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Aufbau eines Mikro-Hall-Magnetometers und Untersuclungen
individueller Fe-gefullter Kohlenstoffnanordhren:

In dieser Arbeit werden experimentelle Untersuctamngindividueller Fe-gefiillte
Kohlenstoffnanoréhren (CNT) mittels Hall-Magnetonetprasentiert. Hierfir wurden a
Basis von GaAs/AlGaAs-Heterostrukturen mikrostruigie Hall-Sonden hergestel
welche die Untersuchung der Streufelder einzelaeoskaliger Magnete ermoglichen. [
Hall-Sensoren wurden mit Elektronenstrahllithogfeptind chemischen Nasséatzverfah
strukturiert und mittels Rasterelektronenmikroskopi Rasterkraftmikroskopie ur
Transportmessungen charakterisiert. Mit einem Mitaipulator wurden einzelne Fe-CN
auf die aktive Flache (800 x 800 frnaer Sensoren platziert. Messungen an den Fe-
zeigen die Anwendbarkeit der Sensoren fir die Wothtung nanoskaliger Magnete. [
Untersuchung eines einzelnen Fe-Nanodrahtes mitHbngsser d = 26 nm zeigt, dass
Ummagnetisierung in einen lokalisierten Prozestfistdet, wobei die Winkelabh&ngigkg
der Nukleationsfelder sich sehr gut im Rahmen dedi@ Modells beschreiben [&s;
Abhangig vom gewahlten Winkel treten Nukleationdéel bis etwa 900 mT auf. Neb
einzelnen Nanodrahten wurden auch die magnetisétiganschaften von Ensembl
unterschiedlich funktionalisierter CNT mit altermeéader Gradienten- und SQUII
Magnetometrie untersucht. Dabei wurde der Einffessomagnetischer Katalysatorpartii
im Detail untersucht und es konnte gezeigt werddass durch eine nachtraglic
Warmebehandlung der CNT das Katalysatormateridétémidig entfernt werden kann.
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Development of a micro-Hall magnetometer and studgeof
individual Fe — filled carbon nanotubes:

This work presents Hall magnetometry studies oividdal Fe-filled carbon nanotubg
(CNT). For this approach high sensitivity micro Haénsors based on a GaAs/AlGa
heterostructure with two dimensional electron gd3HG) were developed. Electron be
lithography and wet chemical etching were utiliZed patterning Hall sensors onto t
heterostructure surface. The devices were chaizatieby means of scanning electt
microscopy, atomic force microscopy and transpodasarements. Individual Fe-fillg
CNTs were placed on active part of devices (80@& @nf) with aid of micromanipulato

system. Measurements on an individual iron naneatanfirmed devices applicability f¢r

measurements of nanoscale magnets. High nuclefiols were found of about 900 nj
for a Fe nanowire with diameter of d = 26 nm. Thagmetization reversal mechanism v
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found to be a localized process whereas the andafa@ndence of nucleation fields is ip a

good agreement with a curling mode. Through magagtin studies performed
differently functionalized ensembles of CNT by meanf Alternating Gradient — an
Superconducting Quantum Interference Device (SQUiagnetometry a strong influen
of a remaining ferromagnetic catalyst material ba tnagnetic properties of CNT w|
observed. Magnetization studies proved that a poskealing method removes catal
material completely.
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Abbreviations used in this thesis

AA active area

2DEG two dimensional electron gas
AGM alternating gradient magnetometer
AC alternating current

AFM atomic force microscope

BCC body center cubic

CNT carbon nanotubes

CvD chemical vapor deposition

DC direct current

DWCNT double-wall carbon nanotube
EA easy axis

EBL electron beam lithography
EDX energy-dispersive X-ray

FCC face centered cubic

FIB focused ion beam

FM Ferromagnet

HEMT high electron mobility transistor
HCP hexagonal closed packed

IPA isopropanol,

MBE molecular beam epitaxy

MFM magnetic force microscope
MIBK methyl-isobutyl-keton

MWCNT multi-wall carbon nanotube
NMP N-methylpyrrolidon

NMR nuclear magnetic resonance
PMMA poly(methyl methacrylate)

RT room temperature

SQUID superconducting quantum interference device
SSCVD single source chemical vapor deposition
SWCNT single-wall carbon nanotube
TCE Trichloroethylene

UHV ultra high vacuum
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1. Introduction

Materials science promotes novel applications lydpcing novel materials with
superior functionalities. In the last decades, smows progress has been made in this
respect by combined efforts of chemists, physicistaterials scientists and engineers.
From a variety of approaches, downscaling well kmawnaterials into nanoscale objects
is one of the most promising ways to achieve sucleh functionalities. Such
downscaling yields functionalities far beyond mesze reduction but there are
fundamentally different physical properties arisinghanosize materials which invoke the
high interest in new technological applications aftdact scientists’ attention because of
their fundamental scientific importance.

The history of modern nanotechnology started in1880’s when the well-known
physicist Richard Feynman gave a talk on DecemB#r 2959 at the annual meeting of
the American Physical Society entitled: “There lsnpy of room at the bottom” [1]. This
presentation caused a stir among scientists, bedagsconcluded there might be the
possibility to make changes in the structure oftemddy manipulating single atoms. Since
then, and particularly within the last decades éhels a large progress in synthesis,
characterization, and manipulation of matter atrtaeoscale.

Nanosized materials, however, have already beedh insancient times. There are
famous effects of color changes appearing upon idection which are related to
changes of the electronic properties of materiglsnudownscaling. For example gold
which easily forms nanoparticles, exhibits diffareolors depending on particle size.
Another promising field of nanotechnology is apation of nanoscale magnets where
magnetic properties are altered due to reduced\8ihde for example bulk ferromagnets
cooled in the absence of an external magnetic fagith multi-domain patterns and hence
exhibit only very small or vanishing net magneti@at size reductions straightforwardly
yields single domain particles with net magneticnmeats as large as their saturation
magnetization. Novel effects in these single dormanoparticles also arise if thermal
fluctuations become comparable to magnetic anipgtso that the nanomaterials behave
as so-called superparamagnets. These effects ammlyanteresting from a fundamental
research point of view but also drive a race fanpketely new applications in fields as
different as, e.g., spintronics, data storage,raadicine.



A mandatory precondition for application is howetlex detailed knowledge on the
magnetic response of these new nanoscale mateWithin the last two decades
developments in experimental techniques provideceinmethods for investigating the
magnetic properties of individual nanosize magnetiains and get insight into their
properties. One of these methods is the micro-iMaljnetometry which is applied in this
work in order to investigate the properties of argloclass of nanoscale magnets, i.e.
ferromagnetic nanowires encapsulated inside canamotubesKent et al.was the first
who demonstrated the applicability of such a midedl device based on a GaAs/AlGaAs
heterostructure containing two dimensional electgas (2DEG) for investigating the
properties of nanosize iron magnets [2]. In theselies the Hall measurements were
performed on an ensemble of iron nanoparticlesasoimg 100 - 600 nanoparticles grown
by scanning tunneling microscopy (STM) assistedribal vapor deposition (CVD) on
the active area of the Hall device. A few yearsrat 2000Theil Kuhnet al for the first
time measured an individual iron nanoparticle withgnetic moment of about 4@ [3].

The materials which have been addressed in thisisthare magnetically
functionalized CNTs. They have been a subject ofdéumental research since their
discovery in 1991 [4]. Since then a variety of noelh to synthesize these carbon
structures such as arc discharge [5], laser abl@§pand CVD [7] have been developed
and improved. The interest in carbon nanotubesesmrdue to their extraordinary
properties providing a promising potential for apations on the nanometer-scale. This
holds e.g. for the electrical properties since semducting or metallic behavior depends
on details of the morphology of the material, or tbeir extraordinary mechanical
properties with a very large Young's modulus in thBa regime [8]. CNTs form
chemically stable shells which can be opened [Bgdf with desired materials [10,11]
and closed again [12,13]. Thus nanotubes can sareentainers encapsulating nanoscale
materials. Carbon nanotubes can be biofunctiordiz4,15] and since it has been shown
that nanotubes can be uptaken by many types «f [d€|17] this renders CNTs excellent
nanocontainers for biomedical applications andedrivesearch on their usage as drug
delivery systems [18,19]. Magnetic functionalizatiopens further potential, because
after inserting a dispersed ensemble of ferromacaibt filled CNTs into the body they
can be addressed by external magnetic fields.ihtipte, gradient magnetic field can be
used to move these objects, DC magnetic field td tieem at a desired position, and AC
magnetic fields generate heating. The latter in-Bi¢éating is particularly promising if
applied for local cancer treatment by means of aled magnetic hyperthermia [20].
This method is based on the fact that cancer egl®sed to elevated temperatures of



about 42°C (or more) are eliminated. The particular advamtad ferromagnetic
nanomaterials encapsulated in carbon shells rédettse shielding effect of the metallic
encapsulates in the biological environment. Variostsidies have shown that,
independently of the synthesis technique, the carbocapsulated iron is efficiently
protected by the surrounding shells and its magn@abperties are retained [21,22,23].
Another potential lies in the fact that various dtional materials can be inserted into
CNT. E.g., by filling CNT with strongly temperaturdependent nuclear magnetic
resonance (NMR) material i.e. Cul [24] the tempam®atof the hyperthermia process
might be controlled [25].

The aim of this thesis is to investigate in dethié magnetic properties of
magnetically functionalized CNTs, as well on theeleof ensembles as - in particular - of
individual entities. Hence a micro Hall magnetomédiad to be set-up in a first step
which is based on a GaAs/AlGaAs heterostructurl BREG. Patterning of Hall sensors
on top of the heterostructure was done by EBL anet whemical etching.
Micromanipulation was applied in order to place ¢mel of the nanowire, where its stray
field is strongest, inside the active area of thewick of size of 800 x 800 rfm
Eventually, different individual nanowires have bestudied and details of magnetization
reversal have been elucidated.

The thesis starts in chapter 2 with a concise dson of basics of magnetism with
particular emphasis on the magnetic propertiesanbacale objects.

Chapter 3 is about the magnetization measurememitpues applied to study ensembles
of CNT and the detailed description of principlésracro Hall magnetometry applied for
studies of individual Fe—filled CNT.

Chapter 4 discusses all necessary techniques wieohd used for building up the micro
Hall magnetometry setup. Here, we discuss the jptes of the operation of the scanning
electron microscope used in the work and basicthefelectron beam lithography in
detail. Later we emphasize on the fabrication afromHall devices. Then we describe the
micromanipulation method used for placing nanowireghe active area of the Hall
sensor. We provide a short description of the sgith method and structural
characterization of batch of CNT prepared for mielall measurements and at the end
we focus on the electric circuit which has we useklall voltage measurements.



Chapter 5 presents the magnetism of CNT enseniMegresent the overall introduction

to CVD preparation methods in which ferromagnettatysts are used. We present a
method of annealing Fe catalyst-based CNTs whioiges an evaporation of catalyst

material and increase the carbon crystal strucuedity of CNTs. The second approach
consists of application of non-magnetic rheniumcatalyst material. Diamagnetism of

CNT ensembles in both approaches is confirmed byldv temperature magnetization

measurements. Further we discuss the influencheofdmaining catalyst materials used
in synthesis on the magnetic properties of carlarotubes.

Chapter 6 presents the discussion of the micro thethh obtained for two individual Fe-
filled CNT. On the one hand, the iron nanowires ased as model materials which
demonstrate the devices performance. Subsequeh#lyexperimental results on the
magnetic properties of these nanowires are predame discussed in detalil.

Chapter 7 contains the summary of the work.



2. Basic aspects of magnetism in macro- and nano-
materials

2.1. Exchange interactions

In 1906, to describe the ferromagnetic phenomeWaiss assumed the existence of
an internal molecular field in the ferromagneticdioHowever, twenty years later, Dirac
and Heisenberg [26,27,28] independently explainegomagnetism by the quantum
mechanical exchange interaction between spinsH8isenberg's Hamiltonian for the
localized spins Sand $with the exchange integraj i given by:

: (2.1)

The exchange energy, which is assumed to be the &areach nearest-neighbor pair in a
crystal, is:

Eex = _2‘]2 éi |:éj (22)

i<j

Clearly, for a positive exchange integral J > @ ¢xchange energy has a minimum and
ferromagnetic order with parallel alignment of spiis favored, while for a negative
exchange integral i.e. J < 0, the resulting arraregd is antiferromagnetic.
Ferromagnetism in the 3d transition metals sudiea<o and Ni does not originate from
the localized magnetic moments of individual atdoasit comes from freely moving 3d
electrons in the crystal. The direct d-d exchamgeraction model for localized magnetic
moments cannot be used. The origin of the spontene@gnetization can be explained
by means of the band structure arrangement of than® 4s electrons. The exchange
coupling between the unfilled d shells and 4s cotidg electrons leads to a relative shift
of the two d spin bands which are partially covevath s band (this shift leads to a
different number of spins at the Fermi level asvaihan figure 2.1). Electrons are
transferred between both sub-bands by reversing spas. In fact, the kinetic energy



increases due to the occupation of higher energglde however the total energy
decreases and ferromagnetic alignment of d spipesent.

s .

N/ 13.6 eV

N}
Figure 2.1: Electronic density of states for s and
‘ Fe d electrons in iron. Because of the exchange
i } interactions both subbands are shifted 2.4 eV
w0 om0 oo 29
E/ 13.6 eV

The discussion below will be limited to the ferragnatic case. It is known that bulk
ferromagnets very often shows weak or even no geeraagnetic moment in the
remanent state. Large ferromagnetic samples split domains separated by domain
walls. Spins inside each domain are parallel ttheaber however the magnetization
directions between neighboring domains differs. Bo® and corresponding domain
walls are formed in order to reduce the magnetostambergy associated with the
demagnetization field inside a ferromagnetic bodwhile exchange and
magnetocrystalline energies are stored in domaiis wehis will be discussed in more
detail in subchapters 2.2 - 2.6. For small partidlenay happen that the energy necessary
to create domain walls is higher than the savednetagtatic energy, corresponding to
the demagnetization field, in this case sample $oarsingle domain. The circumstances
of formation of single domain configuration in sinaédrticles and magnetization reversal
mechanisms will be discussed in subchapters 2.170- 2

2.2. Magnetocrystalline anisotropy

The manifestation of the magnetocrystalline anggtrin single crystals of base
ferromagnets Fe, Co and Ni is shown in figure Bdt.bcc iron the easy axes lie along the



<100> directions while the hard axes lie along ¢ié1> directions. The magnetic field
which needs to be applied to saturate iron is namgaller in the <100> directions than in
others. In the case of fcc nickel the easiest tioles are <111> while the hard lies along
the <100>. Cobalt has a hexagonal crystal strucame the easy axis magnetization
direction is the c axis. To saturate Co crystahia basal plane the magnetic field has to
be one order of magnetitude higher than in the oddée in the hard direction. In the
absence of an external magnetic field the magneiizaends to lie along the easy
direction.

