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Short Abstract

Torque magnetometry at low temperature and in high magfietis is
performed to investigate magnetic properties of mateyisiesns exhibit-
ing electronic correlations. This work includes studiesvnSi thin films,
single crystals of CrB and two-dimensional electron systems (2DESSs)
formed at the interface of MgZnO and ZnO. From the experisemt
MnSi we infer a preliminary magnetic phase diagram and axiglia
magnetic anisotropy. We report the angular and temperdipendence
of three de Haas-van Alphen (dHvVA) frequencies in €dhd compare
the results with band structure calculations. In MgZnO/4&3ed 2DESs
the dHVA effect, induced non-equilibrium currents and ypested further
signatures in the magnetization are observed. The data alk to
determine the thermodynamic energy gaps, the effectivegehearrier
mass, the resistance of quantum Hall states and the migicsnature
and density of the residual disorder.

Magnetische Eigenschaften von Materialsystemen, didrel@kche Kor-
relationen aufweisen, werden bei tiefen Temperaturen nimdhen Mag-
netfeldern mit Drehmoment-Magnetometrie untersucht. &sdhlt sich
dabei konkret um MnSi-Dnnfilme, um Einkristalle aus CeBund um
zweidimensionale Elektronensysteme an der Graok# von MgzZnO
und ZnO. Die Experimente an MnSi lassefidRschiisse auf das mag-
netische Phasendiagramm und die uniaxiale magnetiscrsothopie zu.
Wir zeigen die Winkel- und Temperaturabigigkeit von drei de Haas-
van Alphen (dHvA) Frequenzen in CgBund vergleichen die Ergeb-
nisse mit Bandstrukturrechnungen. In MgZnO/ZnO-basieztegeidimen-
sionalen Elektronensystemen werden der dHvA Effekt, irette Nicht-
Gleichgewichtsstime sowie unerwartete weitere Signaturen in der Mag-
netisierung beobachtet. Aus den Daten lassen sich die tiidymmamischen
Energielicken, die effektiven Massen der Ladungger, die Widerstnde

in Quanten-Hall Zugtnden sowie die mikroskopischen Eigenschaften und
die Dichte von Kristallfehlern bestimmen.






Abstract

Electronic correlations in condensed matter give rise t@aifold of elec-
tronic, magnetic or structural phenomena. This makes lzbee materials
interesting for basic research. If reliable methods to mrdnd tailor
the electronic correlations become available these nadgeaire also can-
didates for device applications with novel functionaétie

In this thesis we investigate the magnetization of threfferdint, corre-
lated electron systems: thin films of MnSi (manganese digi single
crystals of the intermetallic compound Gr&hromium diboride) and two-
dimensional electron systems (2DESs) formed at the irderf& an oxide
heterostructure realized by MgZnO (magnesium zinc oxidd)2nO (zinc
oxide). We study these materials by means of highly seest@iantilever
torgue magnetometry at low temperatures and in high magfieltls. The
following results are obtained:

e MnSi thin films: The torque magnetometry experiments allow us to
infer a preliminary magnetic phase diagram. We observe tawst-
tions: First, atlt ~ 39 K we find a transition from a paramagnetic
to a magnetically ordered phase. Second3ats 1 T we identify
a further transition from a non-collinear spin state to adfigblar-
ized state. Spike-like signatures are present at tempesatmound
29 K and at magnetic fields of approximatelyl T, which point
at the existence of a skyrmion phase. We study the angulandep
dent torque magnetization and find a dominating uniaxialmatg
anisotropy with an easy plane. The anisotropy constantgerae-
tween1.2 kJm—3 and7.9 kJm3.

e CrB,: We study the angular and temperature dependence of the

de Haas-van Alphen (dHvA) effect of a CrBingle crystal at tem-
peratures down t6.3 K and in magnetic fields up td4 T. Three
distinct dHVA frequencies are observed which belong toexlosx-
tremal cyclotron orbits on the Fermi surface of GrBComparison



with electronic structure caIcuIati(ﬂwsonsidering an incommen-
surate cycloidal magnetic order suggests that two of therobg
dHVA oscillations arise from Fermi surface sheets formeddoyds
with strong Bypyy character. It is likely that the third orbit corre-
sponds to a Cttderived Fermi surface sheet. We compare the mea-
sured effective masses with the calculated band massesrahd fi
mass enhancement of a factor of about two. Correspondimgpgr
bounds of the electron-phonon coupling constants are rdated
which range betweeh — 1.3 for the different orbits.

e Two-dimensional electron system at the interface of
MgZnO/ZnO: We report the angular and temperature depen-
dence of the dHVA effect of a 2DES in the oxide heterostrectur
MgZnO/ZnO. The temperature dependence of the dHvVA am@gud
allows us to determine the effective charge carrier masshwields
m* = 0.31 me. In addition we find that the thermodynamic energy
gaps at low filling factors are enhanced over the values ¢gden
the single particle picture, which we attribute to electedectron
interaction effects. At the same time, non-equilibriumreats
(NECs) are observed. Decay times, temperature and sweep rat
dependencies of the NECs are studied. From the data we infer
an estimate of the resistivity of the quantum Hall state djiej
~ 1071 /0. Unexpected signatures of both, dHVA effect and
NECs, allow us to identify the microscopic nature and degnsit
of residual disorder. The acceptor-type scatterers gise 1 a
magnetic thaw down effect which enhances the dHvVA amplitude
beyond the electron-electron interaction effects.

LElectronic structure calculations were performed by Dr.Klanes, Academy of Sciences,
Praha 6 16253, Czech Republic and by Prof. Livio Chioncelyélsity of Augsburg,
86135 Augsburg, Germany.
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1. Introduction

The second half of the 20th century was marked by the risenicesduc-
tors in science and technology. Modern life would be unthbi& with-
out semiconductor technology. For instance, abidif transistors are
produced every year [AhnD3]. They are employed in cars, coenp or
smartphones. The starting point of this boom was in the l1a#04 with
a major scientific breakthrough. Bardeen and Brattain iteehe first
transistor based on germanium [Bar48]. A transistor allmaamplify and
switch electronic signals accompanied by rather low powasamption.
The discovery led the foundation for the development of fedfdct tran-
sistors (FETs) and complementary metal-oxide-semicaiodsiCMOS),
which are at the heart of modern logic devices. At the same,tiheci-
sive progress in the growth of semiconductors was achiesephisticated
growth techniques were indispensable to synthesize cié@n structures
and they were the key for further scientific advances andcdedevelop-
ment. For instance, Cho and Arthur invented the techniqueagcu-
lar beam epitaxy (MBE)[Cho75] allowing to grow highly oreeratomic
layers and high-quality heterostructures. This innovapaved the way
for the growth of atomically sharp semiconductor interfabesting very
clean low dimensional electron systems. The discovery efdiirantum
Hall effect in a two-dimensional electron system (2DES)ized with a
silicon metal-oxide-semiconductor FET [KIiB0] was a fugtimilestone in
the semiconductor research field. Up to date, the reseatisfityam this
field is still going on. Scientists search for novel ways fttotahe semi-
conducting materials via doping, nanostructuring or othethods. From
today’s point of view, this progress had enormous impacthendevelop-
ment of devices for applications.

Today, transistors and microchips approach already nateorseale di-
mensions. Moore’s law [Moo65] predicts, that the numberafsistors
on integrated circuits doubles every two years. Will thigelepment con-
tinue forever? Taking into account the resolution limitskselithography
techniques and considering that the onset of quantum meehannne-
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1. Introduction

ling might set limits to the further miniaturization of trsigtors, the end of
Moore’s law might be in sight. This development is also feersby the
industry which started to look for alternative materialsl amchitectures
for computing beyond 2020 [Ard06].

A possible remedy may be to change the computing architecimcep-
tually. Currently, the working principle of semicondugidevices is quite
conventional. They exploit the charge degree of freedonm@felectrons
or holes. Other degrees of freedom, for instance the oniagifi®m spin
or from orbital angular momentum, are not considered. Thesga key
idea for further device development is to include also otlegyrees of free-
dom, which would open up a new era.

At this point, materials exhibiting electronic correlatfomight enter the
stage. The term correlation arises from the Latin waodelatio - mutual
relationship. In other words, the behavior of an electrondsindepen-
dent of the other electrons in these systems, but they @itefléhis is in
contrast to semiconducting materials, where electrongenerally free
to move individually and usually treated in a single paetiplcture. Cor-
relations between the conduction electrons are generadlyced by the
Coulomb interaction. They are responsible for the emergerigrevi-
ously unimagined physical phenomena. Correlated magewitdn reveal
novel ground states with fascinating electronic propsitle, for instance,
superconductivity, magnetism or antiferromagnetism.thi@rmore, they
often exhibit rich phase diagrams when exposed to exteetalifpations
that might be provided by temperature, electric or magrfetids. Thus,
from the perspective of a scientist, correlated materitiés great oppor-
tunities to explore a rich variety of phenomena which are iated by
correlation effects and might lead to novel functionality.

Compounds which exhibit electronic correlations are nyostther com-
plex in terms of their composition. The materials often imedatransition
metals, rare earth elements or oxygen, which render in geaé&o the
electronic structure complicated. Owing to this, the redeactivity in
this field was rather reserved. In recent years, howevernsous progress
in growth and synthesis of correlated materials has beeremake me-
thods for their characterization have been improved andepetetheore-
tical understanding of correlation phenomena has beeredaih is now
possible to grow for instance atomically sharp interfadesoorelated ma-
terials or to tailor bulk systems in order to control and exptorrelation
effects. In this regard there are currently analogies talthelopment of
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the semiconductor science some 50 years ago, as presented ab
Hence, correlated materials bear great potential for fanatities and they
may also become interesting for applications in the futfireliable growth
and characterization methods are available. Howeverpielsknown that
"itis hard to beat silicoir Or, in more general terms, due to the vast abun-
dance of Si and the well established manufacturing teclesiqwe have
to admit that it is unlikely that any material will replace & the long
run. Still, correlated systems have at least the poterdiaomplement
semiconductors and to replace them in niche applications.

There is a variety of correlated materials which exhibitfaating physi-
cal phenomena and which are potential candidates for apiolits. For
instance, correlations are found in many differing syst@mkiding bulk
crystals, thin films and low dimensional systems. Among tteayndif-
ferent materials we focus on three highly interesting dateel electron
systems in this thesis: thin films of MnSi (manganese s#igicingle
crystals of the intermetallic compound GrEchromium diboride) and
2DESs formed at the interface of an oxide based heterostruiotalized
by MgZnO (magnesium zinc oxide) and ZnO (zinc oxide). In thkofv-
ing we briefly introduce these correlated electron systerdsiotivate our
research.

MnSi thin films

Non-centrosymmetric magnetic materials have attractedneous atten-
tion in recent years [Mh09/Lee0g., Yul0a, YulOb. Sek12. Toh12, Rit13].
This includes metallic as well as insulating compounds.ct&mic cor-
relations are omnipresent in these material systems whichainifested
in the appearance of rich phase diagrams. For instancereatiff magnetic
phases such as helical, conical and ferromagnetic ordeepoeted([Pfl04,
[M©ih09,[BaulB]. In addition, chiral spin structures, soezh#ikyrmions
have been observeld [INi09, Ton1P, Baul3]. This spin structure is partic-
ularly attractive due to its exotic topology. Skyrmions ameall magnetic
vortices. They are made up of a core spin with up- or downwasgttion.
The peripheral spins twirl around the core exhibiting a ueighirality.

It was found that a regular lattice of skyrmions is formed @limagnets
[MTh09, Ton1R]. The dense and regular array of magnetic esrtiives
rise to a gigantic topological Hall effe¢t [Neu09] and an egeace of elec-
trodynamics was reported [Sch12b]. The authors showedt katossible
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1. Introduction

to move the skyrmion lattice by means of small electricat@ntrdensities.
In view of these effects helimagnets are very attractivepfuential appli-
cations in data storage or spintronic devices.

The prototype system in the group of helimagnets is MnSi. dlese di-
agram and in particular the skyrmion phase of bulk MnSi hanlvedely

studied by a variety of different spectroscopy techniqB&sH09/ Ton1P,
Baul3]. Very recently it became also possible to grow highhty thin

film MnSi [Hig09, [Kar10[Kar1ll Li1B], which we address in shivork.

From a technological perspective, the miniaturization of3¥lis one key
aspect for its integration into modern device applicatidowever, in con-
trast to bulk MnSi, the magnetic properties of MnSi thin filare not yet
well established. Thereupon we focus in this work on the ratgipro-

perties of MnSi thin films and investigate the magnetic anigiy as well
as the magnetic phase diagram as a function of magnetic fidltemper-
ature.

CrB single crystals

The class of transition-metal and rare-earth diboritleB, (M =Cr, Mn,

V, Zr, Nb, Tm, Th, ...) comprises an unusual combination ofictural
properties. They exhibit high mechanical and thermal Btaln combi-
nation with high electrical and thermal conductivities {B&]. Further,
these materials offer a great variety of different eledtr@round states
[Nag01/Bar68, Fed0, Vajoil. Gre09]. Among them, MgBan outstand-
ing compound which has recently attracted enormous ati@nigB; is

a high-temperature superconducfor [Yél02, Car03, Xi08jalDconven-
tional, phonon-mediated superconducting materials ittatdhthe highest
superconducting transition temperatur&at= 39.5 K [Xi08]. In addition,
the unique electronic structure of Mg@ives rise to two superconducting
gaps having different superconducting transition tempeea [Coo03]. So
far, superconductivity was not reported in any diboride poond except
for MgB». CrB,, another member of the diboride family, is isostructural
to MgBs. Instead of superconductivity, antiferromagnetism waored

as ground staté TFuni[7, Baul13]. Intuitively the questiases; why the
ground state properties of both systems are totally diffesthough, from

a structural point of view, the compounds are very similaramnswer this
question the knowledge of the electronic structure of CiBindispens-
able. Concerning MgB the electronic properties have been reviewed in

14



detail [Xi08]. This is not the case for CeBas it only recently became pos-
sible to grow high quality single crystals [Baui13]. Thisoalk us for the
first time to tackle the electronic structure and the Fernfese properties
of CrB,. In this work we address the electronic band structure éxeer-
tally by means of the de Haas-van Alphen (dHvVA) effect.

2DES at the interface of MgZnO/zZnO

Research on oxide interfaces has flourished over the past {@at04,
[Man10/HwalP]. In bulk transition metal oxides electroroerelations al-
ready play an important role and give rise to hitherto unkmdascinating
phenomeng [Dag0b, Tok00]. So why care about interfaceskere two
answers to this questions. First, the introduction of faiggs into semi-
conductors opened the avenue for novel physics and newelepjgortu-
nities. "Often it may be said that the interface is the devieeas said by
Herbert Kroemer in his Nobel lecture. He was right as nowagyverful
transistors, lasers, etc. rely on interfacial phenomenandithis path it
was natural to search for novel effects at the interface wétated electron
systems also. Second, at the same time, sophisticatedigtegttniques
became available. They allowed to grow atomically shargrfates. The
breakthrough in this research field came in 2004 with theodisgy of
a 2DES at the interface of the two oxide materials SgTabd LaAlO;
[Oht04]. Although both materials are insulating on theimpwurprisingly
the interface was found to be conducting. On top of that, (hER formed
at the interface of LaAl@ and SrTiQ exhibits a superconducting transi-
tion [Rey07] and also magnetism at low temperatures [Bérg&13]. A
multitude of correlation phenomena are thus present imthisilayer sys-
tem.

Another oxide heterostructure, formed by ZnO and MgZnQy started to
attract enormous attention when an interface 2DES was texpFsu07,
[RamO07,[Hwal?]. In contrast to the SrE@aAlO; 2DES, which ex-
hibits a relatively low mobility on the order of 1000 Vs/éfMan10], the
MgZnO/ZnO based 2DES exhibits high mobilities on the ordé&®,000
Vs/cn? at~ 1 K [Tsu07,[Tsu08l. Tsul0] almost competing with standard
semiconductor based 2DESs. The high quality of the 2DESvatioto
investigate the quantum Hall effect (QHE) in an oxide hetgrature for
the first time [TsuQ7]. Besides, the observation of bothtfomal QHE
[Tsul0] and quantum Hall ferromagnetism [KoZz12] indicatiést field

15



1. Introduction

induced correlation effects play an important role at thi®iface. In
this work we investigate the magnetization of the 2DES atiterface
of MgZnO/zZnO, which has not been addressed so far. By thimmee
intend to get insights into the ground state energy spectiutine 2DES,
which cannot be accessed via excitation spectroscopy.

Outline

In this work we employ cantilever magnetometry to investgaperimen-
tally the aforementioned material systems. This allows us

e to study the magnetic anisotropy and the magnetic phaseaiagf
MnSi thin films,

e to provide the Fermi surface topology and the effective esss
charge carriers in CrBsingle crystals,

e to investigate equilibrium and non-equilibrium magneii@a phe-
nomena in MgZnO/ZnO based 2DESs.

The thesis is organized as follows: In Chajifer 2 the basiurétieal con-
cepts relevant for this work are introduced. This chaptesuisdivided
into the categories magnetic anisotropy, equilibrium nedigation phe-
nomena and non-equilibrium magnetization phenomena. driitst part,
a phenomenological approach is used to introduce the coiéepag-
netic anisotropy and the respective energy contributibofiowing a sim-
ple energy ansatz we derive the expected torque magnetizata MnSi
thin film applying numerical model calculations. Secone, ¢guilibrium
magnetization properties of three- and two-dimensioredtebn systems
are discussed. The derivation of the dHVA effect from a freergy ap-
proach is sketched. Furthermore we show how to include tsfigdinite
temperature and residual disorder in the discussion. Thiedconsider
non-equilibrium magnetization phenomena, i.e. non-deyiuim induced
currents, again using a phenomenological approach.

ChapteiB is dedicated to the introduction of the experialeathniques.
This includes the description of the cantilever magneteméhe experi-
mental setup as well as a consideration of the experimesttisety.

In Chaptei # the investigated material systems are intedlznd basic
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properties are discussed. This is followed by a descrigifdhe prepara-
tion techniques used in this work.

The magnetization of MnSi inferred from cantilever magnettry is dis-
cussed in Chaptéd 5. Our results suggest a preliminary ptiageam.
Further we discuss the magnetic anisotropy of MnSi thin films

The dHVA effect and Fermi surface properties of e presented in
Chaptefs. The analysis of the dHVA data as a function of nagfield
strength, field angle and temperature allows us to providédpology of
certain parts of the Fermi surface of GrBnd to determine the effective
masses of the charge carriers along with mean free pathexXpleeimental
data is compared to band structure calculations to allova fcomprehen-
sive interpretation of the data.

In Chaptef¥ we discuss the magnetization of MgZnO/ZnO bageSs.
We observe and analyze the dHVA effect and non-equilibrincthaéed cur-
rents. Thereby we get information about the ground stateggrspectrum
of the 2DES as well as about the underlying density-of-stéd®©S).
Finally, the results are summarized in Chagpfler 8 and a bridbok is
given.

17






2. Fundamental theoretical
concepts

In this chapter fundamental theoretical concepts relefaarthis work are
introduced. It divides into three main parts.

In the first part we consider ferromagnetic thin films exposedxternal
magnetic fields. In this regard the concept of magnetic anapy will be
discussed. Here, we follow a phenomenological approachth&iy we
introduce the contributions to the magnetic free energyfefammagnetic
material. This allows us to model the torque magnetizaticmferromag-
netic MnSi thin film in a simple approach.

Second, the equilibrium magnetization of two and three dsinal elec-
tron systems in high magnetic fields and at low temperatudisczissed. In
other words, we recall the Landau diamagnetism of an elegfas. Start-
ing from a quantum mechanical point of view the quantizatibelectrons
in high magnetic fields is revisited. In conjunction with @timodynamic
approach the dHVA effect is then derived. We show how to fiei¢ tem-
perature and disorder effects either by an analytical ambrahe so-called
Lifshitz-Kosevich formalism, or by numerical model calatibns.

Third, we introduce the effect of non-equilibrium currefi¢ECs) in a
2DES. Here, we give a brief overview of the phenomenologicaler-
standing of NECs before we focus on the magnetization arisiom in-
duced currents in a 2DES.

2.1. Magnetic Anisotropy

Below a critical temperaturé; a ferromagnetic material exhibits a spon-
taneous magnetizatiavi in absence of an external fieRl The term mag-
netic anisotropy is used to describe the dependence of thg\enf a
ferromagnet on the direction of the magnetization. In atrégnc mag-
netic material the magnetization has no preferential dwedn absence

19



2. Fundamental theoretical concepts

of a magnetic field. Conversely, in a magnetically anisatrapaterial
the magnetization direction will preferably align alongieedtion corre-
sponding to a local minimum of the energy surface. The dvagiointing
towards a local minimum is usually referred to as the easy. akirec-
tions of large energy are called hard axes [Sko08]. Themofmagnetic
anisotropy can be intrinsic as well as extrinsic. Intriratributions may
stem from the symmetry of the host crystal. It is usually mefe to as
magnetocrystalline anisotropy. The shape of a sample saniraduce an
anisotropy. An extrinsic source of magnetic anisotropyidristance pro-
vided by stress which causes magnetoelastic anisotropy.

In this section we introduce the magnetic anisotropy cbatidns relevant
for the description of MnSi thin films exposed to a magnetildfidNote,
that we introduce the anisotropy in a phenomenological g follow-
ing Refs. [Mor01[ Chi09]. For simplicity we do not consideicnoscopic
origins. These can be found for instance in Ref. [Sko08]ttfarmore we
discuss the contributions to the magnetic energy densitwlll numerical
calculations are performed which specifically model the mesig energy
and the related torque magnetization curves of ferromagMtSi thin
films.

2.1.1. Phenomenology

In a phenomenological ansatz, the anisotropy is modeledybyretry
considerations and anisotropy constants are commonlytagetametrize
the dependence of the magnetic anisotropy on the magnetizangle.
The simplest and most common phenomenological anisotropyehis
a uniaxial anisotropy. Let us consider the coordinate systbown in
Fig.[Z1. The following parametrization of the magnetiaatM and the
magnetic fieldB in terms of polar coordinates is used:

M = (M, O, d) (2.1)
B=(B,V,¢) 2.2)

If we assume a magnet of volunmié exhibiting a uniaxial anisotropy
along thez-direction, the corresponding uniaxial anisotropy enefggysity
E,/V can be expanded in a series of powers®f ® [Mor01,[Chi09]

Ea/V:K& COSQ(I)+KSCOS4(I)+... s (2.3)
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2.1. Magnetic Anisotropy
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Figure 2.1.: Coordinate system relative to the sample.

whereK denotes thé-th order anisotropy constant. In most materials, the
magnitude of the individual terms decrease significantlihvincreasing
orderi [Sko08]. Since the materials investigated in this work wietend

to exhibit only first order anisotropies, we neglect highetes terms from
now on and sefk! = K,. The energy surfaces of a first order uniaxial
anisotropy along are depicted in Fig. 212. Fdt, > 0, the energy surface
forms a prolate spheroid extended along thdirection (magnetic hard
axis) with minimum energy in the, y-plane (magnetic easy plane). For
K, < 0 an oblate spheroid is recovered with a magnetic easy axigalo
and a magnetic hard, y-plane.

Apart from uniaxial anisotropies, crystals with cubic atispy are also
quite common. Examples are the itinerant ferromagnetsehick iron.
However, the MnSi thin film studied in this work did not revealbic
anisotropies, as will be detailed in the next section. Tioeeg a discussion
of cubic anisotropy is omitted here.

2.1.2. Contributions to the magnetic energy density

In this section the contributions to the magnetic energysited /V will
be introduced. We consider contributions from the Zeemasrgsn the
shape anisotropy as well as the magnetocrystalline aosptr
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2. Fundamental theoretical concepts

Figure 2.2.: First-order energy density surfaces sketched for a uniaxial angotro
alongz. (a) For Ky > 0, the energy density surface forms a prolate spheroid
extended along the direction (magnetic hard axis) with minimum energy in the
x,y-plane (magnetic easy plane). (B), < 0 results in an oblate spheroid with a
magnetic easy axis alormand a magnetic hard, y-plane.

Zeeman interaction

The Zeeman energy densify; /' describes magnetostatic energy of the
magnetizatioM in an external fieldB. It is given by

E;)V = —M -B. (2.4)

M preferably aligns alon® due to the Zeeman term. However, strictly
speaking the Zeeman energy is not an anisotropy energy ioldssical
meaning since it vanishes Bt= 0.

Shape anisotropy

If a sample is magnetized there is in general a discontirafithe mag-
netization at its surface. As a consequence, the divergehbkis non-
vanishingV - M # 0. In order to fulfill Maxwell's equationV - B =

woV - (H+ M) = 0 an equal and opposing divergencetbthas to be
induced. This field is commonly referred to as the demagimetifield.

It arises from magnetic dipolar interactions which inducagmetic sur-
face poles. The contribution to the energy density, thealed shape
anisotropy or demagnetization term, can be expressed as

1 ~
Eo/V = ZpuoM - N - M. (2.5)
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2.1. Magnetic Anisotropy

N denotes the demagnetization tensor which depends on th@esahape.
For a thin film, as discussed in this work, all components\Vo¥anish
except for the one which describes the direction perpefatita the film
surface. Itis given byv, = 1 [Chi09]. Assuming a thin film with sample
normaln || z the shape anisotropy can be written as

1
Ep/V = §MOM2 cos? . (2.6)

In this configuration the shape anisotropy turns into a ualanisotropy
favoring an in plane magnetization orientation. The cqroesling energy
surface is shown in Fi§. 2.2 (a).

