summarized as the TaAs family.24,101�104 Fur-
thermore, WTe2 and MoTe2 and their alloys
MoxWe1−xTe2 belong to the inversion break-
ing Weyl semimetals, but di�er from the TaAs
family by belonging to the so-called type II
Weyl semimetals, which possess tilted Weyl
cones.105�109 The �rst proposed time-reversal
breaking Weyl semimetals are magnetic py-
rochlores (X2Ir2O7 with X = Y, Eu, Nd, Sm
and Pr);23 further examples are Mn3Sn and
Mn3Ge.110 In general, all 3D-Dirac semimet-
als behave like Weyl semimetals in su�ciently
strong external magnetic �elds, because in an
external magnetic �eld the Dirac cone splits into two Weyl cones.97

Historically, Weyl fermions were �rst thought of by Hermann Weyl in 1929, who solved the Dirac
equation for massless particles and found two independent solutions for left-handed and right-handed,
chiral fermions � the so-called Weyl fermions.96 For some time it was assumed that neutrinos might be
these massless and relativistic fermions predicted by Hermann Weyl, but since it was �nally revealed
that neutrinos possess a mass, there are no fundamental particles believed to be Weyl fermions.95

Renewed interest in Weyl fermions arose when Weyl fermions were proposed as quasi-particles the in
pyrochlore iridates by Wan et al. in 2011.23 Weyl fermions were experimentally realized and observed
by ARPES in TaAs in 2015.24,101 For one, in these ARPES experiments the Weyl cones in the bulk
band structure of the Weyl semimetals can be observed. Also, topological Fermi arc surface states arise
at the 2D surface band structure of the Weyl semimetals, given by the bulk boundary correspondence
of the topological 3D Weyl semimetals. These Fermi surface states connect two Weyl points of di�erent
chirality in the surface Brillouin zone and are a second characteristic signature of Weyl semimetals in
ARPES experiments.
Transport experiments give the opportunity to investigate the massless, relativistic and spin-polarized
Weyl electrons under the in�uence of electric and magnetic �elds as well as temperature gradients.
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2. Theoretical Background

Weyl fermions give rise to new phenomena like the chiral anomaly that is detected by a negative
MR (positive magnetoconductance) in parallel electric and magnetic �elds due to the breakdown of
the chiral symmetry in the system when E||B.32,95 In a similar con�guration, when ∆T ||B, which
for massless Weyl fermions can be used as a proxy for ∆g||B, with the gravitational �eld ∆g, also a
breakdown of the chiral symmetry occurs.111,112 This so-called mixed axial-gravitational anomaly can
be experimentally veri�ed by positive magneto-thermoelectric conductance for ∆T ||B. Additionally,
Weyl semimetals can also show transport signatures that do not originate from bulk transport, but
is rather mediated by the Fermi arc surface states. Here, Fermi arc oscillations in thin Weyl fermion
samples can be detected for example in WTe2 and Cd2As3.99,106

2.5 Signatures of Dirac and Weyl Fermions in Transport and

Magnetometry Experiments

In this thesis, the topological materials HfTe5 and NbP are investigated using electric and thermo-
electric transport (Ref. [IV], [VI], and [VII]) as well as magnetometry (Ref. [V]) measurements.
To evaluate the obtained data, we conducted an analysis of the Shubnikov-de Haas (SdH) and the
de Haas-van Alphen (dHvA) e�ect, signatures that result from transport within the quantum limit as
well as quantum anomalies, namely the chiral anomaly and the mixed, axial-gravitational anomaly. A
theoretical introduction to theses transport phenomena is given in this section.

Shubnikov-de Haas E�ect

Figure 2.12: Quantized energy levels �
the Landau levels � in an electron gas when
an external magnetic �eld is applied.

In solid state materials, charge carriers condense into quantized
energy levels perpendicular to a su�ciently strong magnetic �eld
at su�ciently low temperatures, as shown in Fig. 2.12. This
process is called Landau quantization.113 As the externally
applied magnetic �eld is increased, the distance between the
Landau levels increases and the Landau levels are continuously
shifted through the Fermi energy. When a Landau level lies
within the Fermi energy, charge carriers can be scattered to free
states within the Landau level and a high resistance is mea-
sured. When the Fermi energy lies between two Landau levels
there are no free states into which the charge carriers can be
scattered (except for a small number of states provided by the
edge channels). As a result, a high conductance (low resistance)
is measured. These oscillations of the resistance depending on
the position of the Fermi energy with respect to the Landau
levels is referred to as the Shubnikov-de-Haas e�ect. The SdH
oscillations are periodic in the inverse magnetic �eld with an
oscillation period of:

∆(
1

B
) =

2πe

~SF
(2.26)

with SF being the cross section of the Fermi surface perpendicular to the magnetic �eld.
SdH oscillations are normally analyzed regarding their oscillation frequency in 1/B and their oscillation
amplitude as a function of the temperature. From eq. 2.26 and the geometry of SF, the Fermi vector
kF can be derived. The oscillation amplitude ∆R of the SdH-oscillations depending on the temperature
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and the external magnetic �eld is described by the Lifshitz-Kosevich-Schoenberg-theory:113�115

∆R(T,B) ∝ B 1
2 · e−χTDB · χT/B

sinh(χT/B)
(2.27)

With the parameter χ = 4π3kBme� and the Dingle temperature TD = h
4π2kBτ

the e�ective mass me�

and the mean carrier life time τ can be calculated. The mobility of the charge carriers is given by
µ = eτ

me�
.40 From the conservation of momentum, ~ · kF = vF · me�, the Fermi velocity vF can be

derived and the Fermi energy EF is calculated by using the corresponding dispersion relation, e.g.
EF = ~ ·kF ·vF for Dirac fermions.89 Additionally the position of the SdH oscillation minima and max-
ima as a function of the inverse magnetic �eld can be used to calculate the Berry phase and therefore
give information about the topological nature of the transport channels.18,89,115

In general, SdH oscillations can occur for 2D as well as 3D electronic systems. Since the SdH e�ect
only arises for a perpendicular magnetic �eld with respect to the cross section of the Fermi surface,
2D electronic systems do not show SdH oscillations when the magnetic �eld is applied parallel to the
current direction. 3D electronic systems exhibit SdH oscillations for any con�guration of the magnetic
�eld and electric current direction. Angle-dependent SdH oscillation measurements can therefore be a
convenient tool to distinguish between 2D and 3D electronic systems in transport measurements.116

De Haas-van Alphen E�ect

The de Haas-van Alphen (dHvA) e�ect � like the SdH e�ect � is caused by the Landau quantization
(Fig. 2.12) that takes place when an electron gas is placed into a su�ciently strong magnetic �eld at
su�ciently low temperatures.113 For increasing magnetic �elds, the distance between the Landau levels
increases. As a consequence, the Landau levels are shifted through the Fermi energy and the density
of states at EF oscillates for continuously increasing magnetic �elds. The magnetic susceptibility is
directly related to the density of states at the Fermi energy and determines the magnetic moment. The
oscillation of the magnetic moment caused by the Landau quantization in an increasing magnetic �eld
is described by the dHvA e�ect.113 The dHvA e�ect shows the same periodicity in 1/B as the SdH
e�ect (compare eq. 2.26), and the amplitude of the magnetization oscillation ∆m depending on T and
B can equally be described by the Lifshitz-Kosevich-Shoenberg theory (eq. 2.26).113�115 Accordingly,
analyzing the dHvA e�ect yields the same parameters as analyzing the SdH e�ect, which are kF, me�,
τ , µ, vF and EF. Moreover, information about the Berry phase and therefore about the topological
nature of the transport channels can be gained from the position of the magnetization minima and
maxima as a function of the inverse magnetic �eld equally to analyzing the Berry phase of the SdH
oscillations.18,89,115

Quantum Limit

As previously discussed, the SdH e�ect and the dHvA e�ect are a consequence of the Landau quan-
tization of an electron gas that is placed into an increasingly strong magnetic �eld. A closer look at
Fig. 2.12 shows that in the case of Landau quantization, there are not only the discrete Landau levels
(n = 0, 1, 2, ...), but so-called edge channels also evolve. These conducting edge channels emerge at
the Fermi energy, because the Landau levels are bent upward at the geometric edges of the sample
due to the edge potential. As the Landau quantization increases in increasing magnetic �elds, less
Landau levels are energetically below the Fermi energy and the number of conducting edge channels
decreases.113 When the electric transport only takes place in the lowest Landau level, the so-called
quantum limit is reached. According to Abrikosov,117 the preconditions for the transport in the lowest
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2. Theoretical Background

Landau level are given by:

ne �
(
eB

µ~c

) 3
2

and T � eB~
µme�c

(2.28)

with the carrier concentration ne, the mobility µ and the e�ective mass me�. The �rst equation de-
scribes the condition that is needed for the condensation of all charge carriers within the lowest Landau
level. The second equation describes a thermal broadening that is smaller than the band splitting be-
tween two Landau levels. According to these equations, a low carrier concentration and low e�ective
masses are bene�cial for reaching the quantum limit at moderate magnetic �elds. Consequently, for
Dirac and Weyl fermions with relatively low e�ective masses, the quantum limit can be reached by
applying relatively small magnetic �elds, readily reached in today's transport setups, such as 8T for
Bi and 9T for TaAs and 0.2T for ZrTe5.118�120

In transport measurements, entering the quantum limit is accompanied by a number of experimental
observations. Firstly, when there is a transition from multi-Landau level transport to transport only in
the lowest Landau level, a transition from parabolic magnetoresistance to a linear magnetoresistance �
sometimes also called quantum linear magnetoresistance � is observed.117 Secondly, the thermoelectric
transport vanishes within the quantum limit because of S ∼ dD

dE with the constant density of states D
as soon as the quantum limit is reached.25 Additionally, the SdH and dHvA oscillations that can be
observed below the quantum limit vanish as soon as the quantum limit is reached.

Figure 2.13: (a) Within a magnetic �eld, there is a
Landau quantization of the band structure of a Weyl
semimetal. (b) For parallel electric and magnetic �elds
(E ‖ B), a breakdown of the chiral symmetry occurs
expressed by a particle �ow between the two Weyl
cones.

Several transport phenomena are predicted to ap-
pear within the quantum limit, like, for example,
the fractional quantum Hall e�ect.118,121 More-
over, recently, discrete scale invariant quantum os-
cillations were predicted to emerge when Dirac
fermions are con�ned in an attractive Coulomb po-
tential.122�126 These log(B)-periodic oscillations in
the density of states as well as in transport prop-
erties like ρ and S can generally also appear be-
low the quantum limit, but are predicted to be
clearly identi�ed only in 3D Dirac systems within
the quantum limit, because there is only a single
scaling factor of the oscillations when the trans-
port takes place entirely in the lowest Landau
level.124

Chiral Anomaly

For Dirac and Weyl fermions, the chirality is de�ned
as the spin direction with respect to the linear mo-
mentum. There are left-handed fermions that have an
antiparallel alignment of the spin and the linear mo-
mentum (χ = −1) and there are right-handed fermions
that have a parallel alignment of the spin and the lin-
ear momentum (χ = +1).32,97 In general, the chirality
is a strictly conserved quantum number.32,97 Until re-
cently, the only breakdown of the chiral symmetry was
thought of by Adler as well as Bell and Jackiw who independently explained the observed decay of
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the neutral pion into two photons by this chiral anomaly.127,128 Recently, the breakdown of the chiral
symmetry was also observed in solid state physics as the occurrence of a negative magnetoresistance
in Weyl semimetals in electromagnetic �elds with parallel electric and magnetic �eld components.129

In Weyl semimetals, there are pairs of two Weyl cones of di�erent chirality, which are separated in
momentum space. The chiral symmetry within the Weyl band structure is represented by the two
equally �lled Weyl cones. When only an electric �eld is applied, the chiral electrons which are hosted
by the Weyl cones cannot take part into the electrical transport, because this would violate the chiral
symmetry � or in the band structure picture: because this would cause an uneven population of the
Weyl cones. When a magnetic �eld is applied to a Weyl semimetal, there occurs a Landau quanti-
zation of the band structure as depicted in Fig. 2.13 a. In this scenario, only the lowest Landau
level still hosts chiral fermions. When an additional electric �eld is applied, parallel to the magnetic
�eld, a breakdown of the chiral symmetry occurs (Fig. 2.13 b).32,97 There is an additional axial
current with a �ow rate proportional to E · B.130 In electrical transport measurements, therefore,
a positive magnetoconductance (a negative magnetoresistance) can be observed in E ‖ B due to the
chiral anomaly.129 Recently, transport signatures of the chiral anomaly have been detected in 3D Dirac
and Weyl semimetals like Cd3As2, Na3Bi, TaAs, NbAs, Zn-doped NbP and WTe2.88,97,131�135

Mixed Axial-Gravitational Anomaly

Chiral fermions are also predicted to exhibit the so-called mixed axial-gravitational anomaly, which de-
scribes the breakdown of the chiral symmetry in collinear magnetic and gravitational �elds (B ‖ 5g).136,137

In curved space time, the mixed axial-gravitational anomaly contributes to the violation of the co-
variant conservation laws of the axial current, which are relevant to the chiral anomaly and to the
conservation law of the energy-momentum tensor. Therefore, the mixed axial-gravitational anomaly
has been suggested as relevant for the chiral vortical e�ect in the context of a quark-gluon plasma and
the hydrodynamic description of neutron stars.111,138

Figure 2.14: For a magnetic �eld parallel to a
temperature gradient (B ‖ 5T ), a breakdown
of the chiral symmetry occurs expressed by a
�ow of particles and energy between the two
Weyl cones.

In �at space time, the mixed axial-gravitational anomaly
can be derived from di�erent approaches such as Boltzmann
equations, Kubo formalism and relativistic �eld theory by
considering conservation laws as well as the topological char-
acter of Weyl nodes.111,112,139�142 The main idea is that for
relativistic and massless Weyl fermions, a temperature gradi-
ent5T can be seen as a proxy for a gravitational �eld5g.143

This way, an elusive experiment from high energy physics �
which needs su�ciently strong gravitational �elds � can be
simulated in solid state physics by performing thermoelec-
tric measurements in collinear magnetic �elds and tempera-
ture gradients (B ‖ 5T ) on Weyl semimetals.112,139�142 In
contrast to the chiral anomaly, where the chiral symmetry
is broken by a �ow of particles between the two Weyl cones of di�erent chirality for B ‖ E, for
the mixed axial-gravitational anomaly, there is a �ow of particles and energy between the two Weyl
cones for B ‖ 5T , as shown in Fig. 2.14. In 3D Dirac semimetals as well as Weyl semimetals,
the mixed axial-gravitational anomaly can be measured as a positive magneto-thermoelectric conduc-
tance in collinear temperature gradients and magnetic �elds below the quantum limit. This positive
magneto-thermoelectric conductance is caused by an additional axial current that �ows when the chiral
symmetry between the two Weyl cones is broken. At high magnetic �elds and low temperatures, when
the quantum limit is reached, a suppression of the thermoelectric transport � and therefore a negative

19



2. Theoretical Background

magneto-thermoelectric conductance � is expected.25 The reason for this phenomenon is that the
thermoelectric conductance GT is proportional to the derivative of the density of states D with respect
to the temperature (GT ∝ δD

δT ). Within the quantum limit, D is constant and therefore independent
of the temperature, which leads to a suppression to the thermoelectric transport within the quantum
limit.
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3 Experimental Methods

In this chapter, the sample fabrication as well as the methods for the compositional and structural
analysis of the samples are described. Furthermore, the de�nition of the electrical contact structures
and the utilized electric, thermoelectric, magnetometry and magneto-optical measurement techniques
are introduced.

3.1 Growth, Compositional and Structural Analysis

Magnetic nanowires

Figure 3.1: Sketch of the nanowire fabrication process. (a) The AAOmembrane is synthesized by a two-step anodization
process. (b) In an ALD process, the AAO membrane is covered by an protective SiO2 layer. (c) To the backside of the
AAO membrane, an Au layer is applied by sputtering and subsequent electrodeposition. (d) The electrodeposition cell,
equipped with a three electrode setup. (e) Multilayered nanowires inside the AAO membrane after the electrodeposition
process.

The magnetic nanowires were synthesized by electrodeposition into self-ordered, hard-anodized alumina
oxide (AAO) membranes with a pore diameter between 120 nm and 270 nm. We partly used commercial
AAO membranes provided by SmartMembranes, while another part of the anodization process was car-
ried out in-house. The self-made AAO-membranes were fabricated by �rstly pre-anodizing cleaned and
electropolished high-purity aluminum foils (Al 99.999%) under mild anodization conditions (U = 80V,
t = 10min) in a 0.03mol oxalic aqueous solution containing 5% of ethanol. Subsequently, the applied
voltage was increased to for the hard-anodization process to 140V with a rate of 0.08Vs−1. The hard
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3. Experimental Methods

anodization process was performed for 1.5 h at a temperature of 0 ◦C < T < 3 ◦C. After the anodiza-
tion process, we used chemical wet etching in CuCl2/HCl aqueous solution to remove the Al backside
of the membranes. The alumina bottom layer as well as the protective mild anodized top layer were
opened exposing the membrane to a 5wt% H3PO4 solution for 2.5 h at T = 30 ◦C.51 We used atomic
layer deposition (ALD) to cover the inner walls of the pores of the AAO membranes by a 5 nm � 10 nm
protective SiO2-layer.144,145 By reactive ion etching, we removed the SiO2-layer at the bottom and the
top side of the AAO membrane. To the backside of the AAO membrane, a gold electrode was applied
by �rst sputtering and subsequent electrodeposition of a gold layer.

Figure 3.2: Structural, morphological, and compositional character-
ization of the magnetic nanowires: a) TEM image of sample Co71Ni29.
The inset shows the SAED pattern of the nanowire, which reveals the
[0001] zone axis of an hcp lattice. b) A broader TEM image of sam-
ple Co71Ni29 combined with superimposed TEM-EDS data obtained
from a line scan along the nanowire length shows a fairly homogeneous
Co:Ni ratio along the wire axis. c) TEM image of sample Cu (5.2 nm)
revealing the multilayered structure of the nanowire. d) TEM image
of the multilayered nanowire Cu (1.4 nm) with superimposed TEM-
EDS data obtained from a line scan measured along the nanowire axis.
Figure taken from Ref. [I]

The electrodeposition process of the mag-
netic nanowires was performed in a three-
electrode setup. The gold layer at the
backside of the AAO membrane serves
as a working electrode. We used a plat-
inum mesh as the counter electrode and
a Ag/AgCl(3M)KCl reference electrode.
The CoNi alloy nanowires were electrode-
posited at 35 ◦ under potentiostatic con-
ditions (-0.8V < U < -1V vs. reference
electrode) from a Watts-type electrolyte
containing di�erent amounts of Co2+ and
Ni2+ ions as reported by Vega et al..51

The FeNi alloy nanowire was synthesized
as described by Salem et al..146 The
CoNi/Cu multilayered nanowires were
grown from a single bath with an ap-
plied voltage of -1.5V and -0.58V for the
CoNi and Cu layers, respectively. We
controlled the CoNi and Cu layer thick-
ness by adjusting the electrodeposited
charge equivalent.147 After the elec-
trodeposition process, the Au backside
was removed by using (0.6M)KI(0.1M)I2
aqueous solution. The AAO membrane
was dissolved in chromic-phosphoric acid
(1.8wt% CrO3, 6 wt% H3PO4) for ≈
48 h at 45 ◦C. The released, individual
nanowires were �ltrated and stored in

ethanol. The CoNi alloy nanowires studied in Ref. [I] and Ref. [III] were synthesized by Victor
Vega and Tim Böhnert at the University of Hamburg. The CoNi/Cu multilayered nanowires investi-
gated in Ref. [I] and Ref. [II] were fabricated by Svenja Bäÿler and Ann-Kathrin Michel in the group
of Imre Bakonyi at the Wigner Research Center for Physics in Budapest.
The crystal structure of the CoNi alloy nanowires inside the AAO membrane was investigated by XRD
(X'Pert PRO-PANalytical) in a Θ− 2Θ setup using CuK-α1 radiation (λ = 1.54056 Å).51 The crystal
structure of individual CoNi alloy nanowires was investigated by TEM-SAED (Fig. 3.2 a).74 We
found an fcc crystal structure for the Ni-rich CoNi nanowires and an hcp crystal structure for the
Co-richest sample (Co71Ni29). The crystallite size of the CoNi nanowires was determined from XRD
analysis to be between 5 ± 2nm and 9 ± 2 nm.51 The composition of the Co-Ni alloy nanowires was
determined by TEM EDS line scans as shown in Fig. 3.2 b. Next to Co and Ni, Si and O2 from the
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SiO2-shell of the nanowires were also detected.