The magnetic field which needs to be applied tarsét the sample in the hard direction
is the so called anisotropy field \H Magnetocrystalline energy shows numerous
symmetries, however the cubic and uniaxial onesrdex] above match the majority of
cases. For cubic symmetry the energy density ofnetagrystalline anisotropy can be
written [30]:

E

\}“C =K, + Kl(cos2 a,cos’ a, +cos” a, cos” a, +cos a, Cos’ al)+
(2.3)

Kz(cos2 a, cos’ a, cos’ as)+...

where kK is independent term of orientation of M (magnetoment),as, oy, oz, are the
angles between the magnetic moment and the threelinate axes. The experimental
room temperature anisotropy constants equat K.048 MJ/m and K = - 10 kJ/ni, and
K. =-4.5J/mand K = - 2.3 kd/m for iron and nickel, respectively. [30]
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Figure 2.2: Magnetization curves measured along easy, mid-adi hard magnetic directions
for single crystal. (a) Iron, (b) nickel and (c)lwadt.[31]

For uniaxial symmetry the magnetocrystalline enetgysity is given by [30]



E,. _ .
v =K, +K,sin?8+K,sin*g+... (2.4)

where 6 is the angle between the easy axis and magnetinemip K and K are the
anisotropy constants. For most purposes it is@afft to keep only the first three terms in
the above equation. The experimentally measuredoain temperature anisotropy
constants for cobalt equak kK 0.53 MJ/mi and K = 0.14 MJ/ni.

The origin of the magnetocrystalline anisotropyaiguantum effect in contrast to the
shape anisotropy which originates from the dipaiteractions arising from magnetic
poles at surface.

2.3. Shape anisotropy

The internal magnetization of a ferromagnetic s&riphds to a so-called stray
field. Inside the sample the stray field has o#il@ropposite direction to the magnetization
and is called the demagnetization field. Hror ellipsoids the relation between the
demagnetization field and magnetization can beesgad as follows [32]:

Hy =-NyM (2.5)

Where N is so called demagnetization factor. The magnatiostenergy of the
ferromagnetic body equals [32]:

E, = %EﬂNxmi +Nym2 +N,m?) 1, (2.6)
where V is the volume of sample,,\Ny, N, are the demagnetizing factors for axes x, vy,
z, respectively and jmm,, m, are the components of the magnetic moment.

Basically, magnetic shape anisotropy arises dubedody shape, and the easy axis of
magnetization is in the direction for which the mefpstatic energy is the lowest. Thus,
for example, in thin film layers with small magnetgstalline anisotropy the spontaneous
magnetization completely lies in the layer plandieveas, for elongated samples the
magnetization lies preferably along the longitutiaas.



For the single domain nanoparticle the magnet@stiergy can be expressed exactly
only for particles with ellipsoidal shape. For tekipsoid of revolution with the major
axis along the z direction demagnetizing factorsloawritten [32]:

1 n
N = E In(n—1+\/n2—1)
z n2 -1 1/n2 -1
(2.7)
1-N
N, =N, ==
2

Where n = p/a is the ratio of the semi axes ofthpsoid.

Es has uniaxial symmetry and for a prolate ellipsibid anisotropy constant is positive,
which means that the easy axis is the principas.akbr uniaxial magnetocrystalline
energy and if the two easy axes coincide (whiobftsn the case), the two constants add.
For a sphere there is no shape anisotropy. Theeghagotropic.

2.4. Other magnetic anisotropies

Besides the shape and magnetocrystalline anisotatpgr types of magnetic
anisotropy exist and are called: magnetoelastifase and exchange anisotropy.
The magnetoelastic anisotropy is related to thenm@gtriction effect, and to external
and internal strains. Magnetostriction is the esi@m or constriction of the crystal upon
the rotation of magnetic moment. For a sphericapsld nanoparticle and in the presence
of external straim the magnetoelastic energy can be expressed [32]:

E,6 = —2/15 [ [toS’a (2.8)

g

wherea is the angle between the magnetization and sééB)As is the magnetostriction
saturation. If Ac > 0 (positive magnetostriction and tensile straimis negative
magnetostriction and compressive strains) thenet®y axis is determined along the
strain axis. In the other case whea < 0 then there is an easy plane.

The other type of magnetic anisotropy is relateth&surface effects. A free surface
results in a discontinuity of the magnetic intei@ts$. This originates in the magnetostatic



energy but in parallel in surface energy. In theicsymmetry, the surface energy can be
expressed [32]:

E =K.cos’y (2.9)

wherey is the angle between the magnetization and thgepéicular to the surface.

The exchange anisotropy was discovered in 1966 bikI®ohn and Bean [33] for tiny
cobalt nanoparticles coated with a thin CoO lajteis manifested by the shifting of the
hysteresis loop (asymmetric coercive fields) aftetd cooling. The source of the
anisotropy is a preferential magnetization diractiof the ferromagnet due to the
exchange coupling to the antiferromagnet.

2.5. Magnetic domains and domain walls

Even though most neighboring spins are alignedllpata each other in a ferromagnetic
sample, it often shows a very small or even noglofagnetization. The reason for this is
that the sample is divided into domains (i.e. aieashich the spins are parallel) whose
magnetic moments cancel out. The change of thetdireof the magnetization between
neighboring domains is not sharp but takes plaegluglly and this transition area is
called the domain wall. Domains form to minimize thhagnetostatic energy which arises
from the magnetic poles at the sample surface, hewé costs additional energy,

exchange and magnetocristalline which is storethendomain walls. Figure 2.3 shows
the ferromagnetic sample with different domain agunfations. As seen in figure 2.3a,

where the sample consists of a single domain, tahgnetostatic energy is large. If the
sample is divided into two domains with oppositegmetizations the magnetostatic
energy becomes smaller. Further dividing of the ganmto four domains still further

decreases the energy (Fig. 2.3c). Finally the masgpatic energy is minimal when the
domain magnetization directions form a closed Iqépy. 2.3d). The exact domain

configuration in the ferromagnetic sample arisesnfrthe balance between the saved
magnetostatic energy and energies consumed foratmmof domain walls. As already

mentioned, the transition of the magnetizationdiom between the domains is not sharp
but it takes place by continuous rotation of theynsization direction, usually over a few
hundred atomic monolayers. The exchange interactiend to keep the next neighbor

10



spins in the parallel configuration, thus broadgriime width of domain wall decreases the
contribution of exchange energy, while the magmgsialline anisotropy energy is
minimal when number of spins deviating from the metgcrystalline easy axis is

minimal.

(a) (b)
T — e | #4tteres
(c)

//// - 7/
| — [erse |~ [t ] |

Figure 2.3: Formation of domains in ferromagnetic material. Téseact domain configuration
arises from the balance of the energies, magndtostaved by formation of domains and those
stored in domain walls. (a) Saturated sample, gingbmain, large magnetostatic energy, (b)
introducing 180 domain wall reduces the magnetostatic energy bebsts additional energy
needed for its formation, (c) the magnetostatiagyes further decreased when four domains are
formed, (d) in the case when closed domain lodprimed the magnetostatic energy is minimal
but at a cost of a large increase in magnetocryisilanisotropy energy in uniaxial materials
[30].

The width of the domain wall tends to minimize theerall contributions from exchange
and magnetocrystalline anisotropy energy.
In general the domain wall thickness can be expreBE30]:

A

Oaw =TT\ for Bloch wall (2.10)
2A )

Oan = |7 for Néel wall (2.11)

where A is the exchange constant and K is attribtgeanisotropy.
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The sketch of Bloch and Néel walls is shown in feg@.4. Bloch domain walls are typical
for bulk samples whereas Néel domain walls are se#nin films. In the Bloch type wall
the magnetization vector rotates parallel to th# ptane which results in the appearance
of magnetic poles at the sample surface (Fig. 2\Wden decreasing the thickness of the
film the magnetostatic energy associated with thegmetic poles increases and to
minimize this energy the spins rotate in such ameaas is shown in figure 2.4b.

(a) (b)

— -
AR
S
s
S
—

Figure 2.4: Domain walls separating neighbor domains with ogifgomagnetization direction.
(a) Bloch type, typical for bulk material, (b) Négbe, characteristic for thin films [34].

2.6. Magnetic hysteresis loop in multidomain material

The magnetic domain configuration of the demagedtiterromagnetic sample is
such that M = 0 in the absence of an external nmagfeld (Fig. 2.5a). Upon application
of an external magnetic field the domain walls tstaoving in such a manner that the
parts of the sample having the highest M compoirettie field direction expand. After
both processes (domain wall motion and rotatiomafjnetization vector) are completed
the sample reaches the saturation staj€HRif). 2.5a). When the external magnetic field
decreases, the magnetization vector rotates bathketeasy direction, in The energy of
each domain is U = -gM-HV, where V is the volume of the domain and M is its
magnetization. After the domain walls complete rthation the sample often forms
single domain and its magnetization rotates towangs magnetic field direction. The
energy needed to rotate the magnetization veatan &n easy direction is higher than that
needed for domain wall motion. general this proasswithout hysteresis. When the
external magnetic field is further decreased theala walls start to move back across the
sample. In an ideal ferromagnet the displacemera dbmain wall requires very little
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energy. However, real ferromagnetic materials @rai inclusions and constrictions, so
called pinning centers. These local defects infbgethe movement of the domain walls,
because they locally induce magnetic anisotropyiatiews leading to pinning of the
domain walls at the defects. Only if the externeldfis large enough the wall becomes
depinned and it jumps abruptly and irreversiblyhie next pinning center. This opens up
the loop and causes hysteresis. When the fielthesazero, some average spontaneous
magnetization is still present called remanent retigation M. In order to restore the
state in which an average magnetization is zenegative field needs to be applied called
the coercive field. As the magnetic field closes ttycle the H - M hysteresis loop is
formed (Fig. 2.5b). The area inside the loop iswwek done by the external magnetic
field in one cycle, which is dissipated as a h&af.[

(a) (b)

Magnetic induction (CGS)
B=H +47M

B, +H

™~ n Magnetic field 11

Figure 2.5 (a) Virgin magnetization curve of a ferromagnet withltrdomain structure. The
dominant processes are given for different fieldges, (b) hysteresis loop of ferromagnetic
material showing the variation of magnetization Maafunction of external magnetic field H.[35]

2.7. Magnetic domains in nanoparticles

Under certain circumstances a ferromagnetic parbelcomes single domain in the
remanent state. At first it might be assumed thatctitical diameter of the particle i.e. the
diameter below which it becomes single domain, khbe comparable to or lower than
the domain wall widthd < =- (WK)*? such that the domain wall cannot be formed. For
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the single domain configuration to be stable irplesical particle of radius r, the energy
which is stored in the domain wall equals:

1
04,72 = 471 *(AK)?2 12)

whereogy, is the domain wall energy per unit area, A isékehange constant and K is
the effective anisotropy constant,, has to be higher than the magnetostatic energy
which is saved by the formation of two domains §fuy equal to half the single domain
energy) [36]:

— 1 2 _1 2 3
AEms _E/'IOMSV _§#OMSH (213)

The critical radius & of the sphere below which it becomes single doncaim be then
calculated by equating both energies, giving:

2 @)1

Taking into account values A = 1BJ/m, K = 48 kJ/m the critical radius for spheriah
nanoparticle iscr~ 6 nm.

2.8. Stoner - Wohlfarth model

Uniform magnetization reversal of a single domaanaparticle is referred to as the
Stoner - Wohlfarth model [37,38]. The critical sigadius of spherical nanoparticle
below which it becomes a single domain in the abseof external magnetic field)
calculations do not rule out the possibility thia¢ thanoparticle loses its single domain
configuration during magnetization reversal. Thehazent process of magnetization
reversal is favorable for very small magnetic pées of a few nanometers. For larger,
but still single domain magnetic particles nonuniiomodes dominate. There is an
assumption that the magnetization value remainsstaah for all values of applied
external magnetic field. Consider an elongated ptieshown in figure 2.6a with
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negligible magnetocrystalline anisotropy and medarstrain. The free energy density
of such a prolate spheroid under the applicatioexdérnal magnetic field can be then
written as:

f =K,sin*(@-6,) - y,HM . cosé (2.15)

There are two stable orientations of magnetic mdmparallel and antiparallel to the easy
axis separated by the energy barrier of the higit & H = 0 as shown in figure 2.6b
(black curve) which in the absence of external netignfield are energetically equal.
Under the application of the magnetic field the lbleuenergy well becomes asymmetric
and the effective barrier decreases (see Fig. @@®en, red and blue curves)). When the
external magnetic field reaches the switching fielg, the barrier vanishes and the
magnetization switches irreversibly (blue curvelevalue of the switching field and its
angular dependence provides the information ablo@tmechanism of magnetization
reversal.

(a) (b)

Energy

H,=0
M- Hy < H, <Hg,
0 45 90 135 180 225 270

o)
6()

Figure 2.6: (a) Single domain nanoparticle with negligible matpcrystalline anisotropy. The
easy magnetization axis (EA) lays along the lonig ak the particle. Magnetic field is applied
with angleé, with respect to the easy axis the angle between the magnetization vector and
easy axis, (b) the energy configuration in the abseof external magnetic field (black curve) and
under the application of external magnetic fieldthvdifferent strengths (green and red curves)
in the parallel direction to the easy magnetizataxis @, = 0). Switching of magnetization takes
place when energy barrier vanishes at magnetid fi¢l, (blue curve). Arrows represent vectors

of magnetization and magnetic field respectivelyerinal fluctuations are neglected (T = 0 K)
[30].

The minimum of free energy density is the firstidative of6 compared to zero:
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2K, sin[2(6 - 6,)] + p,HM _sind =0 2)16

By replacing the k=poHaAM /2 and h=H/H, where H is the anisotropy field one
obtains:

sin[2(6 - 6,)]+ 2h[sin6 =0 2.17)
and again by replacing m=MA&¥cod, one gains the solution:
2m(1-m?)"? cos26, +sin26,(1-2m*) + 2h(1-m?)¥? =0 (2.18)
The solution of the above equation is shown inrégl.7. Forf, = 9¢° the equations
reduce to 2kco® = MsH which provides the linear M - H characteristics.

For0p= 0°, m = 1 and the remanent magnetization equalsatueation magnetization. In
this limit the hysteresis loop results in a squsrape.

1.0} 0
L 300
0.8} .
wn
= 0.6-— .
= 0.4} .
0.2} 80° .
I 90° ]

0 i I i i I i I i I i
-1.0 -05 00 05 10 15 20
H/HA
Figure 2.7: Solutions for the Stoner - Wohlfarth model. Reduoagnetization M/vs. reduced
magnetic field H/H. M represents saturation magnetization whereassHanisotropy fieldg, =

0° 30, 6C, 8C°, 9C, represents the angles between applied magnetid find easy axis of
magnetization.
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The switching takes place when the free energyityemsnima df/d=0 becomes flat so
that df/d6?=0 (cf. figure 2.6b):

h,cosd-cos2(6-6,)=0 (2.19)

It is possible to eliminate co$2@,) and express sifid as a function of &

2 1—h2 3/2
sin26, = [h_zj[ 3 2 } (2.20)

S

Solving the equation 2.20 gives the values of thiéching field, as a function of the
angleby:

h, = (cos?? 8, +sin?2g,) > (2.21)

The equation 2.21 describes the angular variatidheoswitching field in the case when
the magnetization reversal of the nanowire takemceplvia coherent rotation. This
dependence is shown in figure 2.8. The charadtefisature of the dependence is the
maximum atdp = 0 which distinguishes coherent rotation from auroform process and
provides a means to discriminate the coherent psoitem an incoherent mode [30].