Magnetocrystalline anisotropy

In most cases the symmetry of a crystal influences the direaf the

spontaneous magnetization. This effect is usually refletbeas magne-
tocrystalline anisotropy. Microscopically, the primamusce of magne-
tocrystalline anisotropy is spin-orbit coupling [Moi01hieh causes the
magnetic moments to couple to the orbital motion of the ebdest and

thereby to the crystal axes.

In this thesis MnSi thin films grown on Si substrates were stigated

(see Sed.4]1 for material properties). Although bulk Mn$stallizes in

the cubic structureé [Baul3], Ref. [Karl12] reported a strangxial, easy
plane type anisotropy in thin film MnSi. This is due to epitdli induced

tensile stress. In analogy to Ref. [Kal12] we treat this mineenom as
a uniaxial magnetocrystalline anisotropy dendity/V. In first order it

takes the form (c.f. Eq.2.3)

Ec/V = Kycos® ®. (2.7)

In helimagnets such as MnSi, the exchange interaction ared
Dzyaloshinskii-Morya interaction are usually also coesatl [Bak80,
[Kar1Z]. These energy contributions are essential to expla formation
of the helical, conical or skyrmion phase. In this work, hger we do
not have clear evidence for the existence of those phadeCmpteid).
Therefore it is questionable whether the two energy contidbs play a
dominant role for our data and observations. Therefore weadoegard
the exchange and the Dzyaloshinskii-Morya interactiorhia following
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2. Fundamental theoretical concepts

model calculations.

2.1.3. Torque magnetization of thin film MnSi - model
calculations

In this section we present numerical model calculationsetorque mag-
netization of MnSi thin films. They are based on the anisgtrepergy
considerations shown above. The results of the calcuatoainstructive
by themselves and further they will be helpful to analyze imterpret the
experimental results shown in Chagdtér 5.

For the calculations the following assumptions were madest,Fve ne-
glect domain effects. Instead we model a single domain statdnSi
using a macrospin approach (c.f. Stoner-Wohlfahrt mo&tb48]). Sec-
ond, to agree with the experiment, we get 90° such that the magnetic
field rotates in thex, z)-plane. Thus, the magnetic field orientation is fully
described by the angle as depicted in Fid._2l1. Third, by definition the
torque axis points along the direction, to comply with the experimen-
tal situation (c.f. Chaptdr3). In regard of this we do notsider they
component oM in the following calculations, because our torque mag-
netometer is not designed to be sensitive on this componehtiexper-
iment. Finally, it is convenient to introduce the anisoyrdigld B, given

by [Bur77]
Ba = 2K} /M, (2.8)

to compare the effect of anisotropies with the strength efapplied mag-
netic field B = uoH. Here,M; denotes the saturation magnetization and
K is the effective anisotropy constant as defined below il Edl.2
The anisotropy energy density of the MnSi thin film in a magnield is
given by

Ey/V = (Ez + Ec + Ep) /V, (2.9)

with Zeeman term&z, anisotropy energyra and demagnetization term
Ep. For a uniaxial anisotropy the energy can then be rewritsen a

1
Ea)V = —M B cos(® — ) + Kycos® ® + 5/¢OM2 cos? ®.  (2.10)
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2.1. Magnetic Anisotropy

Hence, we can summarize the anisotropy terms arising fraapesiand
magnetocrystalline anisotropies to give an effective@nipy constant

K = Ky+ 1/2u0M?. (2.11)

For a given field strengtB, field directionp and magnetization magnitude
M, the orientation oM in equilibrium, i.e. the angl®, is obtained by
minimizing Eq[Z2.1D with respect t®:

1 0E,
g =0 (2.12)

The resulting torque densily/V = M x B is then calculated from
I'/V=M:-B-sin(® — ¢). (2.13)

This formalism allows us to simulate the torglieas a function ofp for
different values of3.

In a first set of model calculations, we assume that the Mn@&iifilsatu-
rated such that/ = Ms. According to Ref.[[Li1B] the saturation magnetic
moment per Mn atom in the cubic unit cell amount® #2 1. For a given
sample of areal = 3.1 x 3.6 mm? and film thicknesslynsi = 30 nm
(c.f. sampleSI 097 Chapte %) the magnetization yieldds = 1.64 -
10° JT-'m~3. The authors of Ref{ [Karl2] reported valueskf for dif-
ferent film thicknesses. For the given sample parametersaoteopy
constant, ~ 4 kJT-'m~3 is reported. Hence, the resulting anisotropy
field yields By ~ 0.25 T.

Correspondingly simulated torque curves are shown in[ER). Eollow-
ing Ref. [Bur77], the shape of thE(y) curve is determined by the re-
lation between anisotropy fiel&#, and B. To illustrate this effect, we
showI for B = 0.04 T, B = 1.5 TandB = 10 T in Fig.[23. For
B < B, (B = 0.04 T) the magnetization does not follow the external
field. The uniaxial anisotropy dominates and the magnétizaesides
near the easy axis all the time. As a consequeh¢e) shows the pe-
riodicity of a sinusoidal function with small torque amplites. At very
large fieldB = 10 T >> By, M follows B closely and’(y) strictly reflects
the periodicity of the magnetocrystalline anisotropy ggeerm, which in
our case is a uniaxial anisotropy proportionakte® ¢. ForB = 1.5 T,
which complies well with our experimental situation, thexaiperiodic-
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2. Fundamental theoretical concepts

-90 0 90 180 270
¢ (deg)

Figure 2.3.: Simulation ofT*(¢) for a ferromagnetic single domain MnSi thin film
with A = 3.1 x 3.6 mm? anddwnsi = 30 nm. The solid curves are obtained for a
saturated film with\/ = Ms. For B = 0.04 T (B < Ba) the magnetization does
not follow the external field as the anisotropy energy dominates and thectis
a sinusoidal function with small amplitude. FBr= 1.5 TandB = 10T (B >
Ba), M follows the external field more closely as the energy term is dominated by
the Zeeman energy. The resulting torque exhibits the periodicity of the ighiax
anisotropy induced by the crystal and the sample shape. The torqumanare
independent of the field strength in this regime. The dashed curve is ettan

B = 08 TandM = 0.8 Ms. The torque peak-to-peak variation is reduced
compared to the saturated MnSi film.

ity is equal to the one aB > B, and thus governed by the anisotropy
term. Further, it is important to note that the amplitudetheftorque ex-
trema are independent of the field strengktior B > B,. According to
Refs. [Bur77/[ Chi09] the maximum torque values are directlated to
the anisotropy constait} in the high field regime.

From Eq[2.ID we infer thalt,/V takes a local minimum ap = 90° and

» = 270°, which corresponds to the fact thdt lies in the easy plane. In
the simulation we find ap = 90,270° a rather shallow slope for small
B with B > B,. This is an indication for the position of the easy axis
(EA) [Hub98]. In contrast, neap = 0° andy = 180° the slope is steeper
which indicates the hard axis (HA).

In addition, we performed calculations assuming that therexl field is
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect

too weak to saturate the MnSi film. For this case phenomereabdif-
ferences to the case discussed above are identified: THermrgsehavior

of the angular dependent torque is shown by the dashed quivig.[2.3.
Here, B was set td).8 T andM = 0.8 Ms. Although B is larger than

the anisotropy field3,, the peak-to-peak variation is smaller compared to
the case whed/ = Ms. In this scenario no direct conclusion about the
anisotropy constari’; can be inferred because the extrema depend on the

value of M [Bur77,[Chi09].

2.2. Equilibrium magnetization phenomena:
De Haas-van Alphen effect

In 1930 de Haas and van Alphen discovered the oscillatoigitian of the
magnetic susceptibility as a function of the magnetic fielthe semimetal
bismuth [Haa30]. Nowadays, these oscillations are usuaflrred to as
the de Haas-van Alphen effeCt [Ash76]. Since its discoveeydHVA ef-
fect has been studied intensively in various solid stateegys such as met-
als, heavy fermion systems, superconductors or low dimeaskelectron
systems[[Sho84, Suz93, Car036&i]. The dHVA effect is a pure quan-
tum mechanical phenomenon and hence it provides valuatdariation
about the quantum mechanical ground state of the host sydiermar-
ticular regarding three dimensional electron systems @&)Fthe dHVA
effect became a powerful and well established tool to detexifRermi sur-
face properties, scattering rates and effective massdereRee [[Sho84]
provides an extensive review on the dHVA in metals. The dHffécgin
2DESs has rarely been studied. This is due to the weakerl sigeagth
in low dimensional systems as will be discussed in Bed. 3npottantly,
the dHVA effect provides a direct quantitative measure efrtiodynamic
ground state properties in a 2DES. It is a magnetization @inemon oc-
curring in thermodynamic equilibrium. Non-equilibriumegromena, such
as induced currents, will be discussed in the next sectiothd following
a brief review on the basic concepts of the dHVA effect is give

2.2.1. Thermodynamic relations

The magnetizatiod/ is a thermodynamic quantity and is directly related
to several thermodynamic quantities of an electron syskmthe deriva-
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2. Fundamental theoretical concepts

tion of M it is convenient to introduce the Helmholtz free enefgynd
the thermodynamic potenti&l given by

F=U-TS, Q=F-xN, (2.14)

with the internal energy/, the entropyS and the temperatur@. The
thermodynamic potential depends further also on the cramatentialy
and the particle numbe¥. The corresponding differentials yield:

dF = —SdT — MdB + ydN (2.15)
dQ = —SdT — MdB + Ndy. (2.16)

Please note, that we ignore the vector charactév/cdnd B for the mo-
ment. The magnetization is related to the free energy anthtérenody-

namic potential by
e () e ()

OB ) |1 N 0B
Thus, one can use eithét or Q) to derive M and conceptually there is
no difference in both methods. In 3D systems, it turns out, tham a
mathematically point of view, it is more convenient to Uséstead ofF’
[Sho84]. In 2D systems, however, we will rely énto determinel/. For
the 2DES we regard a system with fixed particle numNeinstead of a
fixed chemical potential anH is the natural quantity to deriv&l.
ForT — 0 we may replacé’ by U in Eq[2.1T. In other words, in the limit
of low temperatures the magnetization directly reflectglieemodynamic
ground state energy. Measuring the equilibrium magnetizatidd as a
function of B thus provides direct information about the thermodynamic
ground state energy spectrum of the system.
Moreover, from Eq_2.15 the Maxwell relation

B, e

can be deduced. It provides a link between the chemical patgnand
the magnetizatiod/. This will be useful to determine the thermodynamic
energy gaps from the dHvA oscillations in 2DESs (c.f. [Eq3p.4

(2.17)

T,x
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect

2.2.2. Quantization of orbits in a magnetic field

In the classical picture, electrons exposed to an exteraghetic field ex-
perience the Lorentz force. In response the electronstetarbit around
the magnetic flux lines. In this section we treat this sitrathy means of
guantum mechanics which will finally lead to the well-knowregtization
of the electron orbits in response to a uniform magnetic fi@&h7€]. We
consider a free electron gas of non-interacting chargeecarwith effec-
tive massn*. The Hamiltonian for noninteracting electrons in a magneti
field of the formB = (0,0, B.) is given by

H= M7 (2.19)

2m*

wherep = %V denotes the momentum operator @i the vector poten-
tial. In the Landau gaugé = (0, z - B., 0) the Schédinger equation (SE)
yields

ﬁ+ Q,ieBZ 2+872+@E
Ox? Oy no " 072 h2

V(z,y,2)=0.

(2.20)
The solution takes the formi(x, y, z) = el/(Py+*=2)ly(z) which we insert
into the SE to obtain the equation of a harmonic oscillator:

—h? 0? m*w? 9 h%k?2
g g ot = (B G ute). @2
Here,
e = eB; (2.22)
m

denotes the cyclotron frequenay, = —k,(3 is the guiding center coordi-
nate of a cyclotron orbit in real space aiad= (%/eB)'/? is the magnetic
length. k; stands for thé-th component of the wavevectlr The corre-

sponding eigenenergies are given by

o1 |
Ei=|j+z)hwe+-— j=0,1,2... (2.23)
2 2m*
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2. Fundamental theoretical concepts

Figure 2.4.: Schematic sketch of Landau tubes for a free electron gas whose sur-
faces of constant energies are spherical. The Landau tubes amricgiwith a
common axis alon®. A hypothetical Fermi surface is depicted by the broken
curve. Only the parts of the Landau tube inside the Fermi surface aupied at

T =0.

Let us consider the resulting eigenenergies in reciprgmade. In the plane
perpendicular to the external field, i.e. tte,, k,)-plane, the energy is
quantized and the allowed states follow circles. The ed@atnotion along
k. is not affected by the magnetic field and the parabolic entrgn is
recovered. In sum the permitted states lie on tubes-gpace, the so-
called Landau levels (LLs), as schematically depicted q[Ei4 for a free
electron gas. The Landau tubes are cylindrical in this cateaxcommon
axis parallel to the external fieB. Further, a hypothetical spherical Fermi
surface (FS) is depicted by the broken curve. Only statederthe FS
are occupied af’ = 0. Note that in general, i.e. for an arbitrary energy
landscape in a solid state system, there is no requiremainthid tubes are
cylindrical or that they run parallel 8 [Sho84].

For any particular value of, the LLs are degenerate. If the sample area
perpendicular to the quantizing field is given dy= L, - L, the distance

between two guiding centers is given Byry = Akylg = (QL—’;) (h/eB).
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect

For a givenk, this results in the number of states with constant energy

N = ALIO = LyLyeB/h. Per unit area and considering spin degeneracy
gs We obtain as degeneracy of the LLs
eB

For a spin degenerate systegin= 2. Notice, that both, the Landau en-
ergies and their degeneracy increase linearly as a funcfianagnetic
field. The quantization of the electron motion thereforeiobsly affects
the density-of-states (DOS) and the magnetization of salildich finally
leads to the dHVA effect. In the following we sketch the datiiwn of the
dHVA effect for the more general case of a 3D electrons systémar-
bitrary Fermi surface. After that we turn to the special caka 2DES,
which is intuitively easier to understand.

2.2.3. DHvA effectin 3DESs

In this section we discuss the dHVA effect in 3D. Its derivatinvolves
very elaborate mathematics and because of that only theremsiits which
are important for this thesis are shown and interpreted. lemeextensive
review can be found in Refd. [Shd84, Zim65]. We first consileideal
electron gas d' = 0 and include finite temperature or disorder effects at
a later stage.

Ideal electron gas atl" = 0

The derivation starts from the thermodynamic poterfiahtroduced in
Eq.[2ZT4. Again, without loss of generaliB/ || z is assumed. AT’ = 0
and for an electron system of volurire € is given by

ki
_ VeBZ/ (x - E;)dk., (2.25)

m2h

where the summation is over all possible statgs The upper limit of
integrationk; is the value of. such thati*k? /2m* = x — (j +1/2) hwe.
Performing the integration assuming an arbitrary shapeadresSnon-in-
teracting electrons the oscillatory part of the thermodyitapotential is
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obtained as a function db:

521 P 1 m
Qosc = CONstx W Z I cos [Qﬂp (2 B 2> + 4} (2.26)

P denotes the area of the extremal cross section of the Fenfaicsun
the plane perpendicular to the direction Bf P’ is the corresponding
local curvature of the Fermi surface around the extremadscgection.
The formula can be interpreted with the help of Figl2.4. Adaug to
Eq.[2.23 the Landau tubes grow outwards as the magnetic fietddses
and its intersection with the Fermi surface moves up or downthis
field regime the effect on the energy, i.e. the thermodynagrotential, is
negligible. At an extremal area, however, the tube leaveg#imi surface
altogether. This process has a significant effect on theygnaccording to
Eq.[2.23 the energy separation of Landau tubes is giverdy ThusQesc
varies periodically. The periodicity finds its manifesbatin thecos term
in Eq.[Z.26. Considering only the first harmonjc=£ 1) the periodicity is
given by

hP

eB

wheren is an integer and is a phase correction. In other words, the oscil-
lations in the energy are periodic Iff B and the corresponding frequency
f is directly related to the extremal cross section of the Fsurface by
the Onsager relation [Ons52]

2w (n +7), (2.27)

2mef

P =
h

(2.28)

Note that a complicated Fermi surface may have severalraatreross
sections perpendicular to the field direction. They all dbote with an
oscillatory term of the form shown in Eg._2126.

M can be determined by differentiatifgwith respect toB as shown in
Eq.[ZIT. However, at this point we have to take the vectoraciar of )/
andB into account. Itis convenient to divide the oscillatory metjzation
M into a component parallel) and perpendicula( ;) toB. AtT = 0
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect

they are given by [Sho84]

B2 & hP 1 T
0 _ _Z z
My = constx W g 3/2 sin {QWp <27T€ 2> + 4} (2.29)

10
MY = —?a—gMH. (2.30)
As expected, the magnetization oscillates periodicallyhe reciprocal
field. Here, glof denotes the partial derivative of the dHVA frequenty
with respect tad, specifying the direction oB in the plane in which the
variation of(2 is most significant [Sho84]. Furthe% is often considered
as a so-called anisotropy factor because it takes the amyisadf the Fermi
surface into account. For instance, for a highly symmetent surface
(e.g. a sphere% vanishes. In this case the perpendicular magnetization

component\/{ disappears.

Lifshitz-Kosevich formalism

So far, the idealized situation of a free electron gas attesnperature was
discussed. In reality, however, certain aspects have tom&aered which
all lead to a damping and phase smearing of the dHVA osaitiatiSho84].
In our discussion we include now the effects of finite releoatime and
finite temperature. This is done in the framework of the wsthblished

Lifshitz-Kosevich (LK) formalism[[Lif54 [ Lif55/ Din52 Sh84,[Was95b].

e Finite temperature
At finite temperaturd’, the Fermi distribution

E_ —1
F(E,x,T)=|1+exp ZoX (2.31)
ksT
governs the occupation of the allowed states. It can be skmatthe
effect of finite temperature can be included in the aboverscltiies
by introducing a reduction factdit. It takes the form

X . 2m2kgm*T
= thX = ——FF——.
Fr sinh X’ w heB

(2.32)

e Finite relaxation time

33



2. Fundamental theoretical concepts

Electron scattering due to residual disorder leads to ademiag of

the otherwise sharp Landau levels. This effect is usualbcideed

in terms of a finite relaxation time. As shown by Dingle[Din52] a
finite relaxation time leads to a reduction of the oscillatmplitude

which can be modeled by a reduction factor of the form

Rp = exp (—%) . (2.33)

Here,my denotes the electronic band mass. It is in general different

from the quasiparticle effective mass', which can be renormalized
by many-body interactions.

Including the effects of finite temperature and finite rete@time the
oscillatory part of the magnetization (see Eqg. 2.29) carebeitten to give
the LK formula

My = M{RrRp (2.34)
M, = M%RtRp. (2.35)

In conclusion, the LK formalism provides a valuable tool nclude the
effects of finite temperature and finite sample disorder énahalysis of
the dHVA oscillations. It allows to quantify important mege parameters
such as the effective mass" or the relaxation time-.

Note that the LK formalism as derived here is strictly onlyetrfor a 3D
system with constant chemical potential. The formation ell weparated
LLs, however, induces oscillations of the chemical potntivhen a Lan-
dau tube leaves a Fermi surface as shown il Eig;2pves to the next
Landau tube. The corresponding oscillation amplitudg is negligible,
because the occupancy change of one LL is much smaller tharuthber
of charge carriers enclosed by the whole Fermi surface [&hd8h09].
This justifies the assumption of a constant chemical paknti
Regarding a 2DES, this is generally not the case as will beoeddied in
the next section. All the same the LK formalism has also pnaeegive
consistent results when dealing with 2DESs [Sho84, UshUBgrefore,
we also rely on the LK formalism when analyzing the dHVA datibn in
a 2DES as done in Chapfdr 7.
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2.2.4. DHvA effectin 2DESs

Having introduced the dHVA effect for an arbitrary Fermifage of a
3DES, we now turn to the special case of 2DESs. The 2DESstigat=d

in this work are realized at the interface of MgZnO/ZnO hesétuctures.

In the following we assume that the growth direction and tinessample
normal points along the-axis such that the electrons are quasi-free to
move in the(z, y)-plane of the interface. The confinement potential results
in a quantization of the energy levels into subbands aloag-threction.

It was shown in Ref[[Tsu07], that the energy separationséden the two
lowest subbands are very large compared to the Fermi en@wing to

the large energy separation we can assume that only thetlsuldsand of
energyEy . is occupied at low temperatures. The dispersion Witltan
hence be disregarded from now on. Of course this considersiimplifies
the discussion of the dHVA effect compared to the 3D casdfiigntly.
The zero-field density of states is therefore given by

pE) =4, VE<Eu (2.36)
m VE > B,

Th2

Further, for MgZnO/ZnO heterostructures an isotropic ecmtidn band
valley centered at th€ point was reported [TsuD7]. The effective mass
m* amounts td).31 +0.01 me as determined from temperature dependent
measurements in this work (see Chapter 7). The band steuictunc fac-

tor of ZnO is given byy = 1.93 [Tam08§].

In the presence of a magnetic field, which yields a compogntper-
pendicular to the plane of the 2DES, the energy levels aratqea as
introduced in Eq_2.23. Instead of tubes, the energy lewdlevf circles

in 2D. Regarding the MgZnO/ZnO based 2DES we can estimateghe
dau splittinghwc. It scales withiw, = 0.37 meV-B, . Please note, that
the cyclotron frequency. depends on the magnetic field component per-
pendicular to the 2DE&; = eme. Likewise, the Landau splitting is also
dependent o3 .

The external field interacts also with the spin degree ofdoee of the
charge carriers, which has not been considered so far. Thid & taken
into account by the Zeeman interaction givenfy = 1ogug B with the
spin projections = +1 for spin up () ande = —1 for spin down (). It

lifts the spin degeneracy of the electrons in the 2DES. In M@ZnO, the
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Zeeman splitting scales with, = 0.11 meV-B for non-interacting elec-
trons. It is thus on the same order of magnitude as the Larplétirg in
the given MgZnO/ZnO 2DES. Note thak, depends on the total magnetic
field. Taking the spin degree of freedom into account the ggnepec-
trum of a 2DES (non-interacting electrons) in an applied medig field B
derived from EqZ.23 can be expressed as:

1 1
Ej,a' = EJ + Ea = E()’Z + (] + 2) hwc + §JQ,U/BB (237)
Due to the limited number of electrons, not all energy leegésoccupied.
The filling factorr defines the number of occupied energy levels. It de-
pends on the electron densityand the degenerady, defined in Eq.2.24
atgs = 1 and can be expressed as
Ng hns
y= 15 _

N,, 7€BJ_'

(2.38)

In order to discuss and quantitatively analyze the dHvAatfie a 2DES

we apply numerical model calculations following Refs. [S82HWIl0§,
[Wil044d]. The starting point of the calculation is the freeesgy ' which
enables us to deriv&l according to EJ_2.17. Thereby we assume that the
particle numbeV remains constant, which is realistic for a non-contacted
2DES. In the following an idealized 2DES &t = 0 will be discussed
before we approach a more realistic situation includingditemperature,
disorder and finally electron-electron interactions.

Ideal 2DES

Considering an ideal 2DES @t = 0 the energy spectrum is composed of
discrete energy levelg; , and the corresponding DOS is a series of delta
peaks given by

D(E) =N, i 5(E — Ej ). (2.39)
=0
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The chemical potentig} and the free energy can then be determined in a
self consistent way from the number of electrdvis= Ans per aread via

X
N = A/ D(E)dE, (2.40)
0
X
Froo=U = / ED(E)dE. (2.41)
0

Using M = —0F/dB|r,,, from Eq.[ZIY we calculate the magnetization
of an ideal 2DES. This allows us to model the evolutiony@dnd M as a
function of B, as shown in Fid.2]5 (a) and (b) (solid line), respectivaly.

is presented in units of the effective Bohr magnet@n= 1g (me/m™*).

For an ideal 2DES ai’ = 0 K x jumps discontinuously between two
adjacent energy levels at integer The periodicity of the oscillations in
the reciprocal field is directly related to the carrier dgnsi by

1 e
A (BL> = h—ns (2.42)

So the carrier density can be measured from the oscillagaogA (i) .

The amplitude of the oscillations in corresponds to the energy gag

between the spin-split LLs. Thus this energy gap reflectsctly the dis-
crete energy spectrum of the 2DES.

Let us consider the magnitude &fFE' separately for even and oddfor

small Zeeman splittingug B < hwe:

e At even v spin polarization is not relevant. The energy gap is
reduced by the spin splitting. From Hg._2.37 we can infer that
AE = Ej11,, — Ejy = hwe — gugB. We will refer to the en-
ergy gap at even as Landau gaps in the following.

e At odd v spin polarization is present in the 2DES. The degree de-
pends orv. The energy gap is given bxF; = E;+ — E; | =
gus B, which we denote the Zeeman gap.