Individual CoNi/Cu nanowires were investigated by TEM to visualize the layered structure of the
nanowires and measure the bilayer thickness (Fig. 3.2 c) and by TEM-EDS to analyze the atomic
composition (Fig. 3.2 d). Combining this data, the Cu and CoNi layer thickness was calculated.
We investigated six di�erent samples with varying Cu layer thicknesses of 0.2 nm, 0.8 nm, 0.9 nm,
1.4 nm, 3.5 nm, and 5.2 nm. We aimed for a constant CoNi layer thickness of approx. 
20 nm (for more
information see Ref. [II]). The Co:Ni composition within magnetic layer ranged from 50:50 to 30:70.
Due to an unavoidable co-deposition of Cu during the electrodeposition process, a Cu-content of
approx. 2% is estimated in the magnetic layer.148

The length and the diameter of all magnetic nanowires was investigated by SEM (Refs. [I] � [III]).

NbP Micro-Ribbons

Figure 3.3: De�nition of the NbP micro-ribbon by
Ga-FIB. (a) The NbP bulk sample with 3 trenches
de�ned by FIB to extract one NbP micro-ribbon per
trench. (b) A free-standing NbP micro-ribbon.

From niobium (Chempur 99.9%) and red phospho-
rus (Hereaus 99.999%) polycrystalline NbP pow-
der was synthesized by a direct reaction in
an evacuated fused silica tube at 800 ◦C for
800 h. High-quality single crystals of NbP were
grown from the multicrystalline NbP powder via
a chemical vapor transport reaction. The uti-
lized temperature gradient increased from 850 ◦C
(source) to 950 ◦C (sink). Iodine (Alfa Aesar
99.998%) with a concentration of 13.5mgcm−3

was used as a transport agent.149 The NbP
bulk crystal utilized in (Refs. [V] - [VII])
was synthesized by Vicky Süÿ, Marcus Schmidt
and Chandra Shekhar at the Max Planck In-
stitute for Chemical Physics of Solids in Dres-
den.

To identify the crystal axes of the NbP bulk crystal,
we performed XRD measurements in a Panalytical
X'Pert four-circle di�ractometer using Cu-Kα radia-
tion. NbP-micro-ribbons were cut from the NbP bulk
sample by using 30 keV Ga+ions (I = 65 nA − 80 pA)
in a FIB system (FEI Helios 600i). To achieve de�ned crystal axes along the outer edges of the micro-
ribbons, the FIB cut was carried out along the bulk crystal axes. In Fig. 3.3 a, the NbP bulk crystal
with three open trenches can be seen. From each trench, a micro-ribbon (Fig. 3.3 a) was removed. To
avoid electrostatic repulsion, the as-cut NbP micro-ribbons were picked up ex-situ with a glass needle
and transferred to a glass substrate for the electrical contacting process.
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Figure 3.4: Qualitative analysis of the cross section of a NbP
micro-ribbon. (a) HR-TEM image of the cross section of the NbP
micro-ribbon. On the same NbP micro-ribbon cross section the
Ga- (b), P- (c), and Nb- (d) concentration was mapped.

The atomic composition of the surface of the
NbP micro-ribbon was analyzed by SEM-
EDX using a 15 keV electron beam. We mea-
sured an atomic composition of 53% Nb,
45% P, and 2% Ga. A cross section of the
NbP micro-ribbon (Fig. 3.4 a) was de-
�ned to investigate the amorphous layer on
the surface of the NbP micro-ribbon due to
the Ga-FIB process. The measured thick-
ness of the amorphous layer is ∼ 20 nm.
Using TEM-EDS (FEI TALOS F200X), we
qualitatively analyzed the Nb-P-Ga compo-
sition of the cross section of the micro-ribbon
(Fig. 3.4 b-d). The Ga-concentration in
the outer amorphous shell is signi�cantly in-
creased compared to the inner part of the
NbP micro-ribbon (Fig. 3.4 b). We note
that also in the inner part of the NbP micro-
ribbon, a certain amount of Ga is present
because the cross section of the NbP micro-
ribbon was also de�ned by Ga-FIB. In gen-

eral, an exponential decay of Ga-ions from the micro-ribbon surface towards the center of the FIB-
de�ned micro-ribbon is assumed.99 In contrast, the Nb and P is homogeneously distributed across the
whole NbP micro-ribbon cross section (Fig. 3.4 c & d).

HfTe5 Micro-Ribbons

HfTe5 single crystals were synthesized by Vicky Süÿ and Chandra Shekhar at the Max Planck Institute
for Chemical Physics of Solids by using the vapor transport method with Te as a self-�ux. For the
fabrication process, an atomic ratio of 0.0025% Hf and 99.9975% Te were transferred into a crucible
under argon atmosphere. The crucible was then heated to 900 ◦C under vacuum inside a quartz tube
for 24 h. Subsequently, there was a rapid cooling to 580 ◦C followed by a further temperature decrease
of 0.5Kh−1 until a temperature of 470 ◦C was reached.150

The crystal structure of the HfTe5 crystals was investigated by single-crystal x-ray di�raction (SXRD)
with Mo-Kα radiation. To determine the elementary composition, energy-dispersive x-ray spectroscopy
(EDS) inside a scanning electron microscope was utilized.151

Due to the layered structure of HfTe5,152 we were able to mechanically extract HfTe5 micro-ribbons
from the bulk crystal using a micro-manipulator. The orientation of the crystal axes with respect to
the micro-ribbon geometry was determined with electron back scattering di�raction (EBSD) equipped
with a TSL DigiView detector inside a scanning electron microscope (FEI Helios 600i).
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3.2 De�nition of the Electrical Contact Structure

To de�ne the electrical contact structure on our nanowires and micro-ribbons, we used laser lithog-
raphy combined with a Ti/Pt metallization process as sketched in Fig.3.5. A solution of dispersed

Figure 3.5: Sketch of the microdevice fabrication process. (a) Magnetic nanowires dispersed in an ethanol solution
are applied to the glass substrate. (b) The NbP and HfTe5 micro-ribbons are mechanically transferred to the glass
substrate using a micro-manipulator. (c) The glass substrates are coated with an double layer of LOR-3B lift-o� resist
and maP-1205 photoresist. (d) Via laser lithography, the electrical contact structures are exposed. (e) The exposed
resist is developed and an undercut structure evolves. (f) and (g) Inside the sputtering machine, the contact areas are
cleaned from SiO2 or native oxides and then a Ti/Pt bilayer is applied by sputter deposition. (h) In a lift-o� process,
residual metal parts are removed. (i) The �nal micro-device.

magnetic nanowires in ethanol was dropped onto glass substrates (thickness 150µm) and the ethanol
was evaporated using a hot-air gun. The NbP and HfTe5 micro-ribbons were transferred mechanically
to the glass substrates using a micro-manipulator. Subsequently, the substrates were spin coated with
a double layer of LOR-3B lift-o� resist followed by a maP-1205 photoresist. This double layer of
resist enabled us to obtain an undercut structure during the photoresist development process, which
facilitates the lift-o� after the metallization process. The electrical contact structures were exposed
using a laser lithography system (Heidelberg Instruments µpG 101). This system is equipped with
an optical camera and movable sample stage to align the electrical contact structure layout with the
nano- or micro-structures before the exposure. After the exposure, the photoresist was developed
using maD-331 until the undercut structure could be observed. Subsequently, in-situ Ar-ion etching
inside the Ti/Pt sputtering machine (Torr international, CRC-600) was used to remove the SiO2-shell
of the magnetic nanowires and any native oxides of the NbP and HfTe5 micro-ribbons in order to
ensure ohmic contacts. Afterward, a Ti adhersion layer and the Pt contacts were applied by sputter
deposition. The thickness of the Pt-layer was chosen to be in the range of the thickness of the sample
(∼ 150 nm �500 nm). For the deposition onto the thicker micro-ribbons, the substrates were rotated by
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180 ◦ after half of the Pt deposition time to avoid shadowing e�ects. After the sputter deposition, the
residual metal layer was removed in a lift-o� process. Detailed process parameters for the de�nition of
the electrical contact structures are given in Tab. 5.1 and Tab. 5.2.

3.3 Measurement Techniques

In the following, the utilized measurement techniques to characterize the magnetic nanostructures and
topological microstructures are introduced, with a focus on the electrical and thermoelectric charac-
terization methods. These measurements were performed in a DynaCool PPMS (by QuantumDesign)
at a low pressure at the order of 10−3 mbar. A typical micro-device for measuring the electrical as
well as thermoelectric characterization is shown in Fig. 3.6 a and b, respectively. Vibrating sample
magnetometry (VSM) and magneto-optical Kerr e�ect (MOKE) measurements are introduced brie�y.

Figure 3.6: A typical micro-device � shown here with an embedded HfTe5 micro-ribbon � to measure the electrical
resistivity (a) as well as the thermopower (b). The crystal orientation of the HfTe5 micro-ribbon is given in (a).

Electrical Measurements

Figure 3.7: Experimental con�guration of the
resistivity measurements on the joint resistiv-
ity/thermopower measurement device.

We determined the resistance of our samples by two-
terminal measurements using a low frequency (f ≤
200Hz) lock-in technique, as sketched in Fig. 3.7. Addi-
tionally, we performed 4-point measurements on our sam-
ples and found that contact resistances of our samples
were typically below 2%. Magnetoresistance measure-
ments were performed in an external magnetic �eld up
to ± 14T. A rotary sample holder allowed for a paral-
lel and perpendicular alignment of the magnetic �eld B

with the current I direction as well as intermediate angles
between B and I.

Thermoelectric Measurements

The micro-device that was utilized for the thermopower measurements (Fig. 3.6 b) consists of three
di�erent parts � one resistive heater line and two resistive thermometers. The resistive heater is
connected to a DC current source (Agilent E3644A) and generates a 1D temperature gradient along
the sample. Typically, heater powers of up to 5mW were applied and temperature di�erences ∆T along
the sample of up to 10K were achieved. ∆T was measured by the two resistive thermometers. The
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Figure 3.8: Measurement procedure to determine the thermovoltage S of individual micro- and nanostructures. (a)
Calibration of the resistive thermometers: The resistance of both thermometers RTh1 and RTh2 is measured as a function
of the cryostat base temperature. There is no temperature gradient applied. (b) Thermovoltage measurement: A current
Iheater is applied to the resistive heater line and the thermovoltage Vth along the sample is measured. (c) Measurement
of the temperature gradient along the sample: Iheater is applied to the resistive heater line and RTh1 and RTh2 are
measured.

resistance of the thermometers was measured by standard low frequency lock-in technique (f ≤ 200Hz)
provided by the DynaCool PPMS. Additionally, the resistive thermometers are in electrical contact
with the sample and are therefore used as leads for the thermopower measurement via a DC multimeter
(Keithley 2182A). Overall, the determination of the thermopower can be divided into three di�erent
steps. Firstly, the resistive thermometers were calibrated by measuring their resistance as a function of
the base temperature of the cryostat without applying a temperature gradient (Fig 3.8 a). Secondly,
we applied a temperature gradient via the resistive heater and measured the thermovoltage (Fig 3.8 b).
In a third step, the resistance of the thermometers was measured when applying a temperature gradient
(Fig 3.8 c) and the temperatures of both resistive thermometers TTh1 and TTh2 were calculated using
the calibration lines from the �rst measurement step. Subsequently, the temperature di�erence along
the sample ∆T = TTh1 − TTh2 and the thermopower S = Vth/∆T was determined. The obtained
thermopower is always given with respect to the Ti/Pt leads. At room temperature, S(Ti/Pt) is
estimated to be -5µV/K.26

Magnetization Measurements

VSM measurements were performed in a DynaCool system by Quantum Design with magnetic �elds
of up to ±9T. In each measurement one crystal axis of the NbP bulk crystal was aligned parallel
along the magnetic �eld. Magnetization measurements in a temperature range from 2.5K to 60K were
conducted. The VSM measurements on NbP which are studied in Ref. [V] were performed by Philip
Sergelius at the University of Hamburg.

Magneto-Optical Measurements

The MOKE measurements on the magnetic nanowires were performed with a NanoMOKETM2 by
Durham Magneto Optics. The device is equipped with a 45◦ incidence continuous wave-laser with a
power output of 1.9mW and an in-plane focused spot size of approx. 3µm. Within the setup, magnetic
�elds of up to ±0.08T can be applied with a quadrupole magnet in the plane of the incidental beam
of light and therefore parallel to the nanowire axis. The estimated heating of the nanowire due to
the laser light is less than 1K and the recorded hysteresis loops show no di�erence between the laser
beam directed at the center and at the ends of the nanowire. The coercive �elds of the nanowires
were measured via the longitudinal MOKE.153 The MOKE measurements studied in Ref. [III] were
performed by Ann-Kathrin Michel and Stephan Martens at the University of Hamburg.
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4 Selected Results and Discussion

In this chapter, the key results of this dissertation are presented, which are given in detail in the end
of this thesis as seven peer-reviewed publications (Refs. [I] � [VII]) as well as one overview-article (Ref.
[VIII]). The publications are divided into two di�erent sections.
The �rst section (4.1) deals with thermoelectric transport in single ferromagnetic CoNi/Cu multilay-
ered as well as CoNi alloy nanowires (Refs. [I], [II]) and the temperature- and temperature gradient-
dependent magnetic switching of Co39Ni61 and Fe15Ni85 magnetic nanowires (Ref. [III]). The nanowires
were characterized using resistivity ρ and thermopower S measurements as well as magneto-optical
Kerr e�ect measurements. It is shown that the magnetic nanowires have thermoelectric power factors
PF (PF = S/ρ2) ranging between 0.3mWK−2m−1 and 3.6mWK−2m−1, which is in the same order of
magnitude as standard thermoelectric materials like Bi2Te3 (PF(Bi2Te3)=1.9mWK−2m−1).154 Addi-
tionally, in the magnetic nanowires, the possibility of further tuning the thermoelectric power output
of up to 50% is given when a magnetic �eld is applied (Ref. [I]). Using the Mott formula, we found
that one can distinguish between the absolute thermopower of the magnetic nanowires and the plat-
inum leads (Ref. [II]). Finally, we found that the thermally-assisted magnetization reversal process of
individual Co39Ni61 nanowires is signi�cantly altered because applied temperature gradients lead to
an increase of the magneto-elastic anisotropy constant (Ref. [III]).
In the second section of this chapter (4.2), the topological materials HfTe5 and NbP are studied, using
magnetometry, magnetoresistance and magneto-thermopower measurements. First, the magnetoresis-
tance and magnetothermopower of HfTe5 are investigated (Ref. [IV]). We report on an increase of the
thermopower at su�ciently strong magnetic �elds for temperatures between 150K and 300K which is
the temperature range that is relevant to thermoelectric applications and we observed on a vanishing
magneto-thermoelectric transport for temperatures below 100K. To properly understand the transport
phenomena in Weyl semimetals, a precise understanding of the band structure and the position of the
Fermi level is required. Therefore, dHvA-oscillations on bulk NbP are obtained (Ref. [V]) in VSM
measurements and SdH oscillations in NbP micro-ribbons are analyzed (Ref. [VI]). Subsequently, the
chiral anomaly in collinear magnetic and electric �elds (Ref. [VI]) and the mixed, axial-gravitational
anomaly in collinear magnetic �elds and temperature gradients (Ref. [VII]) are investigated. The
results of the quantum anomaly studies on NbP (Ref. [VI], [VII]) were also summarized in a compre-
hensive overview article (Ref. [VIII]).
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4. Selected Results and Discussion

4.1 Thermoelectric Characterization of Ferromagnetic Nanowires

4.1.1 [I] Thermoelectric Power Factor Enhancement by Spin-Polarized Cur-

rents � A Nanowire Case Study

In the past few years, an increasing integration density of microelectronic devices has brought thermo-
electric e�ects back to the focus of current research.10�12 When it comes to nanostructures, thermo-
electric e�ects can be either bene�cial or hindering. An example where local temperature hot spots
are essential is heat-assisted magnetic recording (HAMR).13,14 Thermoelectric e�ects can be hindering
when due to miniaturization Peltier heating becomes dominant over Joule heating. It was shown that
by neglecting the Peltier heating of nanodevices, one may fail to predict magnetic switching properties
by more than 40%.12 An interesting class of integrated circuit elements is based on MR e�ects, which
are nowadays used in reading heads for magnetic hard disks, magnetic sensors and magnetoresistive
random access memories (MRAMs).155 These devices are based on the AMR,53,62,156 GMR63,64 and
TMR157 e�ect. Driven by the need to constantly increase data storage densities, tremendous progress
in the miniaturization of MR devices has been made,158 which makes thermoelectric e�ects in these
devices an interesting research topic.

Figure 4.1: a) Thermoelectric power factor, PF, and b) magneto-power factor, MPF (MPF = (PFH − PF0)/PF0) as
a function of the external magnetic �eld, µ0H⊥, applied perpendicular to the single Ni and Co�Ni alloy nanowire axis.
Corresponding PF and MPF values for the Co�Ni/Cu multilayered nanowires are shown in (c) and (d), respectively.
The base temperature was set to 300K. Heating powers of 4.1mW for the alloy samples and 2mW for the multilayered
samples were applied, which resulted in quite di�erent mean temperatures T̄ (T̄ = (Thot − Tcold)/2) of the nanowires
[Co71Ni29: 320K, Co39Ni61: 314K, Co24Ni76: 342K, Ni: 362K, Cu (0.2 nm): 307K, Cu (0.8 nm): 315K, Cu (0.9 nm):
314K, Cu (1.4 nm): 310K, Cu (3.5 nm): 311K, Cu (5.2 nm): 305K] depending on the type of material and the thickness
of the microdevice. Figure taken from Ref. [I]

In the presented study, we investigate the thermoelectric power output of an AMR model system and
a current-perpendicular-to-plane GMR model system, given by Co-Ni alloy nanowires and CoNi/Cu
multilayered nanowires, respectively. The magnetic nanowires were synthesized by electrodeposition
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into self-ordered, nanoporous AAO membranes according to procedures from Vega el al.51 and Tóth
et al..148 Before the electrodeposition process, the membranes were coated with SiO2 using ALD,
in order to give the future nanowires a passivation layer.144,145 After electrodeposition, the AAO
membranes were dissolved using chromic-phosphoric acid. In total, we investigated one Ni nanowire
and 3 Co-Ni alloy nanowires with a Co-content ranging from 24% up to 71% and additionally, six
CoNi/Cu multilayered nanowires with a varying Cu-layer thickness between 0.2 nm and 5.2 nm. The
structural and compositional analysis was performed by transmission electron microscopy (TEM) and
TEM-energy dispersive x-ray spectroscopy.74,147 For more information see Ref. [I].
The individual nanowires were electrically contacted by laser lithography followed by a Ti/Pt metal-
lization process. The electrical contact structure is designed to measure S and ρ in one device.74,159

For the alloy, AMR nanowires, we measured maximum values for the MR of up to 6%, for S of up
to 26.5µV/K and for magneto-thermoelectric power MTEP (MTEP = S(H)−S(0)

S(0) , see section 2.3) of
up to 8%. As expected, multilayered, GMR nanowires showed a higher maximum MR of up to 14%
and also a higher maximum MTEP of up to 30%, but a slightly lower S of only up to 24.5µV/K.
Using the Thompson relation Π = S · T̄ , we calculated the Peltier coe�cients of the nanowires as
well as the Peltier heat �ow Q̇ = Π · I at room temperature. For the Co71Ni29 nanowires, we derived
Π = 7.95mV and Q̇ = 80nW, which exceeds the heat generation by Joule heating by a factor of 8 when
using R(Co71Ni29) = 100 Ω and I = 10µA, which are typical values for the nanowire resistance and
measurement current in our experiments. Peltier heating in the magnetic nanowires should therefore
not be neglected.