2.9. Nonuniform magnetization reversal

The simplest nonuniform mode is the so called ngrimode as developed in a
model by Brown [39]. The critical parameter in thmsodel is the exchange length

A=(AluM2)"> (A is the exchange constant) determining the regio which the

transition from coherent rotation to nonuniform raddkes place. In case of a cylinder
with radii r <)\ the coherent rotation is favorable, whereas inojhygosite case r %, non
coherent modes dominate. The spin configurationngumagnetization reversal by
means of coherent rotation and curling mode is shafwfigure 2.9a. During the
magnetization reversal in the coherent manner xbhange energy is saved while it cost
much of the dipolar energy. In curling mode magraion reversal the dipolar energy is
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saved because fewer spins are pointing away frametsy axis but it cost a lot of
exchange energy since spins are not parallel. Hniation of the switching field with
anglefy between the long axis of the ellipsoid and the me#ig field has been given by
Aharoni [40]:

:IIJOMSD ax |}z

H
M2 JaZsin® g, +a? cos 6,

(2.22)

where @, = 2Ny — k/S, Ny, are demagnetizing factors, S = ¢/ d= 2- (A/M )2 and

d is major axis of the ellipsoid. The parameterskai function of the aspect ratio of
ellipsoid. For an infinite cylinder k = 1.079 whifer a sphere k = 1.379. For an infinite
cylinder equation 2.22 with an andlg defined as the angle between the easy axis of the
nanowire and external magnetic field becomes [41]:

_ILIOMS D a(1+a)

H. =
> 2 Ja®+@+2a)cos 6, (2.23)

where, a = - 1.079- )%,

1.0 T T T T T T T T T
Coherent rotation
0.8 S«
0.6}
<
z I
z 0.4
I L
0.2

0.0 T
90 -60 -30 0 30 60 90

Figure 2.8: Angular variation of the switching field for an imtely long ferromagnetic
nanowire. Black line (S << 1) represents the ratatin unison (Stoner - Wohlfarth model), while
for the rest (nanowires with different diameterofijhe lines the curling mode takes place.
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The other mode of incoherent magnetization revepsatess is the so called buckling
mode, first studied by Frei [42]. For an infinitglinder, this mode of reversal is
represented by periodic fluctuations of magnetiratiround the long axis of the cylinder.
During magnetization reversal spins remain almaséaltel in the plane perpendicular to
the axis. The spin orientation depends only orztheordinate (Fig. 2.9a).

In general the type of magnetization reversal & rragnetic nanowire strongly depends
on the nanowire diameter d. Curling mode is obskmwhen S (= d/ ¢ > 1.1 while the
bucklingmode is observed for S < 1.1 and it approacheSttwer - Wohlfarth model for
S << 1. The transition from buckling to coherertiation is not sharp and near S =1 a
mixed mechanism takes place.

The schematic illustration of the spin configuratior the three modes of magnetization
reversal is shown in figure 2.9a. The reduced ratide field as a function of reduced
radius is shown in figure 2.9b.

(a)
2 b
/ / / / / / / / : Rotation in Jnison
l ! 7 7 P B B |
P AV L T B il , T
Buckling
oA 02 |-
VAP \I,_}/} RSN t
/1’ pa At S S S
////! SR S S | 005 |-
VIR R
REEAE RIS
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s
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Figure 2.9: (a) Spin orientation for threenodes of magnetization reversal in infinitely long
ferromagnetic nanowires. From left: coherent radati curling and buckling mode, (b) theoretical
plot of the dependence of the nucleation fieldhesreduced radius of ferromagnetic nanowires
for different magnetization reversal modes. [43]

2.10. Thermal relaxation of magnetic moment

The dynamic properties of nanosize magnets areactaized by the relaxation
time t of the magnetic moment of the particle via theh&mius formula.
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Eg

r=r, &% (2.24)

wheretp is a length of time, characteristic of the malercalled the attempt time and
typically in the range I8 - 10® s, ks is the Boltzmann constant and T is temperature.

Es = KV is the energy barrier associated with magnatiisotropy, V is the volume of the
particle and K is the effective magnetic anisotrgpystant including contributions from
various types of anisotropies

For very small particles the energy barrier is $walich leads to very shottand under
conditionsty, > 1, wherety, is the time of measurement, superparamagnetissesrved
and coercivity equals zero. To be specific, for esmal Fe nanopartcicle with
magnetocrystaline anisotropy K =>10nt, the superparamegnetic radii for stability over
1 s equals about 6nm, while for stability over gmar it is about 7.3 nm. In case of
magnetic nanowires the energy barrier is high @&w®wire with diameter d = 26 nm and
length L = 15pum E/T =~ 10%) thust is extremely large and the magnetic moment is
stable.

T>0K KT e

Figure 2.10:

Thermally activated switching
process. At a certain energy
barrier height (& < KgT),
thermal fluctuations
N LT can initialize the switching

0 30 60 %0 120 150 180 OrOCesS.
0()

The basic switching behavior with a single energgribr shown in figure 2.6 is only valid

Energy

at T = 0 K. In real scenario thermal fluctuationsamt above play a role in the process of
magnetization reversal and cannot be neglectedshdsvn in figure 2.10 at a certain

energy barrier height comparable to thermal ené&gdy these fluctuations can already
kick the magnetization over the energy barrier iaitdlize magnetic switching.
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This is so called a thermally activated magnetirateversal process in which the average
switching field follows the formula [44]:

2

<t >=H1-[ X et
sw” E (225)

0

where H is the switching field at temperature T = 0 I,i& the Boltzmann constanty 5
the energy barrier in absence of an external magfetd, v is the sweeping field rate,
¢ = ksH(t0Ey), 1ois the prefactor of the thermal activation ratetgexp(E/kT) and

E = B (1-H/Hy)*? is the energy barrier dependence on the exteraghegtic field.
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3. Magnetic measurement techniques

3.1. Magnetometry techniques for characterization engesraf carbon
nanotubes

Low temperature characterization of CNT ensembks lbeen performed on the
superconducting quantum interference device (SQU@Entum Design MPMS®-XL).
The SQUID consists of a superconducting loop caimgitwo Josephson junctions. A
superconducting loop will contain flux only in miples of the quantum flux, i.e.dw,
where n is any integer anih = h/2e. A change in magnetic flux which is appliedhe
loop will result in a current which flows oppositeio this change. As a result of this a
phase difference occurs across the junction whitdlly results in a voltage across the
loop. This voltage is detected. [45]. The magnébrasensitivity of the device equals'10
8 emu [46]. The device used in experiments has beliiorated by the manufacturer.

Room temperature measurements were performed bypshafaan alternating gradient
magnetometer (AGM) (2900, Princeton Measuremenpation).

Setup utilizes an alternating field gradient toateea periodic force which acts on the
magnetized sample. This gradient field is applidth@ x axis while the sample is
attached to the tip of a vertical rod (along z pa&isd can be rotated around the z axis. The
top end of the rod is attached to the bottom para piezoelectric element. A direct
current (DC) applied to the electromagnetic codlases the appearance of a DC magnetic
field along x axis (pHmax= 1.1 T) which magnetizes a mounted sample. A gradield
results in the force which acts on the magnetizedpde and causes the bending moment
on the piezoelectric element which generates thikag®. The voltage strength is
proportional to the force on the sample. This \g#tas synchronously detected at the
frequency of the gradient field. The measured gatamplitude is proportional to
magnetic moment of the sample [47]. The magnetametealibrated with a thin Nickel
(Ni) film which produces the saturation moment #M5-10* emu. As well as for the
SQUID, the magnetic moment sensitivity of the deviz10° emu [48].
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3.2. Micro Hall magnetometry

3.2.1.Introduction to experimental techniques detectiragnetization
switching via probing magnetic stray fields

As mentioned previously, commercial magnetometéier the magnetic moment
sensitivity of about 18 emu, which corresponds to the vatud0 pg (us = 9.274-16*
emu [49]). The magnetic moment of a typical Feefilicarbon nanotube (diameter of Fe
nanowire d = 20 nm and its length | = 10 pm¥i4@ ps. Thus only the methods with
elevated magnetic moment sensitivity can be appledinvestigation of individual

micro- and nano-scale magnets.

Figure 3.1: SEM image of a dc SQUID and a
<4 > Ni wire with 65nmin diameter inside the loop
2 um [50].

Within the last two decades a variety of experiraktdgchniques have been developed for
this purpose. The micro Hall magnetometry, alonghwhe micro SQUID and the
magnetic force microscopy (MFM), belongs to thesslaf experimental methods for
detecting stray fields of magnetic nanoparticled probing their magnetization reversal
via detecting changes of the stray fields. Microl8Q (Fig. 3.1) has been successfully
implemented for measurements of individual magnediicles byWernsdorfer et alin
1995 [51]. The typical device used in that work siets of a very small pickup area of
around 1 - 4 pfMmprepared with few tens of nanometers of Niobiurb)(Nr Aluminum
(AD thin films. It has been shown that the magration reversal of Cobalt (Co)

nanoparticles with 2 - 3 nm in diameter, what csponds to magnetic moment®1@
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could be detected by micro SQUID [52].

The disadvantage of using the micro SQUID deviceerofarises from the critical
temperature of the material it is made of. For examthe Nb micro SQUID can operate
only in the temperature range up to 7 K. Micro SQUhade of Al for instance can
operate only up to 0.6 K. In recent years, howether measurement techniques using the
micro SQUID device were improved which let to exteéhe temperature limit up to 30 K
[53] and by using high temperature supercondudting films of YBaCuO7-5 (YBCO)
(with potential magnetic moment sensitivity®1%) operating up to temperatures 70 K
[54].

500nm

Figure 3.2: (a) BSE SEM picture showing Fe nanowires filledrboa nanotube, (b)
corresponding MFM image, showing single domain baraof each nanowire [55], (c) MFM
image of the hard drive surface with 3-3%uEach domain size is around 30-607i56)].

The MFM is a scanning force technique which prolibe magnetostatic
interactions of the magnetic tip brought close teample surface with the stray fields
emanating from a magnetic sample. For this, a leaeti containing an atomically sharp
magnetic tip attached at its end scans the suidhdbe sample. Using the MFM lift
mode® (Digital Instruments) these local magnetastaiteractions are measured. The
method consists of a two-pass scan over the sanipk.magnetic signal is measured
during the second pass at a constant height frarséimple. This dynamic method of
imaging offers high sensitivity, excluding greathe topographic features in the magnetic
image. Even though, a certain cross-talk betwepagiaphy and magnetic signal cannot
be avoided due to the non-perfect feedback ancdijus effects.

The principle of the magnetic image creation carsioertly explained as changes in the
cantilever spring constant (€ C - 8F/6z) caused by the interaction of the stray fields of
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the tip and the sample. In this case C is the ahgpring constant of the cantilever and
the factoroF/oz is the derivative of the force acting on the itipthe perpendicular
direction. The change of the spring constant eitheattractionoF/6z > 0 or repulsion
oFloz < 0 modifies the resonant frequency of the cewdif, which leads to a vibration
phase shift. These changes, either vibration pklagefor a fixed frequency or resonant
frequency for a fixed phase are detected by a dedle sensor and the MFM image is
created as the spatial variation of either tip atilon resonant frequency or phase shift
(Fig. 3.2). The technique can be successfully eygaldor investigation of switching of
magnetic nanostructures. However it is importanpaot out that an external magnetic
field applied in the experiments can influence itegnetization of the tip. Moreover, the
stray field of the tip can initiate a magnetizatrenersal process in the sample [57].

Micro Hall magnetometry offers almost no limit fdre external magnetic fields
which can be applied in experiments. The devickuit on the n-doped GaAs/AlGaAs
heterostructure with 2DEG and can operate at velgtihnigh temperature ranges. It has
been shown bychuh et althat the device can still detect the individualgNlar with
diameter of around 170 nm and height greater tl@@nBn at temperatures as high as 225
K [58]. In contrast to MFM, micro Hall magnetometiy a noninvasive method. The
current ofx 2l A is injected to the device and creates onlyigide magnetic field (< 10
uT) acting on the sample (the distance between 2PEGe and nanoparticle usually
varies between 100 - 150 nm). In comparison tornthero SQUID performance, the
moment sensitivity of micro Hall device is worsd. Has been shown that the
GaAs/AlGaAs-based micro Hall devices can reach gnatic moment sensitivity as low
as 10 pg [59] which is at least one order of magnitude kigthan the moment sensitivity
of micro SQUIDs. The detailed principles of the roi¢iall magnetometry will be given
in subchapter 3.2.2.

3.2.2.Ballistic Hall magnetometry

The Hall effect was discovered experimentally @&y Edwin Herbert Hall in
1879 [60]. This effect has been widely used in expental solid state physics for the
determination of carrier concentration and typez.(velectrons or holes). Many
commercial field sensors which are based on thé edtgct are built using a variety of
semiconducting materials [61]. A Hall sensor cardbscribed as a four terminal device
in which current is injected in longitudinal dirext x and the Hall voltage is measured in
the transversal direction y.
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In the absence of an external magnetic field thasme=d Hall voltage is zero. As soon as
the device is exposed to a non-zero magnetic ftakel Lorentz force on electric charges
proportional to the z component of the external medig field emerges. This deflects the
trajectories of the electric charges, resultingthe emergence of a transversal Hall
voltage. The application of the sensor for invesdiitgy magnetic properties of nanosize
magnets lays in the measurement of the Hall voliadeced by an inhomogeneous stray
field of the nanomagnet inside the active areahefdevice (Fig. 3.3). In particular the

micro Hall device probes the z-component of thaysfield penetrating the crossing

section of the device. Moreover by applicationtd external magnetic field it is possible
to measure changes of the stray field related sngbs of the magnetization of the
nanomagnet as a function of external magnetic.field

Figure 3.3: Sketch of iron nanowire inside

carbon nanotube placed near the center of
the 2DEG micro Hall device. Red lines
represent the lines of the stray field of the
iron nanowire penetrating the active area of
the sensor. Current | is injected between
terminals 1 - 2 while Hall voltage is

measured between terminals 3 - 4. White
lines represent the hypothetical trajectories
of electrons in the channel carrying the
current | and they are deflected by z
component of the stray magnetic field.

There are several ways to include the external etégfield in the system. The most
common methods are: a) application of the extenmagnetic field in the plane of the
device then the background signal coming from areregl magnetic field has linear
character and can be subtracted from the raw dataqubchapter 6.1.1.) or b) by using
the gradientometry technique where the field isliadpperpendicularly to the device
surface, the device can be tilted and the backgtosignal is subtracted using the
reference Hall cross [62].

The way in which the 2DEG inside the active areahaf device interacts with
inhomogeneous stray fields (Fig. 3.4) to generhte Hall voltage was concerned by
several different groups [63,64]. It has been shdvat in the ballistic transport regime
(subchapter 3.2.3) usually T < 100 K for GaAs/AlGd#eterostructures with channel
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width 800 nm and for tiny inhomogeneous magnetld§, the Hall voltage is completely
determined by the average z — component of they diedd in the cross region. In
addition, the Hall voltage is independent of theaded distribution of the magnetic field.
Thus the Hall voltage measured by the device expdsethe small and nonuniform
magnetic field can be written as:

< >
UH :a& (Bl
ne

where | is the current, n is the 2D electron cotragion and e is the electron charge=(e
1.6-10" C). <B,> represents the already mentioned, average z auenpmf the stray
field in the active area of the deviaejs the geometry dependent coefficient, however,
for small radius of the corners of the Hall crosst®na ~ 1 [65]. The influence of the
geometry of the active area on the Hall signalhia ballistic transport regime will be
discussed further in subchapter 3.2.4.
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Figure 3.4: (a) Coordinate system of the ferromagnetic nanoywieeed on the active area of the
micro Hall device [66], (b) theoretical distributioof the z component of the stray field inside the
active area (800-800 rfincalculated for iron nanowire with diameter d = b8 and length | =

10 pm, with the distance to the 2DEG plane u = 200

The z component of the stray field of the nanowiexed inside the active area (Fig. 3.4)
can be expressed by the formula [66]:

27



B = | e e (3.2)

z (p2 + UZ)SIZ (,02 + (L + U)2)3IZ

where m = M-V, M is magnetization of the nanowWeis its volume, L is the length of
the nanowire, u is the distance between the etiteafianowire and 2DEG plane and

p = (X0 +(y-yo))
component of the stray field inside the active aran be obtained by integration the

(Fig. 3.4), where xand y are particle coordinates. The average z

above equation over the cross section of the devilece theoretical distribution of the z
component of the stray field calculated by integgaequation 3.2 with step 10 nm for
an iron nanowire with dimensions | = 10 pum and #8=nm, u = 200 nm, placed in the
center of the Hall cross is shown in figure 3.4b.