Please notice, that the above considerations are striotjytoue as long
as spin splitting is smaller than the Landau splittings B < hwc. In our

experiments on the MgZnO/ZnO based 2DES, this conditiolwiayss ful-

filled as will be detailed in SeE"7.3.3.
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2. Fundamental theoretical concepts

Via Maxwell’s relation introduced in Eq._Z.118 the jumps iretbhemical
potential in Fig[Z.b (a) are directly related to the jumpshie magnetiza-
tion shown in FiglZb (b) or vice versa. For an ideal 2DES #tation can

be simplified [Wie97] to give

= o 2X (2.43)

Real 2DES

In analogy to the 3D case, we have to take finite temperatfeetefand
residual sample disorder into account to provide a morésteascenario
of the real 2DES.

e Level broadening
Disorder and scattering effects result primarily from #iec-
impurity scattering at lowl" [Ush09] and lead to a broadening of
the delta-shaped energy levels. The deviation of the DOB\ fro
the ideal behavior provides thus important information whibhe
sample disorder and the equilibrium ground state promenie
the 2DES. Several phenomenological approaches have been pr
posed to model the DOS [Wil08, UsH09] in 2DESs, but no com-
prehensive microscopic theory has been presented yetovkod
Refs. [Sch0Z, Wil04a, Zhu03, Wil08] we employ model caltiolas
assuming Gaussian broadened LLs. Along this line the DO%ean
written as

D =

exp [(E ; fj”)z} (2.44)

BBL

Z \/%A
where A denotes the broadening parameter. Ando and Uemura
[And74K] derived an analytical expression farassuming short
range scattering. It is given by = &./2/mp/B1. Inserting
1= 3.8 x 10° cm?/Vs (samplezn0259 c.f. Sec[4.B) we obtain
A =5x10"2\/B, meVT /2, FigurdZ¥ (a) displays a gray scale
plot of the corresponding DOS for a 2DES in MgZnO/ZnO with

= 1.7 x 10" cm~2 as a function ofB,. Dark (white) color
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect
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Figure 2.5.: (a) Calculated DOS (gray scale plot) for a 2DES in MgZnO/ZnO with
ns = 1.7 x 10" cm~? and Gaussian broadened energy levels. The broadening
parametet\ is given by0.05 x v/B meVA/T. Dark (white) color corresponds to

a high (low) value of the DOS. The evolution of the chemical potentisl shown

for an ideal 2DES &f" = 0 (solid line) and for a real 2DES &t = 0.3 K (dashed

line) and atT” = 1.0 K (dotted line), respectively. Note that the spin splitting
is included in the calculations. (b) Corresponding magnetizatioof the 2DES.

For an ideal 2DES the predicted sawtooth is recovered. In reality, finijeeeature

and disorder reduce the dHvA amplitudes.
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2. Fundamental theoretical concepts

corresponds to a high (low) value of the DOS.

e Finite temperature
Finite temperature effects become important in a real 2DH®.
occupation of the states in equilibrium at temperafliie governed
by the Fermi distribution

E—x -1
F(E,x,T) = {1 +exp( "o >} . (2.45)

In accordance to the ideal 2DES, we can determjirand I self consis-
tently by solving

N = A/f(E,X,T)D(E)dE, (2.46)
-E
F=xN— kBTA/D )In [1+exp< T )] dE.  (2.47)

The chemical potential and the corresponding magnetizati®' = 0.3 K
(dashed line) and’ = 1.0 K (dotted line) taking Gaussian level broaden-
ing into account are shown in Fig. 2.5 (a) and (b), respegti@ompared
to the ideal 2DES, the discontinuitiesinand M are smoothed out. Fur-
ther, the oscillation amplitudes and thus the single-plarénergy gaps are
reduced.

When the level broadening is small compared to the energy, Gad2.43
is nonetheless a good approximation to determine the aseoil ampli-
tudes ofy from the peak-to-peak dHVA amplitudés)V/. They are a mani-
festation of the energy spectrum with energy gagds and the underlying
DOS of the 2DES. In this work we will refer to them as thermoalyic
energy gapa\ £ which are determined via

AMB
AE = ——— 2.4
~ (2.48)

They directly reflect the ground state energy spectrum o2ieS.
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2.2. Equilibrium magnetization phenomena: De Haas-vaméipeffect

Many-body effects in 2DES: Exchange interaction

So-called many-body effects are present in a 2DES if thdreles do not
behave independently of each other. The dimensionlessaMgeitz pa-
rameterrs is an important parameter to estimate the relevance of many-
body effects. It is given by [Ful12]

1
ag\/mns’

whereaj; = 4megeh? /m*e? denotes the effective Bohr radius. For ZnO,
the dielectric constant amounts ta®.5 [Tsu08]. Insertingn* = 0.31 me
andns = 1.7 - 10" cm~2 (c.f. samplezn0259 we obtain the effective
Bohr radiusay = 14.5 A andrs = 9.0. For comparison, a non-interacting
electron system usually yields < 2, e.g.rs =~ 0.5 in GaAs based 2DESs
[Tsu08]. The larges-parameter thus indicates, that electron-electron in-
teractions play an important role in the MgZnO/ZnO 2DES.

It is well known that in high magnetic fields electron-electinteraction
effects can enhance the dHvVA amplitudé\/ over the value predicted
in the single particle picturé [Jan€9, Mac86, And74a). Tgtienomenon
has been observed in many different experiments [Erig8B8\id/ie9’
MeiO1l].

A well established tool to describe many-body interactiteoretically
is the Hartree-Fock approximation (HFA). It considers tbecalled ex-
change interaction effects. These are interaction efitbetiscan be well
described by a mean field theory. However, the HFA negleatsribol-
tions that go beyond a simple mean field approach. Thoseilotitms
are usually referred to as correlation effects. Corretagfiects can be
only included by perturbations to the SE. A quantitativeatneent of the
correlation effects will not be discussed here.

In the following we consider the exchange interaction. Rially, the ex-
change interaction is a consequence of the Pauli exclusionoiple. The
average spatial separation between electrons of the samealispction
is larger compared to one of electrons with opposite spimsidw of the
Coulomb repulsion, the first situation is energeticallyoi@ble. This leads
to a renormalization of the energy gap between spin-up aimddspvn
states whenever the population of the two spin split levelst balanced.
This provokes (partial) spin polarization. In additionetbhange of the

(2.49)

Ts =

41



2. Fundamental theoretical concepts

relative occupation of the two spin states by changing thgnetc field
induces an oscillatory variation of the energy gap betwéendifferent
spin stated [And74a].

We will briefly outline the major results of the HFA in the folling. De-
tailed reviews can be found in Refs, [And74a, Mac¢86. Mah9&idd]. In

the HFA the exchange interaction is given by

_ 2
E?z[) — _47T€O€rlB ; Cj 5 (l/j/ﬁ — Vj/hL) . (250)
The term(v; + — vj ) denotes the partial filling factor and the coeffi-
cientsc;; are the Fourier transformations of the integrated matréx el
ments of the Coulomb potential [Mad86, Mei01, Man95]. Fav lging

LLs the values for;; are calculated in Ref. [Mac86]. At = 0 the inter-

nal energyU is obtained by a summation over single particle energies and
exchange interaction terms

U= g > wir—viy) (Ej,a + Eff;t)) . (2.51)

io

This approach was first used by MacDonetal. [Mac8€] to calculate the
chemical potential and the magnetization of an interacDgS. The au-
thors pointed out that the Maxwell equation derived in[EG8xtill holds
true in the framework of the HFA. Therefore the discontipuit x is still
directly related to the one in/. Along this line they predicted significant
enhancements of the energy gaps at even and odd filling $actor

It was found theoretically and was also substantiated ireexgents that
the exchange enhancement is especially pronounced at lialgl fiéictors,
where spin splitting occurs. This enhancement is oftenrdeest in terms
of the enhanced effective Laadactorg* [And744)]. In the HFA the Zee-
man gapAEy is expressed as

62

AEz = [g|ueB + > iy Wiy —vi)) =g"ueB. (2.52)

dmeperlp
J

Fully self consistent model calculations of the magneiiraproperties of
a MgzZnO/ZnO 2DES using a HFA approach are beyond the scopesof t
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2.3. Non-equilibrium induced currents

thesis. In the analysis of the experimental data in Chéptee therefore
refrain ourselves to a phenomenological description ofetkehange en-
hancement using the methodology of the enhanced effegtitactor.

In conclusion, the dHVA effect monitors the groundstatertieynamic
properties. The Zeeman and the Landau splitting are djreeflected by
the dHVA amplitudes. In addition, many-body interactionsiacluded in
the quantum oscillatory magnetization of a 2DES. Therelyoirtant in-
formation about the interactions in the 2DES and the undeglpOS can
be gained.

2.3. Non-equilibrium induced currents

The dHVA effect introduced above is an equilibrium phenoomegind well
related to other thermodynamic equilibrium quantities.siBes, 2DESs
exposed to high magnetic fields exhibit further effects. st promi-
nent example is the quantum Hall effect (QHE) discovere®B01KIi80].
It is characterized by a Hall resistance exhibiting plaseaiuinteger filling
factors. The plateaus are quantized in unité Af2. In addition, the lon-
gitudinal resistance vanishes at integer filling factorl®attemperatures.
In this regime the currents are assumed to flow dissipassnfequasi-one
dimensional edge channels.

Non-equilibrium currents (NECs) have been observed naagén filling
factors in the QHE regime. They are a manifestation of the QHE& can
be measured in a contact free configuration exploiting theiéed mag-
netic moment. This will be detailed in the following where veisit the
phenomenology of NECs. After that the so-called chargestedution
model will be introduced. The model is helpful to explain tamperature
dependent properties of the NECs.

2.3.1. Phenomenology

The situation of a 2DES exposed to an external magnetic Seddhiemat-
ically depicted in Fig[2l6. A sweeping magnetic fié?§ induces an
electromotive forces around the perimeter of the sample. As a result,
a current/ is induced which circulates around the sample enclosing the
areaA. The current is usually referred to as a non-equilibriunrentr
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2. Fundamental theoretical concepts

B, [0B/at]

Figure 2.6.: Schematic sketch of non-equilibrium currents (NECs) in a disc-
shaped 2DES induced by a time varying magnetic @8R 9¢ in the QHE regime.
The curren flows around the perimeter of the sample. Due to the Lorentz force
the charge carriers are redistributed as indicated. A radial Hall eleattit Al
builds up which is perpendicular to the induced current.

(NEC). Obviously, a magnetic moment = I.A follows from a NEC.
Away from integer filling factors, the currents dissipateyweapidly due
to the residual resistivity of the 2DES. Near integer fillifiagtors and at
sufficiently low temperature, the resistivity vanisheslie QHE regime
such that NECs percolate quasi-dissipationless. In tigisne the associ-
ated magnetic moment has been detected. The direction cfitrents and
thereby the direction of the associated magnetic momemiggsapolarity
upon changing the sweep direction. For this reason the gaitHaium
magnetization signal is easily distinguished from the dHaffect, which
does not depend on the direction of the magnetic field sweepa Aur-
ther consequence of the magnetic field, the charge carri¢ghe anduced
current are subject to the Lorentz force. The charge caraee redis-
tributed from the edge to the center of the 2DES or vice vessadicated
in Fig.[Z.8. This results in a radial Hall electric field. Note, that NECs
can also be induced by varying the carrier density rather the magnetic
field [Ruh09/Fau05], but this will not be employed in thisstse

2.3.2. Charge redistribution model

In this section the charge redistribution model will be fiyi@utlined. It
is helpful to understand basic properties of the NECs whichudes their
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2.3. Non-equilibrium induced currents

temperature dependence as well as asymmetries in the NBUsdredif-
ferent sweep directions. A detailed derivation is given affR [Mat04a,
Kav05,[Ush0d, Dyag1].

We assume a disc-shaped 2DES which is subject to a time ganyag-
netic field as depicted in Fif_2.6. The magnetic monighis induced by
the tangentially circulating current distributigp(r). In the QHE regime
the Hall angle is90° and hencejy(r) = oxyEr, Whereoy,, denotes the
transversal conductivity. Thu¥ is given by

R R
M = Tl'/ Jo(r)ridr = 7r/ Oxy Er(r)r?dr. (2.53)
0 0
We pointed out above that charges in the 2DES are redistdiuatpres-
ence of a sweeping magnetic field. However, they do not satetymulate
at the edge but they are distributed over the disc [Dya913ome regions
of the 2DES there is an additional electron dengity which raises the
chemical potential above its equilibrium value. In othenpée regions the
electron density is depleted lyn causing a decrease of the local chemi-
cal potential. This scenario is schematically depictedign[E4. As a first
approximation, the authors of Refs. [MatD4a, Kav05, Ush@¥umed a
uniform excess charge densityAn for » < R/+/2 and a uniform charge
depletion—eAn for R/v/2 < r < R. Using this charge distribution the
Hall electric fieldE; is calculated and inserted into g, 2.53 to give

M = constx oy An(T)R?. (2.54)

From this outcome we conclude thaf exhibits the same temperature
dependence aAn.
RegardingAn the following functional form was found [Ush09, Kav05]:

Eo/2+ksT InC
An = / D(E)dE (2.55)
Eo/2

whereC' is a constant smaller than unity aifd is the energy of the equi-
librium position of y as defined in Fid.2]7. The temperature dependence
of An is therefore governed by the form of the DOS in the localigtate
region between the highest occupied and the lowest unoed lhi.
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2. Fundamental theoretical concepts

D(E)

Figure 2.7.: DOS of a real 2DES. Disorder broadened LLs with localized (shaded
region) and extended (unshaded region) states. The position of thrécetheo-
tential xeq in equilibrium at integew is indicated. In a non-equilibrium situation,
charges accumulate in or deplete from different regions within the 2DEf-
gions of accumulatiorH¢e An) the chemical potentiafneqincreases, in regions of
depletion eAn) it decreases locally (after Ref. [UsH09]).
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3. Micromechanical cantilever
magnetometer

A variety of methods are available for magnetization meas@nts. How-
ever, if high sensitivity in combination with low measureméempera-
tures are desired, superconducting quantum interfereeead (SQUID)
magnetometers or torque magnetometers are commonly usé@[\W he
performance of commercial SQUID magnetometers is typicadty good
at low magnetic fields where a magnetic moment sensitivity af) =% J/T
[St683] is reached. The dHvVA effect in 2DESs was first observatl wi
SQUID magnetometers [883]. Later, Meinekt al. developed
a more sophisticated ac SQUID technique reaching a magmetiment
sensitivity of~ 10~* J/T at10 T. This allowed them to investigate the
fractional QHE in the magnetization of a 2DES [M€i99]. Howgvthe
performance of a SQUID magnetometer is usually severelyadiegl in
high magnetic fields. The detection of magnetic quantumllatons, at
the same time, relies on the application of high magnetidgieOnly at
relatively high magnetic fields, the Landau level separaigdarge enough
to be traced in a typical dHVA experiment. Therefore, tormagnetome-
ters became the tool of choice to study magnetization phenarat high
magnetic fields requiring high magnetic moment sensitivity

Torque magnetometers divide into two categories, torsaante magne-
tometers and cantilever magnetometers. Many concepts édtimer have
been proposed so far [Eis85b. Hag84, Eis85a, Tém88, Wie8&AM)]. Its
working principle is as follows. A sample is attached to aendr a fiber
and subject to a magnetic field. If the sample exhibits a remishing
magnetic moment, it exerts a torque being proportional éorttagnetic
moment. In consequence, the torque twists the wire or fibbe sensi-
tivity relies on the torsional modulus of the used wire. ladethe first
measurement of the dHvA effect in metals in 1930 [Haa30] vwasiexd
out by a torsion balance magnetometer.

The alternative approach is the use of cantilever magne&s)jewhich
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3. Micromechanical cantilever magnetometer

has been applied throughout this thesis. Its working poiecas well as
the respective readout scheme will be introduced in thevatig. Further
the experimental setup will be described and the sengitbfithe magne-
tometer will be discussed.

3.1. Principle of operation

The working principle of a micromechanical cantilever metpmeter
(MCM) is depicted in Fig[(311. The sample is attached to tlee fend
of a flexible, singly clamped beam or paddle. In a uniform nedigrfield
B a torquel acts on the magnetic momeNt] of the sample. It is given
by

=M xB. (3.1)

The torque deflects the free end of the cantilever beam by gle amway
from its equilibrium position. In our considerations we legg magnetic
field gradients which would induce an additional fofce= V(M - B) onto
the cantilever. The high field homogeneity of our magnefs @ec[3.8)
justifies this assumption.

A key ingredient for the measurement technique to work isttiesample
exhibits an anisotropic magnetic moméwt which has to be tilted with
respect toB, i.e. M Jf B. OtherwiseTl in Eq.[3]1 vanishes. We will
briefly discuss this implication for the materials and phgailiscussed in
the course of this thesis.

e MnSi thin films
MnSi thin films, which are expected to be paramagnetic ooferr
magnetic at low temperatures, possess an intrinsic aopo#s dis-

cussed in Se¢. 2.1. Thus, on the one hand the requirement of an

anisotropic momen¥ is usually fulfilled. On the other hand, how-
ever, the interpretation of the torque signal is not alwaseghtfor-
ward, because the exact orientatioriiis usually unknown.

e dHVA effect in 3DESs
For the investigation of the quantum oscillatory magnéitravia

1please note that we often refer b as the magnetization instead of magnetic moment.
Since we usually know the volumié (or the areaA) of the electron system, these two
terms are interchangeable.
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3.1. Principle of operation

Figure 3.1.: Schematic side view of a cantilever magnetometer. A toMue

M x B is exerted onto the free-standing cantilever paddle which is deflected by
Ad. In the capacitive readout scheme the deflection is monitored by aitzapze
change.

torque magnetometry we also rely on the anisotropy of thélasc
tory magnetic moment. In EG-_219 an expression for the lasoil
magnetization componenfe/; and A/, was derived. In combina-
tion with Eq.[3.1 the oscillatory torque yields:

19f

Thus, an anisotropic Fermi surface, i.ggi # 0, is required, oth-
erwise the torque vanishes. For instance, when we regartigd a
pothetical ideal 3D electron gas with a spherical Fermiagfthe
torque signal was argued to be zero.

e dHVA effect and NECs in 2DESs
In 2DES, the Fermi surface is naturally anisotropic, beeatiss
confined to two dimensions. In other words, the orbital motd
the electrons is restricted to the two-dimensional elecsystem.
Thus, the resulting orbital momeht is perpendicular to the 2DES
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3. Micromechanical cantilever magnetometer

plane. In order to observe a torque, the 2DES normal has itidzb t
by an anglex with respect to the direction of the magnetic field.
For knownc, the magnetic moment can be inferred straightforward
from the torque signal via

_ T
" Bsina’

M

Owing to this relation cantilever magnetometry allows teedily
determine the orbital magnetic moment in 2DESs. The sam&don
eration holds true for NECs. As discussed in $ed. 2.3, NEQsci
an orbital moment which is perpendicular to the 2DES plane.

(3.3)

In addition to the bending of the cantilever beam as depiictefelg.[31,
torsion of the cantilever beam is in principle also posséxteording to
Eq.[3. Without any loss of generality, we &t= (0,0, B) in the fol-
lowing considerations. Then, if/y # 0, thexz-component of the torque
does not vanish. Consequently, the MCM beam would expegiarntor-
sional moment. The torsional modulasof the cantilever beam, which
determines the torsional deflection, is, however, typjcathaller than the
Young’s modulugy” of the spring, which governs the bending of the beam
(e.g. for GaAsy = 8.3 x 10'° N/m? andG = 3.2 x 10'° N/m? [Gar62]).
Moreover, torsional deflections are suppressed in the erpat by the ap-
plication of MCMs with two beams as detailed in Secl 3.3. Efane, we
neglect torsional moments and consider only deflectionbetantilever
as indicated in Fid. 3]1.

For small deflection angles Hook’s law holds true and we can rewrite
Eq.[3 by

[ =kn= k%, (3.4)

where k denotes the spring constant ahdthe length of the cantilever
beam. The deflection of the cantilevAri is thus proportional to the ex-
erted torqud’.

3.2. Capacitive readout

The deflection of the cantilever in response to a torque camdasured by
various methods. A well established technique is the fib&calpreadout
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of the MCM deflection detailed in Ref. [Spr06]. Here, a glabeffiis po-
sitioned close to the cantilever surface and the deflectidgheocantilever
beam can be detected via a Fabry-Perot type interferentapafurther,
methods relying on piezo-resistive MCMs _[Wil98] or on a neanot read-
out scheme [Har99] were applied. For the data reported smtkigsis we
use the capacitive readout scheme. It is advantageous cethfzaother
techniques because the wiring is easily integrated intocestieg cryostat
and it can be used with any MCM design.

The working principle is schematically depicted in Fig.l3It case of a
non-metallic MCM, its backside has to be metalized. Thip si@n obvi-
ously be omitted for a MCM made of a conducting material. Imbé
nation with a counter electrode placed on the substrateghemlforms a
plate capacitor. In equilibrium, the capacitari¢gis given by

Co =22, (3.5)
d
where A denotes the area of the electrodes drisl the distance between
the electrodes which are assumed to be parallel. A cantideiection
Ad causes a change in the capacitance. For small deﬂec@éns< 1
we can write

@A A Ad\ 7!
C(d+Ad)d+Add(1+d> (3.6)
~ Cp (1 id#..). 3.7)

Thus the capacitance changg€’ is proportional to the deflectiofrd. Tak-
ing Eq.[3:4 into consideration we find that the relation betwwrque and
capacitance change is linear:

I = KAC (3.8)

Here, K denotes a constant of proportionality which is determinigd v
anin situ calibration of the MCM. Throughout this thesis an eleciatist
calibration routine was used [Sch00]. A dc voltdgevas applied between
the cantilever and the ground plane. The resulting attrétirce between
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3. Micromechanical cantilever magnetometer

T 1 Figure 3.2.: Electrostatic calibration of
[ Kk =538 ] acCuBebased MCMAC as a function
. 0.3 x 1077 pF/V? of applied dc voltagé/ (datapoints). A
L o2} J quadratic fit (line) yieldss.
Qo1t -
0 i [ [ [ ]
-20 0 20
U (V)

the capacitor plates is expressed as

CU?

F| = .
Fl ==

(3.9)

The effective torque introduced by the electrostatic fasagiven by

BCLU?

=8|F|L=

(3.10)

The factorg characterizes the reduced mechanical response of a gantile
to a force applied to the end of the beam as compared to a t{Bahé0,
[Tim72,[Wil04a]. It depends on the cantilever material aslaslits di-
mensions. In this work we designed and used two different MCNhich
will be introduced in Sed._313. For MCMs based on GaAamounts to
~ 0.73, for CuBe based MCM$ ~ 1. Combining Eq[Z318 and Ef._3110

we obtain B8CoL
AC = kU? with x = =9~ 11
C =krU* with & i (3.12)

Here,Cy is the capacitance at zero applied voltage. Measuring {h&cta
tance as a function of applied voltage allows to determin& calibration
curve of a CuBe based MCM (see Sec] 3.4) is shown in[Eigy. 3ig.o0b-
tained from a quadratic fit routine. Replaciddgn Eq.[3.11 we expresk
as

o AC3L

= . 12
260AKJ (3 )
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metal 7 sample printed
; circuit board

Figure 3.3.: Sketch of a CuBe based sensor machined outsof am thick CuBe
foil. The dimensions of the cantilever paddle dre 5 mm? and the length of the
beam is given by.5 mm.

3.3. Experimental setup

For the experiments conducted in this work two types of MCMsawsed.
They either consisted of copper beryllium (CuBe) or of gafliarsenide
(GaAs). Therefore we refer to them as CuBe or GaAs based MGMwi
following. The usage of different cantilever materials aedigns became
necessary because the experiments required differentigiéies. This
will be discussed in SeC.3.4.
Figure[3.3 depicts the design of the MCMs based on CuBe. Tleey ma-
chined out of &0 pm thick CuBe foil [Chr94] which defined the thickness
of cantilever beam and paddle. The dimensions of the caatilpaddle,
which accommodated the sample, weére 5 mm?. The MCM consisted
of two beams. This feature increased its stability and ltelpeprevent
torsion of the cantilever paddle. Their lengths were giverd 5 mm and
they were200 um wide. The gap between the counter electrode and the
cantilever paddle was set tb~ 150 um. The MCM was attached to a
printed circuit board, which provided the adequate el@&design.

The schematics of GaAs based MCMs are sketched i Fi. 3.Agthe
and width of the MCM paddle were given ly2 mm and2.0 mm, re-
spectively. The beam length wasnm and its width yielded 50 um. d
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3. Micromechanical cantilever magnetometer

amounted to~ 150 um. The thickness of the beam and paddle was set
to ~ 4.5 um. Such a small, well-defined thickness was achieved by us-
ing specially designed GaAs heterostructures and optirerehing tech-
nigues (c.f. Chaptéd 4). The cantilever was attached tophsagsubstrate.
Comparing both cantilever designs, the CuBe based MCMs te ip-
bust and can accommodate rather large and heavy samplesnthagt,
GaAs based MCMs are fragile and require thin and light sasapkeor
the experiment, both MCMs were contacted with coaxial caplevid-

ing accurate shielding. A highly-sensitive capacitanddgﬂ was used to
measure the capacitance via a three-terminal method.

The MCMs were mounted into’e cryostat reaching temperatures down
to ~ 0.27 K. They allowed a precise temperature control in the regime
0.27 K< T < 60 K.

The magnetic field was provided by superconducting magrséesys. Two
magnet systems have been used throughout this thesis.afilstial mag-
net providing fields up to 14.5 T with a relative homogeneiggtér than
10=* in a spherical volume of 1 ctnaround the field center was used.
Second, a vector magnet sysﬂawas set up and used in the framework
of this work. It provided fields up to 9 T along the axial diiectand a
maximum rotatable field of 4.5 T. Its field homogeneity wascjed to

be better than0~2 in a spherical volume of 1 cfraround the field center.

3.4. Sensitivity

In this section we discuss the choice and design of the MCMorex-

periments, which depended in particular on the physics @htterial to

be investigated. In the course of this thesis three diftenesiterial sys-
tems were studied: MnSi thin films, CsBbulk crystals and MgZnO/ZnO
heterostructures. Regarding MnSi thin films the focus ofdlseussion
was its magnetic phase diagram and anisotropy properti@scetning

the latter material systems we were interested in the quaotcillatory

behavior of the magnetization. The expected signal anggdgwary sig-
nificantly between the different material systems as willelsémated in
the following.