Figure 4.2: The two-current model for the resistivity
as well as the thermopower S and the resulting ther-
moelectric power factor S2/ρ. a) Without an external
magnetic �eld, the majority and minority spin chan-
nel, ↑ and ↓, exhibit equal ρ↑ and ρ↓, as well as equal
S↑ and S↓, resulting in equal S2/ρ for both spin chan-
nels. b) With an externally applied magnetic �eld, ↑
exhibits lower ρ than ↓, and according to our obser-
vation, S↑ is increased compared to S↓, which results
in an increase of S2

↑/ρ↑ and, �nally, in an increase of
the thermoelectric power factor of the whole system.
Figure taken from Ref. [I]

At room temperature and zero magnetic �eld,
we calculated a thermoelectric power factor PF
(PF = ρS2, see section 2.1 for more in-
formation) of up to 3.6mW/K2m for the al-
loy nanowires and a thermoelectric PF of up
to 2.0mW/K2m for the multilayered nanowires,
which is of the same order of magnitude as
standard thermoelectric materials like bulk Bi2Te3

(PF(Bi2Te3)=1.9mWK−2m−1),154 and exceeds the
thermoelectric PF of Bi2Te3 nanowires by a fac-
tor of 5.160 The investigated magnetic ma-
terials might therefore be interesting candidates
for thermoelectric power generation under spe-
ci�c conditions like waste heat recovery as well
as heat management in electronic materials at
the nano- and micro-scale. Applying an ex-
ternal magnetic �eld at room temperature in-
creased the PF by up to 13% for the alloy
nanowires and by up to 52% for the multi-
layered nanowires within the magnetic saturation
�eld, see Fig. 4.1, to maximum thermoelectric PF
values of 2.1mW/K2m and 4.2mW/K2m, respec-
tively.

For the alloy and multilayered nanowires, the increased thermoelectric performance in increasing mag-
netic �elds can be understood in the framework of Mott's two current model.161 The two current model
is given by two conducting channels by majority electrons ↑ and minority electrons ↓ in a parallel circuit,
see Fig. 4.2. The total resistivity of the magnetoresistive system is given by ρtot = (1/ρ↑ + 1/ρ↓)

−1,
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with the resistivity of the majority and minority channel ρ↑ and ρ↓, respectively. Due to di�erent s-d
scattering cross sections for minority and majority electrons (see section 2.3), one spin channel has a
higher resistivity than the other spin channel. We assume ρ↑ << ρ↓, so that in the limit of full spin-
polarization ρtot(H > Hsat) → ρ↑ < ρtot(H = 0T). The total thermopower of the two parallel con-
ducting spin channels is given by Stot = (S↑/ρ↑ + S↓/ρ↓) / (1/ρ ↑ +1/ρ ↓) with the thermopower of the
majority and minority spin channel S↑ and S↓, respectively, and with min[S↑, S↓] < Stot < max[S↑, S↓].
In large applied magnetic �elds, Stot ≈ (S↑/ρ↑)/(1/ρ↑) = S↑ follows directly from ρ ↑<< ρ ↓. Since in
our experiments, S increases with increasing H, Stot = max[S↑, S↓] and S ↑>> S ↓ follows, see Fig.
4.2 b. Consequently, the thermoelectric PF of the AMR and GMR systems bene�ts from the fact that
for a high degree of spin polarization, the prevailing low resistivity majority channel also exhibits the
higher thermopower compared to the minority spin channel.

4.1.2 [II] Magnetothermopower and Magnetoresistance of Single Co-Ni/Cu

Multilayered Nanowires

Figure 4.3: (a) Scanning electron microscope image of a
nanowire and the electrical contact structure. (b) Parallel (probe
station setup) and perpendicular (cryostat) resistance measure-
ments at RT and a Seebeck coe�cient measurement (cryostat) in
a magnetic �eld for the 3.5-nm Cu sample. Figure taken from Ref.
[II]

For thermoelectric measurements, the dis-
tinction between the absolute Seebeck coef-
�cient of the sample and the leads, Sabssample

and Sabsleads, respectively, is di�cult, because
the measured thermopower Sm always gives
the sum of these two contributions. It is:
Sm = Sabssample + Sabsleads as derived in section
2.1. To perform thermopower measurements
without the in�uence of the contact mate-
rial at low T , one usually chooses supercon-
ducting leads with no thermoelectric voltage
drop. At higher T, Sabs can be determined
using the Thompson e�ect.27,162 As a stan-
dardized lead material for which Sabs is well
known, platinum is usually used in thermoelectric measurements.26,27 Nevertheless, there can be de-
viations from the literature values because S is very sensitive to impurities84 and there can be size
e�ects.39,83 Within the presented study of the magnetoresistance and magnetothermopower of multi-
layered nanowires, we utilized the Mott formula to establish an easy model that distinguishes between
the absolute thermopower contributions of the magnetic nanowires Sabsnw and the non-magnetic leads
Sabsleads. Our model can be applied to ferromagnetic samples in which non-di�usive parts of the ther-
mopower can be neglected, that means electron scattering on grain boundaries and impurities is the
dominant scattering mechanism.

Multilayered Co50Ni50/Cu nanowires were synthesized by electrodeposition into self-ordered AAO
membranes. In order to passivate the surface of the nanowires, the pores of the AAO template were
coated by ALD with 5 nm of SiO2 previous to the electrodeposition process.144,145 The multilayered
Co-Ni/Cu nanowires were prepared by two-pulse plating from a single Watts bath.148 After elec-
trodeposition, the nanowires were released from the AAO membrane by chemical wet etching. Within
the electrodeposition process, we aimed for a 50/50 � Co/Ni composition and for a �xed CoNi layer
thickness but varying Cu layer thicknesses among the di�erent samples. The layer thicknesses as well
as the Co :Ni : Cu composition was tested by high-resolution TEM and TEM-EDS (compare Ref. [II]),
respectively. In total, we investigated six di�erent samples with a Cu layer thickness between 0.2 nm
and 5.2 nm. Individual nanowires were electrically contacted using laser lithography followed by a
Ti/Pt metallization process.74,159 The utilized electrical contact structure (Fig. 4.3 a) is designed to
measure the resistivity ρ of the nanowires as well as S within the same device. Therefore, the contact
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structure consists of one heater line to generate a temperature gradient ∆T along the nanowire as well
as two resistive thermometers to detect ∆T along the nanowire and to measure the thermovoltage Uth.

Figure 4.4: (a) Seebeck coe�cient versus average temperature
times the conductance of the 1.4-nm Cu sample in 25-K steps
from 50 to 325 K with the applied magnetic �eld as an implicit
variable. For simplicity, only data for Uheater = 5V are shown,
which correspond to ∆T of 3K at 25K to 2K at 325K. (b) Energy
derivative of the resistivity at the Fermi energy derived from Eq.
?? against the temperature. (c) O�set from Eq. ?? and the
absolute literature values26,27 of Pt. Figure taken from Ref. [II]

The MR of the multilayered nanowires in
a magnetic �eld B perpendicular to the
nanowire axis (see for example Fig. 4.3

b) varies between 3% and 14% at room
temperature. Utilizing additional MR mea-
surements with B applied parallel to the
nanowire axis and calculating the AMR
(AMR =

R⊥−R‖
R‖

), we can distinguish be-
tween two di�erent MR regimes within our
nanowires. For samples with very thin Cu
spacer layers (Cu (0.2 nm) and Cu (0.9 nm)),
pinholes in the non-magnetic spacer layer
can be assumed, which lead to a direct
exchange coupling and therefore a paral-
lel alignment of the magnetization of neigh-
boring magnetic segments even within zero
magnetic �eld. This results in lowMR values
around 3%. Samples with thicker Cu layers
show higher MR values up to 14%, indicat-
ing closed Cu spacer layers and therefore an
antiparallel magnetization alignment of neighboring magnetic layers in zero magnetic �eld can be as-
sumed. Samples with the unclosed Cu-layers showed a magneto-thermoelectric power MTEP (see Eq.
2.22 in section 2.3) between 2.7% and 4.1%. Nanowires with closed Cu-layers showed slightly a higher
MTEP than MR with MTEP values between 14% and 30% at room temperature.

To evaluate the relation between ρ and S under the in�uence of B, we divide Sm into one part that
describes the absolute thermopower of the nanowire Sabsnw , which can be substituted by the Mott
formula, and one o�set part So�set. It is:

Sm(H) = Sabsnw (H) + So�set = −π
2kB
3q

T

(
δρ

δE

)
E=EF

ρnw(H)−1 + So�set, (4.1)

with the electron charge q and the Boltzmann constant kB. The Mott formula describes only the
di�usive part of Sabsnw , any non-di�usive parts Snon-dif.nw like the phonon drag163 as well as the absolute
thermopower of the contact material Sabsleads are summarized by So�set as So�set = Snon-dif.nw + Sabsleads.
Nevertheless, we assume that Snon-dif.nw can be neglected because the polycrystalline nature of the
electrodeposited nanowires makes electron scattering on grain boundaries and impurities the most
likely scattering mechanism. Note that we assume a magnetic �eld-independent

(
δρ
δE

)
E=EF

, which

can be justi�ed by the linear dependence of S(ρ(H)−1) that is commonly described for magnetic
samples in literature.7,8, 74�82

Eq. ?? gives a linear relation between S and Tρ−1
nw, which is plotted for all base temperatures Tbase

between 50K and 325K in Fig. 4.4 a. For each Tbase, this linear relation is observed, whereas H
is an implicit variable. At each T , a di�erent slope and a di�erent o�set value can be extracted. A
representation of the slope is given as

(
δρ
δE

)
E=EF

in Fig. 4.4 b and the o�set value So�set is given

in Fig. 4.4 c together with the absolute thermopower of platinum SabsPt which is given as a dotted
line. For SabsPt as well as So�set, a thermopower maximum that is caused by the phonon-drag can be
observed between 50K and 100K. One can see that SabsPt and So�set have a common trend. Deviation
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between SabsPt and So�set can arise due to impurities within the Pt leads84 as well as size e�ects that
reduce the phonon-drag peak.39

Figure 4.5: (Temperature dependence of rMR,inf, rMTEP, and rMTP

values, which are corrected under the assumption of Scontact = So�set.
The expected relation between rMTP and rMR,inf according to Eq. 4.2
is observed. Figure taken from Ref. [II]

To quantify the changes of S within an
applied magnetic �eld, the MTEP and
the MTP (compare Eq. 2.22 and Eq.
2.23 in section 2.3) can be used. MTEP
has thermopower contributions from the
sample and from the leads. We use
So�set = Sabsleads to calculate MTP, which
only describes the thermopower change of
the magnetic nanowire without any con-
tributions from the leads. Using MTP
together with the Mott formula, one can
derive:

MTP =
Sm(H)− Sm(0)

Sm(0)− Sleads(0)
=
Sabsnw (H)− Sabsnw (0)

Sabsnw (0)
= −

[
R(H)−R(0)

R(H)

]
= MRinf, (4.2)

with MRinf as the �in�ated� MR, an alternative MR de�nition. In Fig. 4.5 MTEP, MTP and MRinf

are plotted as a function of T . While MTEP shows deviations from the other two curves, MTP and
MRinf give identical values, underscoring our hypothesis that SabsPt = So�set.

4.1.3 [III] Temperature Gradient-Induced Magnetization Reversal of Single

Ferromagnetic Nanowires

In magnetic memory devices, continuous down-scaling of the geometrical single magnetic bit unit sizes
is required to achieve increasing magnetic memory densities. One widely-discussed approach to real-
izing these high memory capacities is the heat-assisted magnetic recording (HAMR).13,14 Following
this concept, shape and crystal anisotropy enhance the magnetic switching �elds HSW (as well as the
coercive �eld HC) and therefore suppress the superparamagnetic limit. To allow for the magnetic bit
writing process, a heating laser is used to reduce HC for a short period of time. In the presented study
in Ref. [III], we show that for the writing process within the HAMR technique, and depending on the
magnetic material, a careful distinction between elevated temperatures and temperatures gradients
has to be made. We �nd that for magnetic materials with a high positive magneto-elastic anisotropy,
HC is actually increased and not decreased when applying a temperature gradient.

Two types of soft magnetic alloy nanowires � Co39Ni61 and Fe15Ni85 � were synthesized by electrodepo-
sition.51,146 After releasing the nanowires from the AAO membranes, single, cylindrical nanowires with
an average diameter of 150 nm and a length of 30µm were acquired. To investigate the temperature
gradient-dependent HC of the nanowires, measurement devices as shown in Fig.4.6 a were fabricated.
In these devices, the nanowire is enclosed but not electrically contacted by two resistive thermometers,
one of which is simultaneously used as a resistive heater. The coercive �elds of the nanowires were
measured via the longitudinal magneto-optical Kerr e�ect.153 We used a NanoMOKETM2 by Durham

Magneto Optics, which was equipped with a 45◦ incidence continuous wave laser light with a power
output of 1.9mW and an in-plane focused spot size of approximately 3µm. In this setup, an external
magnetic �eld of up to ± 0.08T could be applied. A second micro-device (see Fig. 2a in Ref. [III]) was
used to measure coercive �elds of the Co39Ni61 and Fe15Ni85 nanowires at di�erent temperatures, but
under isothermal conditions via anisotropic magnetoresistance measurements inside a PPMS system.
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Figure 4.6: (a) Nanowire device used for magneto-optical Kerr e�ect (MOKE) measurements. (b) Normalized coercive
�elds HC/HC, ∆T=0K for Co39Ni61 and Fe15Ni85 nanowires as a function of the temperature gradient ∆T. Increasing
HC with increasing ∆T for Co39Ni61 nanowires contradicts the basic concept of heat assisted magnetization reversal
(HAMR).

As expected, we observed decreasing HC for increasing T for both Co39Ni61 and Fe15Ni85 nanowires
under isothermal conditions, due to the thermally assisted switching process (see Fig. 3a in Ref. [III]).
We further see a decreasing HC for increasing ∆T for Fe15Ni85 nanowires, but we surprisingly observed
increasing HC for increasing ∆T of 17% for ∆T = 300K for Co39Ni61 nanowires (Fig. 4.6 b).
To explain the unexpected HC(∆T ) dependence of the Co39Ni61 nanowire, we derived an simple model
in which the enhancement of HC is related to axial stress due to an increasing ∆T along the nanowire.
We start with:164

HC =
2Ke�

µ0MS
|cos(Θ)| , (4.3)

with the vacuum permeability µ0, the saturation magnetization MS, the angle Θ between the ex-
ternal magnetic �eld and the magnetization vector and the e�ective anisotropy constant Ke� of the
nanowires, which is given by Ke� = Kshape + Kme. Here, Kshape is the shape anisotropy and Kme

is the magneto-elastic anisotropy. We neglect the magneto-crystalline anisotropy because of its small
values.52,54Kshape is given by eq. 2.3 in section 2.2 and can be calculated to be Kshape(Co39Ni61) =

350 kJm−3 and Kshape(Fe15Ni85) = 200 kJm−3 using MS values55,165 of MS(Co50Ni50) = 1060 kJm−3

andMS(Fe20Ni80) = 795 kJm−3. The magneto-elastic anisotropy constant is given by eq. 2.4 in section
2.2 and shows a ∆T -dependence. While we use the averaged values αCo/Ni/Fe = 12.7 · 10−6 K−1 as
the thermal expansion coe�cient166 and YCo/Ni/Fe ≈ 209GJm−3 gives the Young's modulus for both
Co39Ni61 and Fe15Ni85 nanowires, λme di�ers by one order of magnitude for both magnetic alloys.167,168

With λme(Co39Ni61) = 65 · 10−6 and λme(Fe15Ni85) = −5 · 10−6, we calculated the magneto-elastic
anisotropy constants to beKme(Co39Ni61) = 78 kJm−3 andKme(Fe15Ni85) = −6 kJm−3. Under the as-
sumption thatMS is not changing signi�cantly between 300K and 600K, we calculated the normalized
coercive �elds of the Co39Ni61 nanowires at ∆T = 300K to be

HC(∆T = 300K)

HC(∆T = 0K)
=
Kshape +Kme

Kshape
= 1.22

In contrast, the normalized coercive �eld of the Fe15Ni85 nanowires at ∆T = 300K is given by:

HC(∆T = 300K)

HC(∆T = 0K)
=
Kshape +Kme

Kshape
= 0.97

Plotting these normalized coercive �eld trend lines together with the measured data (Fig. 4.6 b), we
�nd very good agreement between our estimation and the measured data for ∆T < 200K. At higher
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∆T , the experimental HC(∆T=300K)
HC(∆T=0K) are lower than predicted my our model, which we attribute to the

heat-assisted magnetization reversal process due to the elevated average temperature of the nanowire
because of the high applied ∆T .
In this study, other possible origins of the altered HC(∆T )-dependence of the Co39Ni61 nanowires are
also brie�y discussed, but excluded in the end. Firstly, we excluded radial stress as a cause for the
increasing HC for increasing ∆T for the Co39Ni61 nanowires because radial stress due to the SiO2-shell
of the nanowires would also appear for an increasing base temperature of the nanowires, where we
observed decreasing HC for increasing Tbase. Another mechanism that could in�uence the magnetic
switching mechanism of the nanowires is the longitudinal spin-Seebeck (SSE) e�ect.5,6 In that case, a
pure spin current could have a stabilizing or destabilizing e�ect on the magnetization of the nanowires
and could therefore increase or decrease HC. Even if there were a possible in�uence of the SSE, we
think that our model �ts the measurement data in so well that additional major in�uences can be
excluded.