Now we will discuss the influence of the size oé tictive area of the micro Hall
device on its magnetic moment resolution. The frekblution of the device is defined as
the minimum magnetic field which can be detectedheyHall sensor.

Thus we can write:

Bmin == (B?)

Where \{ represents the noise level in the Hall voltage sueament for the maximum
applied currentlax. For the 2DEG Hall devices with active area inmsidoon scale and
operating with frequencies of the order of kHz ti@ximum injected current is limited by
Joule heating in the devicen{)> p = const where = (une) is the resistivity of the
device. Thengax= Imadd where d is the channel width of the device. Twescan write
Imax~ & (ne}’? and by substituting it into equation 3.3 we reeeiv

B. = ~ (B.4

This provides that the field sensitivity {B)™ is proportional to the width of the device
and can be increased by widening the channels. dwere equation 3.4 clearly

demonstrates the correlation between the mobilitgasriers and the field sensitivity.

This makes the 2DEG heterostructures as for exaf@ples/AlGaAs with high electron

mobility desirable materials for low magnetic fieldtection.
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The equation 3.4 demonstrates that,Bs lower for larger size Hall cross. Using the IHal
crosses with larger active areas for detecting paricles with small magnetic moments
is not a solution. This is because the inhomogemeunagnetic field created by the
magnetic particle will be spread in relatively shaka in comparison to the size of the
sensing area of the device and thus generateds/éltdige will be small.

S O~—a Figure 3.5: Sensitivity dependence (red
06} T " g 1 squares) of the micro Hall device as a
® > function of channel width for a ferromagnetic
A 0.4 . . . % cylindrical nanoparticle with diameter and
a ° & * 7777 1% high 100 nm. Distance between the 2DEG
\" 02} b ° 1o . .
o o e sensing plane and the end of nanoparticle
%o ° 100nm. The best performance is achieved for
0.01 ‘ cc."* o channel w = 150 — 200 nf66].
10 100 1000

Channel Width (nm)

Instead of using magnetic field resolution paramtiecharacterize device more suitable
is to use magnetic moment resolution while deseglthe performance of the device for
detecting nanosize particles. Thus the couplingfictent  must be introduced which
essentially describes the capability of the deticeonvert magnetic moment m into the
average magnetic stray field sBinside the active area:

<BZ>

(B.5

)
I

In general3 depends on many factors i.e. shape of the depasstion of the nanomagnet
inside the active area, distance between the nagrmehand 2DEG plain, magnetization
of the nanomagnet etc.

The magnetic movement sensitivity of a Hall devicéhe ballistic regime can expressed:

<Bz>

B, (3.6)

Mo = BB =

min min

where By, ! is the field sensitivity of the Hall sensor (seg 8.4) [66].
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As found by Li [66], the dependence of the magnetioment sensitivity m,™" as a
function of the channel width w is shown in figl8®. The best sensitivity is obtained for
the channel width 150 — 200 nm. However as it il discussed in next subchapters in
this range of the channel width mesoscopic eff@gienching of the Hall resistance and
negative Hall effect) which have an influence oa Hhll signal play a role. Thus to get
rid of those effects it is needed to enlarge trenalel width at least to the size of w = 800
nm which costs the sensitivity of the device.

3.2.3.GaAs/AlGaAs 2DEG heterostructure

For preparation of the micro Hall devices we usednadoped GaAs/AlGaAs

heterostructurecontaining a 2DEG. In the following we will focum the elementary
properties of the heterostructure and the hetexdade at which the 2DEG forms.
Because of the basic properties i.e. very low degfdattice mismatch between the two
materials and sufficient band-gap discontinuitg, @aAs/AlGaAs system heterostructure
is an optimal material for creation of a 2DEG. Irder to obtain a very sharp, on the
atomic scale, interface between the AlGaAs and Gagers, molecular beam epitaxy
(MBE) technique is employed. The small differencethe GaAs and AlAs lattice
constants, which at room temperature equal 0.5653256 and 0.56605 nm [67],
respectively allows several microns of high alummncontaining AlIGaAs to be grown on
top of GaAs without introducing significant strainBhe large bandgap discontinuity
between the two materials provides electric caca@finement. The band gap varies as
(1.424 + 1.594x + x (1 — x) (0.127 — 1.310x)) e\B]®ver the range 0 < x < 0.45 where
X is the Aluminum molar fraction. At higher x vakjethe AlGaAs bandgap becomes
indirect. The most commonly used aluminum molactfoa for 2DEG heterostructures is
x = 0.33 with a direct bandgap of 1.826 eV, reaglin good confinement for electrons at
the interface.
Typically as n-type dopant faBaAs/AlGaAs silicon is used, which tends to occupy the
group 1l site during the growth process for (1L@BaAs substrates under arsenic-rich
growth conditions. The donor states are formed miearconducting band and provide
electrons to the band. When doping®@é .,As, with x > 0.2, some meta-stable deep level
defects associated with silicon incorporation occur

! The heterostructure was MBE grown by Dr. Paolansin, Institute for Integrative Nanosciences, IFW
Dresden.
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These so called D-X centers have significant inflieeon the photoresponse of the 2DEG
at low temperatures and electrical noise at tentpexs T > 100 K [69]. A schematic
picture of a typical n - doped GaAs/AlGaAs hetemnadure is shown in figure 3.6. It
starts with bulk GaAs substrate, on which supeéckatts grown. The role of the former is
to prevent the diffusion of impurities from the stidate. Then a buffer layer 1 um of

pure GaAs is grown.

Z -y < Cap layer
< Doped layer
X / < Spacer
— < 2DEG
< Buffer

<~ Superlattice

Figure 3.6: Schematic picture of the
< Substrate GaAs/AlGaAs multilayer heterostructure in
which a 2DEG is formed.
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Figure 3.7: Band diagram of the GaAs/AlGaAs interface. Leftt garresponds to the-doped
AlGaAs layer, while the right part to the intring&aAs (a) The band diagram at t = 0 s before
the charge transfer, &£E¢, E, represent the bottom of conducting bands, Ferrargies and the
top of the valence bands, respectively, (b) thedkstructure after the redistribution of charges
Both bands in the n-doped and intrinsic part aretbd he triangular potential well below the
Fermi level is formed in which electrons are coefirand form thin layer [70].

To achieve high mobility of electrons in the 2DEGt (ow temperature coulomb
scattering due to ionized impurities is the domtnacattering process) an undoped
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AlGaAs spacer layer (thickness of few tens of nagi@ns) is grown on the buffer in
order to separate the n -doped layer from the 2DH@& n-doped AlGaAs layer of
thickness of few tens of nanometers is grown onsihecer. At the end the structure is
covered with a protective GaAs cap layer of thidgwel10 nm.
The 2DEG forms at the interface between buffer gpacer layers and the schematic
picture of band diagram and formation of 2DEG at @aAs/AlGaAs interface is shown
in figure 3.7. The band diagram of the interface=al s is shown in figure 3.7a. Energies
E., E, and E correspond to bottom of the conducting bandspfape valence bands and
Fermi levels in both semiconductors, respectiv@lye chemical potentials in both parts
are in the different levels i.e. the level in the doped part is higher than that in the
intrinsic part. This is not the equilibrium stateus in order to equalize both chemical
potentials the redistribution of the charges tgiase. The electrons from n - doped part
drift into the intrinsic part to lower the systemeegy. The redistribution process results
in band bending and the formation of a triangulatieptial well located below the Fermi
level (see Fig. 3.7b). Electrons are confined ia thangular potential well and form
2DEG. Electrons in the 2DEG are characterized byy vieigh mobility at low
temperatures exceeding®16nf/Vs [71], much higher than in bulk semiconductdks.
mentioned above the increased mobility of the ebestis achieved by the separation of
the doping layer from the channel by the spaceerlayhis increase of the mobility is
significant at low temperatures (redundant scaigerin phonons) where coulomb
scattering due to ionized impurities is the domtrsrattering process.
Due to the high mobility of electrons in the 2DE& theterostructure is often called a
high electron mobility transistor (HEMT). The matyjland carrier concentration in a
2DEG can be modified and controlled by the applcabf an electric potential either at
the front or at the back of the structure.

A sketch of a triangular potential well is shownfigure 3.8. The energy barrier at
z = 0 is approximated by an infinite barrier white z > O the potential is approximated
by a linear potential V(z) = eFz, where F is thectic field and z represents the growth
direction of the heterostructure. The consequerdbeoadditional potential V(z) is that
the electronic wave function satisfies the condsioof the narrow box potential
(confinement potential) in the z direction, whilawe functions perpendicular to the x - y
plane should have a Bloch character. Electrondraeeto move only in x-y plane. The
energy spectrum of electrons in the potential vgedliven:
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n*(k? + k?)

E (ky=¢, +
(k)= ¢, om

(3.7)

where, n=1,2,3,....

The lowest energy levels and the associated wavetiins for the triangular potential
well are show in figure 3.8.
Usually, for GaAs/AlGaAs heterostructures the 2DE@hfinement is strong while the
carrier density is low so that only the lowest satdb is occupied (n = 1). Two
dimensional electron gases can then be describeddarabolic dispersion relation with
the ground state energy.E

[
»

Zz

Figure 3.8: Triangular potential well V(z), with first three ey levels and wave functions. It is
good approximation of the well formed at the hetgssface [72].

At low temperatures the conductance is determinestlyn by the electrons having
energies close to the Fermi energy. The electromshatake part in the transport in
2DEG can be described by the quantities:

* wavelength

Ae =2l ke =4/2mT/ng (3.8)

For the concentration of carriers=n10* cm® typical for GaAs/AlGaAs heterostructures
the Fermi wavelength is about 80 nm.

 wavenumber
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Ke -2 2mrh, ®.9
AF
* velocity
v, = hr:f :%1/2775113 (3.10)

with effective mass n¥ 0.067-rain case of GaAs/AlGaAs heterostructures.

3.2.4.Drude theory of transport

The Drude approach treats all electrons as indepgrnghrticles moving through the
crystal where they are randomly scattered with @bdly 1/c. After the application of an
external electric field E electrons are acceleratethe field direction and reach the so
called drift velocity :

Vo =— B1

wherer is the mean time between the collisions andsnthe effective mass of electrons.
The electron mobility is given:

|Vd| er
H Eom 3
and the conductivity:
2
o= ne*r @)1
m

where n is the electron concentration.
In the presence of an external magnetic field BLitventz force deflects the electric
carriers:

F.=-e(E+VxB) @)1
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The force causes the appearance of the charge atdé of channel carrying the electric
current thus additional transversal electric figgpears. Consider the sample placed in the
electric field & and exposed to the perpendicular magnetic fietd(8,0,B).

The current cannot flow out the sample in y dil@ctithus <y> = 0. This is possible only

if the transversal electric field appears:

E, =-2TE B)1
m
Hall coefficient is defined:
E
R, = —~ 8)1
"B ©

To calculate the Hall coefficient the change of th@mentum of electrons upon acting of
the magnetic and electric field must be considered:

dp p

B _qe+LPxp-LP (3)1
dt m r
In the steady state the current is independeninug thus we can write:
JOEx:a‘c[T[jy+jx (8)1
O,E, =-a lrlj, +], 9)1

whereog is the electric conductivity given by the form#al3, j = - nev is the current
density ando. represents the cyclotron frequency.

W, =— @)2

The cyclotron frequency. is the frequency of the orbital movement of thecegbns in
the magnetic field with assumption that the wholtbitois closed before electrons are
scattered. The cyclotron radius can be then exgdess
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R, = ’;';F (B)2

As already mentioned in the equilibrium conditidéhe average currentis zero, thus we

can now write the Hall coefficient:
R, =L @)2

The longitudinal conductance is independent ointlagnetic field:

j, =0, lE 3)2

X

In this consideration we must assume that the ntpiBl dependent on the relaxation time
averaged over the all electrons, thus:

M= &n) ®)2

T
m*

This provides the additional factor to the Hall foeent:

(3)2

This additional term is known as the Hall factdrislassumed to equal one. However in
the rare cases in 2DEG structures it has been shioatrthe Hall factor can be higher
than one. In the micro Hall measurements we asshateéhe Hall factor equals one.

3.2.5.Transport regimes

Depending on the characteristic quantities i.e.mirewavelength and phase
coherence length, the transport through the samgrebe divided into three different
regimes (ballistic, quasi ballistic and diffusivé)s long as both the Fermi wavelength
and the phase coherence length are much smaller thea size of the sample, the
classification of type of the transport regime isda by direct comparison between
sample dimensions and the mean free path of efectin the case, when the mean free
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path of electrons is much shorter than the widthabd length L of the sample, the
transport is diffusive. The diffusive transportatfarge carriers can be then described on
the basis of the Drude model discussed above ancoiiductance obeys the Ohms law:

G= % (3.26)

where,c is conductivity, W and L are the width and lengftthe channel for the 2DEG,

respectively.

4 »
_

Figure 3.9: Electron trajectories in the wire
under diffusive (mean free path Ilis
el significantly shorter than the width W and
IW the length L of the channel, k< W, L),
N\ quasi-ballistic (L < L <W) and ballistic (}
—> >> W, L) transport regimes [73].
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In the ballistic transport regime, the channel disiens are much smaller than the mean
free path. The simple expression of the conductége3.26) is not valid anymore, since
in case of a conductor with short conducting chahne> 0, one would expect that the
conductance increases to infinity & o, which is not the case. In this regime the
scattering at the impurities and defects is neglegand only the conductance plays a role
instead of the conductivity. In the ballistic trpogt regime, the Landauer formula
expresses the conductance in terms of transmigsatrabilities:

G = (T)T (3.27)
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where T is the transmission probability, h is tHanek constant and e is the electron
charge. The resistance of the sample is mainlytdubde backscattering of electrons at
transition regions of the channel. One can furttlistinguish an intermediate quasi-
ballistic regime, characterized by W «d L. Characteristic for this is that the scattgrin

of charge carriers on impurities or phonons, anthatedges of the sample are quite
similar.

3.2.6.Mesoscopic effects

Ballistic electron transport causes multiple anoesain the Hall signal, which are
the result of the deviations from the right angtall cross. The finite radius of curvature
of the corners, always present, due to the praogssi the device, results in strong
deviations of the linear Hall voltage curve. Thimde explained by curved trajectories of
electrons in a classical billiard [74] which allowse change in the electron trajectories
through mirror reflection at the probe edges (Bid.1).

Figure 3.10: Sketch presenting the
collimation effect. The channel width
Wmin  Changes from W, to W,.. Electrons
v approaching at angle larger than are
reflected what is presented by dash-dotted
lines [75].