1Andeen Hagerling, models AH2500A and AH2700A.
2American Magnetics, 9.0 Tes)a4.5 Tesla 2-Axis, superconducting magnet system.
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3.4. Sensitivity

Figure 3.4.: Sketch of a GaAs based MCM. The thickness of paddle and beam is
~ 4.5 pm. The dimensions of the cantilever paddle &re 5 mm? and the length
and width of the beam is given by5 mm and150 um, respectively.

For ferromagnetic materials the signal strength depenidsapity on the
magnetic moment per unit cell and the volume of the sampleMin&i,
the magnetic moment per unit cell is given b8 1 [Li13]. Thus, if we
assume a film thickness ®6 nm and a typical sample areadk 3 mn?
we obtain a maximum signal amplitude on the ordeAdf# = 10— J/T.
Measurements of the dHVA effect represent a considerabfelachal-
lenge, especially in the case of a 2DES. The signal amplivfitlee dHVA
effect depends crucially on the number of free charge aarrien a 3D
metal, there are typically0?® electrons in a volume aof mm?. However,
as reported in Sef. 2.2, the torque signal, i.e. the ampliafdhe quan-
tum oscillatory magnetization, depends in particular an shape of the
Fermi surface. For metals, typical amplitudeso¥/ are on the order of
1079 J/T atB = 1 T for a sample volume of mm? [Sho84].
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3. Micromechanical cantilever magnetometer

In a 2DES there are typically0'® electrons per mf For an isotropic
2DES the Fermi surface reduces to a circle. As detailed inf5E& each
electron of an ideal 2DES without spin splitting contritsitero effective
Bohr magnetongj to the magnetic momentin an applied fieldat 0 K.

For a sample with an area of 1 Mwe thus expect a signal amplitude of
~ 10713 J/T or smaller. Taking these numbers into consideration eve d
signed the MCMs in such a way as to meet these sensitivityinagents.
For MnSi thin films and the CrBsingle crystal we designed and used a
MCM as depicted in Fid,_313. Experimentally we obtainedtwaliion con-
stantsK on the order of~ 2 x 105 Nm/pF. For a typical measurement
with averaging times of 0.4 s the rms noise of the capacitance bridges
yields 5 aF, which results ifC' ~ 4 aF. Thus the torque resolutioi’

is given byoI' = K§C and the magnetic moment sensitivity can be ex-
pressed asM = °L. At B = 10 T we obtains M ~ 1 x 10~ J/T.

The investigation of the dHVA effect in 2DESs required a ligbensitiv-
ity. Therefore we chose GaAs based MCMs as shown in[Fig). 3stutty
the 2DES confined in MgZnO/ZnO heterostructures. Here, anetag
moment sensitivity of M ~ 4 x 10~* J/T was achieved experimentally.
The sensitivity can of course be further improved by indreashe aver-
age time or by software based averaging. An overview of tiee MCMs
and their respective, experimentally determined serits#$/is given in Ta-

ble[31.

| Sample [ MnSi | CrB, | MgZnO/ZnO |
Sensor type CuBe CuBe GaAs
K (Nm/pF) 2.49 x 1075 | 1.96 x 10~° | 1.07 x 1077
M AIMatB=10T || ~1x 107" | ~1x 1071 | ~4x 10714

Table 3.1.: Experimentally determined sensitivities of the MCMs used in this work
atl ~ 0.28 K.
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4. Materials, sample details and
preparation

In this chapter we introduce the material systems relevanthiis thesis.
Three different material systems were investigated: Mhiifilms, CrB,
single crystals and MgZnO/ZnO heterostructures. In theviohg, funda-
mental properties of these materials are reviewed andslefdhe specific
samples used in this work are given. Further, the preparatiacess of the
cantilever sensors is shown in SEcl4.4.

4.1. MnSi thin films

Compounds that crystallize in the B20-type structure hatracied enor-
mous attention during the last yedrsiifD9/ Yul04d, YulOb, Sekil2, Rit13].
Their crystal structure is cubic, but non-centrosymmetrithe type of
magnetic order present in these bulk materials is mainly tdutae in-
terplay of three contributions to the free energy. Thosdememagnetic
exchange energy, spin orbit coupling and the Dzyaloshihd&riya inter-
action. The latter is an antisymmetric spin exchange iotema character-
istic for the given crystal structure. The combination afsb energy terms
results in a variety of potential magnetic configurationad2]. The per-
haps most intriguing example is the so-called skyrmion phagich is
composed of a regular array of spin vortices with non-zepolagical
winding number[[Mih09]. Further, helical spin structures, conical spin
structures as well as field induced collinear spin strustare possible.
Bulk MnSi is the most prominent example of this material sI@dnh09,
[YuIOa/[RitI3]. It undergoes a phase transition from a pagamiic state to
a helimagnetic state @ ~ 29.5 K. At B > B1 ~ 0.1 T the conical phase
appears and @ > B ~ 0.6 T the system turns into a field-polarized
state. Close td; and at moderate field8 ~ 0.4 T a phase pocket exists
that hosts the skyrmion phase as was discovered recentig@™ YuI0a].
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4. Materials, sample details and preparation

\
$dMnSi
[110)

Figure 4.1.: Schematic of MnSi thin films grown onto Si (111) substrates.

Apart from being very interesting from a fundamental reskaiewpoint
this material system might also be a promising candidatespamtronic
applications since the skyrmion motion can be driven by \ewy cur-
rent densities [Jon10, Sch12b]. However, the integratidoutk crystals
into state of the art nanometer-scale chip technology ntiglthallenging.
Along this line, MnSi in the form of micro- or nanostructuresuld be
more favorable. Therefore, the fabrication of epitaxiéh film MnSi has
become interesting and intensive efforts have been dedidatthis goal
[Fig09, [KarI0/KarLi Li1B].

The samples used in this thesis were fabricated in the grbBpoé. Thor-
sten Hesjedal at the University of Oxford. They used molkecbeam
epitaxy to grow the MnSi thin films onto Si (111) substratesn, Mvap-
orated in an effusion cell, and Si, evaporated by an eledieam, were
co-deposited on the Si substrate to form the MnSi thin film.oorys-
talline quality of the thin films was established by X-rayfdittion of
several reference samplés [Wie].

To allow for cantilever magnetometry the samples were cimngua wire-
saw and oriented along the12]- and the[110]-direction, respectively,
as denoted in Fig.4.1. Two samples have been investigatidsimvork.
Sample areas along with the respective thickness of the KInSilyns;
are summarized in Table4.1.
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4.2. CrB single crystals

[ Sample[| dunsi (nm) [ A (mn?) |
SI078 || 10 3.5x4
SI097 || 30 3.1x3.6

Table 4.1.: Overview of MnSi samples.

4.2. CrB, single crystals

CrBs is an itinerant antiferromagnet beldlfy = 88 K. Although itiner-
ant antiferromagnetism was observed long ago in the reigystinagnetic
susceptibility and specific heat [Bai69, Vaj01, Balo5]atigely little is
known about this material. Its C32 crystal structure, whgkharacter-
istic for all diborides, is shown in Fi§.4.2. Closest-patker layers and
honeycomb B layers alternate along t061] direction. The crystal has
thus a rather two-dimensional character. The intralayedbng forces in
the boron layer, resulting from ando bonds, are much stronger than the
interlayer bonding forces to the Cr layers. NMR studies d8{powder
samples[[Kit78[_Kit8D] provided the first microscopic ewide for itin-
erant antiferromagnetism suggesting that CiBlocated in the middle of
the local moment and the weakly antiferromagnetic limitgclGidal mag-
netic order was inferred from neutron scattering experthfun77]. An
ordering wave vectoqg = 0.285(;,, andqi10 = 27/5 was stated and
a reduced ordered magnetic moment of @%.u.”* was found, which is
characteristic of itinerant magnetism.

In this thesis the properties of a single crystal preparedtical float-
zoning [Bau13] were investigated. The crystal along witsttuctural and
electrical pre-characterization data were provided bygimip of Prof.
Pfleiderer at the Technische UniveditMinchen. For the growth, 99%
isotopically enriched'B was used to make neutron scattering experiments
possible {"B is a strong neutron absorber [Ama36]). Further detailbef t
growth process are reported in Ref. [Baul3].

The sample was oriented by means of Laue x-ray scatteringli&a To
allow for cantilever magnetometry, it was cut by a wiresagit@ a cuboid
of 2.45 x 2.2 x 0.8 mm? parallel to[001] x [100] x [120], respectively.
Reference samples from the same ingot were pre-charaadeair an ex-
cellent sample quality was established [Baul3]. The etdtresistivity of
the samples decreases monotonically with decreasing tatope and dis-
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4. Materials, sample details and preparation
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Figure 4.2.: C32 Crystal structure of CiB Boron and chromium layers alternate
along the[001] direction.

plays a distinct cusp &fy followed by a temperature dependence consis-
tent with a spin-gap of- 220 K. The resistivity is moderately anisotropic
by a factor ofl.5 to 4.5 at all temperatures (the resistivity for current along
[100] is larger). At zero temperature the resistivity drops to alssample-
dependent value of a fepQem [Baul3]. The residual resistivity ratio is
11 for current along100] and31 for current along001]. These values
are the highest ones reported in literature. Finally, ndridmutions from

Fe impurities have been observed which is in contrast taay/sised in
earlier works[[Bal05, Cas72].

4.3. MgZnO/ZnO heterostructures

Zinc oxide (ZnO) is a wide-band gap semiconductor. Its lafigect band
gap of3.37 eV makes ZnO promising for advanced electronics. Possi-
ble applications include light-emitting diodes and lagBag97], trans-
parent conducting oxide layers for flat-panel displays andiéld effect
transistors[[Nom03, TsuD7]. Recent progress in epitaxialvth of ZnO
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4.3. MgZnO/ZnO heterostructures

has led to the realization of high-quality MgZnO/ZnO hestraoctures
[Akal0,[Falll]. The discovery that a 2DES forms at the irteefof both
materials without any intentional doping paved the way forimmense
boost of this research field and meanwhile the QHE as well edréit-
tional QHE in this material system has been repoited [TISUSA10].

The samples investigated in this work have been grown andlykjoro-
vided by Y. Kozuka from the group of Prof. M. Kawaski, QPEC,iUn
versity of Tokyo. They were fabricated using molecular begpitaxy as
described in detail in Ref. [AkalD, Falll]. The sample schiirs are de-
picted in Fig[4.B (a) and (b) in bird’'s eye and side view, szspely. On
top of a0.35 mm thick Zn-polar ZnO substrate, a ZnO buffer layer fol-
lowed by a MgZn; 4O layer was grown. The growth direction was the
[0001] direction and a Mg content of ~ 0.01 was used[Fall1].

The formation of the 2DES at the interface is strongly reldatethe polar
crystal structure of ZnO. It crystallizes in the wurtziteusture and there-
fore polarization effects along tHe001] direction have to be considered
[Kab80Q]. Both, the buffer ZnO as well as the MgZnO layer extébspon-
taneous polarizatiofs, as denoted in Fig. 4.3 (b). While the ZnO buffer
layer grows relaxed onto the ZnO substrate, there is adattismatch
between the ZnO and the Mgn; 4O layer. This mismatch results in a
compressive strain in the MgZnO layer aldifg01] inducing a piezoelec-
tric polarizationPpe [Yan07]. At the abrupt interface of ZnO and MgZnO
the contributions from piezoelectric and spontaneousrijzatgon induce
an interface charge expressed as follows [Amb00, TamO08]:

0 = Pzno — Pugzno = Pszpno + Poe — Ps“{',gz“o (4.1)

The interface charge gives rise to an electric field insigevthole struc-
ture. Finally, the electric field induces a band bending gsatied in

Fig.[4.3 which confines free charge carriers at the interfaéer posi-

tive o free electrons accumulate at the interface, which is the frasthe

samples investigated in this thedis [Fall1, T$u07]. Anagmis mech-
anism causes the formation of the 2DES in AlGaN/GaN hetarcisires
[Amb0d]. Following Ref.[[Tsu07, Tam09] a schematic potahtliagram
can be constructed as depicted in [Eigl 4.3 (c). A triangulantum well

at the interface drops below the Fermi level. The authorsedf R'su07]

reported further, that at low temperatures only the loweksband is occu-
pied.
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Figure 4.3.: Schematic of a MgZnO/ZnO heterostructure in bird’s eye (a) and side
view (b). The MgZn;xO layer is grown onto a relaxed ZnO layer. Both, ZnO
and MgZnO, exhibit a spontaneous polarizatidp because they crystallize in the
wurtzite structure. Due to the lattice mismatch between both materiglggO

is strained compressively and a piezoelectric polarizaligris induced addition-
ally. At the interface a polarization discontinuity results which finally leads to
an accumulation of free charge carriers. (c) Schematic potentialaiiagear the
interface following Ref.[[Tsu0d7]Ec and Ey denote the conduction- and valence-
band, respectively. A triangular quantum well at the interface drofisabthe
Fermi level Er and confines a 2DES.

Transport measurements on a reference 2DES from the sacte Hzate
been performed by our Japanese collaborators. From Shawbdi&k Haas
oscillations and Hall effect measurements the electrositens and the
mobility ; were inferred. Further details about the two samples invest
gated in this work are summarized in Tablel4.2.

The as-grown heterostructures were machined to get a flip sdninple
suitable for the cantilever sensors. Hence, the heteiates were cut
by a wire-saw and thinned from the backside. The resultimgpsa (and
2DES) area waB.9 x 1.8 mm? and the thickness approximated§ um as
schematically depicted in Fig. 4.3 (a).
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4.4. Sensor preparation

| Sample || dzno ("M) | dmgzno (NM) [ ns (cm™2) [ p (cMPIVs) |
zn0257 || 400 220 4.1 x 10 | 2.9 x 10°
zn0259 || 690 380 1.7 x 101 | 3.8 x 10°

Table 4.2.: Overview of MgZnO/ZnO samplesizno anddwgzno denote the thick-
ness of the ZnO buffer layer and of the strained MgZnO layer, resedcths and
1 are the electron density and the mobility, respectively.

4.4. Sensor preparation

Micromechanical cantilever sensors based on GaAs and ore Quee
used in this work as reported in Chagfér 3. In the following tbspective
preparation techniques will be outlined.

4.4.1. GaAs based sensors

GaAs/AlAs heterostructures grown by molecular beam epitesre used
for the fabrication of MCMs. The wafers incorporating thedrestruc-
tures were provided by Dr. Ch. Heyn in the group of Prof. W. $&am
from the University of Hamburg. Figufe 4.4 (a) depicts theelasequence
of the heterostructure that was used for the cantilevergpegion in this
work. Onto a GaAs bulk substrate a GaAs/AlAs superlattice grawn,
which serves as etch stop layer in the preparation procéssisifollowed
by a4400 nm thick GaAs layer. On top of the heterostructure, therdrare
GaAs self-assembled dots. They were removed in the prépaiaibcess
and they are not relevant for this work.

The preparation of the sensor comprised the following s{Sgh00],
which are illustrated in Fig§._4.4 (b-f).

1. The InGaAs dots were removed by a short, non-selectiveniciaé
etching process using a phosphoric acid/hydrogen per@tideng
solution.

2. The cantilever contour was defined by optical lithographythe
front side of the GaAs heterostructure. Subsequently the he
erostructure was etched laterally as depicted in (c) usiegohos-
phoric acid/hydrogen peroxide etching solution. This psscde-
fines the cantilever contour. Note that the etching was pedd
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4. Materials, sample details and preparation

(a) InGaAl dots  (b) (c)

Figure 4.4.: Preparation process of the GaAs based sensors. (a) Layer seaqiien
the GaAs/AlAs heterostructure. (b) Removal of the InGaAs dots byssbective
chemical etching. (c) Definition of the cantilever contour by optical lithpbya
and subsequent chemical etching. (d) Polishing the heterostruatumetie back-
side to reduce overall thickness followed by lithography step to defineabk-b
contact of the sensor. Subsequently a selective etching processhedmckside
removes the GaAs up to the etch stop layer. (e) Removal of the etch serp @y
Evaporation of AuPd to metallize the backside of the cantilever.

to a depth> 5 um such that the AlAs/GaAs layer surrounding the
contour was removed.

3. The heterostructure was then mechanically polished franback-
side to reach a total thickness©f150 um. This procedure defined
the distancel between cantilever backside and the counterelectrode
as will become clear in the following.

4. The heterostructure was processed further from thehmali®ack-
side in order to obtain a free standing cantilever. The ainta
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4.4. Sensor preparation

area at the backside, which is the cantilever foot at the dames
was defined by a resist contour via optical lithography. Then
the heterostructure was etched from the backside usingria cit
acid/hydrogen peroxide etching solution, which is highdjestive

as shown in (d) . Thereby the GaAs at the backside of the het-
erostructure was removed until the GaAs/AlAs superlattices
reached. At this point the GaAs/AlAs superlattice servectab
stop layer and guaranteed a uniform thickness of the caetileeam
and paddle.

5. The GaAs/AlAs etch stop layer was removed by a non sekeetith-
ing process as displayed in (e). The final thickness of il
beam and paddle was approximatélym.

6. Finally the cantilever was metalized from the backsidellow for
capacitance measurements. For thigam thick AuPd layer was
evaporated as depicted in (f).

A sapphire plate was used as substrate material. It wadstedcvia op-
tical lithography and subsequent Cr/Au evaporation anebfifto provide
the counter electrode, the electrode for the cantilevekdide as well as a
guard ring. The cantilever contact area was then attachie teespective
electrode on the sapphire substrate using conducting gibs&e. For this
process a micro-manipulator setup was used. In the final giepsam-
ple was attached to the free standing cantilever paddig sgh vacuum
grease. The cantilever glued to the sapphire substratecandianodating
the sample is schematically depicted in [Fig] 3.4.

4.4.2. CuBe based sensors

For larger samples and larger expected torque signals waedhe alloy
copper beryllium (CuBe) as cantilever material. This matés character-
ized by a high strength (Young’s modultis= 12 — 16 x 10*° N/m?) and

is therefore often chosen for the fabrication of springghla work, CuBe
foils with a thickness ob0 pm were used for the cantilever preparation.
The preparation procedure was as follows:

1. Photoresist was applied to cover one side of the CuBerfidibrmly.
This will be denoted the backside of the foil in the following
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4. Materials, sample details and preparation

2. Onthe front side of the foil the contour of the cantilevexsvdefined
by optical lithography.

3. The CuBe was removed via a wet chemical etching procesg asi
FeCk solution.

4. In order to remove the resist from front- and backside efaan-
tilever the structure was rinsed in acetone.

The process provides the cantilever spring. In additionnaehined three,
50 um thick spacers out of the CuBe foil. They were used to defieeit-

tanced ~ 150 um between the backside of the cantilever and the counter

electrode. A printed circuit board was designed to fit outtiGarers and
to provide a counter electrode and the relevant cantilewetact. Finally
the spacers along with the cantilever were mounted ontorthied circuit
board as schematically depicted in Hig.]3.3. The sample Wwasido the
free standing cantilever paddle. The dimensions of theilesat paddle
were4 x 5 mm? and the length of the beam was givenloy mm.

66



5. Magnetization of MnSi thin
films

In this chapter we report results from cantilever torque meagmetry ex-
periments on MnSi thin films. Regarding bulk MnSi, crystabwth is
well established and the phase diagram has been studiedively dur-
ing the last years [Mh09/Yul04, Baul?2]. In contrast, the growth of high
quality MnSi thin films has only recently become possiblefKiLi13].
During the course of this thesis, the phase diagram of thimMinSi was
still under debate and controversial results were pubtijkar1l, Karl2,
[Ton12]. Meanwhile, Lorentz transmission electron micopsc studies
have been reported [Lil3] which locally resolved the maigngtructure
of thin film MnSi. However, the behavior on the macroscopialsthas
not been refined yet, since there are no publications in litietive micro-
scopic picture so fai [Lil3]. For this purpose torque magmetry was
applied in order to investigate the magnetic long-rangeiordhe inten-
tion was to gain further insights into the phase diagram iof film MnSi.
The chapter is organized as follows: Jec] 5.1 briefly reakgiits the ex-
perimental methods applied in this specific experiment. dn.[5.2 can-
tilever magnetometry results as a function of magnetic figldempera-
tureT and field orientation are shown. The phase diagram infenead f
the torque magnetometry experiments is discussed il S#c-imally the
magnetic anisotropy of thin film MnSi is addressed in $ed. 5.4

5.1. Methods

Two samples of different MnSi thicknedgs; have been investigate&l
097 (dmnsi = 30 nm) andSI 078(dynsi = 10 nm). Details of the sam-
ple structure and further sample properties can be founéa{&1. Both
samples yielded qualitatively the same results. Thus, ifrmarked dif-
ferently, results obtained with sampi 097are shown in the following.
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5. Magnetization of MnSi thin films

This sample showed a better signal to noise characteriséi¢aithe larger
dmnsi compared tdS1 078 The experiments have been performed using
CuBe based cantilever sensors as described in CHapter 3pl&awere
glued to the free standing cantilever plate, as depicteémalically in
Fig.[5.. The orientation of thgl10] crystal axis was parallel to the can-
tilever axis. The cantilever deflection was read out usireydapacitive
technique shown in Chapter 3. We performed the experimarttseivec-
tor magnet system (c.f. Sdc. B.3). Thereby the magnetic\fieklrotated

in the [110] — [111] crystal plane as shown in Fig.5.¢.denotes the an-
gle betweerB and the[111] direction. Measurements were performed in
a3He cryostat allowing temperatures frah28 — 60 K. The temperature
was recorded by a calibratéternoxtemperature sensor mounted on the
sample stage. Prior to all experiments, the samples weoefizdd cooled.
We note, that the in-plane superconducting magnet coibéed large flux
jumps in the experiment. As a consequence readout ovesshndtjumps

in the capacitance occurred. These problems persistedbtivedy large
anglesy > 50° and large magnetic field8 > 1.5 T. Owing to the tech-
nical limitations measurements in this regime were not neggh for the
discussion.

Figure 5.1.: Side view of the can-
tilever sensor including the MnSi thin
film sample. ¢ denotes the angle be-
tweenB and the[111] crystal direction.
The field is applied in th¢111]-[110]
plane.

5.2. Experimental results

Torque as a function of B

Figure[5.2 (a) shows the torqlieas a function ofB for various anglesT
was set to 29 K. In all measurements we applied the followielg Bweep
procedure at constantangle B=0T —-3T — -3T —-3T —>0T.
Comparing the curves at different angles, we note that thati@n of |T'|
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Figure 5.2.: (a)I'( B) for differentp at7T" = 29 K. The field sweep procedure was
B=0T—-3T— -3T— 3T — 0T. At smallp we observe a hysteresis.
For o = 0° spike-like features are found neBr~ 0.4 T. They are reminiscent of
Barkhausen jumps. (H)(B) ate = 0° for different temperatures. From bottom
to top the temperature was setffo= 12 K, T" = 29 K, T' = 45 K and the curves
are shifted vertically for clarity. A" = 12 K the torque is hysteretic, but the
curve is smooth neaB =~ 0.4 T. No hysteretic or spike-like signature is found at
T = 45 K. (c) I'(B) aty = 15°. From bottom to topl” was set to: 2 K, 22 K,
29 K, 35K, 40 K, 45 K, 50 K. For temperatures upfo= 35 K a characteristic
transition fieldB. is identified. B. is extracted as marked by the dashed lines. (d)
Bc as a function of" for ¢ = 15° (squares) angh = 45° (circles). ForT’ < 35K,

B decreases fronB =~ 1.2 Tto B = 0.75 T with increasindgl’. B. drops to 0
betweerl” = 35 K andT = 40 K. The angular variation oB; is weak.
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5. Magnetization of MnSi thin films

as a function o3 is strong for largey. Forp = 0° andyp = 5°, the curves
of up- and downsweeps are not identical but hysteretiB.if-or largerp

no hysteresis is resolved. &t= 0° the curve is, except for the hysteresis,
almost flat. However, aroun8 =~ 0.4 T, spike-like structures are seen.
They occur after sweeping from one field direction through zero to the
opposite direction. The systematics are comparable t@king processes
(Barkhausen jumps) of a conventional ferromagnet neardbecive field.
Note that at larger angles the spike-like features are abdestead, at
|B| ~ 0.8 T all curves exhibit a change in the slope which we attribate t
a magnetic transition as discussed later.

In Fig.[5.2 (b) we reconsider the behaviorltfB) aty = 0° for different
temperatures. From bottom to top the temperature was set+o012 K,

T = 29 K, T = 45 K and the curves are shifted vertically for clarity.
At both, T = 12 K andT' = 45 K, spike-like features are absent. At
T = 12KandT = 29 K I'(B) is hysteretic while it is flat &’ = 45 K.
Figurd5.2 (c) showE(B) aty = 15°. From bottom to top the temperature
was setto: 2K, 22 K, 29K, 35K, 40K, 45 K, 50 K. At loW the variation
of |T'| as function ofB is more pronounced. The curveat= 2 K exhibits

a hysteresis, which is absent at elevafedFor 7' < 40 K, the shapes of
I'(B) differ qualitatively from the ones at high&t. Starting fromB =0T
IT'(B)| increases significantly up t8; ~ 1 T. At B the slope changes
abruptly. This is followed by a smooth increase|B{B)| with a small
slope at largeB. In order to extractB. we fit two linear functions as
denoted by the dashed lines. Hengg,is the interception point of both
fits. ForT > 40 K the data exhibit a uniform slope and a transition field is
not resolved.