4.2 Thermoelectric characterization of topologically protected

materials

4.2.1 [IV] Thermoelectric characterization of a HfTe5 micro-ribbon

Figure 4.7: (a) Resistivity ρ as a function of tem-
perature T for di�erent applied magnetic �elds B up
to 14T. (b) MR (MR=(ρB − ρ0)/ρ0) as a function
of B at di�erent T . (c) The three di�erent regimes
of the MR (quadratic, linear, and saturating) depend-
ing on T and B. The transition magnetic �elds from
quadratic to linear and from linear to saturating MR
are labeled as Bρ1 and Bρ2, respectively. Figure taken
from Ref. [IV]

In recent years, there has been renewed interest in
well-established thermoelectric materials due to new
theoretical and experimental band structure investiga-
tions. For example, thermoelectric Bi-Te-Sb-Se based
materials have proven to be topological insulators.16

In Dirac21,22 and Weyl23,24 semimetals, new trans-
port phenomena like the chiral anomaly caused by
the breakdown of chiral symmetry between the Weyl
nodes131,133 or the anomalous Hall e�ect (AHE) that
arises due to a Berry curvature associated with the
Weyl nodes169 are commonly investigated by electri-
cal transport measurements. Nevertheless, thermo-
electric transport has also been investigated in Dirac
and Weyl semimetals such as the thermoelectric re-
sponse to the breakdown of chiral symmetry25,170 and
the anomalous Nernst e�ect,171 this being the thermo-
electric equivalent to the AHE.
HfTe5 and ZrTe5 have an orthorhombic crystal struc-
ture152 with the space group Cmcm and have been in-
vestigated since the 1980s. They were �rst studied for
their resistivity anomaly,172,173 and their thermoelec-
tric transport.174 HfTe5 and ZrTe5 possess a higher
thermoelectric power factor (PF) than Bi2Te3 between
150K and 300K31 and are therefore interesting mate-
rials for thermoelectric low-T applications. To further
enhance the PF of HfTe5 and ZrTe5, the e�ect of dop-
ing was intensively studied31,175,176 and in HfTe5:Nd
a PF of up to 6mWK−2m−1 was achieved for 300K.
Recently, the band structure of HfTe5 and ZrTe5 has
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been intensively investigated in theoretical and experimental studies.28�30,98 Ab-inito band simula-
tions28 as well as angle-resolved photoemission spectroscopy investigations29 concluded that HfTe5

and ZrTe5 are located at a phase transition between a weak and a strong topological insulator. The
existence of 3D-Dirac bands is supported by the reported chiral anomaly30,98 in HfTe5 and ZrTe5.
Additionally, the resistivity anomaly in HfTe5 and ZrTe5 was reported to be caused by a temperature-
induced Lifshitz transition, in which the Fermi level is shifted across the Dirac point as the temperature
increases.29,177

Here, we report on magneto-transport measurements on a single-crystalline HfTe5 micro-ribbon. The
micro-ribbon (20µm × 2.1µm × 0.7µm) was mechanically extracted from the bulk crystal and elec-
trically contacted using laser lithography followed by a Ti/Pt metallization process. The utilized
micro-device for the transport measurements consists of one resistive heater line and two resistive
thermometers and is designed to measure the resistivity ρ and the thermopower S in one sample.159

The electric current (I = 100 nA) for the resistivity measurements as well as the temperature gradient
(∆T = 0,29K) for the thermopower measurements were applied along the [100]-axis of the HfTe5

micro-ribbon and the external magnetic �eld B was applied perpendicular to the current direction
along the [010]-axis.

Figure 4.8: (a) The thermopower S as a function of
the temperature T for di�erent applied magnetic �elds
of up to 14T. (b) S as a function of B for tempera-
tures between 100K and 300K and (c) S as a function
of B for low temperatures from 10K to 100K. (d) De-
pending on the T and B, either an increasing |S| for
increasing B or a suppressed thermoelectric transport
can be observed. Figure taken from Ref. [IV]

When plotting ρ as a function of T as shown in
Fig. 4.7 a, a resistivity anomaly peak can be ob-
served at Tp = 60K, which was recently related to a
temperature-induced Lifshitz transition29 that occurs
across Tp. In a temperature-induced Lifshitz transi-
tion, the Fermi surface topology transforms from an
electron-like pocket below Tp to a hole-like pocket
above Tp. At Tp, the Fermi level EF lies in the energy
gap between conduction and valence band and there-
fore a high resistivity is measured. When applying an
external magnetic �eld, we observe an increased ρ over
the whole T -range compared to ρ(T ) at zero magnetic
�eld (Fig. 4.7 a). This increasingly strong semicon-
ducting behavior due to the application of an increas-
ingly strong magnetic �eld is commonly attributed to a
small band gap semiconductor, which experiences an
increasing gap opening due to an increasing applied
magnetic �eld.114,178

In the MR measurements, we observe three di�erent
MR regimes, as shown in Fig. 4.7 b and Fig. 4.7

c. There is a positive quadratic MR for low magnetic
�elds across the whole T -range. At elevated magnetic
�elds, the quadratic MR transforms into a linear MR,
and for T ≤ 100K, we observe saturation of MR for
even further increased B.
The transition points from quadratic to linear and
from linear to a saturating MR are given in Fig. 4.7 c
as Bρ1 and Bρ2 , respectively.
Similar MR curves were recently observed on Cd3As2
and tied to a two-band transport model.179 For HfTe5, a two-band transport mechanism was recently
shown by performing Hall measurements.30 Furthermore, a positive linear MR is often interpreted as a
signature of transport in the lowest Landau level117,180 and was recently identi�ed with strong changes
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in the band structure of a Dirac semimetal when the Dirac cone splits into two Weyl cones due to the
application of an external magnetic �eld.181,182 Nevertheless, in these two scenarios there has to be
an additional mechanism to be responsible for the saturation of MR at elevated B and T ≤ 100K,
which might be given by con�nement e�ects.183,184

In our thermopower measurements, we observe a sign change in S at Tp = 60K from a negative S
below Tp to a positive S above Tp,as given in Fig. 4.8 a, which is in accordance with the temperature-
induced Lifshitz transition.

Figure 4.9: (a) The thermoelectric power factor PF
(PF = S2/ρ, with thermopower S and resistivity ρ) as
a function of the temperature T for di�erent applied
magnetic �elds B up to 14T. (b) The magneto-power
factor MPF (MPF = (PFB-PF0)/PF0) as a function
of B at di�erent T . Figure taken from Ref. [IV]

Magneto-thermopower curves as a function of B for
T ≥ 100K and T ≤ 100K are shown in Fig. 4.8 b and
Fig. 4.8 c, respectively. For low magnetic �elds, |S|
increases for increasing B over the whole T -range. At
more elevated B, |S| starts to decrease for increasing
B, and for even higher magnetic �elds and T ≤ 100K,
|S| approaches 0µV/K. From the S(B)-plots, we ex-
tracted the in�ection points BS , separating the in-
creasing |S| at low B from the decreasing |S| at higher
B, as depicted in Fig. 4.8 d. Comparing Fig. 4.7
c and Fig. 4.8 d, it can be seen that Bρ1 and BS
show good agreement across the whole T-range. The
suppressed thermoelectric transport within an applied
magnetic �eld was recently associated with transport
at the lowest Landau level. Within the quantum limit,
the electron density ρ is independent of T , whereas S is
always proportional to dρ(T )/dT and the thermoelec-
tric transport is accordingly suppressed in the quan-
tum limit.25,170 At T ≤ 50K, we observe the tran-
sition to the quantum limit to be at approx. 0.15T,

which is very similar to measurements on ZrTe5, for which the transition to the quantum limit was
recently observed to be at approx. 0.2T.120 To review the other possible transport mechanisms like
the two-band transport model and the splitting of the Dirac cone into two Weyl cones, a theoretical
description of the corresponding magneto-thermoelectric transport signatures is needed. These are
promising subjects for further theoretical investigations.
The thermoelectric power factor PF (PF= S2/ρ) of the HfTe5 micro-ribbons is given in Fig. 4.9 a as
a function of T for di�erent applied B. For T ≤ 50K, the PF plateaus at a low value with PF(50K,
0T)=0.07mWK−2m−1 and for T ≥ 50K, we observe a steep increase of the PF. For B = 0T, the
thermoelectric PF between 150K and 300K plateaus at approx. 2mWK−2m−1. This is comparable
to the PF of HfTe5 reported by Lowhorn et al.,175 but a factor of three less than the PF of HfTe5:Nd
published in the same study. The magneto-power factor ratio MPF= (PFB - PF0)/PF0, with PFB
being the power factor within a magnetic �eld and PF0 being the power factor without an applied
magnetic �eld, is shown in Fig 4.9 b. MPF increases up to 40% when a magnetic �eld is applied
for T ≥ 200K which is the temperature range that is interesting for thermoelectric applications of
HfTe5 because in this temperature range the PF of HfTe5 exceeds the PF of Bi2Te3.31 The strong
reduction of the PF for T ≤ 100K of MPF≈ -100% corresponds to an almost complete suppression
of the thermoelectric transport.
With the presented transport study on HfTe5, we contribute to the identi�cation of the transport
mechanism as well as the optimization of the thermoelectric power output of this thermoelectric and
topological non-trivial material.
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4.2.2 [V] Berry Phase and Band Structure Analysis of the Weyl Semimetal

NbP

Figure 4.10: Fits of Eq. 4.4 to the raw data
at 2.5K for (a) kx and ky and (b) kz . The full
formula including all frequencies is always �tted;
however, the �tting interval in 1/B is adjusted to
a smaller region as shown in the graphs. Figure
taken from Ref. [V]

A new class of topological materials was experimentally
realized in 2015, when in ARPES measurements, TaAs
was proven to be a Weyl semimetal.101,102 TaAs is the
most prominent member of the so-called TaAs inversion-
breaking Weyl semimetal family, which also includes TaP,
NbAs and NbP.185,186 While all Weyl semimetals exhibit
sets of two Weyl cones with di�erent chirality which are
separated in momentum space, TaAs � due to a large SOC
� exhibits the largest separation of the two Weyl points
in momentum space within the TaAs-family.87 NbP has a
much weaker SOC and the Weyl cones are less separated
in momentum space, which leads to the existence of multi-
ple, parallel conduction channels in NbP besides the Weyl
cones.88 Via the Shubnikov-de Haas (SdH)88,114 and the
de Haas-van Alphen (dHvA)187,188 e�ect, the di�erent
conduction channels in Weyl semimetals can be dissolved
in transport experiments. In SdH measurements with
the magnetic �eld perpendicular to the applied current
(B ⊥ I), transport in the Weyl bands should be strongly
suppressed, due to the chiral symmetry.32 In dHvA mea-
surements both parabolic and topological bands can be
identi�ed via di�erent e�ective masses, mobilities and
Berry phases. A clear understanding of the position of the
Fermi level and the di�erent transport channels is crucial
in Weyl semimetals, to analyze whether Weyl fermions
take part in the electrical transport and and the precondition for e.g. the measurement of the chiral
anomaly129 is given.

In this study, we conducted dHvA measurements on a NbP single crystal along all three crystal axes
of the body-centered tetragonal NbP crystal in a vibrating sample magnetometry (VSM) setup. The
measured dHvA oscillations were plotted as a function of 1/B and the di�erent oscillation frequencies
Fi were extracted by Fourier analysis. For the [100]([010]) direction, we identi�ed four bulk bands
(β, γ, δ, ε) and for the [001] direction, we found two bulk bands (η, θ). To calculate the Berry phase
and the e�ective masses of each band it is necessary to obtain the temperature- and magnetic �eld-
dependent damping factors for each oscillation frequency. To obtain these parameters, we �tted the
measured magnetization M as the superposition of independent, dampened sine functions of Fi for
both lattice directions:115,189

M = a0 +

n∑
i=1

Ai · sin(2πFi
1

B
− ϕi) · edi

1
B . (4.4)

As �tted parameters, we obtained the oscillation amplitude Ai, the damping factor di, the phase ϕi
and a global o�set a0. In Fig. 4.10 a and b, the �tted magnetization curves (red) together with
the original measurement data (black) at 2.5K can be seen for the [100] ([010]) and [001] direction,
respectively. To examine the topological or trivial character of the bulk bands, we derived di�erent
properties from the �tted oscillation parameters.

Firstly, we calculated the Berry phase by using −ϕi = 2π(1/2−Γ+∆) with the Berry phase 2πΓ. ∆ is
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an additional phase shift between ±1/8, which arises due to corrugated Fermi surfaces.190,191 For each
transport direction, we found one band with a non-trivial Berry phase ≥ 0.25, namely the β-band in
the [100] ([010]) direction (Γ + ∆ = 0.54(5)) and the Θ-band in the [001]-direction (Γ + ∆ = 0.48(1)).
These non-trivial Berry phases hint at the topological, non-trivial nature of these bands. The other
transport channels (γ, δ, ε, η) exhibit a Berry phase of Γ + ∆ ≤ 0.25, which we attribute to a parabolic
band structure.

To further explore the topological or trivial nature of the bulk conduction bands, we calculated the
e�ective masses of each conduction band. For this, we used the temperature-dependent plot of the
Lifshitz-Kosevich-Shoenberg (LKS)-formula,18,20,113,114 given by:

M(T,B) ∝ B− 1
2 · eλTDB · χT/B

sinh(χT/B)
, (4.5)

with χ = 4π3kBm
∗

eh as the �tting parameter. kB is the Boltzmann constant, TD is the Dingle tem-
perature, m∗ is the e�ective mass of the charge carriers, τ is the mean carrier life time, and e is
the elementary charge. For the �tting procedure, we used one pronounced oscillation peak at a �xed
B for each oscillation frequency. The oscillation amplitude of this oscillation peak was then plot-
ted as a function of the temperature T , as shown in Fig. 4.11. To fully distinguish between the
magnetization signals from di�erent oscillation frequencies, we used the �tted magnetization from
Eq. 4.4 to calculate the e�ective masses using Eq. 4.5. We �nd a very low e�ective mass of
m∗β = 0.048me for the β-band. Combining this low e�ective mass with the non-trivial Berry phase,
it is further indicated that β is indeed a Weyl band. For the Θ-band, we calculated an e�ective
mass of 0.086me, which cannot be distinguished from the e�ective masses of the other, trivial bands
(m∗γ = 0.110me, m

∗
δ = 0.183me, m

∗
ε = 0.255me, m

∗
η = 0.086me).

Figure 4.11: Best �ts to the T -dependent LKS
plots for all bands. There is a slight mismatch
between the points and the �t at higher temper-
atures due to noise in the FFT data, which can
lead to the determination of slightly lower e�ec-
tive masses than those in reality, particularly in ε
and θ (blue and green graphs). Note that the for-
mula only weakly depends on the values for higher
temperatures, and the standard errors from the �t-
ting procedure are on the order of 5 %. From the
quantization condition ωC ≥ kBT , we expect oscil-
lations from Weyl- pocket bands and consequently
lower e�ective masses to sustain at higher T , as
shown for the β band. Figure taken from Ref. [V]

In a next step, we calculated the carrier mobility µ and
the mean carrier life time τ using the Dingle temperature
TD with TD = h/(4π2kBτ) and µ = e · τ/m∗.113 Also
here, we �nd that the β-band has a signi�cantly larger
mobility (µ = 25800 cm2/Vs) and mean carrier life time
(τ = 0.73 · 10−12 s) than the other transport channels
(compare Ref. [V], Table 1), which further emphasizes
that the β-conduction channel might belong to a Weyl
cone, while the other transport channels might rather be
of parabolic, non-topological nature.
For the β-band, we calculated the energy distance from
the Fermi energy to Weyl node using EF = (~kF)2/m∗.
To determine the Fermi vector kF, we used A = Fi ·2π2Φ0,
with the Fermi surface cross section A = πk2

F and the
magnetic �ux quantum Φ0.20 We determine the Fermi
energy to be EF = 3.74meV. Band structure calculations
of NbP predicted two sets of Weyl cones W1 and W2, with
EF at 5meV below and 57meV above the Weyl cones, re-
spectively.188 Regarding our analysis, with respect to EF,
but also in accordance with the calculated values for m∗,
2πΓ, µ, and τ , we identify the β-band with the W1 Weyl
cone in NbP, while all other transport channels seem to

be of parabolic nature.
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Our �ndings show that due to the weak spin-orbit coupling in NbP,88 Weyl bands as well as parabolic,
non-topological bands are indeed present in NbP. We emphasize that judging the topological or trivial
character of the conduction bands solely from the Berry phase may not be accurate, but a number of
other charge carrier characteristics like the e�ective mass, the mobility, the mean charge carrier life
time and the Fermi energy have to be taken into account.

4.2.3 [VI] Chiral Magnetoresistance in the Weyl Semimetal NbP

Weyl semimetals23,24,101,102,192,193 have proven to be a ideal model system to investigate the break-
down of chiral symmetry,32 a phenomenon that until 2015 had only been observed in particle physics,
namely in the decay of a neutral pion into two photons.127,128 The band structure of Weyl semimetals
(as well as the band structure of Dirac semimetals21,22 that are exposed to su�ciently strong magnetic
�elds) is characterized by pairs of Weyl cones of opposite chirality, which are spatially separated in
momentum space. In general, the chirality � which gives the spin direction of the Weyl fermions with
respect to its linear momentum � is a strictly conserved quantum number, which means that the two
Weyl cones have to be equally populated. In parallel electric and magnetic �elds (E ‖ B), there is a
breakdown of the chiral symmetry (Fig. 4.13 a) and an additional axial current occurs, which can
be measured as a negative magnetoresistance (NMR) in E||B.129 NMR that is related to the broken
chiral symmetry has been reported lately in numerous Dirac97,131,132 and Weyl semimetals.88,133�135

In the presented study (Ref. [VI]), we investigate the chiral anomaly in a NbP micro-ribbon. We
utilize Shubnikov-de Haas (SdH)-oscillation measurements with combined band structure calculations
to determine the Fermi level of our sample and test whether relativistic Weyl fermions take part in
the electrical transport. To verify the chiral anomaly, we investigate the temperature-, magnetic �eld-
and angle-dependence of the NMR of the NbP micro-ribbon for E||B.
Within our study, we worked with a NbP micro-ribbon of 50µm × 2.46µm × 526 nm that was de�ned
by Ga-focused ion beam (FIB) from a NbP bulk sample. The micro-ribbon was de�ned along the
crystal axes of the NbP sample, which were identi�ed by X-ray di�raction (XRD) measurements,
compare Ref[VI]. We chose a micro-ribbon geometry for our sample (and applied contact lines over
the whole width of the sample) to ensure a homogenous E-�eld distribution within the sample and
avoid the e�ect of current jetting.25 Energy dispersive X-ray spectroscopy measurements conducted
in a scanning electron microscope showed a 53% Nb, 45% P and 2% Ga composition on the surface
of the micro-ribbon. The amorphous layer due to the Ga-FBI is about 20 nm and an exponentially
decaying Ga-content deeper into the bulk of the micro-ribbon is assumed.99 We note that such an
amorphous surface layer has no in�uence on the topological properties on the ribbon.99

The NbP micro-ribbon was electrically contacted by laser lithography followed by a metallization
process.159 We conducted magneto-transport measurements from room temperature down to cryogenic
temperatures with an applied magnetic �eld up to ±9T. The current direction was applied along the
[100]-axis and the magnetic �eld was varied from the [100]-axis (0◦ � longitudinal transport) to the
[001] axis (90◦ � transverse transport).

To determine the position of the Fermi level in our sample, we conducted SdH-measurements with
B applied perpendicular to the current direction I. We observed a positive MR that is proportional
to the B2 for low magnetic �elds and proportional to B for high magnetic �elds, when the quantum
limit is reached.180 For low T (T < 50K), we observe SdH-oscillations (Fig. 4.12 a) that are periodic
in 1/B (Fig. 4.12 b). Conducting a Fourier analysis revealed that we observe in total six di�erent
SdH oscillation frequencies of 3.47T, 17.37T, 24.56T, 34.63T, 43.08T and 71.36T (Fig. 4.12 c).
These SdH oscillations frequencies were identi�ed with the di�erent electron and hole pockets of NbP
by performing band structure calculations (Fig. 4.12 d). At the Fermi surface, NbP exhibits two
electron and two hole pockets (E1, E2, H1, and H2 in Fig. 4.12 d).188 For applied magnetic �elds
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Figure 4.12: Transverse magneto-transport and SdH oscillation analysis. (a) The temperature-dependent, transverse
MR reveals non-saturated linearity at high magnetic �elds across the entire T range from 5K−300K and SdH oscillations
below 75K. (b) After the subtraction of a non-oscillatory background, the SdH oscillations show a clear periodicity
in B−1. (c) FFT spectra from 5K to 25K reveal six fundamental SdH frequencies at F1 = 3.47T, F2 = 17.37T ,
F3 = 24.56T , F4 = 34.63T , F5 = 43.08T and F6 = 71.36T . (d) SdH oscillation frequencies F from ab-initio simulations
are shown as a function of the energy E relative to the intrinsic Fermi level EF0. Two electron pockets E1 and E2, which
each have three extremal obits (neck, arm and center), and two hole pockets H1 and H2 with one extremal orbit are
resolved. Matching our experimental data (red dots) to the simulations revealed that EF(doped) is 10meV above EF0
and consequently 5meV above the W2 nodes. Figure taken from Ref. [VI].

along the [001] axis, electron pockets show 3 extremal orbits (labeled as neck, center and arm in
Fig. 4.12 d) and hole pockets show one extremal orbit. From the �t of the experimental data to the
theoretically calculated F (E)-diagram (Fig. 4.12 d), we determined a shift of the Fermi energy of our
NbP micro-ribbon of EF(doped)=+10meV with respect to the intrinsic Fermi level of the bulk sample
of EF0.188 While the W2 Weyl points of the bulk NbP are 5meV above EF0, which prevents these
connected W2 points from exhibiting the chiral anomaly, in our NbP micro-ribbon, the Weyl points
are 5meV below EF, which truly separates them and makes them active for the chiral anomaly.