At very small magnetic fields collimation (Fig. 8-B.11a) and scrambling (Fig. 3.11b)
are responsible for anomalies in the measured sigtlal. The former effect caused by
the geometry appears in the gradual decrease dlf widthe channels leading to active
area. Electrons can only reach the voltage sertsglsv a certain angle due to the
geometry of the Hall cross (Fig. 3.10-3.11a). # #ingle is above this threshold electrons
undergo multiple reflections in the active areahdag an equal probability to reach both
voltage sensors (Fig 3.11b). Through this collioatof electrons the Hall effect can be
suppressed at small magnetic fields as shown bgakleed line in figure 3.11d. This is so
called quenching of the Hall resistance with a abaristic plateau, which was shown by
Roukeset al.[76] in quantum wires where transport happenfienitallistic and diffusive
regime depending on the channel width. Such a sspmn of the Hall voltage is not
observed for Hall cross with right-angled cornéts,78].
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(a) (b) (d)

Ry (kQ)

Figure 3.11: Classical trajectories of the electrons in the lisit regime demonstrate the
influence of the active area geometries. (a) Caltion, (b) scrambling, (c) rebound, (c) shows
the experimental effect of varying the radius afvature of corners on the Hall resistance. The
dashed line shows a quenching of the Hall effetvatmagnetic field, and represents the inset in
the lower right, with small corner radii. The solide represents the negative Hall effect at small
fields, and represents the inset in the upper Veftt large corner radii [79, 80].

A device with strongly rounded corners is presemeiigure 3.11c. An electron which is
reflected from the side of the channel might etiteropposite channel of the device with
large probability. This mechanism is called thebbend” mechanism and is responsible
for a negative Hall effect. At low magnetic fieldshanges the sign of the Hall resistance
as shown in the figure 3.11d by the solid line.

Thus for the proper fabrication of the active awdathe micro Hall sensor,
appropriate selection of the channel width and miration of the corners radii are
mandatory conditions in order to minimize the ieftige of the above mentioned effects
on the magnetic investigations of nansoscale magmee exact preparation technique of
the device will be described in the following chaptin the Hall voltage measurements
performed on micro Hall devices prepared in thiskweith channels width 800 nm we
did not observe any influence of these mesoscdfects on the measured Hall signal.
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4. Experimental details of the micro Hall setup

4.1. Scanning electron microscope

SEM is a tool for fast visualizing nanometer sizggjects, and it provides the
information on surface topography and chemical awsitpn. In combination with
special electronic it can be used for patterningon@eter scale structures with electron
beam lithography. Electron microscopes can acha&eweaximum magnification of 500
000. In this work we used SEM FEI Nova NanoSEM 2A0schematic picture of the
electron microscope is shown in figure 4.1a andpibure of the inside of SEM chamber

made with the CCD camera is presented in figurb.4.1

(a) (b)
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Figure 4.1: (a) Schematic overview of the scanning electromos@ope [81], (b) chamber of the
microscope.

The microscope consists of four main modules:

- The source of free electrons — electrons are tlogmically emitted from field
emission gun cathode with low angular spread atettsdle energies. The emission
current can be varied between pA to nA.

40



- Lens system — after the electron beam is creatgrhsses the lens system which
contains several electromagnetic and electrogitiges. In the condenser lenses the
beam is focused to spot about 1 nm. Then the bemsep the x,y deflection system
which provides the scanning of the rectangular,area

- Scan unit — connected to the deflection system msolve electron beam in a raster
pattern at the sample area,

- Detection unit — The detection system, equippedh waspective detectors, picks up
back scattered electrons, secondary electrons amysxand converts it into an

amplified electrical signal.

Basically imaging of an object is based on scanntagsurface with a high energy
electron beam (2 to 30 keV) in a raster patterns Theates secondary and backscattered
electrons, x-ray irradiation, which are collecteg rfespective detectors, converted to a
voltage and amplified. Secondary electrons aredaergy electrons with energies below
50 eV. Incident electrons kick out electrons frdra brbits (K shells) around the nucleus.
Secondary electrons can only escape from the lagar the surface, hence the area
contributing to the signal is nearly the size o #lectron beam. Thus they provide the
highest resolution images. Secondary electronsigeawpographic information and to a
certain extend a compositional contrast.

Backscattered electrons are high energy electbimsy enter the sample and approach
the nucleus of an atom close enough to be scattexekl (Coulomb scattering) and exit
from the sample surface. Images crated with batised electrons are with lower
resolution in comparison to images created witlosdary electrons due to the deeper
penetration of the sample, thus the area whichritanés to the signal is larger than the
size of the electron beam. Backscattered elecipomade a large compositional contrast
i.e. the higher the atomic mass of chemical elesir@ brighter the contrast.
Characteristic x — rays provide information abcwt themical composition. When an
incident electron hits and kicks out electrons framinner shell then electrons from outer
shells fill the vacancy. Thus electrons are jumgnagn higher to lower energy states i.e.
from shells M to L and L to K and due to this thiesadiate characteristic x-rays to
conserve the energy. The chemical elements aréfiddrby measurements of the energy
of those x-rays [82].
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4.2. Electron beam lithography

For patterning micro Hall devices onto the sampidase, we used the combined
system FEI Nova NanoSEM 200 and attached pattesyatgem (Nanonic GmbH) with
beam blanker booster for high blanking rates. Aesadtic picture of the system is shown
in the figure 4.2. The 16 bit patterning systemvpes a high precision in guiding the
electron beam down to nanometer scale.

beam-blanker | -
L

scan coils ; II
e-detector
PC with <« elLitho Faraday-cup : :§

eLitho EK 04 SEM/FIB-control ‘%‘
control-software electronics stage-control or FIB

Figure 4.2: The schematic interactions of the lithography swysteith scanning electron
microscope or focused ion beam. With aid of theawdsoftware the layout of the desired
structure is created and the exposure process obbetr with Tax software (elitho). In the actual
lithography process the external electronics (méjldakes the control on the stage position and
the operation of the electron beam. The structwlala is transferred to the analog voltage
signals. The beam is swept in the raster modeh@atan coils which deflect it and beam blanker
is turn on and off in the right time. The Faradaypds used for the measurement of the beam
current before the lithography process. This hétpdefine the time of the exposure of individual
pixel [83].

Electron beam lithography (EBL) is a practical téml patterning very small structures
on organic resist, the Poly(methyl methacrylatdyili#”) covering the surface of the
sample. The desired shape of the structure is\aathiey selective irradiation of the resist
with electron beam. High energetic electrons ( ¥)kare cutting the chains between the
monomers in PMMA. The exposed regions can be thiesoled in the developer
solution and the pattern can be transferred totsatbsmaterial for example by wet
chemical etching. Now we will shortly describe theeraction of the electron beam with
the substrate and resist while later we will foousthe entire procedure of patterning the
devices and preparation of 2DEG contacts. The relecbeam enters the resist and
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penetrates the substrate (Fig. 4.3). The penetratiepth mostly depends on the
acceleration voltage A/and usually is around few pm. An initial spot sifehe electron
beam £ 1 nm) broadens to over 10 nm, upon entering tlséstrevhat reduces the
resolution of the process. Electrons from the prninteeam are scattered in several ways
in the PMMA and substrate. The energy of secondkagtrons is too low (50 eV) to have
any significant effect on the resist while fastlbacattered electrons (keV) cut the chains
of polymer in the exposed parts of the resist. fidst of the beam energy is transferred

into x - ray irradiation and Auger electrons.

PE
AE. X (25keV)
A SE (~50eV)

\ X
\ \'\_ ’_,_/{\\4 Resist \\

\ Substrate

Figure. 4.3: Primary electron beam travels through the resistl genetrates the substrate in a
few microns. As the result of the scattering ofnaniy electrons in the substrate slow secondary
electrons appear with energies ~ 50 eV and very baskscattered electrons with energies ~ 1
keV which are responsible for scissoring the chamsPMMA. Part of kinetic energy is
transferred to x - rays and Auger electrons whichrobt contribute to the process of electron

lithography [84].

The backscattered electrons are reflected in éiffiedirections what influence doses of
neighboring structures and cannot be neglectedsel heoximity effects are in the range
of 5 um and depend on several factors i.e. thickra#sthe resist, distance between
structures, material of the substrate, acceleratmtage etc. Therefore while designing a
new structures this is always necessarily to perfadditional test to adjust the

lithographic parameters (dose factor, and dosesvaluindividual pixel).

We designed the eight terminal Hall device showiigare 4.4a which can be used in
both: the gradientometry setup and in Hall measargmwith external magnetic field

applied in plane of the device. The first importatdp in the preparation of micro Hall
devices is to design of the proper layout with edsaftware. The geometry of the Hall
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cross can influence the device performance, thisnecessary to provide the shape of

the Hall device with right angle corners.

Figure 4.4: (a) SEM picture of the eight channel Hall devicedisn this work,(b)The edraw
layout for the individual Hall cross. The dark blaesas correspond to the dose factor 1, light
blue areas to 1.2, while the lines to dose 2000cpC/c) SEM picture of the properly shaped
Hall cross after the entire preparation procedure.

Because the channel width of the micro Hall deviessd in this work was selected to
800 nm the proximity effects during the exposurg¢ha electron beam play a role. The
exposing parts are very close therefore duringeposure procedure both influence each
other. This might result in rounded corners withhadius of 300 nm after the entire

process. To avoid this, additional lines (with d@8€0 pC/cm) in the corners are inserted
in order to locally increase dose value (Fig. 4.4bproper shape of the Hall cross with

minimized radius of the corners is shown in figdréc.

Figure 4.5: SEM picture shows influence of doses on the shiapecoostructure. The dark areas
correspond to the resist while light to the unceeeGaAs surface. (a) Underexposed structure
with doses value 130 uC/éntb) right dose number 190 uCfgnic) overexposed structure 250
pClent.
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Another important factor which has to be taken iatcount is to determine the proper
doses (Fig. 4.5) (the number of electrons whicttHgtsurface unit (LC/c#) for a given
structure. The correct dose is most importantHerdmallest structures. Determination of
proper dose can be done by performing an addititest! before exposing the entire
layout. One can use the pure GaAs for testing apdse it with a series of the smallest
structures with varying dose numbers. If the dasestoo low then the final structure is
underexposed (Fig. 4.5a). This causes the resigoigimer at the exposed parts and
underexposure of corners which becomes roundetiellose is selected too high than
the structure becomes overexposed and additiorsdsdmcrease the proximity effects
(Fig. 4.5c¢). Only the selection of proper dose nemitesults in the correctly exposed
areas and Hall cross with sharp corners and straigths (Fig. 4.5b). We discussed the
influence of the layout design and doses valuethershape of the device right now we
will shortly discuss the preparation of Ohmic camdéaand patterning the devices onto the
heterostructure surface.

4.3. Preparation of the substrate for EBL patterning

For the micro Hall devices the size of the chips whosen to be 3.5 x 5 Mdue
to the a design of the chip carrier. At first theiee wafer was covered by spin coating
with thick layer &€ 1 um) of polymer in order to protect the surfaoenf a dust. The
sample was then cut in the desired dimensions tatcting lines along the crystal axes
with the aid of diamond scriber. Then the chip wksed in the Trichloroethylene (TCE)
solvent bath for three minutes in order to diliite polymer from the surface.
We performed cleaning of the sample towards prejoawrathe surface for further
processing i.e. spin coating and electron bearadidiphy. The sample was washed three
times with acetone. To tune up the cleaning proaethe first beaker with acetone was
heat up to temperature ?C. While taking the chip from one beaker to anottier
surface of the sample was rinsed with fresh acet®hen the similar procedure was
performed with cleaning in the isopropanol (IPA) the last beaker a very short about 20
s ultrasonification was applied. The sample wasvhldry with high purity N and at the
end the chip was placed on a hot plate (3&pfor 10 minutes to get rid of the residue
water layer.
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4.4. Preparation of Ohmic contacts

In this work we firstly prepared Ohmic contacts thie chips and in the next step the
samples were realigned in the SEM and micro Haliads were patterned according to
the position of Ohmic contacts.

At first the 2DEG heterostructure was covered valbctron susceptible resist via spin
coating. For the first layer we used PMMA with aremge molecular weight of 50 K, 9
%. We used a spin coater (Laurell ) with maximur@€om spinning velocity. One spin
coating run was divided into three steps. At fiksstart 500 rpm/5 s, second — pulling
down drops of the polymer into the surface 2000/gpsnand the last step — dispersing of
the polymer on the surface 6000 rpm/30 s. Aftes throcedure the polymer was
homogeneously dispersed on the surface with ldyekriess o 200 nm. To avoid any
strains inside the polymer layer and to evaporhlercbenzene one applies a baking on a
hot (150°C) plate for 10 min. A similar procedure was therfprmed to provide the
second layer of PMMA on top (950 k, 1 %).

Using two layers of PMMA was necessary in ordegabthe so called undercut profile of
the resist after the developing procedure. The B6slst on the bottom is approximately
15 % more susceptible to the electron beam than(#a® k) on top what provides the
undercut profile, necessary for successful lift@cess. Such prepared substrate is then
ready for exposure in the electron beam. The adgst of the electron optical system
(mainly astigmatism) was performed by focusing la tdges of the sample. The
alignment of the sample to the corners of the atgs performed carefully. That was
necessary in order to avoid large relative shiftshe areas in the second exposure for
preparation of Hall devices.

The working distance between the final condenses &nd sample surface was set at 13
mm. The acceleration voltage was set to 25 kV. Eddhe sixteen contact pads on one
chip was 300 x 500 pnfarge thus in order to shorten the time of theosxpe session the
current beam, measured with aid of Faraday cupseaso maximum (spot size 5xI
2600 pA). After the irradiation in the electron beaghe sample was developed in the
solution of 1:3 MIBK: IPA for 2.5 minutes and putthe IPA for 1 min to stop the further
development and dry — blown with,NThe irradiated areas are now uncovered. The
metallization was done with aid of (Univex 450, beld) and AuGe 200nm and Ni 40nm

thick layers were deposited in on top of the sangpldace. The lift off procedure was
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performed by immersing the sample in warm acet@®e’C) for 20 minutes, and then
washing it in the IPA and dry blown withpyN

electron beam

metal ions
A R Ay
Spin coating Irradiation with Deposition of Lift-off Annealing,
with resist electron beam metals diffusion and
formation Ohmic
contacts

Figure 4.6: Sketch of the contacts preparation. GaAs is spatetbwith double layer of electron
resist (50 K, 9 % bottom layer and 950 K , 1 % taper), the desired parts of surface are
irradiated with electron beam, development procedtemoves the exposed resist layers, the
entire surface is coated with the AuGe 200 nm andONnm layer, lift-off process dissolves the
PMMA and remove the metals layer from top of thgrper, annealing provides the alloying and
diffusion of the alloy below the surface and forim@@2DEG contacts.

This lifts the metal layers from top of the PMMAdands up with metal layers lying in
the exposed areas. The annealing procedure wasrped in an oven (AZ 450, MBE
Komponenten GmbH) with set parameters 360120 s, 450°C/50 s, 50°C/s which
initialized and provided alloying of metals andfd#ion of the alloy below the surface.
The temperatures and time of the alloying was amof® the specific doping
concentration and deepness of 2DEG below the sirfac

4.5. Patterning the micro Hall devices onto heterostngcsurface

For patterning the Hall devices on chip with Ohroantacts, the substrate surface was
again prepared as described in subchapter 4.3sUrf@ce was spin coated with one layer
of PMMA with average molecular weight (950 k, 4 %he resist was drop onto the
spinning substrate (2000 rpm) and spun for 30spianing velocity 6000 rpm.

2 Metal deposition, annealing and lift off were ddryeMrs. Cornelia Linz from University of Regensbur
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This resulted in a thickness of the first layePdfIMA of around 150 nm. The substrate
was baked for 10 min at 15C hot plate. Such prepared sample was loaded &M S
chamber for EBL patterning.

electron beam

4 4L

e

Spin coating Irradiation with Development Wet chemical Removing of
with resist electron beam of the resist etching the resist

Figure 4.7: Sketch of the patterning devices procedure. GaAsepis spin coated with electron
resist (PMMA), the desired parts of surface areadliated with electron beam, development
procedure rinses out the exposed resist, wet egct@moves uncovered GaAs and post etching
cleaning, strip off the residual resist.