We summarize the obtained values 8y at ¢ = 15° andyp = 45° as a
function of 7" in Fig.[5.2 (d). At both angles, the temperature dependence
of B is similar. ForT < 35 K, B decreases fronB ~ 1.2 Tto B ~
0.75 T with increasingl’. ForT > 40 K B is zero since no change of
slope inI'(B) was observed.

Torque as a function of T’

The temperature dependencddé shown in FiglL5.3. The experiment was
conducted as follows: First; was set to 55 K. Second? = 0.4 T was
applied atp = 90°. Third,T" was ramped down to 15 K and the torque was
recorded simultaneously. With decreasifigl” decreased smoothly. At
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5.2. Experimental results

Figure 5.3.: T" as function ofl" at B =

04 T andyp = 90°. Starting from

T = 55 K, the temperature is swept
down to 15 K. NearT: =~ 39 K the
curve exhibits a deflection point. We at-
tribute this feature to the transition tem-
perature of MnSi between the paramag-
netic (PM) and the ferromagnetic (FM)
state.

T, ~ 39 K the curve displays a deflection point. Apart from this sigine,
no further significant variation was found. This experimesat repeated
for various field strengths and angles. However, the deflegibint was
only resolved afp = 90°.

Torque as a function ofy

The angular dependencelbfs shown in FiglGl4. At fixed absolute value,
the field orientation was varied frop = —105° to « = 105° and vice
versa. Figur€5hl4 (a) shows the resultsfor= 4 K. The four curves cor-
respondtoB = 03T, B =05T,B = 07T, B = 1.5 T. All curves
exhibit one torque maxima and one minima in the angular regitadied.
This behavior corresponds to a twofold magnetic symmeter as60°
range. The torque maxima (minima) increase (decrease)imdtbasing
field strength. A rotational hysteresis is present in alesr The hystere-
sis loop atB = 1.5 T does not close due to a drift over time for< 140°.
Different temperatures are addressed in Eigl 5.4 (®d)was set td).8 T
for all measurements anfl was varied from 4 K to 50 K. The torque
maxima (minima) show a strorij dependence. The peak-to-peak varia-
tion of I'(y) decreases significantly with increasifig At 7' = 4 K and

T = 35 K, a rotational hysteresis can be found. In contrast, thereoi
hysteresis fofl" = 50 K.
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I (10 Nm)

(a) ¢ (deg) (b) ¢ (deg)

Figure 5.4.: (a)T'(y) atT = 4 K. The field sweep direction is depicted by arrows.
Bwassettd.3T,0.5T,0.8 Tand1.5 T. All curves exhibit a rotational hysteresis.
The torque extrema increase with increasifig At B = 1.5 T drifts over time
occurred. (b)'(¢) at B = 0.8 T for variousT'. Torque extrema and rotational
hysteresis decrease with increasifigAt 1" = 50 K no hysteresis is observed.

5.3. Phase diagram inferred from torque
magnetometry

In this section we discuss the torque magnetometry resadtssfng on the
classification and assignment of magnetic phases in thinMilSi. The
results will be interpreted in the context of other recentksmn the phase
diagram of thin film MnSi[[Li13[ Kar1P].

From the observations presented in $ed. 5.2 we derive tlesvfol state-
ments:

e The hysteresis observed in théB) andI'(y) data is a clear indica-
tion for the existence of collective magnetism in the MnShpée.
The hysteresis il’(B) was observed only at lo#’, whereas the
rotational hysteresis persisted uplic< 35 K. At largerT’, the hys-
teresis was absent. We conclude that collective magnesipnesent
forT" < 35 K.

e The temperature dependence shown in Eig. 5.3 revealed a-defle
tion point atT’ =~ 39 K. In combination with the conclusions drawn
above this observation supports the notion that a phassitican
into a magnetically ordered phase took plac&@at: 39 K whenT’
was varied from high to low temperatures. Abdlle~ 39 K, the
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5.3. Phase diagram inferred from torque magnetometry

MnSi thin film is presumably paramagnetic. This statemestuis
ported by the measurement results fgrp) at7” = 50 K. Here no
rotational hysteresis was found which points towards apagmetic
state of MnSi.

Next we consider the change of the slopeB (i) at B, for T' < 35.

In this temperature regimB. ranged fron~ 1.2 Tto~ 0.75 T. For
T > 35 K we observed no change in the slopd¢B). In addition,
the I'(¢) data suggests collective magnetism belwd above B,
for T < T, which is manifested by the rotational hysteresis. Thus
we attribute the change of slopegatoccurring afl” < T¢ to a tran-
sition between two magnetically ordered states. 'Fa¢ T, MnSi
is paramagnetic and no transition/at is expected, which is consis-
tent with our observations. In the context of the resultoraga in
Ref. [Li13], we interpret the behavior &, as a transition from an
ordered, but non-collinear, spin state into a field polatigete.

For B aligned along the sample normal spike-like featureB(iB)
nearB ~ 0.4 T have been found &t = 29 K. They are reminiscent
of the well-known Barkhausen jumps in ferromagnets. On aeto
of this resemblance we attribute these features to domaieation,
domain wall movement as well as domain reorientation pisEeR
the MnSi thin film. Liet. al. reported a skyrmion phase
in MnSi thin films in this temperature and field region. Intgre
ingly, the spike features are not present at low tempersterg. at
T = 12 K, although we identified a magnetically ordered phase in
this temperature regime. Thus one could speculate thatitereed
structures are caused by the formation of the skyrmion phase

From these consideration we extract a preliminary phasgratia which

is shown in Fig[5b. At high', the MnSi thin film is paramagnetic. At
T. =~ 39 Kand B < B a transition into a ferromagnetic, non-collinear
spin state takes place. For < T; MnSi turns into a field-polarized state
at B. ~ 1 T. B; andT; are found to be rather insensitive to the direction
of the applied field.

The phase diagram and the extracted valuesfoandT; are in reason-
able agreement with the findings reported in Réfs. [KAr123LiOn top

of that these works report a helical, a conical and a skyrnpioase in
the regimeB < B; andT < Tc. In particular, Li. et al. [Li13] found
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Figure 5.5.: Phase diagram of thin film MnSi inferred from torque magnetometry.
Data points are adopted from Fig. 5.2 (d). At< 39 Kand B < 1 T, the MnSi

thin film exhibits collective magnetism. We denote this regime as non-collinear
spin state which possibly comprises a skyrmion phase (see textR At1 T a
transition to a field-polarized state takes place. For 39 K the MnSi thin film

is paramagnetic.

a pronounced skyrmion phase pocket belBwand in the temperature
rangel5 K< T < T;. Our experiments, however, do not hint at the ex-
istence of further phase boundaries in the phase diagrahismegime.
Nevertheless, in the light of the work of Liet al. we assume that an
extended skyrmion phase could be present in our samplesliasAnen-
dication, that supports this notion is the observation iesfike features
atT = 29 K. Above, we speculated that the well known domain processes
cause the spikes. In addition, the spikes may as well carresfo the
formation or destruction of different skyrmion domain pbgss As was
speculated in Ref[[Li13] magnetic long range order mighsbepressed
in MnSi thin films but instead a domain-like skyrmion struetmight ex-
ist. In our opinion the torque magnetometry experimentsotmrate the
speculations about missing long-range order in the skymrpioase. At

T = 12 K, we did not observe spike-like features. In this tempesatu
regime the skyrmion phase is suppressed according to[R&B][LThus,
the observation is in accordance with the line of argumantatbove.
Finally, let us tackle the question why there are no furtheage bound-
aries observed belofi. andB.. Itis supposed[KarlZ2, Li13] that phases of
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5.4. Magnetic anisotropy

conical or helical spin structures are also stable in thgénmme. However,
if the magnetic configuration and thus the magnetic torquevden two
states is very similar, the corresponding transition migtitbe resolved
by our measurement technique. This may explain the absdrfoetioer

phase boundaries.

5.4. Magnetic anisotropy

We now focus on the discussion of the magnetic anisotropgegties of
thin film MnSi as inferred fronT'() measurements shown in F[g.5.4.
Comparing the data with the numerical model calculatiotduced in
Sec[Z.1.B the following conclusions can be drawn:

e The MnSi thin film exhibits a predominantly uniaxial anisigy.
The twofold symmetry of th&(y) curves is a clear indication of the
presence of one easy axis. The direction of the easy axieisea
from the slopes of the torque vs. angle curves.pAt —90° and
© = 90° the curves exhibit a smaller slope tharpat 0°. Thus, the
easy axis is aligned along theTO] direction giving rise to an easy
plane. The hard axis points along the1] direction. In addition, the
occurrence of a rotational hysteresis aroyne= 0° also indicates
the existence and orientation of the hard axis. These eeargtin
accordance with Ref. [Karl2].

e The observation of a rotational hysteresis can be tracekl thaevo
phenomena. BelouB., the spins are not ordered collinear such that
M is below Ms. In this regime the hysteresis can be attributed to
the presence of domain wall displacements as well as isiler
magnetization rotation [Chi09]. AB = 1.5 T, which is aboveB,,
the hysteresis still persists. In this regime, irreveesinbgnetization
rotation causes the rotational hysteresis.

e The maxima (minima) of’(¢) increase (decrease) with increas-
ing B. From the comparison with the calculations presented in
Sec[2.1.B this behavior is expected for torque measurenuena
specimen which is not magnetically saturated, sotiat Ms. The
conclusions drawn in Sec. 5.3 yieldz of approximatelyl.1 T at
4 K. Thus for B < B the MnSi thin film is not saturated. In this

75



5. Magnetization of MnSi thin films

76

regime, methods to determine the magnetic anisotropy hysfasll

[Bur77,[Chi09].

The shape of th&(y) curves suggest tha > B,, whereB, de-
notes the anisotropy field as introduced in $ec. 2.1.3. Egntve as-
sume that we can séf = M;at the highest applied fielgd = 1.5 T.
Hence, the usual procedure to determine the anisotropytaiuss
from torque curved [Bur77, ChiD8, Hub98] can be applied. How
ever, we have to bear in mind that the CuBe cantilever and ithe S
substrate also have to be taken into account. Both, CuBeiaaceS
rather weak diamagnefs [Can77. Car11] and thus contribaskly

to the acquired torque signal. Therefore, for the matteiropbfi-
cation their contribution will be neglected in the followgimnalysis.
Following Refs. [[Bur77/_Hub98], the method of torque coti@t
was applied. For knowB andM g, the angle between them, denoted
by ¢ — @, is calculated vigp — ® = arcsin [I'm/BMs|. 'y denotes
the measured torque. This allows us to deterndnée. the angle
betweerM and the/111] direction (c.f. FiglZ1l and Fi§.5.1). More-
over, the torqué'j; plotted as function of the angfe represents the
so-called intrinsic torque. Bothi)m(¢) andTin(®) normalized by
the volume of the MnSi film, are plotted in Fig.5.6. Obvioyshe
transformation of"'m(¢) into Ty (P) is analogous to a shearing of
the curve. If the extrema stay invariant under this torqueeabion
operation, the desired information, namely the anisotromystant
K, can directly be determined from the plbt [Bur77, Hub98]JisIt
given by the torque extrema as denoted in Eigl. 5.6. Via

K} = Ky+1/2u0M? (5.1)

we can evaluate<,. For SI 097 (dunsi = 30 nm), K, yields

1.2 kJm~3 and agrees within the error bar with the value reported
in Ref. [Kar12]. Regardingsl 078 (dunsi = 10 nm), we obtain

Ky = 7.9 kJm3, which is about a factor of 4 smaller than thg
reported by Karhwet al. [Kar12]. Further they found a strong de-
pendence ofS, on growth related parameters and annealing times
which might also be the reason for the observed discrepaiéy, o
atdynsi = 10 nm.
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TV (104 J/m3)
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Figure 5.6.: I'm(¢) denotes the measured torque density of 30 nm thick MnSi.
Tint(®) is the derivative of the anisotropy energy density. The peak-to-padd-v
tion yields2K ;. Assuming a simple uniaxial anisotropy, the anisotropy constant
Ky amounts tal.2 x 10® J/m 3.
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6. De Haas-van Alphen effect
and Fermi surface properties
of CrB,

In this chapter the de Haas-van Alphen (dHVA) effect in snglystal

CrBs inferred from the quantum oscillatory components of thguermag-

netization is investigated. Parts of the results presehézd have been
submitted for publicatiori [Bral3a].

The chapter is organized as follows: First, the experimeng&thods are
presented in SeE_8.1. Then experimental results of angathtempera-
ture dependent cantilever magnetometry measurementh@s nd an-
alyzed in Sed_6]2. This is followed by a description and wsialof band

structure calculations in Séc. b.3. Finally experimentalifigs and calcu-
lations are compared and discussed in Bec. 6.4 before acbrigfarison

with the isostructural compound MgBs outlined in Sed._6]5.

6.1. Experimental methods

For the experiment we employed cantilevers based on CuBe (of.
Sec[3.B). The capacitive readout scheme was applied tounecthe can-
tilever deflection. A%He cryostat was used to measure at temperatures
between0.3 K and 3.5 K. The temperature was monitored with a cali-
bratedCernoxtemperature sensor. The measurements were conducted in
an axial magnet allowing magnetic fields upltbT. The sample stage was
equipped with a mechanical rotator to change the angle ofdhélever

and attached sample with respect to the magnetic field innsttua res-
olution better thard.2° [Rup13]. Details of the CrBsample have been
described in Chaptéll 4. In our magnetometry experimentsdatesas the
antiferromagnetic phase of CsgBince we are well below = 88 K
[Bar69,VajOl]. The dHVA effect was investigated in two ijpal planes
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®) " p120) B

Figure 6.1.: Side view of the cantilever with attached sample to illustrate the ori-
entation of the applied field with respect to the crystal axes. (a) RotatiBrirothe
hexagonal basal plane denoted by angld€b) Rotation ofB in the [001] — [120]
plane denoted by angte.

of the hexagonal crystal structure as illustrated in [Ei. & a first set of
experiments, the magnetic field was rotated in the hexadwas! plane
([100] — [120] plane) described by the anglewith respect to thg100]
direction (see Fid_6l1 (a)). After that, the sample wasteatdy90° on
the cantilever. In a consecutive cooldown cycle the field agdied in the
[001] — [120] plane as shown in Fig._8.1 (b). Her¢,denotes the angle
betweerB and the[001] axis.

6.2. Experimental results

Figure[6.2 (a) shows the raw torque data versus magnetic fglolack
line) in the hexagonal plane (c.f. Fig. 6.1 (a)) fo= 5° and atl’ = 0.3 K.
The quantum oscillations are superimposed on a monotomicgbaund
signal. In order to extract the oscillatory signal compdniég. a high-
order polynomial was fitted ith/ B. This fit was then subtracted from the
data to dispose of the background signal leaving the pureAdsignal.
I'osc is shown in Fig[ &R (a) as a red line. The dHVA frequendiagere
determined by Fast-Fourier-Transforms (FFT)I[gt(1/B). For a con-
sistency check, another method, the so-called MaximunopntMethod
(MEM) [Sig92], was also applied to extract the dHVA frequiesc Both,
FFT and MEM, gave the same results. Therefore only FFT spedlirbe
considered in the following. Figufe ®.2 (b) depicts the esponding FFT
spectrum forp = 5°. We can identify three distinct maxima which we
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Figure 6.2.: (a) The torqud™ (black line) and the oscillatory torqu&sc (light line)

as a function of magnetic fiel® for o = 5° atT = 0.3 K. (b) Fourier Transform
of I'osc(1/B) revealing three distinct orbits, 8 andd. (c) Iosc for three different
anglesy atT = 0.3 K. (d) Corresponding FFTs showing one dHVA orbit that
shifts in frequency as function af.

assign to the frequencigs, fz andfs. According to the Lifshitz-Onsager
relation P, = 2mefi/h derived in EqCZ.28, the dHVA frequencigsare
directly connected to extremal orbits with cross secti@mabr?,.

In Fig.[6.2 (c) we preserit,s for three different angleg with the mag-
netic field applied in thé001] — [120] plane (c.f. FigL&1 (b)). The curves
are shifted in vertical direction for clarity. The corresping FFTs are
shown in Fig[6.R (d). Here, only one frequengyis clearly resolved.
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Figure 6.3.: (a) Angular dependence of the dHVA frequencies for a rotation of
the magnetic field in thé100] — [120] plane showing three orbits, 5 andd (b)

Expanded view of the angular dependencerand 3. Both orbits exhibit &0°
periodicity. Lines ar&0° periodic sinusoidal fits to illustrate the periodicity.

6.2.1. Angular dependence

The angular dependence of the dHVA effect was studied in jpaticipal
planes. A map of th¢l00] — [120] plane is shown in Fig_83. The or-
bits «, 8 and¢ are recovered at frequencigs ~ 300 T, fz ~ 1600 T
and fs ~ 1950 T, respectively. They were traced over an angular regime
Ap > 90°, indicating that they belong to closed Fermi surface shéeis
ther, the orbitsy, 8 andé show only a small variation in frequency. This
characteristic indicates that the cross sectional argaepdicular to the
basal plane varies only slightly as a functionyaf Figure[6.3 (b) shows
an expanded view of the frequency brancheand 5. The variation in
frequency corresponds to a peak-to-peak change in extiemelof about
10 % for orbita and2 % for orbit 5. Besides, the data exhibit a small but
clear60° periodicity. The underlying lines a9° periodic sinusoidal fits
to the data to illustrate this behavior. The periodicityassistent with the
hexagonal symmetry of the CsRrystal. Concerning orbid no definite
statement can be made about its periodicity since it wasasoived over
the whole frequency regime. Whether this is an intrinsicatfée due to
experimental limitations is unclear at present.
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The angular dependence of the dHVA frequencies inhg — [120] plane

is shown in Fig[&}. Only the orbjt in the rangel380 T< f3 < 1620 T

is present. The orbits andé are not resolved. The orhit can therefore

be traced in both symmetry planes again identifying the fFsuniace cor-
responding to5 as a closed surface. In a first approach, we describe this
Fermi surface as an elongated ellipsoid. This is scheniigtidepicted in

the inset of FigL6}4. The orbit of the extremal afais then the intersec-
tion of a plane with an ellipsoid [Sch12a], given by

Pg = mow/4/sin? ¢ + (v2/w?) cos? 1, (6.1)

wherev andw denote the semi-major and semi-minor axes of the ellipse in
reciprocal space. The resulting fit shown in [Eig] 6.4 is indyagreement
with the data points and yields = (2.38 +0.01) - 10° m~! andw =
(2.05+0.01) - 10° m~t. Here,v is the reciprocal-space extent of the
ellipsoid along thg001] direction. We thus deal with a FS sheet that is
well described as an ellipsoid elongated in &l ] direction. In the basal
plane the FS pocket exhibits a very small six-fold modufatibits surface.

The absence of orbitsandé for B applied in thg001]-[120] plane cannot
be explained by open FS sheets as already inferred abovedditioa,
when we compare both data sets (Eig] 6.3 andEig. 6.4pfaligned along
the symmetry directiorﬁﬁo] , the frequencies are visible in the experiment
for one direction of the torque while they are absent for tthreeo If an
orbit turns into an open orbit in a certain field directioristill cause its
disappearance regardless of the torque direction. Theglifappearance
of this orbit in only one torque direction cannot be causedhwy orbit
turning into an open orbit, but must be caused by another amgsim. As
introduced in Eq_2.29 the torque fBrapplied in thg001]-[120] plane can
be written ad osc = —%%MHB, where f denotes the dHVA frequency
and M the magnetization component parallel to the magnetic fietat.

a Fermi surface with low anisotrop% can go to zerd [Sho84], causing
the oscillatory torque signal to vanish in specific symmglignes. This
effect could account for the absence of the frequency beselandd in

Fig.[6.2.
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Figure 6.4.: Angular dependence of orhitfor rotation of the magnetic field in the
[001] — [120] plane. Orbitsx andéd are missing. The data is fitted by a curve (solid
line) expected for an ellipsoidal Fermi surface sheet. The inset sh@eematic
sketch of an ellipsoidal Fermi surface sheet where the dashed lickesetthe area
P for an arbitrary angley.

6.2.2. Temperature dependence

The temperature dependence of the dHVA effect for gshis shown in
Fig.[65 (a). The magnetic field was applied alapg= 80°. It was ori-
ented at small angles off the symmetry axis=€ 90°) because the torque
signal vanishes for the field aligned parallel to the symynaiis. The
temperature was varied froffi = 0.3 Kup to T = 3.5 K. The dHVA
amplitudes clearly decrease with increasing temperature.

In order to analyze the dHVA data we applied the Lifshitz-¢4ash (LK)
formalism (c.f. Sed_2.213). From the FFTs of the dHVA dateewiacted
the amplitudes of the FFT peaks as a functioff'ofThe normalized FFT
peak amplitudes of orbits and/3 are shown in Fid_6]5 (b) (data points).
The expression

(6.2)

. 22 kgm* T
Rr = X/sinh X, with X = <”Bm>

heB
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Figure 6.5.: (a) Temperature dependence of orBiat v = 80°. Going from
largest to smallest dHVA amplitudes the temperature was sEt+00.3 K, T' =
08K, T =15K, T =20K, T = 25K, T = 3.5 K. (b) Normalized FFT
amplitudes I(T) (symbols) and LK fit (solid line) as a function of tempemtihe
FFT amplitudes were obtained using a fixed-field window as depicted gaj. im
the expression foRy the average field of this windo® = (Bmin + Bmax)/2 was

used. The fits yield the effective masse§ /me = 1.22 £ 0.12 andmj/me =
0.86 £ 0.07.

was fitted to the data (line). Here, the average field of the witildow

B = (Bmin + Bmax)/2 was inserted:n* was used as free fit parameter.
The LK fit yieldsmy, /me = 1.22 £ 0.12 andmj; /me = 0.86 + 0.07. The
error bars were determined from the standard deviationeof g fit. For
orbit g, the LK formalism was only applied at temperatu¥és: 1.5 K due

to the small signal-to-noise ratio at largér We obtain an effective mass
mj/me = 1.0710.06 for this orbit. This value might contain a systematic
error, since only few data points could be collected.

Provided with the effective mass the mean free paths can teendi@ed.
Therefore the LK formula (c.f. Eq_2.B4)

2
Toscoc Y BY?RpRrsin (;f + 7) (6.3)

orbits

is fitted to our data. Herey accounts for the phase. We inserted
m* as determined above. This analysis yields the Dingle faBpr=

exp [-mmyp/eB7], which is used as free fit parameter. The results for orbit
a and g are shown in Fig_6]6 (a) and Fig._ 6.6 (b), respectively. Ttse fi
agree reasonably well with the experimental data.
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Figure 6.6.: Experimental dat&osc vs. B atT" = 0.3 K (symbols) for orbit (a)
atp = 5° and (b)B3 atvy = 80°. The LK formula (Eq[&.B) is fitted (solid line)
usingmy, /me = 1.22 andm}; /me = 0.86 as determined above. The fits yield the
mean free paths, = 26 nm andlz = 69 nm.

Following Refs.[[Yel02, Arn1i1], we obtain a good estimatfonthe mean
free paths as follows: Considering free electrons we calacep, /7 by
hke/l in the expression foRp. Here, kg denotes the Fermi wave vector
and! is the mean free path. If we approximate that the frequéehasises
from a circular area in reciprocal space we can writ€ = 2re f/h. This
procedure allows us to determihdrom the LK fit. Values for the mean
free path extracted this way are 26 nm, 69 nm and 67 nm forsosibi
andJ, respectively.

6.3. Electronic structure of CrB,

In order to further analyze and interpret our experimentalifigs, elec-
tronic structure calculations have been performed. Thalsalations were
done by our collaboration partners J. Kéraand L. Chioncel and they were
published in Ref.[[Bral3a]. First, the theoretical methadsbe briefly
explained in Se€.6.3.1. Second, results from the electsinicture calcu-
lations for spin polarized CrBare presented in Séc. 6.8.2. This is followed
by an analysis of the expected angular dependence of the ditdgien-
cies and band masses in 9ec. 8.3.3.
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6.3.1. Theoretical methods

J. Kuné& and L. Chioncel applied the local spin density approxiomati
(LSDA) method of density functional theory by using the {fpdtential
linearized augmented plane-wave method implemented inAtHEN2k
packagel[Blald, Las04, KunD4]. In the calculations theyditbe exper-
imental values for the lattice parameters= 2.969 A and ¢ = 3.066 A.
The results were compared to calculations in the Genedaizadient Ap-
proximation (GGA) of the exchange and correlation funaisrand were
found to be consistent. Cycloidal magnetic order with artgrectorq
was treated using the generalized Bloch theofem [San98hp@dng the
total energies for severgtvectors along thél10] and[100] directions the
lowest energy was found fay = 0.3 £ 0.05 g, in good agreement with
g = 0.2850q;;, found in Ref. [Fun77] and substantiated by neutron scat-
tering experiments performed in the groups of Prof. Pfle@dand Prof.
Boni at the Technische UniveraitMiinchen[[Reg]. Additional calcula-
tions for the collinear ferromagnetic state and the nonretigistate were
performed in order to find out how sensitive different paftshe Fermi
surface are to the magnetic order. Results of the calcakfior the non-
magnetic state are presented in Appendix A.

Further, we evaluated the results of the band structureiledions using
the SKEAF (Supercell K-space Extremal Area Finder) [Rouda]. This
numerical algorithm allows to extract the dHVA frequen@sswell as the
band masses, for an arbitrary orientation of field with respect to the
crystal axes.