When we tilted the magnetic �eld to be aligned parallel to the current direction (B||I), we observed a
negative magnetoresistance over the whole temperature range from 5K to 300K (Fig. 4.13 b), which
we relate to an additional axial current due to a breakdown of the chiral symmetry129 (Fig. 4.13 a).
Note that the longitudinal NMR at 300K is enhanced by a factor of 2.9 compared to the NMR at
25K. This observation is attributed to the ionization of Ga, which increases at elevated temperatures
and pushes the Fermi level even closer to the W2 Weyl points. Angle-dependent MR measurements
(Fig. 4.13 c) show that the NMR is extremely sensitive to the angle Φ between B and I. For angles
larger than 10◦, the NMR vanishes. Overall, the MR can be described by a cos2(Φ)-term, which is
in accordance with the chiral asymmetry. For low magnetic �elds (< 4T), we observe a magneto-
conductance (MC = (G(B) − G(0))/G(B)), with the conductance without an applied magnetic �eld
G(0) and with an applied magnetic �eld G(B)) that is proportional to B2 (Fig. 4.13 d), which is
in accordance with the predictions for the chiral anomaly.130 For higher magnetic �elds (> 4T), we
observe a linear MC, which is consistent with the transition from multi-Landau level transport for low
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Figure 4.13: Longitudinal magneto-transport � Chiral anomaly-induced negative magnetoresistance. (a) Energy spec-
trum of left- and right-handed chirality fermions (red and blue, respectively) in parallel applied electric and magnetic
�elds. In the zeroth Landau level, left-handed particles and right-handed antiparticles have been produced, leading to an
additional topological current. (b) Temperature dependence of the NMR in parallel magnetic �elds. (c) Angle-dependent
MR at 300K. (d) Positive magneto-conductance at 300K reveals a parabolic low-�eld regime that evolves into a linear
regime under high magnetic �elds. Figure taken from Ref. [VI]

magnetic �elds to transport in the quantum limit, e.g. transport only in the lowest Landau level for
higher magnetic �elds.180

In conclusion, we showed that the Fermi level of the NbP-micro-ribbon is shifted by electron doping
compared to the Fermi level of a bulk NbP sample188 by 10meV, which makes the W2 Weyl cones in
NbP active for the chiral anomaly. The breakdown of the chiral symmetry for B ‖ E was shown by
the measured temperature, magnetic �eld and angle dependence of the NMR.

4.2.4 [VII] Experimental Signatures of the Mixed Axial-Gravitational Anomaly

in the Weyl Semimetal NbP

The band structure of Weyl semimetals (Fig. 4.14 a) exhibits two Weyl cones with massless fermions
of opposite chirality, which are well separated in momentum space.23,24 When a Weyl semimetal is
exposed to parallel electric and magnetic �elds (E||B), a breakdown of the chiral symmetry occurs
- a phenomenon called the chiral anomaly.32,129 This con�guration of parallel aligned electric and
magnetic �elds is one but not the only �eld con�guration in which a breakdown of the chiral sym-
metry occurs. Three-dimensional chiral fermions are also theoretically predicted to exhibit a mixed
axial-gravitational anomaly,136,137 which is the breakdown of the chiral symmetry in collinear gravi-
tational �elds and temperature gradients (∇g||∇T ). This mixed axial gravitational anomaly has been
proposed to be relevant for the vortical e�ect in the context of a quark-gluon plasma111 and for the
hydrodynamic description of neutron stars.138 Experimental evidence for the existence of the mixed
axial-gravitational anomaly for (∇g||∇T ) has not been reported so far, for lack of experimental access
to su�ciently large ∇g||∇T . Nevertheless, the presence of the mixed axial-gravitational anomaly has
recently been tied to the thermoelectric transport in Weyl semimetals with collinear magnetic �elds
and temperature gradients (B||∇T ).111,112
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4. Selected Results and Discussion

In this study, we used thermoelectric measurements conducted on a NbP micro-ribbon to investigate
the breakdown of the chiral symmetry due to the mixed axial-gravitational anomaly. The measure-
ments were performed on a NbP micro-ribbon (50µm × 2.5µm × 500 nm) with the current direction
along the [100] axis. We veri�ed that the Weyl fermions of the W2-Weyl cones take part in the electrical
transport by determining the Fermi level via SdH-measurements with combined band structure calcu-
lations, see Ref. [VI]. The electric and thermoelectric measurements were performed in a DynaCool
PPMS system (QuantumDesign). We used the elongated geometry of the NbP sample and applied
the contact lines across the full width of the micro-ribbon to provide a homogeneous �eld distribution
and suppress current jetting.25 To generate a temperature gradient along the NbP sample, we used a
resistive heater, which supplies temperature di�erences of up to 350mK.

Figure 4.14: Positive magneto-conductance G(B‖) and
magneto-thermoelectric conductance GT(B‖) in the Weyl
semimetal NbP. (a) Sketch of two Weyl cones with distinct
chiralities +χ and −χ, represented in green and red, respec-
tively. E, kx and ky are the energy and the components of
the momentum vector k in x and y directions, respectively.
kD denotes the distance of the chiral nodes from their center
point in momentum space. (b( and (c) False-colored opti-
cal micro-graphs of the devices used to measure the electrical
conductance G = J/E (b) and thermoelectric conductance
GT = J/|∇T | (c). The red and the green ends of the color
gradient denote the hot and cold sides of the device, respec-
tively. Four NbP micro-ribbons (green) were investigated, all
showing similar results. The data for the �rst ribbon are pre-
sented here. (d) and (e) G(E‖B) (d) and −GT(∇T‖B) (e)
as functions of the magnetic �eld B‖ at a cryostat base tem-
perature of T = 25K (solid lines); the negative sign accounts
for electron transport. The dotted lines show the predicted
dependence (∝ B2). Figure taken from Ref. [VII]

To verify the breakdown of the chiral sym-
metry due to the chiral anomaly, we con-
ducted electrical conductance G measure-
ments in parallel electric and magnetic �elds
(Fig. 4.14 b), revealing a positive magneto-
conductance (Fig. 4.14 c). This posi-
tive magneto-conductance is associated with
an increasing axial current for increasing mag-
netic �elds as the breakdown of the chi-
ral symmetry occurs.129 The magneto-
conductance changes from ∼B2 as it is typ-
ical for multi-Landau-level transport130 to
∼B at the quantum limit (e.g. ap-
prox. 4T at 25K in the NbP micro-
ribbon, compare Ref. [VI] and Ref.
[VII]), where transport only takes place in
the lowest Landau level.180 The posi-
tive magneto-conductance analysis is equiva-
lent to the analysis of the negative magne-
toresistance measurements, presented in Ref.
[VI].

The breakdown of the chiral symmetry due
to the mixed axial-gravitational anomaly was
investigated in a magnetic �eld that is
applied parallel to a temperature gradient
(Fig. 4.14 d).The total current J that is
�owing through the sample is given by J =

GE + GT∇T . We performed the magneto-
thermoelectric measurements in a closed circuit
setup to ensure E = 0 and J = GT∇T to
safely distinguish between measurement signals
due to the chiral anomaly for E||B and ∇T = 0

and the mixed axial-gravitational anomaly for
∇T ||B and E = 0. In a parallel magnetic �eld with respect to the temperature gradient and for
low magnetic �elds where multiple Landau levels contribute to the electric transport, we measure an
increasing GT for increasing B (Fig. 4.14 e). This positive magneto-thermoelectric conductance is
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attributed to an increasing axial current for increasing B, due to the breakdown of the chiral symme-
try caused by the mixed axial-gravitational anomaly (Fig. 4.15 a). For higher magnetic �elds, when
transport takes place only in the lowest Landau level, we observe a decreasing |GT| for increasing B
with the thermoelectric signal approaching 0 nA/K−1, which is attributed to the thermoelectric trans-
port after reaching the quantum limit.25,194

Figure 4.15: Evidence of the mixed axial-gravitational
anomaly in NbP. (a) Parallel temperature gradients (∇T )
and magnetic �elds (B) result in a transfer of particles
and energy (E) from one cone to the other. (b) Negative
magneto-thermoelectric conductance without zero-�eld contri-
butions (−∆GT) at selected temperatures (see colour scale),
for B‖∇T . The negative sign accounts for electron transport.
(c) −∆GT versus |B| for di�erent angles ϕ (colour scale) be-
tween the temperature gradient and magnetic �eld (see in-
set), at T = 300K. The magneto-conductance is negative for
ϕ > 30◦ at high �elds. (d) Angular dependence of −∆GT at
T = 300K, for varying magnetic �eld strength (colour scale).
Figure taken from Ref. [VII]

To investigate the axial-gravitational anomaly
in more detail, we performed temperature-
and angle-dependent magneto-thermoelectric
conductance measurements. When perform-
ing temperature-dependent magneto-thermo-
electric conductance measurements, we ob-
serve positive magneto-thermoelectric conduc-
tance over the whole measured T -range at low
magnetic �elds (e.g. B ≤ 4T at 25K) from
25K to 300K, as shown in Fig. 4.15 b.
The decreasing magneto-thermoelectric conduc-
tance at higher magnetic �elds (e.g. B ≥ 4T at
25K), when the quantum limit is reached, can
only be observed up to 150K. At higher tem-
peratures, the thermal broadening of the den-
sity of states at the Fermi energy has become
too large to realize electrical transport that is
restricted to the lowest Landau level. When we
rotate the magnetic �eld such that there is an
angle φ > 0◦ between B and ∇T , we observe
that the positive thermoelectric conductance
is locked to collinear magnetic �eld and tem-
perature gradient components.112,139�142 For
φ > 0◦, a much weaker positive magneto-
thermoelectric conductance is observed than for
φ = 0◦. For large angles, we even observe a
negative magneto-thermoelectric conductance.
Measuring the magneto-thermoelectric conduc-
tance at di�erent angles, reveals a ∼ cos2(φ)-dependence of the magneto-thermoelectric conductance
(Fig. 4.15 d), as it is also observed in angle-dependent magneto-conductance measurements (compare
Fig. 4.13 c).

In summary, we observed signatures of the mixed axial-gravitational anomaly in magnetic �eld-,
temperature- and angle-dependent thermoelectric transport experiments in the Weyl semimetal NbP.
By investigating the mixed axial-gravitational anomaly in a condensed matter system, we realized an
experiment that remains elusive in the context of high-energy physics.

45





5 Conclusion and Outlook

In this thesis, di�erent studies with a focus on thermoelectric transport were conducted to explore
the transport phenomena in condensed matter systems belonging to two di�erent research areas. In
the beginning of this thesis, magnetic AMR and GMR nanowires were investigated by thermoelectric
means in the framework of spincaloritronic transport studies. The second part of this this thesis deals
with the band structure characterization by magnetometry as well as electric and thermoelectric trans-
port measurements in the topological non-trivial materials HfTe5 and NbP.
In the �eld of spincaloritronics, the thermoelectric power output of magnetic nanostructures from two
di�erent magnetoresistance regimes were investigated by performing magnetoresistance and magneto-
thermopower measurements on CoNi alloy AMR and CoNi/Cu multilayered GMR nanowires.[I] We
showed that the thermoelectric power generation from waste heat at the nanoscale is becoming a com-
petitive scenario compared to conventional thermoelectric materials. The thermoelectric power factor
of the magnetic nanowires can compete with the power factor of common thermoelectric bulk mate-
rials154 such as Bi2Te3 and clearly exceeds the thermoelectric power factors of Bi2Te3 nanowires.160

When we applied an external magnetic �eld to the magnetic nanowires, the thermoelectric power factor
of the AMR wire increased by 13% and the thermoelectric power factor of the GMR nanowires increased
by 52%, because the prevailing majority spin channel simultaneously exhibits the lower resistivity as
well as the higher thermopower compared to the minority spin channel. Magnetic Nanostructures have
a higher thermal conductivity195 compared to the thermoelectric Bi�Sb�Te�Se materials.196 Addition-
ally the magnetic nanostructures can adjust their transport properties to changing loads and hot spots
by an applied magnetic �eld. Therefore, we suggest magnetoresistive nanostructures for future heat
dissipation applications in nano- and microscale electronic devices.
By utilizing current-perpendicular-to-plane magnetoresistance and magnetothermopower measurements
on CoNi/Cu multilayered nanowires,[II] we con�rmed the linear relation between the thermopower S
and the electrical conductivity σ, with the magnetic �eld as an implicit variable, which is described
by the Mott formula.59 Compared to previous studies, which investigated this linear relation for fer-
romagnetic systems7,8, 74�82 we could additionally identify the thermopower o�set value that arises
in S(σ) plot with the absolute thermopower of the electrical contact material. Thereby, we were
able to establish a virtual tool to distinguish between the absolute thermopower contributions within
a thermoelectric measurement circuit. Our model needs a thermoelectric measurement circuit that
is composed of one non-magnetic material and one ferromagnetic material that is polycrystalline or
nanostructured so that a di�usive thermoelectric transport can be assumed and the Mott formula can
be applied. Utilizing our model, various systematic studies on the absolute thermopower on metallic,
low thermopower materials are possible. For example, the size e�ect on the phonon-drag39 in Pt thin
�lms could be further investigated. Our model could be also utilized to distinguish the absolute ther-
mopower contributions in other magnetoresistive systems for example in magnetic tunnel junctions
exhibiting TMR.
On CoNi and FeNi nanowires, the magnetic switching process was investigated under the in�uence
of elevated base temperatures and temperature gradients.[III] For increasing base temperatures, we
observed decreasing coercive �elds, in accordance with the concept of heat-assisted recording technol-
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5. Conclusion and Outlook

ogy.13,14 In contrast, we observed decreasing coercive �elds in FeNi but increasing coercive �elds in
CoNi nanowires for increasing, applied temperature gradients along the nanowire axis. We attribute
our observation to a stress-induced enhancement of the magneto-elastic anisotropy contribution to the
e�ective anisotropy of the nanowires due to the applied temperature gradient. We were able to �t
our measurements with a simple, quantitative model. With our results we highlight the quite distinct
e�ect of elevated base temperatures and temperature gradients on the switching �elds of magnetic
nanostructures dependent on their magneto-elastic anisotropy constant and reveal potential engineer-
ing challenges in future heat-assisted recording devices.
In the research �eld of topological insulators and semimetals, we investigated HfTe5, which hosts 2D/3D
Dirac fermions28�30 by means of magnetoresistance and magneto-thermopower measurements.[IV] When
applying a magnetic �eld perpendicular to the transport direction, we observe a positive quadratic,
positive linear and saturating magnetoresistance depending on the temperature and magnetic �eld
range. Similar signatures were recently reported for a two-band transport model in Cd3As2.179 For
materials with a linear dispersion relation, the observed linear magnetoresistance is often associated
with transport exclusively at the lowest Landau level,117,180 but was recently also tied to a splitting of
the Dirac cone when a magnetic �eld is applied.181,182 Furthermore, we observe a vanishing magneto-
thermoelectric transport for temperatures below 100K and su�ciently strong magnetic �elds, which
is the thermoelectric transport signature of the quantum limit.25,170 Nevertheless, for a �nal evalua-
tion of the observed transport signatures in HfTe5, the magneto-thermoelectric transport signatures
of a two-channel transport model and for the splitting of the Dirac cone are needed. For temper-
atures between 150K and 300K, which is the temperature range that is relevant for thermoelectric
applications of HfTe5,31 we observe an increased thermoelectric power output by up to 40% for suf-
�ciently strong applied magnetic �elds compared to the power output at zero magnetic �eld. With
our magneto-thermoelectric characterization of HfTe5, we contributed to the investigation of the fun-
damental transport mechanisms in HfTe5 as well as to the optimization of the thermoelectric power
output of HfTe5, which might be relevant for future applications.
On a bulk crystal of the Weyl semimetal NbP, we used magnetometry measurements to identify di�er-
ent conduction channels along all fundamental crystal axis.[V] We identi�ed di�erent dHvA oscillation
frequencies and �tted the magnetization curves as independent, dampened sine functions of the di�er-
ent oscillation frequencies to calculate the e�ective mass, the Berry phase, the mobility and the mean
charge carrier life time. Our detailed band structure analysis emphasizes that judging about the topo-
logical or topological-trivial character of a conduction band by only analyzing the Berry phase may
not be su�cient, and other parameters also have to be taken into account. We found several parabolic
bands, as expected due to the low SOC in NbP88 as well as one Weyl band, which we identi�ed with
the NbP W2 Weyl band188 via the calculated distance between the Weyl node and the Fermi energy.
Experimental veri�cation that Weyl fermions exist at the Fermi energy within a Weyl semimetal is
crucial for the observation of Weyl physics in transport experiments. The presented band structure
analysis of the bulk NbP crystal thereby sets the basis of the following NbP transport studies.
In a next step, we performed magnetoresistance measurements on a NbP micro-ribbon.[VI] The micro-
ribbon geometry with a high aspect ratio and contact lines across the full width of the sample was
chosen to suppress parasitic e�ects like current jetting.25 In transverse magnetoresistance measure-
ments, we observed SdH oscillations. Analyzing the SdH oscillation frequencies with combined band
structure calculations revealed that the Fermi level of the NbP micro-ribbon was shifted to be 5meV
above the W2 Weyl points, which truly separates the W2 Weyl cones at the Fermi energy and makes
them active for the chiral anomaly. The shifted Fermi energy of +10meV compared to a study of
bulk NbP might be caused electron doping due to the Ga-implantation from the FIB micro-ribbon
de�nition. In longitudinal magnetoresistance measurements, we detected a negative magnetoresis-
tance over the whole temperature range. The magnetic �eld- temperature-, and angle-dependence of
the negative magnetoresistance is consistent with transport signatures of the broken chiral symmetry.
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With our measurements we con�rmed the breakdown of the chiral symmetry � like other recent stud-
ies30,97,131,132,134,135,185 � in a condensed matter system, almost 50 years after the breakdown of the
chiral symmetry was established by Adler, Bell and Jackiw127,128 to explain the decay of a neutral pion
into two photons in the research �eld of particle physics. A next step in the research on broken chiral
symmetry in condensed matter systems is the detection of transport signatures of the chiral anomaly
in other transport coe�cients like the thermopower or the thermal conductivity.
In the last study of this thesis, thermoelectric measurements on a micro-ribbon of the Weyl semimetal
NbP are presented.[VII] In collinear magnetic �elds and temperature gradients, we observed a break-
down of the chiral symmetry, which results in an increasing thermoelectric conductivity for increasing
magnetic �elds below the quantum limit. Within the quantum limit, we observed vanishing thermo-
electric transport. With di�erent theoretical approaches, the breakdown of the chiral symmetry in
collinear magnetic �elds and temperature gradients in �at space time was tied to the breakdown of
the chiral symmetry in curved space time with collinear magnetic and gravitational �elds.111,112 The
breakdown of the chiral symmetry under these experimental conditions is accordingly referred to as the
mixed, axial-gravitational anomaly. We con�rmed the mixed, axial-gravitational anomaly in NbP with
temperature-, magnetic �eld-, and angle-dependent, thermoelectric measurements. Thereby, we were
able to realize an experiment that remains elusive in high-energy physics. Very recent and ongoing
research on the mixed-axial-gravitational anomaly tries to verify the according transport signatures of
a broken chiral symmetry in thermal conductivity measurements.197

49



Experimental Details

Table 5.1: De�nition of the Ti/Pt electrical contact structure for contacting individual, magnetic nanowires.