It was necessary to carefully readjust the samplthé corners in order to pattern the
entire layout with correct position with respectth® contact pads. The EBL exposure
session was split into two parts. At first the sidson Hall crosses and surrounding lines
were exposed with the smallest beam currer20 pA. This helps to minimize the
influence of proximity effects between closest héigring structures. Then the current
was changed to the higher value2000 pA and the rest of the pattern was exposed. T
time of developing was 2 min in 1:3 MIBK solutiondal min in pure IPA.

To transfer the pattern into the GaAs surface vesl @sswet chemical etching method. As
the etchant we used a solution of diluted sulfagi: HSO, : H,O; : H,O with a volume
ratio 1:8:40 and further diluted with a deionizedter with a volume ratio 1:16.

The fresh etchant must be tested. By performingatbmic force microscopy (AFM) scan
on the test structure with known time of etching atetermines the precise etching rate
which is usually around 1 nm/s. This provides re&y high precision of etching (x 2
nm). To stop the formation of 2DEG below the sweféds necessary to remove at least
n-doped layer. Therefore we chose 65 nm of etchiigs relatively shallow etching
depth was chosen in order to avoid overlappincghefatched depletion from two etched
sides, what could make the smallest channels itisglaWet chemical etching is
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performed as bath of the sample in the beakerdfi¥éth the fresh etchant. After the
desired time of etching the structure is put ifte deionized water for 1 min to stop the
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further etching.
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Figure 4.8: (a) AFM topography image of the 0.8 0.8 pum Hall cross prepared on
GaAs/AlGaAs heterostructure, (b) the correspondingss section of the device with etching
depth of around 65 nm.

The last procedure in shaping of the surface ofherostructure is stripping off the
polymer from the surface. This consisted of bathtlé sample in acetone and
isopropanol. Acetone dissolves PMMA while isoproplacieans GaAs surface. After the
bath the sample was dried with.N'"he AFM image and the cross section of the etched
structure are shown in figure 4.8. The cross seatibthe device is nearly rectangular
with etching depth: 65 nm.

4.6. Synthesis and characterization of iron filled carbanotubes

The Fe nanowires encapsulated in the CNTs wereaprdpwith the thermal
chemical vapor deposition methodror this purpose the two-zone furnace with separa
sublimation and reactions zones is used. The sdiepieture of the furnace is shown in
figure 4.9. A siliconsubstrate covered with a thin (10 nm) aluminum daged an
additional iron catalyst layer (2 nm) on top, sw#ized by sputter techniques or electron
(e)-beam evaporation, was employed. The additionéfier layer of aluminum helps to

% The batch of Fe-filled CNTs used for micro-Hallgnatometry was prepared by Uhland Weissker,
Institute for Solid State Research (IFF), IFW Disd
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improve the nanotubes alignment and provides naestwith smaller distribution of
diameters [85].

100-180°C 750-950°C

aluminum layer 10nm

metallocene
[Me(CgH5),]

AW sio,
i/ )

Si

substrate

Figure 4.9: Two-zone furnace for the pyrolysis of metallocersgsyle source chemical vapor
deposition (SSCVD) and the structure of substrases! (metal: Fe, Co, Ni) [86].

For the Fe-filled CNT growth, the ferrocene whiansist of both iron for the filling and
carbon for the carbon shell formation is sublimated = 130°C for 10 min. Ar gas flow

of 150 sccm was employed to transport the sublichégerocene into the reaction zone
(Fig. 4.9). In order to prevent condensation of teeocene in the reaction zone the
substrate was heated up and kept at a constantetatage 300°C. As soon as the
sublimation is constant the temperature of theti@azone is changed to 86Q with a
constant rate 0.6 K/s, and above 600 K the ferrmctarts decomposing. Carbon species
take a reaction with the iron catalyst layer whiclduces the formation of carbon
nanotubes on the substrate. Iron clusters resuttomyg the steam are incorporated into the
nanotubes during their growth. The method descrddealve provides nanotubes with a
length of about 10 - 25 um (Fig. 4.10a) and veghhHilling ratio. However, the CVD
method used for synthesis is a dirty method. Vdtgnomany of the residual catalyst
nanoparticles are attached to the nanotubes (Fl@b}l These catalyst particles could
affect the results of Hall magnetometry measuremeAss it will be described in
subchapter 4.7, micromanipulator allowsone to s$eleanotubes without external
nanoparticles. Figure 4.10c shows the high magatibia TEM image of an individual Fe-
filled CNT. Carbon shells are clearly visible, whihe dark contrast corresponds to the
iron filling. With high resolution diffraction meagsements, single crystalline - iron is
evidenced (Fig. 4.10d).
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Figure 4.10: (a) BSE image of Fe-filled CNTs grown on a silicsubstrate, bright contrast
represents iron filling, (b) individual Fe-filled NXCT with surrounding residual catalyst particles,
(c) TEM image of a Fe-filled CNT, carbon shells atearly visible, the dark core is the iron
filling, (d) high resolution diffraction measuremenf theo phase iron filling. (TEM image and
diffraction measurements were made by Dr. Thona¥, Dresden)

4.7. Micromanipulation

In the following, we will discuss the influence tbfe position of the nanomagnet in
the active area on the Hall signal and further am@nipulation technique used in the
experiments. The strength of the Hall signal igc8yr connected with the position of the
nanomagnet on the active area of the device anandes between the nanowires end and
2DEG plane. In other words, the Hall signal dependsthe coupling between the
nanomagnet stray field and 2DEG. Figure 4.11 shawscture of the ferromagnetic,
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single domain nanowire with easy axis perpendictdathe device surface. Black lines
represent the 2DEG.

(a)

(b) ()
N~/ | _@ @ -

Figure 4.11: Position of the nanowire embedded inside the aamm@notube on the active are in

respect to the edge of the active area. Black dimeesponds to the 2DEG. (a) The nanowire is
placed almost at the center of the active areahefdevice. The majority of the wire stray field
lines penetrate the active are of the device. Thglking between the stray field and 2DEG plane
IS most optimal and Hall signal in this configuiatiis maximal, (b) the nanowire is located near
the edge of the Hall cross, some of the linesebthay field do not contribute to the Hall voltage

(c)the iron nanowire is located high above the\atirea. This has strong influence on the Hall
signal, since less of the lines of the stray fesldtribute to the Hall voltage.

5 - _ Figure 4.12: The dependence of the
rd ™ 14.50x10” average stray field <Bz> and
4r I _ 4=18 \ measured Hall voltage of two iron
/ . —enm | nanowires d =18 nm and d =10 nm, L

v 3f { —-—d=10nm < 13.00x10° o
o L=10um . =10 um (u = 200 nm) on the distance
A ol / Lo a from the center of the active area
Vi / \\ 11.50x10° along the channel. Each point was
1t / g ™ \ calculated by integration the eq.3.2
/ \ over the active area. Hall voltage was

0—660 -400 _2'00 0 2(')0 400 6600'00 calculated for R=4,8 kQ/T, 1=2 pA.

a (nm)

In case a) when the nanowire is placed close taehéer of the active area most of lines
of the stray field enter the sensing part of thei@e In case b) the end of the nanowire is
close to the edge of the active area and as waeanonly a few lines of the stray field
penetrate the sensing part of the device. Thusdhg&ibution of the stray field to the Hall
signal based on this drawn is expected to be highen the nanowire ends lies close to
the center of the active area than at the bordey. &11a). Besides the position, the
distance between the nanowire and 2DEG plane haiggsinfluence as shown in figure
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4.11c. Thus the precise manipulation method habetapplied in order to place the
nanowire end near the center of active area oflétvece. Since Fe-filled CNTs are grown
as a bulk material we used a high precision anld Agguracy method of manipulation of
an individual Fe-filled CNT.

[ N
| . 3 |
Micromanipylator ¢
@ Kleindiek Nanotechnik GmbH arm

i N

Figure 4.13: (a) Micromanipulator used for placing
nanotubes on the Hall devices [87], (b) micromalapar
arm inside the SEM chamber during the placing @& th
nanotube, (c) SEM image of the pulled out Fe-filT
attached to the tungsten tip.

For this purpose we use a Kleindiek three-axis,£X,piezoelectric micromanipulation
system (Fig. 4.13 a-b) installed in the chambeBEM. A tungsten tip with a very sharp
end of around few tens of nanometer in diametetteched to the manipulator arm. The
fact that some of the nanotubes are longer an# stit of the ensemble makes them
easily accessible thus one can approach the tidyoéthe tip to the selected nanotube.
The exposure to the electron beam under high magtidn (ranging of 150 000) of the
little contact area between the tip and nanotuheses the deposition of the residual
carbon containing contaminations onto the area. tifhes then retracted and in most of
the cases Fe-filled CNT is successfully pulled @ig. 4.13c). The nanotube can be then
characterized in the microscope i.e. by measutegauter and inner diameter, filling
length. Moreover by application rotating of theitis possible to observe the exact shape
of the nanotube.

Nanotubes often stick together and contain of memy catalyst particles and different
filling ratio. The micromanipulator lets to selette Fe-filed CNT with high purity,
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without Fe catalyst particles surrounding the nabetand homogenous filling suitable
for micro Hall experiments.

(a)

Figure 4.14: SEM image of the Fe filled nanotube attached tdithduring the manipulation. (a)
Tip approaches the surface. The distance betweenn#inotube and the device surface is
estimated based on the difference in focus fomaserfind nanotube, (b) retraction of the tip. The
connection between the nanotube and surface stmuktronger than attachment of the tube to
the tip.

To attach the nanotube to the surface of the Halioa it is necessary to bring the end of
the nanotube close to the surface and deposit mazbotaminations onto the touching
area. To assure that the Fe-filled CNT remainshensample after retracting the tip, its
connection to the GaAs surface needs to be strahgarthat to the tungsten tip. One can
control the strength of the attachment by varyiagameters such as time of exposure or
beam current. Typical time of the exposure duritigching the nanotubes to the surface
is around 20 min with an acceleration voltage 15 ke manipulation is shown in figure
4.14 a-b. Because the sample surface is very sensttwards scratches the tip must
approach the device plane with certain angle ireiotd prevent the device surface from
mechanical contact with the manipulator. As a ttethidd nanotube forms some large angle
with the surface after the placement (see Fig.&).1bhe magnetic field applied in micro
Hall experiments may cause bending of the nanobuibelso our experimental setup let
us to measure magnetic properties with field apptiarallel to the surface device. Thus
we tend to place the nanotube entirely lying on pkene. This can be achieved by
additional step. To let the nanotube fall down (Fd.5b) on the surface we can etch the
connection between the nanotube and the surfachingt of the carbon containing
contaminations which glued the nanotube to theaserfis achieved by exposing the
connection part in electron beam under the low watumode in water vapor
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environment. Usually the applied water pressuraasind 0.2 mbar, an etching doses of
about 10.00QC/cn? with the acceleration voltages\# 5kV.

Figure 4.15: SEM image of the Fe filled nanotube attached tanieo Hall device. Pictures are
made with plane tilt 45 (a) The nanotube forms large angle with the stafa3C, (b) after
etching the connection in the water vapor enviromimeetween the tube and the device surface
the nanotube fell down onto the surface.

4.8. Hall voltage measurement technique

The substrate with patterned devices is glued @Ehvarnish to a homemade chip
carrier with cooper electrodes (Fig. 4.16a). Thecteical connections between sample
and chip carrier are made with thin (25 um), bondetth ultrasound aluminum wires.
The probe head, screwed to the probe stick is nohdmpper and wrapped with the
heating cable (Fig. 4.16b). The chip carrier wite sample is screwed to the probe head
(Fig 4.16c). The connections between the chip hotohel socket at top of the rod are
realized by copper cables via top cap with elegsod’ he schematic picture of the setup
used in micro Hall experiments is shown in figuré74
We used a commercial-type cryostat (Oxford Teshtravith maximum in plane
magnetic field of 18 T, generated by supercondgctioils immersed in liquid helium.
The field sweep rate used in experiments was betveg - 0.5 T/min. A variable
temperature insert (VTI) allows varying the tempera continuously from 5 to 240K, by
evacuation liquid helium with different rates. Foecise measurement of the temperature
at the device an additional cernox temperature aseiss mounted in close proximity
samples. This sensor was calibrated having the %@hsor as a reference. The
temperature is read by Lakeshore 340 temperaturieatier. Hall voltage measurements
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were performed with lock-in technique with fixe@duency 937 Hz. In the work we use
digital lock-in amplifier Stanford Research SR &38P.

Figure 4.16: (a) Homemade chip carrier made of plastic with ber electrodes, 2-the Hall
sensor is glued via GE varnish to the chip carrigétthe device is connected to the chip carrier
via thin @ =25 pm) aluminum wires, (b) 1- The probe head mafdeooper is screwed to the
probe stick, 2-probe head is wounded with heatiable; 3-top cap with 16 electrodes is
connected to the socket at the top of probe hemthei cooper cable, (c) chip carrier is screwed
to the probe head and finally top cap is screwedhentop.

The output of lock-in oscillator is connected te tt00 K2 resistor and the channel of the
device (with resistance of fewfkat low temperatures) grounded from the other Sities
provides an AC current with constant amplitude, lxdefined frequencyfand phase
flowing throw the current path of the Hall crosseTinjected current through the Hall
probe is in a range of a few pA. The advantagé®fAC technique in comparison to the
DC method is that the measured Hall voltage widgdiency corresponding to that of
injected current over the wide range of selectétlguencies is detected, amplified and
evaluated. This method lets to suppress noisestie#éy. Measured values were
integrated every each 100 ms, and the set of datlavhltage and magnetic field was
read and stored by the program every each 100 mes.ahgle between the external
magnetic field and the nanomagnet placed on theeaetea of the micro Hall device
could be changed by rotating the probe stick arotsldng axis.

The Hall coefficient measurements were performedtha Oxford Teslatron with
perpendicular magnetic field 9 T.
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Figure 4.17: (a) Schematic picture of four terminals experimesgtup used in experiments.
External magnetic field is applied parallel to thiall sensor, (b) SEM picture of typical Hall
device used in experiments, with marked currentntiige paths.
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5. Magnetism of CNT ensembles

5.1. Diamagnetism of pure carbon nanotubes

Usually, CNT are synthesized by virtue of magnetatalyst particles in the
chemical vapor deposition mettfotHowever, the remaining catalysts affect the mtgne
properties of the resulting material. Interestingfyom the variety of materials
investigated as potential catalysts, the ferromagm@es such as iron, cobalt, nickel and
their alloys exhibit the highest activity for catsti based growth of carbon nanotubes
[88,89,90,91,92,93,94]. On the other hand, purbarastructures are supposed to exhibit
only weak diamagnetic susceptibilities so that eestremely small residual catalyst
material present in the CNT would dominate the netignresponse. In particular, a
ferromagnetic-like response is often observed enpitistine Fe catalyzed CNT samples.

(a) (b)

M (emu/qg)
o

_2 1 N 1 N N 1 N 1
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u,H (T)
Figure 5.1: (a) TEM image of Fe-catalyzed CNTs, synthesizedsbyg acetonitrile as solvent,

(by Dr. M. Ritschel, IFW Dresden), (b) the hystexelop for the powdered sample was
measured at room temperature in magnetic fieldsoup5 T. [95]

Even a purification process, e.g. washing the tubestric acid after the synthesis, does
not eliminate the catalyst contamination complet@lyis is illustrated in figure 5.1a by
TEM picture where iron catalyst particles are Misiand by magnetization measurements
(Fig. 5.1b) where a clear ferromagnetic hysteresiseen superimposing the expected
diamagnetic properties of the pure material. Th&a diaply a broad hysteresis with a
coercivity of 400 Oe and the magnetization gl = 0.5 T amounts to M= 1.76 emlg.