6.3.2. Results from band structure calculations

The electronic structure calculations suggest that maijly and Cred
states are present at the Fermi level (c.f. Appefdix A). Téaedbstruc-
ture of CrB, assuming cycloidal magnetic order is depicted in Eigl 6.7.
In total, three bands (denoted in blue, black and oranger)cotoss the
Fermi level. The corresponding Fermi surfaces are showigs.[6.8 (a-

c). We plot the Fermi surface sheets originating from défgrbands sep-
arately for clarity. The Fermi surface shown in Hig.16.8 (ajresponds

to the band depicted in blue and consists of a singly condeatek-like
structure with multiple extrusions centered aroundith@ints at the Bril-
louin zone boundary. It has dominantly @reharacter and is hole-like.
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Figure 6.7.: Calculated band structure of CrBvith a cycloidal magnetic ordering
wave vectolg = 0.3 q,,, using the WIEN2k package. In total, three bands (blue,
orange, black) crosBr.

In Fig.[6:8 (b) the Fermi surface sheets corresponding tdkhek band
in Fig.[6.7 are depicted. Here a complicated multiply cotegstructure
centered around' is present. In addition we find multiple copies of two
different singly connected pockets. It is important to rtbst among these
FS sheets only the two copies of the pocket located betweeh-tand H-
point have a ball-like closed surface of high symmetry, tikat observed
in the experiment. Except for this electron pocket, whicesived from
B-p states, the Fermi surface sheets of this band can be tracaditor-
bitals. In Fig[6.8 (c) we show the Fermi surface pocketdragiffom the
band depicted in orange. Here, two copies of a ball-shapekigptocated
between A and H and two copies of a dumbbell-shaped pocketresent.
They are closed and electron-like. The spherical pocketiéstd By or-
bitals whereas the dumbbell-shaped sheet has dominantlycGaracter.
We note that the ball-shaped pockets in (b) and (c) also andie non-
magnetic calculation, which is presented in the AppedidBere, they
are single copies centered around the A point. The doubfitfiegpockets
and the shift along the A-H direction in the magnetic caltalais a direct
consequence of the lifting of the spin degeneracy and theetitin of the
magnetic ordering wave vector, respectively.
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6.3. Electronic structure of CkB

Figure 6.8.: (a-c) Fermi surface sheets of GrBorresponding to the three bands
that crossEr shown in Fig[6.l7. For clarity, they are plotted separately. (a) The
Fermi surface sheet corresponding to the blue band consists ofla cimmnected
structure centered around the L point. It has predominantly €naracter. (b)
Fermi surface corresponding to the black band. Two ball-shapedd&ived
Fermi surface pockets are present between the A- and the H-pohesextremal
orbit ¢ assigned to the experimentally observed dHVA frequency is shown in yel-
low. The remaining Fermi surface sheets of this band are aof €raracter. (c)
Two ball-shaped and two dumbbell-shaped Fermi surface pockeigaiggrom

the orange band in Fif_8.7. The orpitis allocated to the ball-shaped pocket as
indicated. This pocket is also predominantlyBike. The dumbbell-shaped pock-
ets have C# orbital character. The frequency of therbit seen in the experiment
matches reasonably well to this pocket (see Table 6.1). In light of tietHat the
pocket is of Crd orbital character we refrain from a clear assignment (see text).
(d) Real-space coordinate system with respect to the orientation of thdlauiB
zone.
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6. De Haas-van Alphen effect and Fermi surface properti€xBf

The calculations suggest an ordered magnetic moment ofgf.8.7 1,
while early experiment$ TFunv77] reportetl5 ug. Besides, neutron scat-
tering data[[R€g] as well as NMR experiments in Ref, [MicO7w hints
of further ordering vectors. The resolution of this diseegy between
experiment and theory is not the topic of this work. Howegance this
uncertainty could potentially influence the interpretatid our dHVA data,
J. Kuné and L. Chioncel performed additional band structure d¢aficns.
Thereby we want to assess to what extent the Fermi surfaeg¢ssheéhich
we associate with the experimental orbits, are sensititlesanagnetic or-
der. In particular calculations for the collinear spin stahd for nonmag-
netic CrB, were done (c.f. Append{xJA). The general outcome is, that the
two different ball-shaped Fermi surface sheets with 8bital character
are quite insensitive to the magnetic order. The main effegbing from
the nonmagnetic to the cycloidal order is the lifting of tipinsdegeneracy
and the corresponding shift of the pockets away from the Atmdong the
A-H direction. The changes in shape and size are only mimozohtrast,
the remaining Fermi surfaces sheets, which are dominah@y-d orbital
character, change radically between the cycloidal magrellinear mag-
netic and non-magnetic calculations, i.e., they are higelysitive to the
type and magnitude of the magnetic order parameter.

6.3.3. Extraction of dHVA frequencies and band masses

The SKEAF [RoulP] tool allows us to analyze the Fermi surfaic€rB,
shown in Fig[&.B and to extract the dHVA frequencies as vestha band
masses from the calculations. In analogy to the experinigfigld orien-
tations within the[100] — [120] plane and within thg001] — [120] plane
were considered. In account of that, ig.16.8 (d) illussate orientation
of the real space crystal axes with respect to the oriemtatfathe first
Brillouin zone. The SKEAF results are depicted in Fig.] 6.9r Elarity,
we plot the dHVA frequencies corresponding to the diffefgarids sepa-
rately, as done in Fi§.8.8. Figure 5.9 (a) and (b) show theAlfiequen-
cies extracted from the FS sheet depicted in [Eig. 6.8 (a). cEtmulated
frequencies range betweéf kT and25 KT and thus well above the ex-
perimentally observed frequencies. The angular deperdefiihe dHVA
frequencies corresponding to the FS sheets derived frorl#ok band
(c.f.Fig.[6.8 (b)) is illustrated in Fig§. 8.9 (c-d). Onlefjuencies below
5 KT are shown. Still, a large number of extremal orbits is fhdne to the
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Figure 6.9.: Angular dependence of the dHVA frequencies extracted from the band
structure calculations using the SKEAF [Roli12] tool. The results of therdiit
FS sheets are plotted separately for clarity (c.f. Eid. 6.8) (a) In plad€ld out-
of-hexagonal plane dHVA frequencies extracted from the calculdseshBwn in
Fig.[6.8 (a). (c) In plane and (d) out-of-hexagonal plane dHvAdencies cor-
responding to the calculated FS shown in [Fig] 6.8 (b). Only frequeneiesvb
f = 5 KT are shown. Many frequency branches are present. ®ibindicated by
circular data points. (e) In plane and (f) out-of-hexagonal planefdifrquencies
corresponding to the calculated FS sheets shown inEiYy. 6.8 (c). Tgoeney
branches are recovered corresponding to the ball-shaped podbi¢3 indicated
by <) and to the dumbbell-shaped pocket (indicatedYy
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6. De Haas-van Alphen effect and Fermi surface properti€xBf

complicated structure of the Fermi surface. The frequemapdh which
corresponds to the B-derived, ball-like, pockets is highlighted. The fre-
quency is approximatel®.5 kT and its variation is very small for field
orientations in both, th€l00] — [120] plane and thé001] — [120] plane.
Further, the topology suggests that it is a closed orbituiei®.9 (e) and
(f) show the dHVA frequencies extracted from the FS sheeig@g (c).
Two frequency branches are present. One of them belongstbatt
shaped pocket<) in the rangel.7 kKT < f < 2.0 KT, the other corre-
sponds to the dumbbell-like pockef\f at0.2 < f < 0.9 kT. For field
orientations in the hexagonal basal plane (c.f. Eig. 6.9We)observe a
dominating twofold symmetry. Further, a very weak six-fodddulation
is present. For magnetic fields oriented in fhe1] — [120] plane (c.f.
Fig.[6.9 (f)), both orbits exhibit a single, twofold symmetAt ¢ < 30°
the frequency branch corresponding to the dumbbell-likekpb(X\) splits
into several branches. This behavior is expected becaesduiimbbell-
like FS sheet exhibits two to three different extremal ars@al to the
orientation of the magnetic field at small

Further, the SKEAF tool allows to extract the band masses fiee DFT
calculations for any extremal Fermi surface area. To compéth the ex-
periment, the band massesat 5° were calculated. For the orbits high-
lighted in Fig[6.® (which correspond to the orhits/3 andd as shown in
the following Sec[.6]4) the frequencies and the effectivesaa are sum-
marized in Tabl¢6]1. Our experimental resulfs, m* and!l) are also
included therein.

[ Orbit [ | B K \
Band Crd B-pxy B-pxy
feac (T) || (734) 1899 2452
Jexp (T) || 308 1608 1951
m*/me || 1.22£0.12 | 0.86 £0.07 | 1.07 £ 0.06
mp/me || (0.93) 0.37 0.53
[ (nm) 26 69 67
A (0.3) 1.3 1.0

Table 6.1.: Experimental and calculated dHVA frequencies, effective masses
band massesw,, mean free paths and electron-phonon coupling constants
The calculated values for orbit are given in brackets because they refer to the
dumbbell-shaped pocket that cannot be assigned unambiguously.
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6.4. Comparison of experiment and theory

6.4. Comparison of experiment and theory

To allocate the three experimentally observed orbijt$ andd, we com-
pared them with the calculated FS considering the follovanitgria: the
dHVA frequency and its angular dependence (giving inforomatibout
size, shape and topology), the charge carrier masses apsldlusiveness
(i.e., are there other candidates that might also matcls, theiassignment
unique?)[[Bral3a].

Following these criteria, the experimentally observedtsrb andj were
assigned to the two ball-shaped sheets between A and H fooyn&idp
electrons as listed in Table 6.1 and illustrated in Eigl ®&) This as-
signment can be made due to

e the good frequency (FS cross section) match,
e the closed-surface topology,

e the nearly spherical shape of the FS sheets in both experanen
calculation,

o the sufficiently light band masses and

o the fact that there are no other Fermi surface sheets thahgwehere
close to match these criteria.

In particular, the Ci derived sheets look very different, such that even
moderate changes in the magnetic order are unlikely to gedimilar
pockets. In addition, the charge carriers of mostiQterived sheets are
much too heavy to be resolved under the applied experimeoitalition.
The measured frequencies differ B0 — 500 T from the calculations.
This corresponds to a remaining discrepanci-gpace extent of onl§.2

t0 0.3 % of the Brillouin zone cross sectional area, which represagood
agreement. Rigid band shifts on the ordet @b meV can bring the calcu-
lated frequencies gf andd into coincidence with the experimental results.
However, the shape of the remaining, €derived, FS sheets, is heavily
affected by the band shift. Besides, we do not have a cleaigddypicture

of the underlying mechanisms and thus the information ghiyethe band
shift is rather limited. In account of these reasons we didfolow such
an analysis further.

Details of the Fermi surface shape are also qualitativgdyogtuced: The
nearly ball-shaped pocket giving rise to theorbit is slightly elongated
in the [001] direction in both, experiment and calculation. The very lkma
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6. De Haas-van Alphen effect and Fermi surface properti€xBf

sixfold modulation of the3 orbit for rotation in the basal plane seen in
the experiment (Fid_63 (b)) is already present in the naymatc calcu-
lation (c.f. AppendiXZ). In the cycloidal magnetic calctitan, performed
for one single domain of the ordering vector, the weak madehras also
present, but a twofold symmetry dominates. However, if waiage that
the different domains corresponding to the symmetry rdlgteectors are
equally populated, an apparent sixfold symmetry will béaesd, provided
that the overlapping frequency branches from the diffedlentains are not
spectrally resolved in the FFT. For the observed frequermyutation am-
plitude of 15 T this condition is fulfilled in the experimerit [Bral3a].

The measured frequency and topology of ombitmatch best with the
dumbbell-shaped electron pocket aldigk shown in Fig[6.B (c). Itis
therefore tempting to tentatively assignto this Fermi surface sheet as
indicated with(«) in Fig.[6.8 (c) and Table®].1. It is a closed surface and
there is no other sheet providing similarly small crossieaston a closed
surface. The frequency match is satisfactory. The measifective mass
m*/me = 1.22 £ 0.12 and the band massa,/me = 0.93 are in good
agreement. However, the observation that the dHVA frequeanishes
in the experiment upon field rotation in thedirection is not expected
for the dumbbell structure. On the contrary, a signal fromtileck orbit
of the dumbbell would be expected to appear upon rotatiomtabdc.f.
Fig.[6.9 (). As noted above, the dumbbell electron pockstdominantly
Cr-d character and its cross section and topology is thus signific af-
fected by the magnetic order. In account of these argumeateefvain
from a definite assignment of tleorbit to the dumbbell pocket. The cal-
culated values for the orbit are given in brackets in Tallle 6.1 as they refer
to the dumbbell pocket that does not support all experinelservations
unambiguously.

The calculated Fermi surface of GrBuggests many more possible ex-
tremal orbits as seen in Fig.6.9. All of them arise from-@rdominated
Fermi surface parts. In most cases, these are either labifs or orbits
with heavy effective mass. Thus, going to lower experimentgeratures
and higher magnetic fields might enable their observation.

Comparing the calculated band masses of the charge casitbrghe ex-
periment, we find that the quasiparticle massesare strongly enhanced
over the band masses,, for the Bp pockets (Tabl€6]1). We attribute
this finding to many-body interactions that are not includedhe band
structure calculations [Was96]. Assuming that electrboson interac-
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tion is the dominant source of these interactions in the d&rived Fermi
surface sheets as it is in the isostructural compound @& calculate
an upper bound for the electron-phonon coupling constadéfined by
m* = (1 + \)my, [Car03]. For the orbit$} andd the values of\ are rel-
atively large and amounted to3 and 1.0, respectively (TablE®@l1). The
o-bonds formed by they, orbitals in the boron layer (c.f. Fig_4.2) are
very strong and thereby they are probably very sensitiveeéd-B bond
length. Owing to this characteristics strong electronfahocoupling in
the B sheets of CrBis likely.

6.5. Comparison with MgB,

The comparison of our dHVA experiments with the results frdensity
functional theory proves that parts of the Fermi surfacénitinerant an-
tiferromagnet CrB derive from bands with clear B-electron character.
More precisely, the B states at the Fermi level are dominanily, states
as seen in FigAl2. In view of this characteristic it is instive to compare
Fermi surface properties of CgBvith those of the isostructural compound
MgB, as detailed in Ref[[BralBa]. MgBis a conventional high tem-
perature superconductor wify = 39 K [Nag01,[Cav0ll Bud01, Hin01,
[Pic02]. Band structure calculations and studies of the mumamscillatory
magnetization suggested consistently the existence ostywerconduct-
ing gaps[YelO2[ Car03, MazD2]. The two band superconditgtarises
from theo andr bands formed by the By, and by the Bp, electrons, re-
spectively. Interband impurity scattering between botidsas almost ab-
sent[Kor01[ Maz02]. The By, derived bands in MgBexhibit relatively
large electron-phonon coupling constants e 0.96—1.2 [Yel02,[Liu01].
The strength of the electron-phonon coupling is therebgadiy related to
having partially filledo-bonding Bypy States at the Fermi level. Sinee
bonds are strong and thejRy states are sensitive to the B-B bond length
this leads to a large electron-phonon coupling especiatlyhie cylindrical
hole sheets arounid-A present in the FS of MgB[Car03 ] Car0r7].

Thus, comparing both, CegBand MgB;, the B4 states at the Fermi level
are dominantly By, , states. We determined an upper bound of the electron-
phonon coupling constants= 1 — 1.3 in CrB, which compares well with
MgB-. Interestingly, the overall mass enhancements observ€d8nare
comparable to those of MgB In addition, the mean free paths extracted
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6. De Haas-van Alphen effect and Fermi surface properti€xBf

for CrB, are in good agreement with the corresponding values in MgB
(Imgs, = 38 — 68 nm [Car03]). The shape of the B, derived Fermi
surface sheets in CpHs, however, in contrast to MgB In CrB, closed
three-dimensional sheets have been identified [Eig. Ad@(cwhereas in
MgB- they are cylindrical and opeh [Cail(3, Car07].
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/. Magnetization of a 2DES in a
MgZnO/ZnO heterostructure

Having studied the magnetization of a magnetic thin film afraltmlk sys-
tem in the previous chapters we now turn to the magnetizati@n2DES
confined in a MgZnO/ZnO heterostructure. 2DESs formed in SaA
Si based heterostructures have been intensively studibe ilast decades
and a profound understanding of their orbital and spin mégmehas been
gained. In recent years also oxide heterostructures heetad tremen-
dous interest [Oht04, Hwall 2] because they exhibit remadekatoperties
such as superconductivity [Rey07], magnetiém [Berl1] erftctional
guantum Hall effect (QHE) [Tsu0OV, Tsul0]. Among them, MgZAGO
based heterostructures are outstanding. The 2DES witH eangkr den-
sity ns formed at MgZnO/ZnO interfaces exhibit extremely high nlitibs
u at low temperaturd’ [TsuQ7,[TsullD]. At the same time, the electron-
electron interaction parametey o« n; % (c.f. Eq.[2.49) is large allow-
ing for electron correlation effects in an applied magnéétd B [Tsu08,
[Tsul0/KozIR]. The magnetic properties of oxide heterastires at high
magnetic fields, i.e. the de Haas-van Alphen effect and muilirium
currents, have not been investigated so far. This work tegbe first
experimental observation of the dHVA effect and NECs by readrcan-
tilever magnetometry measurements. The results will bsgmted in this
Chapter. Parts of the results have also been submitted faicption
[Brat3h).

The chapter is organized as follows: First, the experimiangthods are
introduced in Se¢_711 before a brief overview of the experital results
is given in Sec[7]2. In SeE_T.3 the dHVA effect in MgZnO/Zn&-h
erostructures is discussed as a function of magnetic fiedshtation and
as a function of temperature. Further, the results are coedpeith model
calculations. Section 4.4 is dedicated to the non-eqiilibrphenomena
observed in MgZnO/ZnO 2DESs. The magnetic field sweep degpered
as well as the temperature dependence of the NECs are diglcirmticu-
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lar results of the dHVA effect and of the non-equilibriumeetfs suggest the
existence of an asymmetric density of states (DOS) caus#tklyresence
of repulsive scatterers. This phenomenon will be discuss8ec[Z.b. Fi-
nally we analyze overshoot effects in the magnetizationhérlight of the
presence of repulsive scatterers we interpret this findéngagnetic thaw
down of electrons in SeC. 1.6.

7.1. Experimental methods

In this work two samples from different MgZnO/ZnO heterostures,
zn0257and zn0259 were investigated. Samplmn0257was character-
ized by a high electron density = 4.1 - 10'* cm~2 and lower mobility
w=2.9-10° cm?/Vs in comparison t@n0259with ng = 1.7 - 10'* cm~2
andy = 3.8 - 10° cm?/Vs. In both cases, the active ardzof the investi-
gated 2DESs wa.9 x 1.8 mm?. Further sample details were introduced
in Chaptef®.

For the magnetization studies on sampi®257we used a fiber-optical
readout technique, which is described in Refs. [Spr06, BuhThe ex-
periment was performed with GaAs based cantilevers #ia cryostat
allowing magnetic fields up to4 T and temperatures down @28 K. The
angle betweeiM andB, which is denoted in the inset of Flg. V.1 (a), was
set toa = 15°.

The experiments on then0259sample were performed with the capaci-
tive readout technique, which was presented in detail ino@hE. GaAs
based cantilevers were used. The experimental geometkgtished in the
inset of Fig[Z1L (a). The measurements were performed Heacryostat
that allows temperatures down 628 K. Two sets of experiments were
done. First, the measurements were conducted in a vectarehagstem
as described in Chaptér 3. Within one cooldown cycle we tiyated the
2DES in the angular regimg&6.8° < « < 67.0°. Second, in order to
investigate the behavior also at high magnetic fields, wertad the sam-
ple into an axial magnet system allowiiig T in a subsequent cooldown.
Here, data was acquired at two fixed angles 36.8° anda = 52°.
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146

B.(T)

Figure 7.1.: () Capacitance raw data as a function/f of the MgzZnO/ZnO
heterostructure sampn0259 at7T = 0.28 K anda = 52°. The inset displays a
sideview of the experimental geometry. The magnetic background| §apehed
line) is subtracted to give the oscillatory magnetization signal shown in (b). A
v = 1, the data exhibits the dHVA effect as well as NECs, which change sigm upo
changing the sweep direction (arrows). The inset shows a blow-upeadHivA
effect atv = 2 for the field range3.0 T < B < 4.0 T. An overshoot of the dHVA
signal is observed (marked by the horizontal arrow). NECs arenabse = 2.

7.2. Experimental results: Overview

We first focus on the experimental results of sangi@259obtained in
the 14 T magnet system. The raw capacitance data as a funéti®n =
Bceosa atT = 0.28 K anda = 52° is depicted in Fig.7]1 (a). The mag-
netic quantum oscillations are superimposed on a smoo#ring mag-
netic background. A low-order polynomial was fittedin(denoted by the
dashed line) and subtracted from the raw data. Applying #libration
routine described in Sec, 8.2 the oscillatory magneticaignobtained as
shown in Fig[Z1L (b). The data clearly exhibits the dHVA efffas jumps
AM in the magnetization occur at= 1 andv = 2. In addition we ob-
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serve signatures arising from NECsitat= 1. They can be distinguished
from the dHVA effect since there is a sign changeliRec upon chang-
ing the magnetic field sweep directidn [Ush09, S¢h03]. Wnthere are
spike-like overshoots of the dHVA effect presentat 2 (denoted by the
horizontal arrow in the inset of Fif.1.1 (b)). They can betmai described
by the NECs nor can they be understood in terms of the dHvAEfi@
the following sections, these three observations of sammd59will be
analyzed and discussed.

In samplezn0257 neither the dHVA effect nor NECs were observed, ir-
respective of the measurement temperature. Reasons fioaltisence are
unclear. However, one may speculate about possible origtirst, the
size of the respective signal may be much smaller compareddas9
due to the different heterostructure characteristicsoSeowve applied the
optical readout technique for the investigation of sanzpl@257 It might
be possible that the application of laser light during theasueements,
which is necessary for the optical readout, obscure the déefféct or the
non-equilibrium currents in the MgZnO/ZnO heterostruetufurther clar-
ification via reference experiments is necessary. The meamnt results
of samplezn0257will not be discussed further in the following.

7.3. De Haas-van Alphen effect

In this section the dHVA effect in MgZnO/ZnO is discussedrstire-
sults from angular dependent and temperature dependerstumneezents
are presented in Sdc. 7.8.1 and .3.2, respectivedyeXrerimental
data is compared with model calculations. This analysislised by a
discussion of the angular dependent behavior of the dHwceénd of the
observed enhancements of the dHVA oscillations amplitedeven and
odd filling factors in Sed._7.3.3.

7.3.1. Angular dependence

In Fig.[Z2 (a) and (b)M/ is plotted as a function o, nearv = 3 and
nearv = 2, respectively. Datasets for different tilt angles as deddn the
figures were obtained &t = 0.28 K. For clarity, only one sweep direction
is shown and the curves are shifted in vertical directione jumps inA
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Figure 7.2.: Angular dependence @/ (B ) near (ay = 3 and (b)v = 2. Curves
are shifted in vertical direction for clarity. The peak-to-peak dHvA amgéti M/

is denoted. Atv = 2 we observe an overshoot XM for all measured angles
marked by the horizontal arrows. This overshoot is not considerie ievaluation
of AM. (c) Experimental data (line) at = 52° andT" = 0.28 K along with model
calculations (dashed and dotted line) normalized per electrobfvia: M /(nsA).
The behavior of an ideal 2DEF’(= 0, A = 0) is depicted by the dashed line.
The calculation for a real 2DES @t = 0.28 K and A = 0.05 meV/v/T x B

is represented by the dotted line. At= 3, experimental data and calculations for
a real 2DES match well. At = 2, the dHVA amplitudeA M is approximated
very well by an ideal 2DESA M is enhanced over the expected dHVA amplitude
atv = 1, where large NECs are superimposed on the experimental data.
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atrv = 3 appear atB, ~ 2.3 T, the position ofr = 2isatB,;~ 3.5 T.
Thus, according tov = hng/(eB, ), ns amounts tol.7 x 10* cm~2,
which is in perfect agreement with the value determined Iy pransport
characterization on a reference 2DES. The data enables detgomine
the peak-to-peak dHVA amplitudd M as denoted in Fig. 7.2 (a). Non-
equilibrium phenomena are absentat 3 andv = 2. Instead we observe
an overshoot of the dHVA effect at= 2 for all angles. Please note that
the overshoot is not dependent on the field sweep direction.
Measurement results obtained in the high field magnet at 52° are
shown in Fig[Z.R (c). Here we plot the magnetization pertedecgiven
by Me = M/(nsA). The data is presented in units of the effective Bohr
magnetonuy = pes(me/m™) considering an effective mass of* =
0.31 m. (see Sed._7.3.2). Apart from= 2,3 we also observe the dHVA
effect atv = 1 at B~ 7 T in the high field magnet. However, a large
signal arising from NECs is superimposed on the dHVA ogailha

From the angular dependencies of the dHVA amplitudes showigi[7.2
we extract the normalized dHvA amplitude per electrad/,, =
AM, /(nsA). Fig[7.3 (a) summarize& M, in units of uf for v = 1to 3.
Analyzingr = 2, where spin polarization is absent, we find that/e , —o
varies froml1.3 to 0.78 p in the angular regime from = 36.8° to 62.0°
(triangles). AMe,—» seems to decrease with increasimg The corre-
sponding thermodynamic energy gapg, —» = AM;,—o-B are depicted
in Fig.[7.3 (b).AE,_5 ranges from).82 to 0.61 meV in the angular regime
studied. For an ideal (disorder-free), non-interacting30he energy gap
atv = 2 should amount ta\E,—, = hw. — gus B (c.f. Sec[2.2}4). The
line in Fig.[Z.3 (b) denotes the calculated energy gap foidkal 2DES.
The band structure Lagdfactorg = 1.93 for ZnO [Tam08] was consid-
ered here. The experimentally determined valuesXét,_, are in good
quantitative agreement with the predicted values.