Step Process Parameters

1 Spin coating of LOR-3B lift-o� resist
(MicroChem)

500 rpm, 5 s,
3500 rpm, 45 s

2 Soft baking on hot plate 180 ◦C, 4min 10 s

3 Spin coating of maP-1205 photoresist
(micro resist technology)

500 rpm, 5 s,
3500 rpm, 30 s

4 Soft baking on hot plate 100 ◦C, 30 s

5 Exposure using laser lithography
(Heidelberg Instruments, µpG 101)

15W, 65%

6 Development using maD-331 (microresist technology) 42 s

7 rinsing with water

8 drying with N2

9 Ar-sputter etching
(Torr International, CRC-600)

7.4mTorr, 30W,
15 sccm, 10min

10 Ar-RF -magnetron sputtering of Ti
(Torr International, CRC-600)

7.4mTorr, 80W,
15 sccm, 2min

11 Ar-DC-magnetron sputtering of Pt
(Torr International, CRC-600)

7.4mTorr, 50mA,
15 sccm, 15min

12 Lift-o� in Microposit Remover 1165 (Shipley) 80 ◦C, 20min

13 rinsing with water

14 drying with N2
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Table 5.2: De�nition of the Ti/Pt electrical contact structure for contacting individual, NbP and HfTe5 micro-ribbons.

Step Process Parameters

1 Spin coating of LOR-3B lift-o� resist
(MicroChem)

500 rpm, 5 s,
3500 rpm, 45 s

2 Soft baking on hot plate 180 ◦C, 4min 10 s

3 Spin coating of maP-1205 photoresist
(micro resist technology)

500 rpm, 5 s,
3500 rpm, 30 s

4 Soft baking on hot plate 100 ◦C, 30 s

5 Exposure using laser lithography
(Heidelberg Instruments, µpG 101)

15W, 65%

6 Development using maD-331 (microresist technology) 42 s

7 rinsing with water

8 drying with N2

9 Ar-sputter etching
(Torr International, CRC-600)

7.4mTorr, 30W,
15 sccm, 10min

10 Ar-RF -magnetron sputtering of Ti
(Torr International, CRC-600)

7.4mTorr, 80W,
15 sccm, 5min

11 Ar-DC-magnetron sputtering of Pt
(Torr International, CRC-600)

7.4mTorr, 50mA,
15 sccm, 30min

12 rotate the substrate in the sputtering machine by 180 ◦

13 Ar-DC-magnetron sputtering of Pt
(Torr International, CRC-600)

7.4mTorr, 50mA,
15 sccm, 30min

14 Lift-o� in Microposit Remover 1165 (Shipley) 80 ◦C, 20min

15 rinsing with water

16 drying with N2
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Fundamental Constants

constant symbol value unit

electron mass me 9.1094 · 10−31 kg

electron charge e 1.6022 · 10−19 As

Plank constant ~ 1.0546 · 10−34 Js

Boltzmann constant kB 1.3806 · 10−23 JK−1
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ABSTRACT

HfTe5 is a promising low-temperature thermoelectric material. Its thermoelectric power output has been investigated at different tempera-
tures and with different dopants. Recently, research has focused on the nontrivial topological band structure of HfTe5. Whereas band struc-
ture simulations and angle-resolved photoemission spectroscopy experiments put HfTe5 at the transition between a weak and a strong
topological insulator, observations of the chiral magnetic effect indicate that HfTe5 is instead a Dirac semimetal. In this study, we contribute
to the investigation of transport phenomena in HfTe5 by magnetoresistance (MR) and magnetothermopower (MS) measurements on a
single-crystalline HfTe5 microribbon measuring 20 lm � 2.1 lm � 0.7 lm, with a magnetic field applied perpendicular to the transport
direction. Interestingly, we see an almost complete suppression of the thermopower for elevated magnetic fields at temperatures of
T� 100K, while an increased magnetothermopower is observed for increasing magnetic fields at T� 150K. First, we analyze the magnetic
field-dependence of the magnetoresistance and magnetothermopower for different temperatures and propose several possible transport
mechanisms responsible for the vanishing magnetothermoelectric transport at low temperatures. Furthermore, we report on an increase in
the thermoelectric power factor by up to 40% due to an applied magnetic field and for temperatures between 150K and 300K, which is the
temperature range relevant for thermoelectric applications of HfTe5.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116788

In recent years, theoretical and experimental band structure
investigations have sparked renewed interest in thermoelectric
materials known for several decades. For example, Bi-Te-Sb-Se
based materials like Bi2Te3, which have primarily been investigated
for their thermoelectric power generation, have proven to be topo-
logical insulators.1 For thermoelectric characterization, measure-
ments of the electrical resistivity q, the thermopower S, and the
thermal conductivity are performed. In Dirac2,3 and Weyl4,5 semi-
metals, electrical transport measurements are commonly used to
investigate new transport phenomena like the chiral anomaly
caused by the breakdown of chiral symmetry between the Weyl
nodes6,7 or the anomalous Hall effect (AHE) that arises due to a
Berry curvature associated with the Weyl nodes.8 Additionally,
thermoelectric transport phenomena have been investigated in
Dirac and Weyl semimetals, like the thermoelectric response to the

breakdown of chiral symmetry9,10 and the anomalous Nernst
effect,11 which is the thermoelectric equivalent to the AHE.

Lately, there has also been renewed interest in isostructural,
layered materials HfTe5 and ZrTe5. HfTe5 and ZrTe5 have an ortho-
rhombic crystal structure12 with the space group Cmcm. They are
characterized by a layered structure with sheets in the a-c plane, which
are stacked along the b-axis. HfTe5 and ZrTe5 have been investigated
since the 1980s and were first studied for their resistivity anomaly13,14

and thermoelectric transport.15 They are interesting materials for
thermoelectric low-T applications because they possess a higher
thermoelectric power factor (PF) than Bi2Te3 between 150K and
300K.16 To further enhance the PF of HfTe5 and ZrTe5, the effect of
doping was intensively studied.16–18 Doping of single-crystalline HfTe5
and Hfx-Zr1-xTe5 showed remarkable thermoelectric PF of up to
6mW/K2m for HfTe5:Nd at 300K.17 Thermoelectric transport
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experiments on polycrystalline ZrTe5 and polycrystalline iodine-
doped ZrTe5 explain the observed transport phenomena in poly-
crystalline as well as single-crystalline flux- and vapor-grown ZrTe5 by
a two-band model, consisting of a valence band with a high mobility
and a conduction band with high effective masses.19 Recently, the
nontrivial topological band structure of HfTe5 and ZrTe5 has
been investigated in theoretical and experimental studies.20–23 While
ab initio band simulations20 as well as angle-resolved photoemission
spectroscopy investigations21 show that HfTe5 and ZrTe5 are located
at a phase transition between a weak and a strong topological insula-
tor, the reported chiral anomaly22,23 indicates the existence of
3D-Dirac bands in HfTe5 and ZrTe5. Additionally, a temperature-
induced Lifshitz transition, in which the Fermi level is shifted across
the Dirac point as the temperature increases, was reported to be
responsible for the resistivity anomaly in HfTe5 and ZrTe5.

21,24

In this study, we conducted magnetoresistance (MR) and magne-
tothermopower (MS) measurements on a single-crystalline HfTe5
microribbon with the magnetic field perpendicular to the transport
direction from room temperature down to cryogenic temperatures and
for magnetic fields of up to 614T. While we observe a PF growing
continuously up to 35% for increasing magnetic fields at room temper-
ature, we see vanishing thermoelectric transport for T� 100K and ele-
vated magnetic fields. Analyzing the MR and MS curves, we propose
different transport mechanisms including a two-carrier transport
model, transport exclusively at the lowest Landau level, and a splitting
of the Dirac cone into two Weyl cones that fit the observed MR curves
and might be responsible for the almost complete suppression of S.

The HfTe5 single crystal used in this study was grown by chemi-
cal vapor transport.25 Single-crystal x-ray diffraction showed that the
HfTe5 samples adopted the Cmcm structure and the probed lattice
constants26 of a¼ 3.974 Å, b¼ 14.481 Å, and c¼ 13.720 Å are in good
agreement with the previously reported values for HfTe5.

12 Energy-
dispersive X-ray spectroscopy (EDXS) shows a near-stoichiometric
composition of 1 : 4.97 Hf - Te in our sample.26

For the magnetotransport measurements, an HfTe5 microribbon
was mechanically extracted from the bulk crystal using a micromanip-
ulator. The HfTe5 microribbon (20lm� 2.1lm� 0.7lm) was placed
on a glass substrate and electrically contacted by laser lithography
combined with a Ti/Pt metallization process. The electrical contact
structure consists of one resistive heater line and two resistive ther-
mometers. The same contact structure is used to measure q [Fig. 1(a)]
as well as S27,28 [Fig. 1(b)]. We chose a microribbon geometry for our
measurement setup to ensure a one-dimensional temperature gradi-
ent. The orientation of the crystal axes within the microribbon was
identified by electron backscattering diffraction (EBSD) within a scan-
ning electron microscope. We confirmed that electrical transport occurs
along the [100] axis. The magnetotransport measurements were per-
formed between 1.7K and room temperature with an external magnetic
field up to 614T. The electric current (100nA) used for the resistivity
measurement and the temperature gradient (DT¼ 0.29K6 0.04K)
used for the thermopower measurement were applied along the [100]
axis, and the magnetic field was applied perpendicular to the current
direction, along the [010] axis.

For temperatures T of room temperature and below, we observe
nearly constant q(T) until approximately 150K with a room tempera-
ture resistivity of 1.2mX cm [Fig. 1(c)]. Toward lower T, the resistivity
anomaly peak appears at the transition temperature of Tp� 60K,

which is slightly shifted downward compared to literature data for
bulk samples13 (Tp,lit.� 74K). Using angle-resolved photoemission
spectroscopy (ARPES) measurements, this resistivity anomaly peak
was recently identified to result from a temperature-induced Lifshitz
transition that occurs across Tp.

21 The Fermi surface topology trans-
forms from an electronlike pocket below Tp to a holelike pocket above
Tp. At Tp, the Fermi level EF lies in the energy gap between the valence
and conduction bands, resulting in increased resistivity at Tp.
Accordingly, we observe a transition from an n-type semimetal for
T<Tp to a p-type semimetal for T>Tp. In our thermopower mea-
surements, we observed a positive S at room temperature
[S(300K)¼ 150lVK�1] and a sign change to a negative S below Tp
[Fig. 1(d)]. Compared to the literature data,15 we observe an increased
positive S above Tp but a decreased negative S below Tp. We therefore
conclude that EF in our HfTe5 microribbon is shifted toward the
valence band compared to the depicted literature data.15 We would
like to note that the resistivity and the thermopower have uncertainties
of 6% and 14%, respectively, caused by uncertainties in the determina-
tion of the geometry and temperature gradient.

For any applied external magnetic field, the resistivity as a func-
tion of temperature q(T) is increased over the entire temperature
range of 2K to 300K as compared to no applied field [Fig. 2(a)]. At
300K, there is a moderate positive MR of 25% with an applied mag-
netic field of 14T. At 2K, we observe a positive MR of 95% when
applying a magnetic field of 14T. Additionally, we observe that the
resistivity anomaly peak shifts to higher T when an external magnetic
field is applied. The observed increasingly strong semiconducting
behavior for increasingly strong magnetic fields is normally associated
with small gap semiconductors, which exhibit an increasing gap open-
ing due to the external magnetic field.29,30

In the next step, we recorded the MR [MR¼ (RB –R0)/R0], with
R0 being the resistance at zero magnetic field and RB being the resis-
tance within a magnetic field as shown in Fig. 2(b). Depending on T
and B, we observe three different MR regimes. First, there is a positive,
quadratic MR at low magnetic fields across the whole T-range. For

FIG. 1. False color, optical micrograph of the HfTe5 microribbon (20lm � 2.1lm
� 0.7lm) (red) and the electrical contact structure in the configuration for electrical
resistivity measurements (a) and thermopower measurements (b). In (b), the resis-
tive heater line and the two resistive thermometers are labeled as the heater and
Th1/Th2, respectively. (c) The resistivity q and (d) the thermopower S as a function
of temperature T. The measured resistivity and thermopower of the microribbon
(red) are compared with literature values13,15 (gray) for several HfTe5 bulk samples.
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higher magnetic fields, this quadratic MR becomes a linear MR. The
corresponding transition magnetic field Bq1 from quadratic to linear
MR is 0.15T at 5K and increases to 5T at 300K [Fig. 2(c)]. For
T� 100K, we observe an additional saturation in MR for a further
increased B beyond the linear MR regime [Fig. 2(b)]. The transition
magnetic field Bq2 from linear MR to a saturating MR is also given
in Fig. 2(c).

MR signatures similar to those observed by us – namely, a strong
increase in the MR for increasing B combined with a saturating MR
at further increased B – have previously been observed in the Dirac
semimetal Cd3As2 and were associated with a two-carrier transport
behavior.31 For HfTe5, a two-carrier transport mechanism was
recently found in Hall measurements.22 Furthermore, the MR
curves for T� 100 K might, at first glance, look similar to MR
peaks caused by weak antilocalization (WAL).32 Nevertheless, we
note that WAL is usually associated with much weaker magnetic
fields as well as lower temperatures. Our observed values of more
than 1 T and up to 100 K are therefore highly uncharacteristic of
the WAL, respectively. Thus, exclude WAL as an explanation for
the measured signatures.

Another approach to analyze the measured MR curves is to con-
sider the different MR regimes independently. Particularly, the linear
MR, which we observe for T> 100K for the whole B range and for
T� 100K in intermediate B ranges [compare Fig. 2(c)], is widely dis-
cussed for materials with linear band crossings in their band structure.
It can be caused by different phenomena. First, a linear MR can be
caused by disorder-induced mobility fluctuations,33 which we exclude
because of the single crystalline nature of our sample. Second, a linear
MR can be a signature of the quantum limit which means that transport
exclusively takes place at the lowest Landau level.34,35 Third, a linear MR
has recently been associated with strong changes in the electronic struc-
ture of Dirac semimetals, where the Dirac cone splits into two Weyl
cones due to an applied magnetic field.36,37 Nevertheless, considering
the linear MR as an independent transport signature requires an addi-
tional mechanism to be responsible for the saturation of MR at elevated
B and T� 100K. One possible mechanism for the saturation of MR
might be confinement effects.38,39

The thermopower as a function of T for different elevated mag-
netic fields shows an increase in S at high T well above the p-n transi-
tion and a decrease in jSj for T below the p-n transition [Fig. 3(a)].

FIG. 2. (a) Resistivity q as a function of temperature T for different applied mag-
netic fields B up to 14 T. (b) MR [MR¼ (qB – q0)/q0] as a function of B at different
T values. (c) The three different regimes of the MR (quadratic, linear, and saturat-
ing) depending on T and B. The transition magnetic fields from quadratic to linear
and from linear to saturating MR are labeled as Bq1 and Bq2, respectively.

FIG. 3. (a) Thermopower S as a function of temperature T for different applied
magnetic fields up to 14 T. (b) S as a function of B for temperatures between 100 K
and 300 K and (c) S as a function of B for low temperatures from 10 K to 100 K. (d)
Depending on T and B, either an increasing jSj for increasing B or a suppressed
thermoelectric transport can be observed.
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Additionally, the temperature of the p-n transition increases from
60K at zero magnetic field to 96K at an applied magnetic field of 14T,
which is in agreement with the shift of the resistivity anomaly peak
toward higher T at elevated magnetic fields.

The thermopower plotted as a function of B for different T values
is shown in Figs. 3(b) and 3(c) for T� 100K and T� 100K, respec-
tively. At low magnetic fields, we obtain an increasing jSj with increasing
B. At higher magnetic fields, jSj starts to decrease with further increasing
B, and for even more elevated B at T� 100K, jSj approaches 0 lVK�1

and maintains this constant value as B increases. From the S(B)-plots,
we extracted the magnetic field values of the inflection points BS separat-
ing the increasing S at low magnetic fields from the decreasing S at
higher magnetic fields, as shown in Fig. 3(d). BS increases from 0.14T at
5K to 4.6T at 300K. Comparing the magnetic field values of transition
BS with the field values Bq1 for the transition from quadratic to linear
MR, there is good agreement across the whole temperature range. We
emphasize that the magnetic field value of constant S(B)� 0lV/K
decreases with decreasing T [Fig. 3(c)]. At 100K, S(B)� 0lV/K is
approached at 9.5T, while for 5K, S(B) already plateaus at 1.8T.

The magnetothermoelectric transport curves might indicate the
transport mechanisms in HfTe5 which we introduced for the analysis
of the MR curves. Vanishing thermoelectric transport for elevated
magnetic fields is a transport signature for the transition from multi-
Landau level transport to transport at the lowest Landau level. In gen-
eral, S is proportional to the temperature derivative of the density of
states (DOS). In the quantum limit, the DOS is independent of T.
Therefore, the thermoelectric transport is suppressed in the quantum
limit.9,10 The matching values of Bq1 and BS show that the signatures
of reaching the quantum limit in the magnetoresistance and magneto-
thermoelectric transport appear at identical magnetic field values.
With Bq1/BS at approx. 0.15T for T� 50K, the quantum limit of
HfTe5 would be extremely low. Nevertheless, Wang et al. claim to
observe the quantum limit in ZrTe5,

40 which is isostructural to HfTe5
for comparable magnetic field values. To review the other possible
transport mechanisms, like the two-carrier transport and the splitting
of the Dirac cone into two Weyl cones, a theoretical description of the
corresponding magnetothermoelectric transport signatures is needed.
These are promising subjects for further theoretical investigations.

The thermoelectric power factor PF (PF¼ S2/q) of the HfTe5
microribbons, which quantifies the thermoelectric power output, is given
in Fig. 4(a) as a function of T for different applied B values. For T� 50K,
the PF plateaus at a low value with PF(50K, 0T)¼ 0.07mW/K2m.
For T� 50K, there is a steep increase in the PF. At zero magnetic field,
the thermoelectric PF between 150K and 300K plateaus at approx.
2mW/K2m, which is comparable to the values for HfTe5 reported by
Lowhorn et al.,17 but is lower by a factor of three than that for HfTe5:Nd
from the same study. Figure 4(a) shows that applying a magnetic field to
the HfTe5 microribbon leads to an increase in the PF for T� 150K com-
pared to the PF at zero magnetic field.

To quantify the changes of the PF within the magnetic field, we
calculate the magnetopower factor ratio MPF¼ (PFB –PF0)/PF0, with
PFB being the power factor within a magnetic field and PF0 being the
power factor without an applied magnetic field, as shown in Fig. 4(b).
For T� 200K, MPF increases up to 40% when a magnetic field is
applied. Thus, the PF can be enhanced by applying a magnetic field in
a temperature range that is interesting for thermoelectric applications
of HfTe5 because in this temperature range, the PF of HfTe5 exceeds

the PF of Bi2Te3.
16 Furthermore, we observe a strong reduction of the

PF for T� 100K to MPF� –100% which corresponds to an almost
complete suppression of the thermoelectric transport.

In conclusion, we have performed resistance and thermopower
measurements on an HfTe5 microribbon with the magnetic field per-
pendicular to the transport direction in order to present the first
detailed study of magnetothermoelectric transport in this layered ther-
moelectric material with a nontrivial topological band structure. The
MR shows a positive quadratic, positive linear and saturating MR
depending on T and B, which was previously reported as a signature
of a two-channel transport in the Dirac semimetal Cd3As2.