* Parts of the following text have been publishe{bb].
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In this particular case, the material contains Btalgst nanoparticles which had been
utilized during synthesis. Taking into account fa¢uration magnetization of butk- Fe
(Mpuik = 212 emu/g), we conclude thatd/ment= 0.01 in this case.

We discuss two different ways to obtain diamagn€i&Ts, which are as follows:
(1) by post synthesis evaporation of catalyst piadiat extremely high temperatures and
(2) by using nonmagnetic catalyst material Re. &mproach (1), Fe-containing CNTs
have been synthesized by aerosol-assisted CVD.riétBod is based on a liquid starting
material consisting of a metal organic catalyst pound ferrocene solved in a
hydrocarbon (cyclohexane or acetonitrile). Thisusoh was nebulized in an ultrasonic
generator and injected directly into the quartztuactor diameter of 4 cm and length of
120 cm. A transport gas consisting of 50 % argah%h% hydrogen was used. The total
flow rate was kept at 1300 sccm and the reactopégature at 800 °C.

(a) (b)

—e— T=300K
—o— T=5K

05 0.0 05 1.0
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Figure 5.2: (a) TEM image of Fe as a catalyst carbon nanotutms)thesized by using
acetonitrile as solvent and after re-annealing &0@ °C under argon. The image confirms
removal of Fe catalyst nanopatrticles,(by Dr. Rilch-W Dresden) (b) diamagnetic behavior of
Fe-based empty nanotubes after annealing the samplgon atmosphere at 2500 °C. [95]

The prepared Fe-based CNTs were annealed at tipetatare 2500 °C and under argon
atmosphere. After the process, TEM images showgmatire of Fe-catalyst particles as
displayed in figure 5.2a. These CNTs exhibit oui@meters between 10 and 40 nm. A
magnetization studies are shown in figure 5.2b. Miagnetization is linearly decreasing
upon increasing the external magnetic field inghsitive range and an opposite behavior
is observed in the negative range of the appliedgne@c field. This behavior
unambiguously implies a diamagnetic response aodskthe absence of any measurable
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contribution of magnetic Fe. The data at T = 5 Kmgly confirm the absence of any
magnetic impurities since paramagnetic ions, énglividual Fe ions, would result in a
Curie-like increase in the magnetization whichleady not observed.

The Raman studies have been performed with Brukeri€ Transform Raman
spectrometer(= 1064 nm) on the sample before and after anrggalin

—— MWCNT/Ae-CVD/as grown
—— MWCNT/Ae-CVD/2500C annealed

Figure 5.3: Raman spectra of the region

D presenting D- (defect mode) and G- (graphitic
G

mode) peaks (3arbon presence) for carbon
nanotubes synthesized on the Fe catalyst
particles, before (blue line) and after annealing
(red line) at 2500C under argon atmosphere.
The relative ratio of G/D areas increases upon
the annealing from 0.57 to 2.68. This indicates
the improvement of the graphitic crystal
1100 1200 1300 1200 1500 1600 1700 structure quality after the heating treatment,
. -1 (measured by Dr. M. Ritschel, IFW Dresden)
Raman shift [cm ]

Intensity [arb. u.]

The technique probes the vibrational, rotationalj ather low-frequency modes in the
investigated sample. The sample is irradiated witinochromatic laser light, and non-
elastic scattering of photons on molecular vibrajophonons and other excitations
causes a shift of the photons energy. The Ramactdaff the process in which photons
interact with the binding electron cloud. The abgaor photon excites the system to a
virtual state. While the system relaxes to its ioagground state it emits a photon with
shifted frequency with respect to the original @motThe negative shift in the frequency
of the photon is called Stokes shift, while the ifpes shift is Anti-Stokes shift. The
vibrations are specific to the chemical bonding apwehmetry of the system. Thus on the
basis of the shift in the Raman spectra the moéscodn be identified. The Raman shift
can be expressed by the formula:

sz(i—ij (5.1)

where,\g is the excitation wavelength, ahgdis the Raman spectrum wavelength.

®> Raman experiments were performed by Dr. M. Ritschestitute for Solid State Research, IFW Dresden
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Typically in case of carbon nanotubes two allotcoporms of carbon dominate;
amorphous carbon with bonding®smd graphitic spcarbon.

Both gives different Raman shift, D (defect modsgribed as defect peak at wavenumber
o ~ 1280 cnt and G (graphitic modedssociated with graphitic peak wavenumber
1580 cnft.

Figure 5.4: (a) A typical TEM image of Re-catalyzed carbonatahes after washing process.
(b) TEM-image of Re-catalyzed carbon nanotubegs aft@ealing at 2300 °C under argon. Re-
particles are still present (images made by Drsétiel).[95]

We observed the increase of the G/D areas ratg §=8) after the sample was annealed.
The relative ratio of G/D areas increased uponatieealing from 0.57 to 2.68. This can
be explained by high temperature annealing of tAmpte the amorphous carbon
contaminations are eliminated while the crystaWinof the graphitic structure is
improved.

The second set of samples was made using Re adgstéma the fixed-bed method
[96]. A TEM image of the Re-catalyzed carbon nahetuis shown in figure 5.4a. Re-
catalyzed CNTs are observed with an averaged deanwft 3 — 8 nm. Moreover,
individual double-walled CNTs(DWCNTs and bundles of single-walled CNTs
(SWCNT9 are also observed. After the annealing procesz3@0 °C in vacuum, the
Energy-dispersive X-ray (EDX) analysis show thatealed CNTs consist of only Re and
carbon, while any impurities such as iron are nbseoved. This observation is
corroborated by classical chemical analysis whigtidg Fe and other foreign metal
concentrations lower 0.01 wb. The chemical analysis results a Re concentratid80
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wt % for the as-grown Re catalyzed CNTs and from Wt % for the annealed Re
catalyzed CNTs. The TEM image (Fig. S 4tonfirms dark nanoparticles of Re and the
carbon nanostructures.

The magnetization of Re-catalyzed CNT at T = 308nd at T = 5 K is shown in figure
5.5. Similarly as discussed above, the magnetid tiependence of the magnetization is
linear and exhibits a negative slope, which agaimahstrates the diamagnetic properties
of the material and confirms absence of significamiounts of ferro- or paramagnetic

impurities.
0.4} —e— T=300K |
i —o—T=5K
G, 0-2\ |
2 i
>
GEJ 0.0 Figure 5.5:
= I Diamagnetic behaviour of Re
= 0.2} 1 supported carbon nanotubes.
; After the synthesis procedure
-0.4+ . the sample was annealed at
T . 2300°C. [95]

H,H (T)

Accordingly, also the temperature dependence oiffrtagnetic susceptibility = dM/dH is
very weak. Quantitatively, the magnetic susceptibiit fopH = 0.5 T and T = 300 K
amounts tg = (-2.7 + 0.5)- 10 emul/g for the annealed nanotubes from approacand)
to y = (-4.6 + 0.1)- 17 emu/g for the Re-catalyzed ones. These valueinagreement
with the range of values previously reported faboa structures [97,98,99].

The usage of non-magnetic catalysts or a high testyoe annealing procedure render the
material diamagnetic as expected for a pure cashocture.

5.2. Pristine carbon nanotubes: magnetism of catalysbpearticles

It has already been mentioned above that magnetizateasurements are sensitive
to magnetic impurities and hence can provide infdrom about their presence. In
addition, magnetic measurements can be usedvasyasensitive measure of the amount

of magnetic particles inside the sample while cotiemal methods such as Energy-
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dispersive X-ray spectroscopy (EDX), X-ray photo#ien spectroscopy (XPS) or X-ray
Diffraction (XRD) might fail to detect trace amosnbf magnetic material Several
different batches of empty carbon nanotubes werepgred using a variety of
ferromagnetic catalyst materials and various sysith@ethods.
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Figure 5.6: Magnetization vs. magnetic field at T = 300 K fa) 6ample 1, CNT made by the

fixed bed method with FeCo catalyst and sampleaglenby the AA-CVD method. (b) Sample 3, a
single- and double-walled CNT mixture and sampl€MT, both made by the fixed bed method
with Fe catalyst. (¢c) Sample 5, MWCNT by the AA-Gi&hod with Fe catalyst and sample 6,

SWCNT from NanoLab synthesized by CVD with Fe &dysa (d) Sample 7, CNT from Bayer

Material Science prepared by CVD with Fe as catafyl0]

A set of seven different powder samples of CNT areg with 50% FeCo alloy catalysts
(sample 1) and pure iron catalyst (samples 2-7evextamined. The fixed bed method
[101] was used for the synthesis of samples (3)af®@ (4), while aerosol assisted CVD

was used for samples (2) and (5). In addition, cencially available single-walled

® Parts of the following text have been published100].
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carbon nanotubes (SWCNT) from Nanolab Inc. (sarfplend CNT from Bayer Material
Science (baytubes C150 HP) (sample 7) have bedredtutRoom temperature magnetic
measurements were performed in magnetic fieldsou@.5 T employing AGM and
SQUID magnetometers. The results of these measuatseraee shown in figure 5.6. The
experimental data shown in figure 5.6 demonstrater@magnetic-like behavior of all
samples. In particular, diamagnetism of the carflwglls is masked by the magnetism of
the catalyst particles formed during and remainigide the carbon nanotubes after the
synthesis procedure. The M(H) curves provide releeharacteristic parameters such as
the coercive magnetic field @i the saturation magnetization {Mand the remanent
magnetic moment (§). Indirectly, based on the saturation moment #lgo possible to
derive the density of the magnetic material inghmple. The respective values are listed
in Table 1. Note, that the table includes alsontiean diameter of the catalyst particles as
extracted from TEM imaging. In addition we prese relative amount of ferromagnetic
catalyst material in the sample, gtmcnt, Which was deduced by comparing the

measured saturation magnetization with its cornedimg bulk values.

Sample Synthesis Catalystl (nm) | wHc Ms (emu/g) Mea/Ment
(mT) (%)

1 Fixedbedq FeCo | 10-1% 84.2 0.87
2 AA-CVD Fe ~10 36.9 1.76 0.8
3 Fixed bed Fe 1-5 5.8 6.1 2.9
4 Fixed bed Fe 8 -15 26.1 5.93 2.8
5 AA-CVD Fe 10-20 20.0 8.2 3.8
6 CVD Fe 15 4.84 2.3
7 CVD Fe 2-6 12 0.16 0.07

Table 1 Summary of TEM and magnetization analysis. d denibie diameter of the respective
catalyst particles as taken from TEM imaging; &hd M are the coercive field and saturation
magnetization from the data in figure 5.6.4mcnr is the relative amount of magnetic material in
the sample
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As the magnetic properties of CNT are usually gogdrby the response of the catalyst
nanoparticles, in the following we discuss the ciities Hc for samples (1) and (2).
According to table 1 the diameter of the catalyattiples are below the single domain
limit, 12 nm for Fe [102] and 41 nm for bcc FeCO3].

According to the model of Néel [104] the coercivity our single domain, randomly
oriented nanoparticles with cubic anisotropy ispmmdional to the magneto-crystalline
anisotropy constank;, i.e. Hc ~ K;. The values oK; found experimentally at room
temperature ark;= 4.8-106 J/n? andK,= -1-10 J/nT for o-Fe and disordered BCC 50%
FeCo alloy, respectively [105]. While the partisiege is similar, we observdc(Sample
2) ~ 2Hc(Sample 1) which is consistent to the Néel modék Toercivity is strongly
associated with the size of the magnetic nanopesticTwo regions can then be
distinguished, one for which the particle diameésesmaller than the single domain limit
(12 nm for Fe), the other for larger multidomaimtjgdes. The coercive force in the single
domain region is proportional tod>[106]. Indeed, a rapid increase of the criticaldi
with diameter manifests for samples (3), (7), (ReveHc increases from 5.8 up to 36.9
mT. In contrast, for particles in the multidomaimit with diameters above 12 nriic
becomes smaller for larger particles, i ~ 1/d [107]. This situation is realized in
samples (2), (4), and (5), where the coercivityrdases from 36.9 to 20 mT with
increasing particle size.

We can see very strong effects of the remaininglystt particles on the magnetization of
the material which renders magnetization studieserg sensitive tool for determination
of residual catalyst material.

5.3. Magnetism of iron filled carbon nanotubes

Iron filled carbon nanotubes are prepared by meérikermal-catalytic chemical-
vapor deposition (CVD) with ferrocene as precu@®idescribed in several reviews, e.g.
in [108]". This method is supposed to produce filled carbanotubes with a filling of
more than 40 %, consisting afFe,y-Fe, and F€C in different ratios depending on the
sample preparation. Onlgy-Fe and F¢C exhibit ferromagnetic behavior at room

temperature whilg-Fe is paramagnetic. The iron filling forms singlgstal nanowires of

" Parts of the following text have been published109].
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lengths up to 2Qum, coated by carbon shells. A SEM image of such dganous
ensembles of Fe-filled CNT grown onto a silicon sttdte is shown in figure 5.7a. The
magnetization was measured by means of the AGMa@inrtemperature parallel and
perpendicular to the oxidized silicon substratey(A.7b). Fe-filled CNTs tend to grow
perpendicular to the substrate plane and form mostlhomogenous ‘forest’ of nanotubes
(see Fig. 5.7b).
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Fig. 5.7: (a) Magnetization curve M vs. H of Fe-filled CNTogn on a silicon substrate measured
at room temperature parallel and perpendicular te tsubstrate. (b) SEM image of the same

material. [109]
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Figure 5.8: Magnetization curve M vs. H of Fe-filled CNT powderoom temperature.
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The ferromagnetiai-Fe nanowires encapsulated by carbon nanotubedieximiaxial
magnetic anisotropy with the easy axis paralldhtolong axis of the nanowires, leading
to an enhanced magnetic coercivity ranging up ttO~hT and ~50 mT in perpendicular
and parallel direction to the substrate, respelgtive

The coercivity measured when the magnetic field a@sied almost parallel to the long
axes of the nanowires is about two times smallan tthe switching fields measured
almost along the easy axis for an individual ir@anowire (see Fig. 5.7a, Fig. 6.5 c-d).
The explanation of the decrease of the coerciatyehsembles of Fe nanowires is the fact
that dipolar interactions between the nanowiretha ensembles reduce their switching
fields. However, the elongated shape of the narm®whaises their magnetic shape
anisotropy and in consequence the coercivity of ne@owires in ensemble is still
significantly higher than the one measured for GMth iron catalyst particles. This can
be explained by the fact that the single wire mesments were conducted on MWCNT
deliberately chosen for their long and homogendilisg, resulting in a large shape
anisotropy with corresponding high switching fiel@ich wires are estimated to contain
a minority of the iron found in the whole sampleneTrest is made of short and/or
inhomogeneous wires and catalyst particles, alvioich have a much lower switching
field. The response of the ensemble is therefohg @Hrimited value for shedding light on
the magnetic properties of the nanowires. In otdetetermine the relative amount of iron
in the Fe-filled CNT by means of magnetometry, ¢hé=- filled CNT were removed
from the substrate and measured as a dry powdgurd=b.8 provides an example of a
M(H) curve measured on the powder sample. At roemperature, Fe-wire-CNT powder
shows a coercivity gc = 50 mT and a saturation magnetizatiog M18.6 emu/gnr.
Comparison with the saturation magnetization okhbwdn My, = 212 emu/g reveals a
mass ratio of iron in Fe-filled CNT of 8.7 %. Relkeaily, a comparison between Fe-filled
CNT and Fe-cat-CNT discussed in the previous stioseanplies that the amount of
ferromagnetic iron inside the Fe-filled CNT is omlyo times higher than in pristine ones.
However, although it is known that catalyst malagaalso present in the Fe-filled CNT,
the amount of catalysts cannot be assessed. Orit spigculate that iron nanowires form
at the expense of some catalyst material but arstéma of the magnetic signal of Fe-
filled CNT into the response of nanowires and gatalrespectively, is not possible by
means of the data at hand.
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5.4. Summary and discussion

The magnetic properties of CNT without ferromagnetipurities have been studied. The
data confirm the absence of any detectable amdufgrmmagnetic impurities, thereby
confirming efficiency of post — annealing proceppleed. The absence of ferromagnetic
impurities is also confirmed for CNT made by virtoieRe catalyst. For CNT made with
conventional ferromagnetic catalysts the data shetusng effects of the remaining
catalyst particles on the magnetization of the medterhis renders magnetization studies
a very sensitive tool for determination of residcatalyst material.
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6. Magnetism of individual iron filled carbon nanbes
6.1. Micro Hall studies on an individual straight iroanmowire

6.1.1.Experimental details

The micro-Hall device introduced in subchapter @@ shown in figure 6.1 has a
longitudinal resistance between Q land 6 I (T = 10 K), depending on the path and the
Hall coefficient R, = 4.8 K)/T (10 K). Figure 6.1 shows a SEM picture of the Hall cross
with an individual Fe-filled CNT placed near thenter of the active area.