Turning towards the spin filling factorsh M, -3 is in the range of
0.45 to 0.80 pg in the angular regime fromv = 52.0° to 67.0°. The
corresponding energy gaps displayed in Eigl 7.3 (b) (sglidake values
from 0.20 to 0.34 meV. Regarding’ = 1, AMe,—1 amounts t®.0 x at

a = 36.8° and2.3 pf ata = 52.0°. The energy gaps a5 meV and
2.9 meV, respectively.

From the energy gaps at odd filling factors, we extract thersesplitting
AFE7; = |¢g*| ng B. The effective Land factorg™ is used to parametrize the
magnitude of the spin splitting. From the data shown in Ei@. (b) we
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7.3. De Haas-van Alphen effect

extract a maximung* = 1.1 for v = 3. This value is reduced compared
to the band structure factor of ZnO. Forv = 1, we find a maximum g

of 5.1 ataw = 36.8 °. This value is significantly enhanced over= 1.93.

It is well known thatg* can be enhanced when approaching the quantum
limit, i.e. in large fieldsB (see Sed. 2.2.4).

Model calculations, which were introduced in Sec. 2.2.4renapplied to
compare the experimental magnetization curves with thaadyto illus-
trate the respective discrepancies. Further they are tidtpfperform a
more detailed and quantitative analysis regarding theecsihape and the
dHVA amplitudesA M,,. A single-particle DOS with Gaussian-broadened
Landau levels

eB (E — Ejs)?
D(E) = LZrAexp[ 2A2‘ } (7.1)

was assumed [WIil08]A accounts for the level broadening. According to
Ref. [And74a]A can be expressed as= < /2 /7 /B . It amounts to

5 x 10~2/B, meVA/T for the investigated heterostructure.

Along with the experimental data, F[g. V.2 (c) shows simedahagnetiza-
tion traces (dashed and dotted line). In the calculatioas#nd structure
Lanck factorg = 1.93 [TamQ8] was used. The dashed curve depicts the
magnetization trace of an ideal, disorder-free 2DES, t.&' & 0 and con-
sidering delta-like Landau levels. A real 2DES, taking @riimperature
(T = 0.28 K) and finite level broadening\(= 5 x 10~2y/B,. meVA/T)
into account, is given by the dotted curve.

The shape of the experimentile( B ) curve does not resemble the saw-
tooth predicted for an ideal, i.e., disorder-free 2DEJ at 0 K. Instead
we observe a finite slope ife(B, ) atv = 2 andv = 3, which is re-
produced satisfactorily in the model calculations withténi and7". Re-
garding the dHvA amplitudes, neither the calculation asegnan ideal
2DES nor the one for the real 2DES is able to model the expetahdata

in its entirety. Aty = 3, AM, is in good agreement with the simulation
for the real 2DES. Going to = 2, the dHVA amplitude is in better quan-
titative agreement with the model calculations assumingdaal 2DES.
The calculations for the real 2DES, however, underestisntite gap. At

v = 1, the experimental valuA M, is obviously enhanced over the simu-
lated dHVA amplitudes.
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Figure 7.3.: (a) DHvVA amplitudes per electroA M., = AM, /(nsA) as a func-
tion of «.. (b) Thermodynamic energy gapsF,, as a function ofv. The solid line
denotes the energy gap expectedifee 2 in a disorder-free 2DES &t = 0.

7.3.2. Temperature dependence of energy gaps

In this section we show results from temperature dependeasuorements.
During the experiments, the temperature was monitored avithlibrated
Cernoxtemperature sensor which was attached to the sample stage. T
temperature dependencedfV/,—, andAM,_3 was investigated at =
62.0°, the one ofAM,—; ata = 36.8°.

In Fig.[Z4 ()M (B.) nearv = 2 is shown for temperatures ranging
from 0.28 K (top curve) tol.6 K (bottom curve). The curves are shifted
in vertical direction for clarityA M, _» decreases with increasing temper-
ature and the curvature becomes smoother. Going from highlemwer
temperatures, the field position of= 2, i.e. the position of the steepest
slope, moves towards higher fields. The position of the st&teglope at

T = 0.28 Kand atT’ = 1.6 K are indicated by the dashed linA.Bg, de-
notes the shift. Further, we observe an anomalous oversiitioé dHvVA
amplitude afl’ = 0.28 K as denoted by the horizontal arrow. At elevated
temperatures, the overshoot is absent. The latter two dis@ns will be
discussed in Seg.1.5.

The corresponding normalized dHVA amplitudes, ie.
AM,_5(T)/AM,—(T = 0.28 K), are plotted in Fig['7l4 (b). A
smooth decrease ak M, is found as the temperature increases. The
respective uncertainties in reading &ff\/,, are denoted by the error bars.
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Figure 7.4.: (a) Temperature dependenceMf(B,) atv = 2 anda = 62.0°.
From top to bottom, the temperature was sef'te= 0.28 K, T' = 0.40 K, T' =
060K, T =080K, T =11K, T = 1.3KandtoT = 1.6 K. Going from
higher to lowerT’, the field position ofv = 2 moves towards larger magnetic
fields. We denote this shift byA Beq, where we take the position of = 2 at

T = 1.6 K as reference. Exemplarily, the dashed lines denote the field position
ofvr =2atT = 0.28 KandT = 1.6 K, respectively. (b) Normalized dHVA
amplitudes forr = 2 ata = 62.0° as a function ofl" (data points). Error bars
denote the uncertainty in reading @f)/, —,. The LK fit (line) yields an effective
mass ofm™ = 0.31 £+ 0.01 m.. (¢) DHvVA amplitudes per electron at spin filling
factors (data points) as a function’6f The dashed and dotted lines are obtained
from model calculations at = 3 andv = 1, respectively. Considering = 1,

the experimental values are larger than the calculated ones. We attribute this
exchange enhancement.
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7. Magnetization of a 2DES in a MgZnO/ZnO heterostructure

We analyze the data using the Lifshitz-Kosevich (LK) forisal (c.f. Sec.
[2.233). According to the LK formulaA M (T') can be expressed as

X 22 kgm*T
AM(T) = M, E); X ( e ) : (7.2)
Further, we assume th&tM (7" = 0.28 K) is the low temperature satu-
ration value so that we can replagé, by AM (T = 0.28 K) in Eq.[7.2.
Fitting Eq[Z.2 to the data allows us to extract as the free fitting param-
eter. We obtainm* = 0.31 £ 0.01 m.. This value is in good agreement
with values reported in the literatuie [Tsu08, Koz12, Kgs12
The temperature dependence of the dHVA amplitudes at oohdjffictors
is depicted in Fig[7]4 (c). Note, that the temperature deépenmea-
surements for each filling factor were performed at differ@mgles, i.e.
AM,_5(T) was determined at = 62° andAM,_,(T) ata = 36.8°. In
both casesAM (T') decreases with increasing temperatutel,,_3(7')
could not be traced over the whole temperature regime. ®fiavor is at-
tributed to the level broadening at elevated temperatuhéshrsmears out
the dHVA oscillations. At = 1, large signals arising from NECs were su-
perimposed on the dHVA effect as shown in [Figl 7.1. Owingimftature,
the uncertainty in reading ofA M,,_; is relatively large compared to the
other filling factors. The respective uncertainties areotiesh by error bars.
The dashed line shows the numerically calculated temperdependence
of v = 3 considering;* = 1.93 andA = 5x10~2y/B; meVA/T. The ex-
perimental values are systematically smaller than theutatled ones, but
the relative trend is comparable. We also calculated thpéeature depen-
dence ofv = 1 expected foy* = 1.93 andA = 5 x 10-2,/B, meVA/T.
The result is denoted by the dotted line. The experimentiyerved
dHVA amplitudes are clearly enhanced over the calculated within the
whole temperature range. Please note that due to the differte calcu-
lated values foAM,,_, are smaller than faA M, _3 at7T < 0.8 K, which
may be counterintuitive at first glance.
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7.3. De Haas-van Alphen effect

7.3.3. Discussion
Angular dependence

We first turn to the angular dependence of the thermodynaneigy gaps
which was described in Sec._7B.1. Earlier transport erpmtts per-
formed on MgZnO/ZnO heterostructures with comparahl@arameter
revealed coincidence phenomena in tilted magnetic fields@8[ Koz1P].
The condition for coincidence is that the Landau level 8plitAE, =
hwe equals the Zeeman splittingFz = g*ugB. AS we o B cos a this
condition is met for certain angles given bysa = g*m*/(2mei), the
so-called coincidence angles. Hefejenotes an integer value. The co-
incidence condition manifests itself in the dHVA effect rat the ther-
modynamic energy gapE, = AMe, B, and correspondinghA M ,,
vanishes. The experimentally obtained valuesAdr, are displayed in
Fig.[Z3 (b). In the experiment, we were limited to angleobel = 67°.

In this angular regime, we did not observe a disappearancerpf_, or
AFE,_3. Thus, we conclude that coincidences are absent in the angul
regime studied.

However, neglecting the data pointat= 62°, AF,_> shows a decreas-
ing trend with increasingr as mentioned in SeC.7.3.1. If we extrapolate
values ofAF, 5 to larger angles, one might speculate thdtf, _, would
disappear betweer)° and80°. According to the coincidence condition
the first coincidence is expected @at= 72.6°. Here we used the band
structure Land factorg = 1.93 [Rey65] andm* = 0.31 me. Thus, our
experimental results are in reasonable agreement witptédiction. Fur-
ther, we infer from this discussion that is not significantly enhanced at
v = 2. This result is in line with the theory of an oscillating factor
[And744], that predictg* = g = 1.93 at even filling factors.

Energy gaps at spin filling factors

The energy gaps at spin filling factors as a functiomvafre summarized

in Fig.[Z3 (b). First, we focus on the gap:at= 3. From the data we ex-
tracted a maximung* of 1.1. This value is reduced compared to the band
structure Land factorg = 1.93 of ZnO. Model calculations including fi-
nite level broadening = 5 x 10~2/B, meVA/T and finite temperature
shown in Fig[’Z.P (c) reproduce the shape and amplitude odithe os-
cillation atr = 3 very well. Thus, we attribute the reduction of thé
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factor to the level broadening and finite temperature effect
Turning tor = 1, the energy gap is enhanced and we find a maximtim
of 5.1 atae = 36.8°. This value is slightly smaller than the one reported in
Ref. [Koz12], whergy* = 7.28 was found by addressing excited states in
a transport experiment on a sample with comparaparameter. In addi-
tion, we also observed the enhancemen\adf/,,_, over a broad tempera-
ture regime as indicated in FIg_7.4 (c). The enhancemeiso$pin split-
ting has often been observed in high mobility 2DES [NI¢88[38pand is
commonly attributed to the exchange interactii# [Mac86,[Eng8PR]. It
is given by

AEz = |g| B + Eex = |g"| ue B- (7.3)

The relevant energy for the exchange interaction is the @ollenergy
Ec = 47:072613 as introduced in Se€._2.2.4. We therefore conclude that
strong Coulomb type interaction effects are present aredt #ie ground
state energy spectrum of the MgZnO/ZnO heterostructure.a Asnse-

quence, the energy gap:at= 1 is enhanced by a factor ef 2.5.

Energy gap atv = 2

Regarding energy gaps at even filling factors in high mghb#DESs, their
enhancement was predicted theoretically by (screenedjdéafFock cal-
culations [Mac86 Man97, GudD0]. Experimentally, howevhis effect
was observed only rarely in GaAs based heterostructureggaeio],
[SchO2['Wil04b]. The dHVA oscillation at = 2 anda = 52° is depicted

in Fig.[Z.2 (c), which includes the experimentally obseryédB) curve
along with model calculations. The calculated dHvVA amlés which
incorporate the effect of disorder and finite temperatuesgstematically
smaller than the measured ones at 2. In spite of the disorder, which ap-
parently reducea M, AM, _, is close to the value predicted for an ideal,
disorder-free 2DES with non-interacting electrons. Initdd, the angu-
lar dependence of the measured energy gaps-af shown in FigL”7Z.B (b)
also follows closely the line expected for an ideal 2DESnktbhese obser-
vations we conclude that exchange enhancement renorsétieeenergy
gap atv = 2 in the MgZnO/ZnO heterostructure as well. Moreover, the
enhancement of the energy gap/at 2 counteracts the reduction of this
energy gap by disorder and finite temperature. Thereby tamgmap at

v = 2 is close to the value expected for an ideal 2DES.
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All'in all, our dHVA experiment substantiates that electadactron inter-
actions play an important role in the magnetic field depehgeund state
properties of the MgZnO/ZnO heterostructure at both eveloald integer
filling factors.

7.4. Non-equilibrium currents

This section focuses on the non-equilibrium magnetizatafnthe
MgZnO/zZnO 2DES. The circulating currents are induced whabnjesct-
ing the 2DES to a time varying magnetic field [Joh95]. In theestigated
MgZnO/ZnO 2DES, NECs have only been observed nearl. At larger
filling factors, NECs were not resolved. Figlire]7.1 depibes inagneti-
zation signal stemming from NECs at= 0.28 K anda = 52.0°. Fig-
ure[Z% shows the result far = 36.8°. The data reveals that the NECs
for up- and downsweeps of the magnetic field are asymmetterins of
the maximum peak height of the magnetization siglM,E,EC (Mygo) de-
fines the absolute value of the NEC maximum (minimum) obskinea
downsweep (upsweep) of the magnetic field. It is indicate&iin[Z.3.
The signalM . arising from downsweeps is larger thafc obtained
during an upsweep of the magnetic field. In addition, the alVesignal
shape also differs for up- and downsweep. For the analyskeeifollow-
ing sections we average the NEC signals between both swesidns to
obtain Myec = (Mgec + Myec) /2 [Smil2]. We start by discussing the
sweep-rate dependence of the NECs and the associated Q&lEibwnn

in Sec[Z.411. After that we focus on the decay of the induceckats and
determine the resistivity,x of MgZnO/ZnO based 2DES in the quantum
Hall state. Finally the temperature dependent behavianisstigated in

Sec[7.41.

7.4.1. Sweep-rate dependence of NECs - Quantum Hall
effect breakdown

In this section we investigate the dependence of the matdgatV/yec on
the field sweep-rate. Therefore we measurfg:c as a function of differ-
ent sweep-rate%’% ranging from0.02 T/min t00.40 T/min at7T = 0.28 K.
The proportionality between induced magnetic momeigc and circu-
lating non-equilibrium current is given byMyec = I.A, whereA denotes
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Figure 7.5.: NECs in the MgZnO/ZnO heterostructure@t= 36.8° andT =
0.28 K. The peak height signal and the overall shape of up- and dowmsize®t
symmetric. For the analysis an averaged sighakc = (Mgec + Myec) /2 is
used.

the 2DES area. Here, we assume that the current flows aroempetime-
ter of the sample. The currents are generated by an eledik@nforce

¢ that depends on the field sweep rate aia- |Acos a‘fj—f\. Figure[7.6
shows! as a function ok. Two regimes can be distinguished: Initially
the induced current increases linearly with the electrivedbrce as in-
dicated by the linear fit (dashed line). The fit yields the sl /Ae =
5.7 x 102 A/V. In Ref. [Ush09] a simple model was introduced to estienat
the corresponding resistivityy of the 2DES[[Jong5] in this regime. The
induced current in a rectangular sample is given by

1 Ae

= (a®*+V? 7.4
pXX12Acosa(a +6%), (7-4)

AT
wherea andb denote the length and the width of the samplé.is the
sample area x b. Insertinga = 0.9 mm andb = 1.8 mm we can calcu-
late pxx. Thus we obtaimpy ~ 5 x 10~* /00, which is the resistivity of
the "zero-resistance” QHE state. For comparison, in rdlatgeriments
on GaAs based 2DESs resistivities on the same order of nualgnitere
found [Ush09]. From this result we infer that the propertiéshe QHE
state in the MgZnO/ZnO 2DES are comparable to the ones of Gased
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35— SAGRE Figure 7.6.: Sweep-rate dependence of
O j Myec atT = 0.28 Kanda = 36.8°.
The circulating currenf is plotted as
3.0 ,D T a function of the electromotive force
2 - 1 L Initially the curve increases linearly as
= 25l '7—1 i indicated by the linear fit (dashed line).
- / At largee the curve saturates indicating
s | the QHE breakdown.
2.0 bt
0 2 4 6
e (V)

systems. This finding is another indication for the high tdyalf the oxide
based 2DES.

After the initial increase the curve saturategzat 5 nV. The saturation
currentls amounts ta3.4 pA. Those characteristics, the initial linear in-
crease together with the saturation at largbave also been observed in
GaAs based heterostructurés [Ush09, Smil2]. The factitsaturates
at largee indicates the high-current breakdown of the quantum Hall ef
fect [Jon96]. This breakdown occurs when the current dgmsiteeds a
critical valuej. causing a sharp increasesg, away from its dissipation-
less state. In the single particle edge-state picture tioalating current is
confined to a small stripe of widtly = \/h/eB away from sample edges
[BUt88[Jon9k]. Along this line we calculate an upper boundHercritical
current density by = Is/Ig which amounts tet x 10° A/m. However,
according to Ref[[Nac99], the single particle picture usdémates the
width of the conductance channel. A more realistic sceratieported in
Refs. [Nac98, Fon91]. Here, the authors claim that the oblanith can

be well approximated by = Tf*, wherea* = 14 x 10~'° denotes the
effective Bohr radius calculated for ZnO. Using the relasioip;jc = I5/¢

we obtain a critical current density of approximately? A/m. For com-
parison, in GaAs based 2DES the typical breakdown curremdities are

on the order ofl A/m [Nac99]. Thus our measurements suggest break-
down current densities in MgZnO/ZnO based 2DES which are fagtar

of 100 larger compared to GaAs based 2DES.
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7.4.2. Decay of the induced currents

When the magnetic field sweep is stopped abruptly at the cefttes NEC
signal, the current and thus the magnetic moment do not drapty to
zero but the current persisfs [Jon85, Haa84]. In order testigate this
behavior in MgZnO/ZnO heterostructures, we measured thaydef the
NEC atr = 1. A current is induced by sweeping the magnetic field, i.e.
by an electromotive force, atT" = 0.28 K. The magnetic field sweep
is then stopped at the center of the NEC signal, herBat= 7 T in
case of a downsweep, and maintained for the duration of therawent.
We record the magnetic moment as a function of time whichaallas
to determine the decay time of the induced current. Resoitsif- and
downsweeps of the magnetic field are consistent and we trer&icus
here on the decay of the current induced during a downsweeprésults
obtained with two different, initial electromotive forces~ 2 nV and
€ & 7nV, are shown in Fid. 717 as open symbols. Please note thappier
curve is shifted byt ©A for clarity. Both curves initially decrease rapidly
with increasingt while the decrease levels off at larger The current
decay induced by ~ 2 nV (upper curve) can be best fitted by a single
exponential decay of the forth= C exp(¢/t2) (line). The decay time,
amounts to 54 s. In contrast, for the lower curve a single egptal fit
does not give satisfactory results because the initiakctidecay for <
20 s is too fast. Accordingly, the data is fitted by a sum of twoamential
decays of the forrd = C exp(t/t1) + Ca exp(t/t2) (line). From the fit
we obtain the characteristic decay tinigs= 15 s andty = 61 s.

The model introduced in Ef._7.4 fails to describe the persit of the
NECs. In Refs.[[Ker07, Ush09] the authors proposed theviatig mech-
anism for the current decay. In response to a sweeping niagredt
circulating currents are induced. As a result a Hall eledteild is built up
between the edge and the center of the 2DES (c.f.[Sdc. 2.8)eyren-
ergy is stored capacitively between sample edge and samplerc When
the magnetic field sweep is stopped, a charge equalizatmregs is ini-
tiated. This process is accompanied by scattering prosepsag rise to
an exponential decay of the circulating currents.

We first consider the decay curve obtained with: 7 nV. Here, we can
distinguish between two decay regimes: an initial fast gewrad a long
lasting smooth decay. According to F[g.]7.6 the electroweoforce is
large enough such that QHE breakdown occurs. In this redimessistiv-
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Figure 7.7.: Decay of the induced NECs &, = 7 T andT = 0.28 K for an
initial electromotive forces of ~ 2 nV (circles) and~ 7 nV (squares). Note that
the upper curve is shifted by uA for clarity. The upper curve is fitted by a simple
exponentiall = C; exp(t/t2) (line) and yields a decay time of ~ 54 s. The
lower curve exhibits two decay regimes. An initial very fast decay is faidy a
smooth decay. Accordingly the data is best fitted by an exponential witheéaayd
times of the forml = C1exp(t/t1) + Caexp(t/t2) (line). The characteristic
decay times; andt are given by 15 s and 61 s, respectively.

ity is finite. The resulting dissipation induces the fastiaidecay of the
induced current for < 20 s. When the Hall electric field drops below a
critical value, the quantum Hall state recovers. Accorlyintpe decay is
slowed down fort = 20 s. It is characterized by the decay time For

e ~ 2 nV, we infer from Fig[Z.b that no breakdown of the QHE occurs.
Hence, the current decay is a single exponential with deoasyit,.

A semiclassical model can be applied to infer the resigtiwjk from the
current decay in the quasi-dissipationless regime. Falig®Refs.[Haa84,
[Jon95]pxx can be expressed as

px = 29 (7.5)
thQ

wherew, denotes the cyclotron frequency apg, amounts toh/e? at
v = 1. Inserting our values fot, we obtainpx ~ 10~1° /0 for the
"zero-resistance” resistance QHE state.
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For comparison, in the experiments on the sweep rate depeeadd the
induced currents resistivities on the orderl6f* /0] were found as re-
ported in Sed_Z.411p. inferred from the current decay is thus several
orders of magnitudes smaller. Similar discrepanciegrninferred from
the different experiments were also found in GaAs based 2DES8 au-
thors of Refs.[[Ker07, Ush09] attributed this discrepareyhe residual
dissipation and possible QHE breakdown in the sweep raterdexperi-
ments, which enhance the resistivity above its quasifghsgiginless value.
It is likely that this effect also accounts for the differescstated here.
High mobility 2DESs in GaAs heterostructures yield decayes of sev-
eral hours and resistivities on the orded 6f 1* Q2 /(1 [Jon95[KerQr]. As a
consequence we learn that the dissipation in the MgZnO/ZDER2seems
to be larger such that the decay of the induced current is fastér. This
might be due to residual disorder or the presence of saagtegnters in
the immediate vicinity of the 2DES (see SEc]7.5 for compaiis Fur-
ther, according to Eq._7.5 the effective electron mass iniriiestigated
MgZnO/ZnO samples is about an order of magnitude larger emetpto
GaAs. According to Eq.715, this effect also enhances thstidsy.

In conclusion, the decay of the NECs provides a unique tostudy the
resistance of the QHE regime in a contactless configuratiothe QHE
regime, elastic and inelastic backscattering are supgdesshe QHE edge
channels[[Bt88]. This effect guarantees the quasi-dissipationlbasge
transport. In contrast to magnetotransport experimenisy@p,x and pxy
exhibit zero and constant plateau values, respectivelZ\dte a very sen-
sitive gauge to probe and quantify the effective suppressit®ackscatter-
ing in the QHE effect regime. Thus experiments on NECs arkignsense
a powerful complementary choice to characterize the QHiETeg

7.4.3. Temperature dependence of NECs

The temperature dependence of the NECs near 1 is shown in
Fig.[7.8 (a). For clarity, only the downsweeps are shown. d&@a was
recorded atv = 36.8°. The temperature was varied frobr28 K (top
curve) tol.6 K (bottom curve).Mdc decreases with increasing tempera-
ture. AtT > 1.1 K the NEC was not resolved anymore. Further, the field
position of the maximum of the NEC signal moves as a functibteim-
perature. Coming from high temperatures, the maximum mtmeards
larger B. We denote the displacement of the NEC maxima relative to the
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Figure 7.8.: (a) Temperature dependenceldf( B) displayed for downsweeps at

v = 1 anda = 36.8°. From largest to smallest NEC signal the temperature was
setto7 = 0.28K, 0.4K,0.5K,0.6K,0.7K,0.8K,0.9K,1.1K,1.3Kand 1.6 K.
Thus, Mnec decreases with increasing temperature.FFor 1.1 K no NEC signal
was resolved. Going from higher to lower temperatures the maximum NBals
moves to largeB. We denote this shift byA Beq relative to the position of = 1.

(b) Myec as a function ofl” (squares) and corresponding exponential fit (line).

field position ofv = 1 by ABpeq In Fig.[Z.8 (a), the dashed lines indicate
the NEC maxima af” = 0.28 K as well as the position af = 1. This
behavior will be discussed in Séc.17.5. Figurd 7.8 (b) deytie extracted
value Myec as a function of temperature (indicated by squares). The dat
were fitted by a simple exponential decky = M, exp(—T/T¢), where

T, = 0.19 K is obtained as a fitting parameter.