31

Moreover, the observed linear MR in materials with a linear dispersion
relation is also a signature of transport within the quantum limit34,35

or changes in the band structure due to a splitting of the Dirac
cone.36,37 There is a vanishing thermoelectric transport for increasing
B and T� 100K, which was recently connected to the thermoelectric
transport within the quantum limit.9,10 Nevertheless, a theoretical
description of the magnetothermoelectric signatures of transport in a
two-carrier transport model and for splitting Dirac cones is of high
interest and needed for a final evaluation of the presented data.
Additionally, we find that the PF can be increased up to 40% by apply-
ing a magnetic field between 150K and 300K which is the tempera-
ture range that is relevant for thermoelectric applications of HfTe5.
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Quantenanomalien in Weyl-Halbmetallen

Universum im Kristall
Anna C. Niemann | Johannes Gooth | Claudia Felser | Kornelius Nielsch

Erhaltungsgrößen spielen in der Physik eine zentrale Rolle. Durch 
Quantisierungseffekte müssen diese allerdings in bestimmten Ex­
tremsituationen nicht mehr zwangsläufig erhalten sein. In Weyl-Halb­
metallen gelang es uns nun, den Bruch einer Erhaltungsgröße nachzu­
weisen – eine sogenannte Quantenanomalie. Dies konnte einen 
schwer zugänglichen Effekt aus der Hochenergiephysik bestätigen. 

Im Alltag spielen Erhaltungssätze eine zentrale Rolle, denn 
sie bestimmen letztendlich, welche physikalischen Pro-

zesse in unserer Welt möglich sind und welche nicht. Ihre 
zentrale Aussage ist, dass sich bestimmte physikalische Grö-
ßen, die Erhaltungsgrößen, im Lauf der Zeit innerhalb eines 
isolierten physikalischen Systems nicht ändern. Erhaltungs-
größen aus der klassischen Physik sind beispielsweise Ener-
gie, Impuls, Drehimpuls und elektrische Ladung. 

Der bekannteste Erhaltungssatz ist wohl die Energie
erhaltung, die besagt, dass Energie weder erzeugt noch 
vernichtet werden kann; sie kann lediglich von einer Er-
scheinungsform in eine andere umgewandelt werden. In 
einem isolierten System bleibt somit die Summe aller En
ergien konstant, egal in wie vielen und welchen Formen 
diese vorliegen. Eine wichtige Funktion der Erhaltungssätze 
besteht darin, das makroskopische Verhalten eines Systems 
vorherzusagen, ohne die mikroskopischen Details eines 
physikalischen Prozesses oder einer chemischen Reaktion 
berücksichtigen zu müssen. 

Es zeigt sich, dass jede Erhaltungsgröße Folge einer fun-
damentalen Symmetrie ist. Dabei versteht man unter einer 
Symmetrie eine Eigenschaft des Systems, die nach einer 
bestimmten Änderung, einer Transformation, unverändert 
bleibt. Dieser als Noether-Theoreme [1] bekannte Zusam-
menhang wurde 1918 von Emmy Noether formuliert (s. 
„Hundert Jahre Noether-Theoreme“ in diesem Heft auf 
S. 176). 

Ein Beispiel dafür, dass eine Erhaltungsgröße direkt aus 
Symmetrieüberlegungen abgeleitet werden kann, ist ein 
einkristalliner Festkörper. Dieser hat eine periodische 
Atomstruktur, die auch eine Symmetrie darstellt. Verschiebt 

man ein System von Leitungselektronen im Inneren des 
Kristalls über eine ganzzahlige Anzahl von Perioden der 
Atomstruktur, macht dies für die Leitungselektronen kei-
nen Unterschied. Das führt zu einer erhaltenen Größe na-
mens Quasi-Impuls und ist die Basis von unserer heutigen 
Elektronik [2]. Andersherum sind für Leitungselektronen in 
amorphen Festkörpern eben nicht alle Orte im Festkörper 
gleich, da es keine kristalline, periodische Struktur gibt. Es 
gibt daher keinen Quasi-Impuls, und die Ladung kann nur 
noch sehr schlecht durch den Festkörper fließen.

Quantenanomalien versus Erhaltungsgrößen
Lange Zeit wurde angenommen, dass unsere Welt mit den 
unumstößlichen Erhaltungssätzen der klassischen Physik 
komplett beschrieben ist. Dies änderte sich jedoch 1927 
mit der Einführung der Quantenfeldtheorie, die eine Kom-
bination klassischer Feldtheorien, etwa der Elektrodyna-
mik, mit der Quantenmechanik darstellt. Beim Übergang 
von der klassischen Physik zu einer quantenmechanischen 
Betrachtung sind die Erhaltungsgrößen der klassischen Phy-
sik nicht mehr zwangsläufig erhalten. Man spricht dann von 
Quantenanomalien – oder in Bezug auf die Noether-Theo-
reme von Symmetriebrechungen durch Quantenfluktua
tionen [3]. 

Solche Symmetriebrechungen spielen unter anderem 
eine wichtige Rolle in der Entwicklung unseres Univer-
sums, das heute vorwiegend aus Materie besteht. Man geht 
davon aus, dass kurz nach dem Urknall vor rund 13,8 Milli-
arden Jahren Materie und Antimaterie zunächst aufgrund 
von Symmetrien, also Erhaltungssätzen, zu gleichen Antei-
len entstanden sind. Die Existenz von Antimaterie ist heute 
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experimentell bewiesen. Ihre mathematische Beschreibung 
findet die Antimaterie als negative Energielösungen in der 
Dirac-Gleichung, die das Verhalten von relativistischen Fer-
mionen beschreibt. Dabei versteht man unter Fermionen 
Teilchen wie Elektronen, die einen halbzahligen Eigendreh-
impuls haben, also einen Spin von +1/2 oder –1/2. 

Treffen Teilchen und Antiteilchen aufeinander, vernich-
ten sie sich gegenseitig. Übrig bleibt nur ihre Energie in 
Form von Strahlung. Somit hätten sich Materie und Antima-
terie kurz nach dem Urknall gegenseitig komplett vernich-
ten sollen. Wie kommt es also, dass die Materie nicht restlos 
verschwunden ist? Symmetriebrechende Quantenanoma
lien in der kosmologischen Evolution gelten heute als wahr-
scheinlichste Erklärung dafür, dass unser Universum haupt-
sächlich aus Materie besteht und Antimaterie verschwun-
den zu sein scheint [3].

Nun ist es hier aber mitnichten so, dass Energie, Impuls 
oder Ladung in der Quantenmechanik völlig freie Größen 
sind, die keinerlei Erhaltungssätzen unterworfen sind. Die 
Quantenmechanik kann klassische Erhaltungssätze nur un-
ter extremen Bedingungen, etwa auf ultrakurzen Zeit
skalen oder in sehr starken Kraftfeldern aushebeln. Wäh-
rend des Abbremsens der kosmologischen Expansion nach 
dem Urknall und der damit verbundenen Abkühlung des 
Universums wurden zum Beispiel schrittweise kritische 
Temperaturen erreicht, bei denen neue Kräfte und neue 
Teilchen auftreten, die jeweils zu Symmetriebrechungen 
führen [3]. 

Die Quantenanomalien, mit denen wir uns hier beschäf-
tigen, treten für eine Art von Teilchen auf, die Weyl-Fermio
nen genannt wird. Benannt sind sie nach dem deutschen 
Mathematiker Hermann Weyl. Um ihren Namen nachzu-
vollziehen, muss man einen Schritt zurückgehen und sich 
mit Paul Dirac beschäftigen. Dieser hat in den 1920er-Jah-
ren mit seiner Dirac-Gleichung [3] eine quantenmechani-
sche Beschreibung für das Verhalten von Fermionen gelie-
fert, die den Anforderungen der speziellen Relativitätsthe-
orie genügt. Hermann Weyl hat diese dann weiter verfeinert 
und eine Beschreibung für relativistische und gleichzeitig 
masselose Fermionen entwickelt. Seine Formel wird ihm 
zu Ehren heute Weyl-Gleichung [4] genannt; und die Teil-
chen, die dieser mathematischen Beschreibung folgen, hei-
ßen Weyl-Fermionen. 

Weyl-Fermionen haben eine streng erhaltene physika
lische Eigenschaft, die Chiralität genannt wird. Diese be-
schreibt die Händigkeit ihres Spins relativ zu ihrer Bewe-
gungsrichtung. Der Spin-Vektor kann entweder entlang 
oder entgegengesetzt der Bewegungsrichtung zeigen, was 
einem positiven oder negativen Wert der Chiralität ent-

spricht (Abbildung 1). Die Chiralitätserhaltung kann als 
Folge der chiralen Symmetrie der Dirac-Gleichung für mas-
selose Teilchen angesehen werden: Sie hat keine Vorliebe 
für eine bestimmte Chiralität und vermischt die beiden 
Chiralitäten nicht. Wenn man jedoch von der freien Dirac-
Gleichung zur entsprechenden Quantisierung übergeht, 
stellt man fest, dass die scheinbar offensichtliche chirale 
Symmetrie gebrochen ist, sobald die Fermionen in ein elek-
tromagnetisches Feld mit parallelen elektrischen und mag-
netischen Komponenten gebracht werden. Man spricht 
von einer chiralen Anomalie.

Im Standardmodell der Teilchenphysik werden be-
stimmte Anteile der Teilchen-Antiteilchen-Asymmetrie auf 
eben diese chirale Anomalie zurückgeführt. Darüber hinaus 
ist vorhergesagt, dass eine zugrundeliegende gekrümmte 
Raumzeit einen deutlichen Beitrag zum chiralen Ungleich-
gewicht liefert. Dieser Effekt ist als axial-gravitative Ano-
malie bekannt. In extremen Gravitationsfeldern, die einer 
stark gekrümmten Raumzeit entsprechen, trägt die axial-
gravitative Anomalie somit auch zur Teilchen-Antiteilchen-
Asymmetrie bei [3].

Zugegeben, die Voraussetzungen für Quantenanoma
lien klingen erst einmal recht konstruiert. Und gerade das 
natürliche Auftreten von ausreichend großen Kraftfeldern 
auf der Erde ist extrem unwahrscheinlich. Daher sind wir 
normalerweise auf Experimente angewiesen, welche die 
hochenergetischen Bedingungen des frühen Universums 
nachbilden, zum Beispiel in Teilchenbeschleunigern. In 
diesen Großanlagen der Hochenergiephysik werden elek
trisch geladene Teilchen durch elektrische und magneti-
sche Felder annähernd auf Lichtgeschwindigkeit beschleu-
nigt. Sie erreichen damit riesige kinetische Energien. Durch 
Kollision der hochenergetischen Teilchen lässt sich dann 
der fundamentale Aufbau von subatomaren Teilchen und 
deren Wechselwirkungen untersuchen, was die zentrale 
Fragestellung der Hochenergiephysik darstellt. 

Die chirale Anomalie wurde so im Kontext eines Be-
schleunigerexperimentes entdeckt. 1969 versuchten die 

Das Universum im Kristall: Die Festkörperphysik erlaubt 
es, mit neu entdeckten Materialien manche ungelöste 
Fragestellung aus der Hochenergiephysik zu erforschen 
(Bild: R. Strasser, K. Scherer; Komposition: M. Büker). 

ABB.  1    � CHIRA LITÄT

Die Chiralität gibt für masselose Fermionen die Spinrichtung in Bezug auf die 
Bewegungsrichtung an. Je nach Ausrichtung dieser beiden Größen unterscheidet 
man zwischen linkshändigen (rot) und rechtshändigen (blau) Fermionen, denen 
jeweils die Variablen χ = –1 und χ = +1 zugeordnet sind.
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Theoretiker Stephen Adler sowie John Stewart Bell und 
Roman Jackiw unabhängig voneinander, den beobachteten 
Zerfall eines neutralen Pions in zwei Photonen zu erklären 
[4, 5]. Auch wenn es sich in diesem Fall nicht um masselose 
Fermionen, sondern um Bosonen handelt, ist die Chiralität 
definiert – allerdings lässt sie sich nicht mehr wie für mas-
selose Fermionen mit der Händigkeit der Teilchen (Abbil-
dung 1) gleichsetzen. Der beobachtete Zerfall des Pions 
sollte eigentlich durch die chirale Symmetrieerhaltung ver-
boten sein, doch es zeigte sich, dass dies nicht der Fall ist. 
Heute heißt die chirale Anomalie daher auch Adler-Bell-
Jackiw-Anomalie. 

Die Bedingungen, unter denen eine axial-gravitative 
Anomalie nachweisbar sein könnte, sind jedoch auch in der 
Großforschung nicht erreichbar. Die benötigten Gravita
tionsfelder sind zu stark. Zwar wurde die axial-gravitative 
Anomalie als relevant für die hydrodynamische Beschrei-
bung von Neutronensternen [6] und den chiralen Effekt im 
Zusammenhang mit Quark-Gluon-Plasmen vorgeschlagen 
[7], aber Hochenergieexperimente fanden bislang keine 
Signatur hierfür. Ein relevanter zu beobachtender Prozess 
wäre der Zerfall eines neutralen Pions in zwei – hypotheti-
sche – Gravitonen [8]. Das allerdings liegt weit jenseits der 
heutigen Detektortechnik. 

Unlängst gelang es jedoch in der Festkörperphysik, 
gleich zwei Arten von Quantenanomalien zu beobachten, 
die sich als ungewöhnliche Magnetfeldabhängigkeiten von 
unterschiedlich getriebenen elektrischen Strömen manifes-
tieren. Es handelt sich dabei um die chirale Anomalie [9, 
10] und die gemischte axial-gravitative Anomalie [11]. Zum 
Nachweis der Letzteren sind thermoelektrische Experimen-
te in magnetischen Feldern notwendig – vor allem aber 
geeignete Materialsysteme: Weyl- oder Dirac-Halbmetalle. 
Unsere Gruppen am Leibnitz-Institut für Festkörper- und 
Werkstoffforschung und am Max-Planck-Institut für die che-

mische Physik fester Stoffe in Dresden forschen schon seit 
einigen Jahren mit solchen Systemen.

Weyl- und Dirac-Halbmetalle
Um ein anschauliches Bild vom Elektronentransport in Fest-
körpern zu erlangen, nutzt die Festköperphysik das Modell 
der elektronischen Struktur. Darin wird beschrieben, wel-
che Energie (E) und welchen Impulsvektor (k) die Elektro-
nen in einem Kristall einnehmen können. Dieser Zusam-
menhang entsteht aus der Wechselwirkung von freien 
Elektronen mit den Atomrümpfen, aus denen der Kristall 
aufgebaut ist. Man könnte sagen, die Elektronen in einem 
Festkörper spüren das Potential der umliegenden Ionen-
rümpfe und haben dadurch teilweise andere Eigenschaften 
als Elektronen, die sich im freien Raum bewegen. 

Das Diagramm, das den Zusammenhang zwischen Ener-
gie und Impuls zeigt, wird Bandstruktur genannt. In seiner 
einfachsten Darstellung besteht so eine Bandstruktur aus 
einem mit Elektronen besetzten Valenzband und einem un-
besetzten Leitungsband (Abbildung 2a). Mit Erfahrung kann 
man aus solchen Bandstrukturen allerhand Eigenschaften 
der Elektronen ablesen, zum Beispiel ob der Festkörper ein 
Isolator, Halbleiter oder Metall ist. Bei einem Metall zum 
Beispiel ist das Leitungsband teilweise mit Elektronen ge-
füllt, was es elektrisch leitfähig macht. Darüber hinaus kann 
man aus der Bandstruktur die Masse der Ladungsträger und 
deren Geschwindigkeit im Festkörper bestimmen. Elektro-
nen in einem Festkörper müssen zum Beispiel keineswegs 
die Masse von Elektronen im freien Raum haben, sondern 
können effektiv auch erheblich leichter oder schwerer als 
diese sein. 

Abbildung 2a zeigt die Bandstruktur eines gewöhnli-
chen Halbmetalls. Alle Halbmetalle, also auch Dirac- und 
Weyl-Halbmetalle, haben gemeinsam, dass sich Leitungs- 
und Valenzband berühren. Bei gewöhnlichen Halbmetallen 

ABB.  2    � H A LBMETAL L-BAN D S TR U KTUREN

Bandstrukturen beschreiben den Zusammenhang zwischen Energie und Impuls von Ladungsträgern in einem Festkörper. 
Ausgefüllte Kreise stellen hier besetzte Zustände im Valenzband dar, unausgefüllte Kreise unbesetzte Zustände im Leitungs­
band. a) Halbmetalle mit nichtrelativistischen Ladungsträgern besitzen zwei sich berührende, gekrümmte Bänder. b) Dirac-
Halbmetalle haben lineare Bandstrukturen, die relativistische Ladungsträger beherbergen und bezüglich der Chiralität ent­
artet sind. c) Weyl-Halbmetalle haben ebenfalls lineare Energie-Impuls-Beziehungen, die beiden Weyl-Kegel beherbergen 
jeweils eine Chiralität. 
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ist außerdem immer ein gekrümmter – zumeist parabelför-
miger – Zusammenhang zwischen Energie und Impuls zu 
beobachten. Dieser wird von der Schrödinger-Gleichung 
beschrieben. Er verdeutlicht damit, dass in diesen gewöhn-
lichen Halbmetallen nichtrelativistische Ladungsträger vor-
liegen, die eine endliche Ruhemasse haben.  

Im Gegensatz dazu besitzen spezielle Festkörper, die 
lange Zeit wenig beachtet wurden, eine relativistische 
Bandstruktur. Sie wird von der Dirac-Gleichung beschrie-
ben. In solchen Dirac-Halbmetallen ist die Beziehung zwi-
schen Energie und Impuls linear (Abbildung 2b). Man be-
schreibt diese lineare elektronische Struktur auch als zwei 
kegelförmige Bänder, Dirac-Kegel, die sich umgekehrt 
übereinanderliegend an einer Spitze berühren. 

Ein genauerer Blick auf das in Abbildung 2b gezeigte 
Beispiel offenbart, dass es für die negativen Energielösun-
gen der Hochenergiephysik in der Festkörperphysik eine 
direkte und einfache Analogie gibt: gefüllte Valenzbänder 
in der elektronischen Struktur von Dirac- oder Weyl-Halb-
metallen. Der obere Dirac-Kegel ist das Leitungsband und 
repräsentiert das Analogon zur Materie, der untere ist das 
Valenzband und repräsentiert das Antimaterie-Analogon. 
Die Ladungsträger auf diesen Dirac-Kegeln verhalten sich 
wie Teilchen ohne Ruhemasse, die sich mit einer effektiven 
„Lichtgeschwindigkeit“ von c* ≈ 106 m/s durch den Kristall 
bewegen.

Hochenergiephysik-Analogon im Festkörper
Der erste Festkörper mit relativistischen Ladungsträgern 
wurde 2005 entdeckt, mit der Untersuchung des Elektro-
nentransports in Graphen [12]. Es besitzt eine lineare Band-
struktur, die durch die Dirac-Gleichung bestimmt wird. Die 
Elektronen ahmen relativistische Teilchen ohne Ruhemasse 
mit einer effektiven „Lichtgeschwindigkeit“ von c* ≈ 106 m/s 
nach. Diese Ladungsträger mit Energie E und Masse m sind 
durch E = mc*2 beschreibbar, also einer an c* angepassten 
Form von Einsteins berühmter Gleichung. In der Festkör-
perphysik ist dies eine höchstspannende Angelegenheit, da 
Elektronen mit solchen Eigenschaften bis dahin nur in Teil-
chenbeschleunigern erzeugt werden konnten.

2015 wurde dann erstmals ein dreidimensionales Ge-
genstück mit diesem ungewöhnlichen Elektronenverhalten 
gefunden: Das Dirac-Halbmetall NaBiO3 beherbergt relati-
vistische Fermionen in drei Dimensionen [9]. Solche drei-
dimensionalen Dirac-Halbmetalle sind bezüglich der Chira-
lität entartet. Das bedeutet, dass jede Position auf den Lei-
tungsbändern nicht nur von einem Elektron besetzt wird, 
sondern von zwei Elektronen unterschiedlicher Chiralität. 