The temperature dependent behavior can be explained biéngecredis-
tribution model of induced currents introduced in $ecl 28 pointed out

in Fig.[2.1, the shape of the DOS in the region of localizetestgoverns
the temperature dependent behavioMifec. We derived:

Eo/2+k}BT InC
Mpygc = constx oxy An(T)R?* with An = / D(E)dE

Eo/2
(7.6)
In the case of a high mobility 2DES the DOS is exceptionallyakmid-
way between two Landau levels. Approaching the Landauseve(FE)
will significantly increase. For Gaussian shaped Landagi$eas assumed
in Sec[7.311, the increase is exponential. Thus, accotdikg.[7.6,An
decreases d5 increases (note thah C' is negative). ThusMyec is ex-
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7. Magnetization of a 2DES in a MgZnO/ZnO heterostructure

pected to decrease exponentially with temperature. In [R&f044] the
exponential dependence dfygc as a function of temperature was also
reported for a high mobility GaAs based 2DES. In contrast|do mo-
bility samples with high residual disorder, a linear deparae was found
(c.f. Refs.[Ush09, Mat0O4a]). Therefore we conclude thattdmperature
dependence of the NECs suggest the presence of a high m&uES

in our MgZn0O/ZnO sample with consistent characteristicslaserved in
high mobility GaAs based 2DESs.

7.5. Asymmetric density of states (DOS) and
nature of scattering centers

In the previous sections we discussed the dHVA effect asageNECs.
Regarding the temperature dependence of both, dHVA effettNECS,
some features remained unexplained. As shown il Fiyy. %edydkition of

v = 2, i.e. the steepest part 8 (B), moves to largei3 for decreasing
T. This field shift is manifested in an equilibrium feature. eféfore we
denote the separation between the position ef 2 at low 7" and the one
atT = 1.6 Kby ABeq Concerning the NECs, a shift was observed as well
as depicted in Fig._718 (a). The field position of the tempeeatiependent
maximum in Mygc shifts towards smaller magnetic field values with in-
creasing?’. The shift is a nonequilibrium magnetization phenomenon
which occurs near = 1. CorrespondinglyA Bpneq denotes the separa-
tion between peaks at lo@ and the peak a' = 0.9 K. Figure[Z.9 (a)
summarizes the relative shiftS Beg/ B, —2 (triangles) andA Bneq/ B, =1
(squares) as a function @f. ABeg/B,—2 is zero forT > 1.1 K and in-
creases almost linearly with decreasing temperature bElewl.1 K. The
behavior ofA Bneq/ B,—1 is similar, except that the linear increase sets in
atT ~ 0.8 K. In addition, the overall relative shifk Bneo/ B, =1 is smaller
than ABey/B,—2 as a function off". A linear fit, exemplarily done for
ABheg/ By (line), indicates the linear behavior at low temperatures.
The relative shift of bothA B,,.q and A B, is consistent in temperature
and we thus suppose that they have the same microscopin.offigllow-

ing Ref. [Tsu0¥] we exclude that the observed shifts ars@fiemperature
dependent variations ins as they set in only fo” > 1 K. Please note,
that the direction of the shift in both cases coincides whitn tiigh energy
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side of the Landau levels in the energy spectrum.

We first focus onABheq. NECs occur when the Fermi energy resides in
localized states in the QHE regime. The field position of theximum
NEC is directly connected to the field position of the minimimnmpyy
[Ruh09,/Kav05]. It is therefore instructive to consider matptransport
data at this point. Figure_4.9 (b) shows results obtained osference
MgZnO/ZnO 2DES withs = 1.7- 10! cn? andp = 3.8 - 10° cn?/Vs at

T = 0.5 K. The data was provided by Y. Kozuka of the Kawasaki group.
Ry, Rxy and the classical Hall slope extrapolated from the low fielthd
(dashed line) are shown. At= 2 andv = 1, the Hall plateaus iR,y do
not occur symmetrically with respect to the classical Halps. Instead,
the Hall plateaus as well as tli&, minima are shifted to larger fields. For
illustration, we included\ Bheq and A Beq from the magnetization data at
T = 0.5 K in Fig.[Z3 (b). The displacements in the dHVA effect and-non
equilibrium magnetization are consistent with the asymieetobtained
in transport measurements. Therefore we conclude, thahit®scopic
origin of the separate observations is the same.

For an equilibrium property such as the dHvVA effect, a terapee de-
pendent shift has not been reported before. Instead, desplkants and
asymmetries of QHE plateaus and correspondipg minima have al-
ready been found in transport measurements on GaAs-batsddteuc-
tures [Fur86| Hau87, RayD9]. They were attributed to sdagecenters
being present in the immediate vicinity of the 2DES. Repelsicattering
centers altered the DOS in such a way that it was asymmethibiéxg

an impurity tail at its high energy side [Bori06]. This fe&tis sketched in
Fig.[Z9 (c). Conversely, attractive scatterers led to {hygosite asymme-
try [Ray09]. As a consequence, localized states of the l@mergy level
and extended states of the next higher energy level in the @DE over-
lap resulting in a shift of they, minima towards higher magnetic fields
for repulsive scatterers. From the direction of the obsgfiedd position
shifts we infer that the interaction of charge carriers acatterers in the
MgZnO/ZnO heterostructure is of repulsive nature.

We further observed a pronounced asymmetry between up- awd d
sweep NEC signals as shown in Hig.]7.5. In the context of amastric
DOS the charge redistribution model (c.f. Sec] 2.3) canamyhis ob-
servation. According to Eq._1.6/yec depends on the DOS between the
LLs. If we assume an asymmetric DOS as shown in[Eid. 7.94e)de-
pends crucially on the position of the Fermi level as indidan Fig[2.7.
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It differs for the Fermi level residing above or below inte@j#ing factor

v. If we approach integer from above (downsweep of the magnetic field)
or from below (upsweep of the magnetic field) differexit develop and
correspondingly thé//yec signals differ. Consistent with the experiment
Myec is indeed expected to show an asymmetric behavior depemding
the field sweep direction.

7.6. Indications for magnetic thaw down

We further observed spike-like overshoots of the equilitorimagnetiza-
tion as denoted by the horizontal arrows in Figsl [Z.1], 7.Z@Ada) show-
ing magnetization curves near= 2 at7 = 0.28 K. This effect has also
been observed near = 1 at elevated temperatures where NECs were
absent. Temperature dependent data are shown i Fig. 3.IDh@over-
shoot decreases as the temperature increases.=AR K, the overshoot
is absent and the pure dHvVA effect is recovered. For 1.6 K, up-
and downsweep of the magnetic field are shown. Obviouslyliserved
overshoots do not depend on the field sweep direction whigbesis an
equilibrium phenomenon.

In addition, we tested the dependence of the overshoot oilltihgna-
tion of the sample. Therefore a blue light-emitting-diot&D) was used
and the samples were illuminated in situ for approxima8glys prior to
further measurements. Figdre 74.10 (b) shows the result-at2 and at
two different anglesr = 52° anda = 62° before (line) and after (dotted
line) illumination. At both angles, the overshoot is moremmunced after
illumination. Note, that we do not observe a substantialat@n of the
electron density or the dHVA amplitude by the illuminatidrtlee sample.
We exclude NECs as the origin of the overshoots because thaptdie-
pend on the field sweep direction. In Refs. [BS06b, BS06atshaots
in M(B) were reported for tunnel-coupled bilayer 2DESs. The asthor
speculated that correlation effects or a peculiar form ef®OS were re-
sponsible for the overshoots. Considering the additiorsgjmatotransport
data taken on a MgZnO/ZnO heterostructure 2DES we attritgt@ver-
shoots in our case to an asymmetric DOS and the so-calledetiagimaw
down of electrond[Bis12]: an acceptor state is negativebrged and re-
pels conduction electrons. However, the local confinemgtiteoelectrons
in the 2DES in combination with an applied magnetic field Iy elec-
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AB/B,, (%)
>
DOS (a.u.)

Figure 7.9.: (a) A Bneq/ Bv=1 (squares) and\ Beg/ By (triangles) as a function

of T. At low T', both, A Bneq and A Beg, increase linearly with decreasirig as
indicated by the black line foA Breq/ B.—1. AboveT' = 1 K, they are both zero.

(b) Transport characterization of the MgZnO/ZnO reference 2DEB &t 0.5 K

done by the Kawasaki group. The crossing of the Hall slope with the Ha#aus

atv = 1 andv = 2 does not occur in the center of the respective plateau. Instead,
the plateaus as well as tifi&x minima are shifted to larger fields. The shifis3,,cq

andA B, observed in the magnetometry experiment are indicated. (c) DOS in the
presence of repulsive scatterers. An impurity tail exists at the higlygsate of

the LLs [Bon06].
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34
B.(T)

Figure 7.10.: (a) Temperature dependencedf(B, ) nearyr = 1 ata = 52°.

The dHVA amplitude is superimposed by an overshoot.TFer 1.6 K the up- and
downsweeps are both shown and they coincide. This indicates that tishogtis

not dependent on the field sweep direction. (b) Overshoot of the di@litude
before (line) and after (dotted line) sample illuminatiornvat 52° anda = 62°
obtained afl” = 0.28 K. Data are taken in the dark. The overshoot is enhanced by
illumination of the sample.

tron near the acceptor. The authors of Réfs. [Bi512, BonfiBbate this
behavior to a combined effect of confining potential and htzeorce.
As a result, discrete electron levels can exist above theneed Landau
states. Those states are called magnetoacceptor (MA}¥ states situ-
ation is schematically depicted in Flg.7111. If the Fermgmyy resides
between the localized acceptor levels and the free Landaislelectrons
are transferred into the lower-lying extended Landau statéis process
is referred to as magnetic thaw down [Bis12]. When the magréw
down takes place, the free enerfjyof the electron system is reduced ac-
cordingly. Correspondingly, there is a sudden increas&/in= —g—g.
This process would enhance the equilibrium dHVA amplitutiés likely
that the magnetic thaw down process caused the overshoath wkre
observed in the experiment. Following Réf. [Wie97], we rastie the av-
erage density of the magnetoacceptorg via nya = nsABua/Bay-
Here, ABya denotes the field window of the rising magnetization slope
as defined in Fid._7.10 (a) and is the mean field value. This analysis
yieldsnya ~ 10 cm—2.

The observed temperature and illumination dependencensistent with
this explanation. At elevated temperatures, the Fermiidigton smears
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7.6. Indications for magnetic thaw down

Figure 7.11.: Extended Landau states
|¥. > and localized magnetoacceptor
[¥\a>  states|¥ya > in the QHE regime (af-
ter Ref. [Bis12]). When the Fermi level
resides between the acceptor and Lan-
F dau states, localized electrons at accep-
tors thaw down into delocalized Landau

| \P L > states.

%‘V—

out and the influence of the asymmetric DOS reduces. lllutingahe
sample prior to the measurement might ionize potentialteeas in the
vicinity of the DOS. Thus, it is likely that additional MAs ercreated
which enhance the overshoot.

In the following we summarize the indications that suppbé hotion of
an asymmetric DOS caused by the presence of acceptor-tgfierses:

o Temperature-dependent shifts of the field position ef 2 by A Beq
in the dHVA effect.

e Temperature-dependent shifts of the NEC maximuniNd¥peq ob-
served near = 1.

e Intransport measuremeni, minima and QHE plateaus are asym-
metric with respect to the classical Hall slope.

e Overshoots of the dHvVA amplitude which we attribute to maigne
thaw down.

e Asymmetry of Myec in up- and downsweeps of the magnetic field.

We attribute the origin of the asymmetric DOS to the presaiaepul-
sive scattering centers. They form impurity bands and therender the
DOS asymmetric. Our torque magnetometry data have allowéaldeter-
mine the nature and number of scatterers and thereby géledetssight
into the microscopic sample structure. This might help tthier optimize
MgZnO/ZnO heterostructures. One may now speculate abeubrilyin
of the repulsive scatterers in the immediate vicinity of #i2ES in the
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MgZnO/ZnO heterostructure. A possible explanation foulspe scatter-
ing centers would be the presence of Zn vacancies at thédaoéewhich

were reported in Refl [UedD3].
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8. Summary and outlook

In this work, we studied the magnetization of correlatedtets systems.
More precisely, MnSi thin films, CrBsingle crystals and 2DESs formed
at the interface of MgZnO and ZnO were considered. Microraaidal
cantilever magnetometry was employed to investigate #netr@n systems
at low temperature and in high magnetic fields. The microraeidal sen-
sors were fabricated in the framework of this thesis. Wegtesi and
tailored the sensors based on either GaAs or CuBe to suithxesixper-
iments. This allowed us to perform highly sensitive magragton mea-
surements at optimized conditions with all three mateyatems. The
experiments were conducted using vacuum-loadiig systems allowing
a precise temperature control. The magnetic field was peoviy super-
conducting magnets, either an axial 14 T magnet system or &4% T
vector magnet system. The latter had been set up duringhissst
Cantilever magnetometry proved to be a powerful tool to stigate the
magnetization of the correlated electron systems. It isrdaatless and
non-invasive technique. Thereby we were able to study

e the magnetic anisotropy and the magnetic phase diagram &i Mn
thin films,

o the dHVA effect and the Fermi surface topology of @dingle crys-
tals and

e the equilibrium and non-equilibrium magnetization pheeo® in
MgZnO/ZnO based 2DESs.

In the following we give separate summaries of the main te<afl the
material systems studied. Further, a brief outlook is given

MnSi thin films

In the experiments on MnSi thin films a magnetic moment siitgion
the order ofl0~!! J/T was reached using micromechanical sensors based
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8. Summary and outlook

on CuBe. The experimental results allowed us to infer aimiakry mag-
netic phase diagram. A, =~ 39 K the transition from a paramagnetic to a
magnetically ordered phase was unambiguously identifigdhé\critical
field B ~ 1 T a further transition was evident, which we ascribed to a
transition from a non-collinear spin state to a field poledistate. More-
over, spike-like signatures were observed at temperasucesd 29 K and
at a magnetic field of approximatedy4 T. In the context of Ref[[Li1B3] it is
possible that this phenomenon can be attributed to the s&ynpiase. An-
gular dependent experiments suggested a dominating ahexisotropy
with an easy plane. The anisotropy constants of a 10 nm anchen3Bick
MnSi film were determined and amounted7® kJm—3 and1.2 kJm~3,
respectively.

According to Refs.[[KarlZ, [i13], it is likely that MnSi thifims host a
conical, a helical and a skyrmion phase belBw Further highly sensitive
magnetometry measurements are necessary to elucidateabe giagram
in this regime. We would then expect to observe further plr@sesitions.
In this regard, it might be fruitful to investigate thinnercasmaller sam-
ples with GaAs based sensors, which allow for higher magmetiment
sensitivities.

Once the skyrmion phase is identified unambiguously, itlwélinteresting
to combine magnetization and magnetotransport expersn&his would
allow to monitor the static magnetization properties in bamtion with
spin-transfer torque effects at the same time on the samglesaRor such
a combined transport-magnetization experiment the iatenfietric read-
out [Spr06] established in our group could be applied. Tkjzeement
may be promising to further characterize the magnetic ptigseof the
skyrmion phase.

CrB single crystals

The angular and temperature dependence of the dHVA effextsingle
crystal of CrB, at low temperatures was studied. Three extremal cross
sections of the FS have been evaluated. The experiment steggiat

all orbits are closed. The Lifshitz-Kosevich analysis & thata provided
effective masses of 0.8 to 1.22. for the different orbits. Further, the ex-
perimental results were compared to results obtained frand Istructure
calculations for the cycloidal magnetic order and the nagme#c state of
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CrB;. We allocated two orbits to B-derived Fermi surface pockets of
nearly spherical geometry. The shape of those pockets waml fto be
insensitive to the magnetic order. The third orbit could m®&ssigned to
a Fermi surface pocket without ambiguity. Comparison ofrtreasured
effective masses* with the calculated band masses yielded a mass
enhancement factor of up to 2. We obtained an upper boune: qittbnon
coupling constanta of aboutl — 1.3. General Fermi surface properties of
CrBs were compared to the ones of the isostructural compoundNagé
certain analogies were identified.

In the present work, we were limited to magnetic fields bel@wTland
temperatures greater tharg K. It is likely that these experimental limi-
tations are responsible for the fact that the remaining Gerived Fermi
surface pockets, which are predicted by theory, were nagrebd in the
experiment. Thus, going to lower temperatures and largétsfimight
be a promising way to explore the heawelectron states also. In such
an experiment the heavy masses could be determined and coia@ar-
ison with the band structure calculation, the mass enhaeeemay be
determined. Along this line important quantitative infation about the
electron correlation effects could be accessed and fupttogrerties of the
antiferromagnetic phase such as the nesting propertids féginferred.
Despite the similarities between GyBnd MgB, concerning crystal and
electronic structure, which we pointed out in Secl 6.5, thmugd state
is antiferromagnetic and superconducting, respectivilgvertheless, it
is now interesting to speculate about the implications efgmmilarities.
Since the Bpy, orbitals in MgB, are at the heart of its superconducting
properties it might be possible to generate supercondydtistabilities
in CrB; as well. A potential route along this line discussed in theré-
ture [Bral3a, Baul3]is the application of hydrostatic diaxial pressure
to CrB,. Preliminary calculations suggested that the closed,d&rived
Fermi pockets expand when the ratit of the crystal axes is reduced.
Thus CrB might be a promising candidate to study the evolution from
itinerant antiferromagnetism to superconductivity.

2DES at the interface of MgZnO/zZnO

In this thesis we report the first-time observation of the AHéffect and
NECs in a 2DES in an oxide heterostructure, i.e. in MgZnO/Zihe
dHVA effect was studied as a function of field angle and temjpee. We
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observed quantum oscillations at filling factors smalleamth = 4. A
Lifshitz-Kosevich analysis of the dHvVA amplitudeat= 2 allowed us to
determine the effective electron mass which yielded = 0.31 me. We
further compared our data with numerical model calculatiorthe single
particle picture. We found enhancements of the energy gaps-a (Lan-
dau gap) as well as at= 1 (Zeeman gap) over the expected value in the
single particle picture. The enhancement was ascribedetexbhange in-
teraction and we determined an effectivefactor of 5.1 atv = 1. NECs
were observed around = 1. The analysis of the decay of the induced
currents enabled us to estimate the resistipity of the QHE state.px
amounted to~ 1071° Q/00 for v = 1. The temperature and sweep rate
dependence of the NECs in MgZnO/ZnO is similar to those ofeskein

a high-mobility GaAs based 2DES. Therefore we infer thatghality of
the QHE state is comparable for the two different 2DESs. Heurtwe
observed unexpected signatures of both, dHVA effect anddNHGe po-
sition of the steepest slope of the dHVA oscillation shiféexda function
of temperature. A consistent temperature dependent sagtfound when
regarding the extrema of the NECs. This effect was attribtaehe pres-
ence of an asymmetric DOS, which was most likely caused bylsie
scattering centers in the direct vicinity of the 2DES. Thgnasetry in
the DOS enables a magnetic thaw down of electrons from megocetp-
tor states. Thereby, the quantum oscillatory magnetinatias enhanced
even beyond the electron-electron interaction.

Future magnetization experiments may focus on the follgwaspects.
First, we observed a renormalization of the ground stateggnéue to
electron-electron interaction. In angular dependentsiart experiments
coincidence phenomena were observed from which an enhamtefthe
productg*m* was inferred[[Tsu08, Koz12]. To further elucidate the ex-
change enhancement and possible correlation effectsptheidence con-
dition may be met in angular dependent magnetization measmts at
higher magnetic fields. This would allow to directly monitbe ground
state energy as a function of angle in the high field regimeaddition,
one could correlate magnetotransport and magnetizatiparements us-
ing the interferometric readout techniqiie [Spr06]. Theeexpent would
allow to directly compare the energy gaps inferred from taticin spec-
troscopy with the ones obtained from the dHVA effect.

Second, we found an enhancement of the dHvA amplitude betfwand
exchange enhancement which we attributed to magnetic tbam.dMag-
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netic thaw down has been observed in transport experimbutsapart
from the investigations in this work, it has not been disedss the con-
text of the magnetization of a 2DES before. We found thatrilhation
and temperature were control parameters to tune the re¢levarshoots.
Further investigations that focus on these effects may gewe insights
into the origin and impact of magnetic thaw down.

Oxide interfaces are likely to bring the physics of 2DESs twew stage.
The 2DES in MgZnO/ZnO combines large mobilities and effextiharge
carrier masses with low electron densities and a low digtecbnstant.
Let us first consider the transport scattering timgs= um* /e, which
are a measure of the cleanness and quality of the 2DES [Hwalt?]
MgZnO/ZnO based 2DESs; is on the order of 100 ps, which is only
about one order of magnitude smaller compared to high ntpliHaAS
based 2DESs. This illustrates that oxide based 2DESs afamio¢hind
semiconductor based 2DESs anymore in terms of quality arahokss of
the electron system.

At the same time MgZnO/ZnO based 2DESs display latgearameters.
They are on the order of 10 and thus much greater than in Gagexdba
2DESs. This indicates that exchange and correlation sffaet far more
important in the MgZnO/ZnO based 2DES.

If growth conditions can be improved further to establisFEEexhibit-
ing largerrs values with increased mobility, even stronger correlagbn
fects and eventually new physics may be observed. An example
be a metal to insulator transition in the limit of lows as speculated in
Refs. [Gol11[ Hwal?].

In conclusion, electron systems at oxide interfaces, irtiqdar the
MgZnO/ZnO based 2DESs, offer a playground for the physi@D#Ss in
the limit of high mobility and larges parameter. They afford thus a great
opportunity to search for correlation phenomena which mag gse to
unforeseen physical phenomena.
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A. Electronic structure
calculations for nonmagnetic
CrBs

DOS (states/eV/f.u.)

Energy (eV)

Figure A.1.: Density of states (DOS) of nonmagnetic GrBalculated by L.
Chioncel and J. Kuriewith the WIEN2k packagé [Blal2]. The main contribu-
tion to the total DOS at the Fermi level arises fromdred) states, but also B-
(blue) states are present.

Electronic structure calcuations for nonmagnetic £aBe presented in or-
der to underscore which parts of the GrBermi surface are sensitive to
the exact form of the magnetic order and which parts are rta.cBlcula-
tions were performed by our collaboration partners J. Swared L. Chion-
cel in the framework of the local density approximation (LDAethod of
density functional theory by using the full-potential larezed augmented
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plane-wave method implemented in the WIEN2k package [Blalt2ihe
calculations the experimental values for the lattice patensa = 2.969 A
andc = 3.066 A were used. The results of the LDA were consistent with
the Generalized Gradient Approximation (GGA) of the exg®and cor-
relation functionals.

Figure[A shows the total, site and orbital-projected dgnsf states
(DOS) of nonmagnetic CrB These results are similar to earlier works
[Ciu75]. At the Fermi level, by convention @& eV, mainly Bp and Cred
states are present. Contributions froms Ban be neglected. The corre-
sponding band structure can be seen in[Eigl A.2 (a). In tfaat, bands
cross the Fermi level. The symbol size of the fat band plobteEnthe
strength of the in-plane By y orbital character. From this plot it can be de-
duced that two of the bands, which cross the Fermi level iesAtpoint,
have predominantly Bxy character. These are shown in an expanded
view in Fig.[A2 (b). In contrast, bands, which cross the Fdavel near
other points in the Brillouin zone, have predominantlyd3srbital charac-
ter.

The corresponding Fermi surface sheets are shown i Ei(cAd?. Cen-
tered around the A-point, two electron-like Fermi surfaueets arise from
bands with Bpy,y orbital character. In the calculations for cycloidal mag-
netic order reported in Chapfér 6, these pockets are shifteety /2 away
from the A-point. The shape of the Bderived sheets is, however, not
significantly affected by the introduction of magnetic arddo further
substantiate this important conclusion, calculationgtiercollinear ferro-
magnetic state were performed (not shown). We found thatfalsthis
case the By pockets remain largely unaffected. These supplementéry ca
culations thus underscore the validity of the assignmetitedfiHvA orbits

to the By-derived pockets made in S€c.16.4. The remaining Fermisirfa
sheets have dominantly @reharacter and are radically different from the
magnetically ordered states. The Fermi surface of nonntag@eB. in-
cluding all bands is shown in Fig_A.3.
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Energy (eV)

Figure A.2.: Electronic structure of nonmagnetic GrRBalculated with the
WIEN2k package. (a) Band structure of GrBThe fat band plots indicate B-
pxy Orbital character. The expanded view in (b) depicts two bands at theirft-p
that arise from in-plane By, orbitals and cross the Fermi level. All other bands
that cross the Fermi level have predominantlydCorbital character. (c-d) Cal-
culated Fermi surface sheets of GrB the nonmagnetic state. Centered around
the A-point, two electron-like Fermi surface sheets arise from bandsBvjify,
orbital character. Note that in the calculation with cycloidal magnetic otuars

in Fig.[6.8, the spin degeneracy of these Fermi surface sheets is liiteithey are
shifted by+q/2 away from the A-point. Their shape is, however, not significantly
affected by the magnetic ordering.
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Figure A.3.: Complete Fermi surface
of nonmagnetic CrB. The Fermi sur-
face sheets derived from @rorbitals
are radically different from the ones
predicted for the cycloidal magnetic or-
der.
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explicit

2DES
3DES
CrB,
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DOS
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MnSi
NEC
PM
QHE
SE
Zn0O

two-dimensional electron system
three-dimensional electron system
chromium diboride

copper beryllium

de Haas-van Alphen
density-of-states

easy axis
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Fermi surface
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Hartree-Fock approximation
Lifshitz-Kosevich

Landau level

magnetoacceptor
molecular beam epitaxy
micromechanical cantilever magnetome
manganese silicide
non-equilibrium current
paramagnet

guantum Hall effect

Schibdinger Equation
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