Und tatsächlich brachten die Materialwissenschaften 
2015 schließlich die Weyl-Gleichung in die experimentelle 
Festkörperphysik ein. Vom Konzept der Dirac-Halbmetalle 
geleitet wurde ein Einkristall entdeckt, der zusätzlich zur 
Voraussetzung einer linearen Bandstruktur eine unsymme-
trische Kristallstruktur aufweist. Dieser Bruch der soge-
nannten Inversionssymmetrie führt zu einer klaren Tren-
nung der Elektronen unterschiedlicher Chiralität in der 

elektronischen Struktur. Anstelle eines Dirac-Kegels, der 
sowohl linkshändige als auch rechtshändige Ladungsträger 
beherbergt, besitzen Weyl-Halbmetalle zwei Weyl-Kegel an 
unterschiedlichen Positionen entlang der Impulsachse (Ab-
bildung 2c), die jeweils entweder rein links- oder rein 
rechtshändige Ladungsträger beherbergen. 

Die Abbildung dieser Weyl-Bandstruktur mit winkelauf-
gelöster Photoemissions-Spektroskopie in Tantalarsenid 
(TaAs) stellt die erste experimentelle Beobachtung von 
Weyl-Fermionen überhaupt dar [13]. Die Teilchenphysik 
hatte jahrzehntelang vergebens danach gesucht. Man weiß 
heute, dass Weyl-Kegel sogar viel häufiger in Materialien 
auftreten als Dirac-Kegel. Zudem kann man faktisch jedes 
Dirac-Halbmetall durch Anlegen eines ausreichend starken 
Magnetfeldes in ein Weyl-Halbmetall transformieren – zur 
großen Freude der Experimentalphysikerinnen und -physi-
ker. Mit diesem Wissen können wir uns nun den Experi-
menten zu Quantenanomalien in Festkörpern zuwenden. 

Quantenanomalien in Weyl-Halbmetallen 
Der Nachweis der chiralen Anomalie und der gemischten, 
axial-gravitativen Anomalie in Weyl-Halbmetallen basiert 
auf Messungen des elektrischen Stroms unter dem Einfluss 
von Magnetfeldern. Im Bild der Bandstruktur lässt sich 
schön verdeutlichen, was der Transport eines elektrischen 
Stroms durch einen Festkörper bedeutet. Ein elektrischer 

ABB.  3    � STROMTRA NSPORT

a) In der Bandstruktur von Halbmetallen hängt die Neigung der Bänder mit der 
Bewegungsrichtung der Elektronen zusammen. Elektronen auf nach links geneig­
ten Bändern bewegen sich nach links, auf nach rechts geneigten Bändern entgegen­
gesetzt. b) Legt man ein elektrisches Feld E an das Halbmetall an, ändert sich die 
Besetzung von nach links und nach rechts geneigten Bändern. Es fließt ein elektri­
scher Strom. c) Auch in einem Weyl-Halbmetall beherbergen nach links geneigte 
Bänder und nach rechts geneigte Bänder Elektronen mit entgegengesetzten Bewe­
gungsrichtungen. d) Durch die Chiralitätserhaltung fließt hier jedoch trotz einem 
angelegten elektrischen Feld kein oder nur ein stark unterdrückter Strom. 
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Strom fließt durch ein Metall oder Halbmetall, wenn sich 
mehr Elektronen in eine Richtung der Probe bewegen als 
in die andere. 

In der Bandstruktur lässt sich die Elektronenbewegung 
direkt ablesen: Nach rechts „geneigte“ Bänder stellen nach 
rechts wandernde Elektronen dar, entgegengesetzt ist es 
bei nach links geneigten Bänder. Die Anzahl der Elektronen 
in den jeweiligen Bändern ist in Abbildung 3 durch gefüllte 
Punkte dargestellt, die leeren Plätze (Zustände) durch 
nichtgefüllte Punkte. Wenn kein elektrischer Strom durch 
die Probe getrieben wird, wie in Abbildung 3a gezeigt, be-
wegen sich gleich viele Elektronen in entgegengesetzte 
Richtungen, alle Bänder sind also gleich gefüllt. Legt man 
nun zum Beispiel ein elektrisches Feld zwischen dem lin-
ken und rechten Ende der Probe an, dann fließt ein Strom 
von links nach rechts (Abbildung 3b). In der Bilanz bewe-
gen sich also mehr Elektronen nach rechts als nach links, 
was in der Bandstruktur einer Verschiebung von besetzten 
Zuständen aus den nach links geneigten Bändern zu den 
nach rechts geneigten Bändern gleichkommt. 

Wenn wir dieses Bild nun auf die Bandstruktur in Weyl-
Halbmetallen (Abbildung 3c) übertragen, würden wir auch 
hier erwarten, einen elektrischen Strom treiben zu können. 
Es stellt sich allerdings heraus, dass das in Weyl-Halbmetal-
len ein Problem darstellt. Aber warum ist der Stromfluss in 
diesen Materialien unterdrückt? Das Geheimnis liegt darin, 
dass in Weyl-Halbmetallen eine weitere Eigenschaft der 
Elektronen mit ins Spiel kommt: die Chiralität, die zusam-
men mit der „Neigung“ der Bänder daraus entsteht, dass 
jedes der Bänder nur Elektronen eines bestimmten Spins 
trägt. Die Chiralitätserhaltung verbietet es in diesen Mate-
rialien, dass links und rechts geneigte Bänder mit unter-
schiedlich vielen Elektronen besetzt sind. Folglich kann 
kein Strom fließen (Abbildung 3d).

Zusammengefasst lässt sich also sagen, dass die Teil-
chenzahl auf den beiden Weyl-Kegeln unterschiedlicher 
Chiralität eine strikt erhaltene Größe ist. Dies hat zur Folge, 
dass elektrische Ströme, die durch Landungsträger auf den 
Weyl-Kegeln getragen werden, stark unterdrückt sind. 
Trotzdem haben reale Weyl-Materialien einen metallischen 
Charakter, denn neben Elektronen auf den Weyl-Kegeln 
tragen auch noch weitere Ladungsträger zum elektroni-
schen Transport bei. Die dennoch starke Unterdrückung 
des Ladungstransports auf den Weyl-Bändern liefert aber 
die Basis zum Vermessen von Quantenanomalien in Fest-
körpern. 

Chirale Anomalie
Zum Nachweis der chiralen Anomalie haben wir an einem 
Weyl-Halbmetall eine elektrische Leitwertmessung erst ohne 
und dann mit einem zum elektrischen Feld parallelen Mag-
netfeld durchgeführt. Im Magnetfeld ändert sich zunächst 
die Bandstruktur der Weyl-Halbmetalle. Abbildung 4a zeigt 
diese ohne Magnetfeld, 4b in einem Magnetfeld, das hinrei-
chend groß ist. Statt der anfänglich vier linearen Bänder um 
die Impulsachse, welche die beiden Weyl-Kegel gebildet 
haben, sind in dem Magnetfeld lediglich zwei linear verlau-
fende Bänder verschiedener Neigung, aber mit demselben 
Spin übrig. Da die entgegengesetzten Neigungen entgegen-
gesetzte Bewegungsrichtungen der Elektronen repräsentie-
ren, verkörpern die beiden Bänder folglich unterschied
liche Chiralitäten. 

Weit unter- und oberhalb der Impulsachse sind parabo-
lisch verlaufende Bänder zu sehen. Man spricht bei dieser 
Aufspaltung der Bandstruktur von einer Landau-Quantisie-
rung. Ursache sind die quantisierten Kreisbahnen, auf wel-
che das Magnetfeld die Elektronen während ihrer Bewe-
gung durch den Festköper lenkt. Wichtig ist, dass auf der 

ABB.  4    � LA ND A U-QU A NT IS IERU N G

Die Bandstruktur der Weyl-Halbmetalle a) unterliegt einer Landau-Quantisierung b), wenn es sich in einem homogenen 
Magnetfeld befindet. Das sogenannte nullte Landau-Niveau verläuft immer noch linear und beherbergt relativistische Elektro­
nen, für welche die Chiralität eine Erhaltungsgröße ist. Alle höheren Landau-Niveaus haben hingegen einen gekrümmten 
Verlauf und beherbergen nichtrelativistische Elektronen. Für diese ist die Chiralität keine Erhaltungsgröße.
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neu entstandenen Bandstruktur nur noch die Elektronen 
der linearen Bänder, dem sogenannten nullten Landau-
Niveau, Weyl-Fermionen sind. Nur für diese Elektronen ist 
die Chiralität auch weiterhin eine Erhaltungsgröße. 

Liegt das Magnetfeld senkrecht zum elektrischen Feld 
an, bleibt der elektrische Strom, der von den Weyl-Bändern 
getragen wird, unterdrückt. Man misst lediglich einen ge-
ringen elektrischen Leitwert durch die gekrümmten Bänder 
der höheren Landau-Niveaus, denn ihr Beitrag lässt sich in 
realen Weyl-Halbmetallen nicht ausschalten. Außerdem 
können – sowohl ohne als auch mit angelegtem Magnetfeld 
– weitere parabolische, nichtrelativistische Bänder einen 
geringen Beitrag zur Leitfähigkeit des Materials liefern. Die 
Situation ändert sich bei einem parallel zum elektrischen 
Feld ausgerichteten Magnetfeld. Abbildung 5a zeigt einen 
solchen Versuchsaufbau mit dem Weyl-Halbmetall Niob
phosphid (NbP). Nun misst man einen Anstieg des elektri-
schen Stroms und des elektrischen Leitwerts (Abbil-
dung 5b). 

Diese Beobachtung wird durch einen Bruch der chira-
len Erhaltungsgröße erklärt. Er erlaubt es, in parallelen elek-
trischen und magnetischen Feldern mehr links- als rechts-
händige Elektronen zu erzeugen (Abbildung 6a). Die Stärke 
dieser Erhaltungssatz-Verletzung hängt von der Stärke des 
Magnetfeldes ab. Für eine parallele Ausrichtung in einem 
elektrischen und magnetischen Feld wird in Abbildung 6b 
folglich ein kontinuierlich ansteigender Leitwert beobach-
tet. Für nicht parallele Ausrichtungen, also einem Winkel 
zwischen E und B oberhalb null, beobachten wir hingegen 
nur eine sehr geringe Erhöhung oder sogar negative Ände-
rung des Leitwerts. 

Diese chirale Anomalie wurde in den letzten drei Jahren 
weltweit nachgewiesen [9, 10], sowohl in Weyl- als auch 
Dirac-Halbmetallen, die sich im Magnetfeld ganz ähnlich 
verhalten. Spannend ist daran, dass Effekte aus der Hoch-
energiephysik nun in Festkörperlaboratorien nachempfun-
den werden können – wie die chirale Anomalie als Mecha-
nismus im schon erwähnten Zerfall eines neutralen Pions 
in zwei Photonen [4, 5]. Weyl-Materialien bilden damit eine 
Brücke zwischen zwei Forschungsfeldern, die auf der Ener-
gieskala nicht weiter voneinander entfernt sein könnten. 

Für die Festkörperphysik ist das auch deshalb eine auf-
regende Entdeckung, weil interessante Effekte aus der 
Hochenergiephysik sich vielleicht sogar in neue Technolo-
gie umsetzen lassen. Andersherum könnte die Festkörper-
physik helfen, Effekte, die zuvor nur für die Hochenergie-
physik relevant schienen aber nicht nachweisbar waren, 
experimentell zugänglich zu machen. Ein solches, kürzlich 
veröffentlichtes Beispiel bietet die axial-gravitative Anoma-
lie [11]. 

Axial-gravitative Anomalie
Die axial-gravitative Anomalie beschreibt den Bruch der 
chiralen Symmetrie in Gravitationsfeldern in Kombination 
mit einigen anderen Feldern, zum Beispiel einem Magnet-
feld. Wie schon diskutiert, sind auf der Erde bei Weitem 

nicht die Gravitationsfelder erreichbar, die zum Nachweis 
der axial-gravitativen Anomalie nötig wären. Dieses Pro
blem konnten wir nun lösen. 

Dazu nutzten wir die Erkenntnis, dass für die relativis-
tischen Weyl-Fermionen ein Gravitationsfeld durch einen 
Temperaturgradienten simuliert werden kann. Sie geht auf 
den amerikanischen Theoretiker Joaquin Mazdak Luttinger 
zurück. Als dieser 1964 statistische Größen wie Entropie 
und Temperatur quantenfeldtheoretisch beschreiben woll-
te, fand er heraus, dass in relativistischen Systemen Tempe-
raturgradienten Analoga für Gravitationsfelder darstellen 
[14]. Dies lässt sich mit E = mc2 verstehen. Massen werden 
bekanntlich in Gravitationsfeldern bewegt und Energie als 
Wärme in Temperaturgradienten. Folglich können Tempe-
raturgradienten in relativistischen Systemen als Stellvertre-
ter für Gravitationsfelder angesehen werden. 

Diesen Zusammenhang konnten wir nun nutzen, um die 
axial-gravitative Anomalie in einem Weyl-Halbmetall nach-

ABB.  5    � CHIRA LE ANO MALIE 1

Nachweis der chiralen Anomalie im Weyl-Halbmetall Niobphosphid (NbP). a) 
Vergrößerte Abbildung der NbP-Probe (blau eingefärbt) in der elektrischen Kon­
taktstruktur (weiß). b) Bei der Messung des elektrischen Leitwerts kommt es in 
parallelen elektrischen und magnetischen Feldern zu einem Bruch der chiralen 
Symmetrie. Infolgedessen fließt ein makroskopisch messbarer Strom. 

ABB.  6    � CHIRA LE ANO MALIE 2

a) In der Bandstruktur kommt es in parallelen elektrischen und magnetischen Feldern 
zu einer Umbesetzung des nach links und nach rechts geneigten chiralen Bands. b) In 
der elektrischen Leitwertmessung misst man einzig für parallele elektrische und 
magnetische Felder eine starke Zunahme des Stromflusses bei ansteigendem Magnet­
feld. Dies wird als Signatur der chiralen Anomalie interpretiert. Die Winkelangaben 
geben die relative Ausrichtung von magnetischem und elektrischem Feld zueinan­
der an. 0° steht für parallel, 90° für senkrecht verlaufende Felder.
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zuweisen. Dazu bedienten wir uns der Thermoelektrik. 
Erhitzt man eine Probe an einer Seite, dann entsteht ein 
Temperaturgradient zwischen der warmen und der kalten 
Seite. In einem Metall haben die Elektronen auf der heißen 
Seite eine höhere kinetische Energie als auf der kalten Seite. 
Das hat zur Folge, dass sich die Ladungsträger auf der hei-
ßen Seite im Mittel stärker bewegen als diejenigen auf der 
kalten Seite, was zu einem elektrischen Stromfluss führt. 
Die Größe, die das Verhältnis von erzeugtem elektrischem 
Strom zum angelegten Temperaturgradienten darstellt, 
wird thermoelektrischer Leitwert genannt. 

Im Experiment setzten wir nun das Weyl-Halbmetall 
NbP einem Temperaturgradienten und einem Magnetfeld 
aus. Wir erinnern uns: Durch den Erhaltungssatz der Chira-
lität ist ein Stromfluss in Weyl-Habmetallen ohne Magnet-
feld verboten. Liegt das Magnetfeld senkrecht zum Tem
peraturgradienten an, zeigt sich, dass der elektrische 

Stromfluss unterdrückt ist, was zu einem geringen thermo-
elektrischen Leitwert führt. Schaltet man nun das Magnet-
feld parallel zum Temperaturgradienten ein (Abbildung 7a), 
beobachtet man einen Anstieg des elektrischen Stroms und 
einen damit verbundenen Anstieg des thermoelektrischen 
Leitwerts (Abbildung 7b). Die Erklärung ist ein Bruch der 
chiralen Erhaltungsgröße aufgrund der axial-gravitativen 
Anomalie. 

In der Bandstruktur des Weyl-Halbmetalls wird dieser 
Bruch der Chiralitätserhaltung durch eine ungleiche Beset-
zung der beiden chiralen Bänder deutlich (Abbildung 8a). 
In der thermoelektrischen Leitwertmessung (Abbildung 8b) 
finden wir für parallele magnetische Felder und Tempera-
turgradienten die stärkste Zunahme des Stromflusses bei 
ansteigendem Magnetfeld. Bei nichtparallelen Ausrichtun-
gen von Magnetfeld und Temperaturgradienten beobach-
ten wir hingegen eine deutlich geringere Zunahme des 
thermoelektrischen Leitwerts. Dies wertet die Forschung 
als ersten experimentellen Nachweis der gemischten, axial-
gravitativen Anomalie. Der Begriff „Gravitation“ hat hier 
eine rein historische Bedeutung, da die Quantenanomalie 
nur durch den Temperaturgradienten und das Magnetfeld 
entsteht – in Analogie zum Gravitationsfeld. 

Mit der axial-gravitativen Anomalie konnte also die Fest-
körperphysik einen Effekt nachweisen, der in der Hoch-
energiephysik zwar vorausgesagt wurde, dort aber experi-
mentell nicht zugänglich ist. Angesichts dieser jüngsten 
Entwicklungen in der Festkörperphysik sollte die Entde-
ckung neuartiger Quantenanomalien wie etwa die quanten-
mechanische Brechung der Spiegelsymmetrie unserer Welt 
nur noch eine Frage der Zeit sein.

Zusammenfassung
In der klassischen Physik spielen Erhaltungsgrößen wie Ener­
gie oder Impuls eine zentrale Rolle. Durch Quantisierungsef­
fekte sind solche Größen in bestimmten Extremsituationen 
allerdings nicht mehr zwangsläufig erhalten. Die Untersu­
chung solcher Quantenanomalien ist nun der Festkörperphy­
sik dank neuer Materialsysteme zugänglich geworden. In 
Weyl-Halbmetallen konnten so Quantenanomalien als Bruch 
der Erhaltungsgröße Chiralität in Form der chiralen Anomalie 
und der axial-gravitativen Anomalie nachgewiesen werden. 
Bei letzterer gelang dies mit Hilfe von thermoelektrischen 
Messungen. Damit konnte die Festkörperphysik einen als 
nicht nachweisbar geglaubten Effekt der Hochenergiephysik 
dem Experiment zugänglich machen. 

Stichwörter
Erhaltungsgröße, Quantenanomalie, chirale Anomalie, axial-
gravitative Anomalie, Weyl-Halbmetall, Thermoelektrik.

A BB.  7    � AX I AL-GRAVITA T IVE A NO MAL IE 1

Nachweis der axial-gravitativen Anomalie im Weyl-Halbmetall Niobphosphid 
(NbP). a) Vergrößerte Abbildung der NbP-Probe (blau eingefärbt) in der elektri­
schen Kontaktstruktur (weiß). b) Bei der Messung des thermoelektrischen Leit­
werts kommt es im parallelen magnetischen Feld und Temperaturgradienten zu 
einem Bruch der chiralen Symmetrie: Es fließt ein makroskopisch messbarer Strom. 

ABB.  8    � AXIAL-G RAVI TAT IV E A NOMA L I E 2

a) Sobald Temperaturgradient und magnetisches Feld parallel verlaufen, kommt es 
in der Bandstruktur zu einer Umbesetzung des nach links und nach rechts geneigten 
chiralen Bands. b) In der thermoelektrischen Leitwertmessung misst man für parallele 
magnetische Felder und Temperaturgradienten die stärkste Zunahme des Strom­
flusses bei ansteigendem Magnetfeld. Dies wird als Signatur der axial-gravitativen 
Anomalie interpretiert. Die Winkelangaben geben die Ausrichtung von magneti­
schem Feld und Temperaturgradienten an. 0° steht für parallel, 90° für senkrecht 
verlaufende Felder.