Figure 6.1: SEM image of the 26 nm diameter Fe nanowire inideCNT placed at the center of
a 0.8 x 0.8 urﬁ active area of the Hall device made on GaAs/AIGAaB&G heterostructure,
electron density n = 4.6-10cni” and mobility p = 2-10cnf/Vs, measured at T = 1.5 K and in
the dark. (a) Top view image, (b) image taken wihenplane of the sample was tilted with an
angle 60, the nanotube forms an angiel 2 with respect to the surface. Inset: high magntfaa
BSE image of the Fe-filled CNT. [110]

For these experiments we chose a high purity FedfiCNT, without visible Fe catalyst
particles surrounding the nanotube as studied by.SHe filling was investigated under
SEM and we determined the diameter to be2b nm (Inset of the figure 6.1b). The SEM
study showed that the nanowire was homogenousitsventire length, I~ 15 um. The
Fe-filled CNT was placed onto the device (the pdoce is described in subchapter 4.7.)
in such a way that the small area of the nanottiiis and was touching the GaAs surface

8 parts of the following text have been publisheflLi0]
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(Fig. 6.1b). In order to fix the nanotube to theface we focused the electron beam onto
the nanotube over a large are800 x 300 nrh(this exposure results in the deposition of
carbon containing contaminations on the sampleyve¥er, it did not stick completely to
the surface and further investigations with SEMveénb that its long axis formed an angle
~ 12 with respect to the surface, near the active afethe micro-Hall device. Under
these conditions, it was not possible to measwesttitching of the magnetization with
angles between the field and the Fe-filed CNT ands-12 < 6 < 12 since the
experimental setup only allowed us to perform mittall-experiments with magnetic
fields applied in the plane of the device.

(2) (b)
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Figure 6.2: The raw hysteresis loop measurement. (a) The lgsslioop is tilted due to non-zero
z-component of the external magnetic field appiredlane of the sample surface. The device is
not perfectly aligned with respect to the magnéitd. The slope of the background signal
amounts to S = 64Q/T, (b) the hysteresis loop after the subtractibthe background signal.

However, as it will be shown later (subchapter 3.1the angular dependence of
nucleation fields provided us with valuable infotioa to describe the magnetization
reversal mechanism. The device is not perfectlgnad with respect to the magnetic
field, which results in the tilting of the hystei®doop due to a finite perpendicular
component of the external magnetic field. Nevedselthis linear background can be
easily subtracted from the raw data as shown urdig)6.2 a and b. The blue line in figure
6.2 a represents the signal which comes from thgepeicular component of the external
magnetic field and it is drawn based on the symynaitthe hysteresis loop. The analysis
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of the background signal gives a tilt angle= 0.8 (tga. = S/Ry; where Ry is the Hall
coefficient measured in a perpendicular field, @8l = 64Q/T is the slope of the
background signa).

The experimental setup probes the Hall voltage m¢ee by the z-component
(perpendicular to the sensor surface) of the diedy emanating from the nanowire and
penetrating the active area of the sensor as didmnof an external magnetic field and
temperature. This local measurement technique islynsensitive to the stray field at one
end of the magnetic wire. Since MFM studies on oanowires [55] have clearly
confirmed that the remanent magnetization statalwgays a single domain state in
straight nanowires, the micro Hall data can bagittéorwardly attributed to the magnetic
properties of the entire wire. The carbon shellstgmt the nanowire against oxidation,
which retains its ferromagnetic properties [111]142d the CNT itself provides only a
very weak diamagnetic signal with a susceptibityakly dependent on the temperature
y = (-2.7 + 0.5) -1 emu/g (see subchapter 5.1). Therefore the diantiagsignal
created by the carbon shells is redundant and cado@s not disturb the magnetic
measurements of the Fe nanowire. In our experimamsmeasured the field and
temperature dependence of the Hall voltage crdatedagnetic stray fields of a single Fe
nanowire at different temperatures and at differangles. After the full set of
measurements was completed a careful analysiseoéxhct position of the CNT with
respect to the device under the SEM was conduatedder to provide a correct angle
which is the angle of applied external magnetitdfi@ith respect to the nanowire long
axis (easy magnetization axis).

6.1.2.Hysteresis loop measurements

As already visible in figure 6.2, under a slow spveate of the external magnetic
field (v= 0.1 - 0.4 T/min) jumps of the Hall voltage at négatnd positive Ekema= Hn
are observed which reflects a change of the magaigtn in the iron nanowire. By
performing the magnetic field sweeping experimdras negative to positive and back
to negative magnetic fields one can get a hysternesip of the Hall voltage that is
directly related to the hysteresis of the nanowim®agnetization reversal. As mentioned
in chapter 3, in the ballistic transport regime aelow temperatures the Hall voltage is
directly proportional to the average z componerstdy field <B> in the active area.

° The derivation of the formula is given in an apgign
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We converted (equation 3.1) the Hall signal intstray field value <B> and observed
that the remanent state creates an average stdyfiabout 7 Oe.

Hysteresis loops of the iron nanowire measurectlatively large angles are shown in
figures 6.3 a and b. The nearly rectangular shapeh® loops is similar to the
magnetization reversal of single domain magnetrigles.
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Figure 6.3: Average magnetic stray field sBas detected by the micro-Hall magnetometer vs
external magnetic field H, measured at T = 10K. Tde square shape hysteresis loop with
singular jumps (+x 360 mT), measured at the arjke 41°, (b) the hysteresis loop with singular
jumps (x 372 mT) measured at the angle= - 55°, (c) the hysteresis loop with two steps
measured at the angte= 13°. The lower field jumps (+ 268 mT) correspond te thucleation
and pinning of a magnetic domain wall while tinynjos at higher fields (+ 368 mT) result from
the depinning of the wall. Both jumps of #Bare symmetric with respect tght = 0 T, (d) two
step hysteresis loop measured at the afigie- 16°. The lower field jumps occur apil = +272

mT while the depinning fields equaHi= +357 mT. [110]
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Recent cantilever magnetometry studies [113] peréal on a Fe-filled CNT with a 25
nm diameter of Fe nanowire from the same batch igeov a similar picture of
magnetization switching realized via a single jutdpwever, for small angle}se | < 37,

we observed that the magnetization reverses by thareone individual step (Fig. 6.3 c-
d). For the same conditions we repeated these iexpats several times in order to
confirm the reproducibility of such a second stefhe hysteresis loops at small angles.
Above the angle8 = 37 the second jump disappears. We ascribe this phemomto a
depinning of the domain wall during the magnetmatieversal. The probable reasons for
the pinning of the domain wall are small diametariations of the nanowire, which
locally change the anisotropy. Following the nuttga of the domain with reversed
magnetization at one end of the nanowire the domaiih is pinned at a pinning center
and a stronger external magnetic field needs tapipéied to overcome this pinning and to
complete magnetization reversal which results iditaxhal steps in the hysteresis loops.
At angles| 0 | > 37 the nucleation fields are already higher thanddyeinning fields and
magnetization reversal takes place via singulgsstathout pinning as shown in figures
6.3 aandb.

Similar effects i.e. magnetization reversal of maagnets realized via two steps were
already observed in Ni nanowires [114] and Co plegi[115]. MoreoveiWernsdorfer et
al. [114] did additional studies on such addition&lpstin the hysteresis loops measured
for individual Ni nanowire and they among othent§s showed:

* a smaller temperature dependence of the depinfiglds in comparison to the
nucleation fields;
* a very narrow width of the depinning field digmition of about 0.03% of <}.

We observed the large increase of the noise (sgé.6a) with temperature. Thus the
resolution of our experimental setup did not alles to perform such detailed
investigation of the temperature dependence ofigpénning field.

6.1.3.Angular dependence of the nucleation fields

Typical measurements of the nucleation field ofrthaowire at different angles are
shown in figure 6.4. At first singular hysteresmops were measured in order to
determine the nucleation field at each angle. Tareexternal magnetic fieldgd = -1 T
was applied o switch the nanowire magnetizationthVdi fast sweeping rate (v = 0.5
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T/min) the magnetic field was set tgHi1= 0.2 T. Then the actual measurement of the
nucleation field was performed with a small swegpiate (v = 0.2 T/min). The entire
procedure was performed several times for eacleaigle results of these measurements
for the angles®d = - 37, - 61°, - 75, - 85 are shown in figure 6.4. The measured
nucleation fields were averaged and the angulaiatam <H> (0) of the nucleation
fields is shown in Fig. 6.5. We note slight dewas of <H> for the positive and
negative value$). This can be associated to an angular misalignmént 1° in the

experiments.
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Figure 6.4: Hall voltage dependence on the external magnetid.fNucleation events are clearly
visible and detected at T = 10 K for different aegfl. There are small deviations in the height of
the steps. The relative change of the signal meashy the micro Hall device lies between 7 - 9
MV. This corresponds to the change of the averaig ih the active area between 5.8 - 7.5 Oe.
(@) 0 = -37°, <H,> =320 mT, (b)d = - 61°, <H,> = 473 mT, (c)9 = - 75°, <H,> = 731.5 mT, (d)

0 =-85°, <H,> =891 mT.
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At small angles, the magnetization reversal ocetingp<H,> ~ 265 mT and it depends
only moderately od. For6 > 45°, however, there is a strong increase of><&hd very
high nucleation fields are observed witer> 90°. In a nearly rectangular configuration a
maximum g<H,> of 891 mT is found, which is close to the shapis@ropy field (4Ha

= 2K4/My) of about 1.1 T for iron [116].
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Figure 6.5: The angular variation of the mean nucleation fietdd=e nanowire. Line: fit
according to the curling model (equation 6.1) far mfinite ferromagnetic nanowire
length. [110]

Recalling that imperfections are known to reduaedhperimentally observed nucleation
fields in real materials, this finding confirms tagtraordinary quality of the Fe-nanowire
inside the CNT.

The angular dependence of the nucleation fieldkmaimterpreted in the frame work of
the curling mode for an infinitely long ferromagsatylinder:
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H = Ms O a@l+a) (61)

"2 Ja?+ @+ Aa)os’ 6

where, M is the saturation magnetization of irorpNjt= 2.2 T at T = 0 K) and a= -
1.08(6/r)%, o= (A)¥?/Ms is the so-called exchange length and A is the @xgh constant.
The nanowire radius is referred to r. The fittedveuwhich nicely agrees to the
experimental points is shown by the blue line gufe 6.5. The fitting procedure provided
the value a = -0.2301, from which the exchange temis, = 6 nm for iron was derived.
This is in a good agreement with the literatureugag(Fe) = 5.8 nm [117]. The angular
dependence of the nucleation fields follows thenigia 6.1. for the curling mode reversal
of an infinite ferromagnetic nanowire. However, reml systems even for high-quality
nanowires the localized magnetization reversal mecsm is favored [118,119].
Following the discussion by Braun [120] one camralatively explain the nucleation of
the magnetization reversal in a cylinder by thatos of a spatially localized nucleus. It
can be described ag domain wall. This results in finite energy barrgso for infinitely
long particles. Another possibility of the magnatian reversal, initiated by the
nucleation process was discussed by Knowles [M¢, studied magnetization reversal
in acicular particles of-FeOs. According to this, the nucleation of small domaiith
reversed magnetization at the wire end provides ewealler energy barriers. This mode
was predicted for nanowires with radii larger tltha exchange length. The theoretical
studies of magnetization reversal in elongated ésfect ratio) ferromagnetic particles
provide a similar magnetization reversal agreembhtromagnetic calculations were
based on the Landau-Lifshitz equation [122,123] aas performed by Boerner and
Bertram. They found that the thermally assistesldft dependent reversal is initiated at
the particle ends, which suggests that thermat¥ie volumes are significantly smaller
than particle volumes [124].

The process of magnetization reversal hence isrgedeby nucleation of a domain with
reversed magnetization and the corresponding domvalhrapidly moves through the
nanowire after its formation, while nucleation @islfollow the curling mode. Further
experimental evidence for nucleation scenario awvidled by the hysteresis loops at small
anglesq| < 37° (see Fig. 6.3 c-d).

Here, the hysteresis loops reproducibly exhibititmithl small jumps attributed to
depinning of the domain wall during the magnetmatieversal process.

6.1.4. Temperature dependence of the nucleation fields
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Another experimental evidence of such a nucleapoocess in magnetization
reversal can be obtained by the observation otdhegerature dependence of the mean
nucleation field, which allows calculating the efige volume for the nucleation. The
temperature dependence of the nucleation fieltlasva in figure 6.6.
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The temperature dependence of the nucleation éeferiments were performed at the
angle® = 13 and the temperature was varied from 6 to as hg6G& K, where the

nucleation was still detectable (cf. fig 6.8a). Tdetection of the nucleation process was
performed in two steps as follows. Firstly the matgnfield was ramped to the negative
value of -1 T with a sweeping rate of v = 0.5 T/nonreverse nanowire magnetization.
Subsequently, the magnetic field was swept badkeozero and set to the value 0.2 T.
The actual measurements of the nucleation wereoqeeld at the sweeping rate 0.2
T/min in the magnetic field range between 0.2 - D.&t which the nucleation acts were
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detected and stored. For each temperature we pexfba set of at least 120 nucleation
experiments in order to provide histograms of theleation fields. The mean value of
the nucleation fields (circles) and the correspogditandard deviations (bars) were then
calculated for each temperature and are showngurdi 6.6b. We observed a strong
dependence of the mean nucleation field on the ¢eatyre range of measurements. The
mean nucleation field decreases with increasingpé&ature. This behavior is expected in
a thermally activated process. In the process vieeage nucleation field should follow
the formula [125,126]:

2

KT In(cT/ v)]3 (6.2)

<H, >=H, 1—[ :

0

where H is the nucleation field at temperature T = 0 K,ikthe Boltzmann constanty E
is the energy barrier in absence of an externalneiag field, v = 3.3 mT/s wis the
sweeping field rate, ¢ =sK%(toEp), 10 = 1.210'° s [109] is the prefactor of the thermal
activation rater = 10exp(E/leT) and E = : (1-H/Hy)*? is the energy barrier dependence
on the external magnetic field. Experimental poiats in agreement with formula 6.2.
Fitting the experimental data by means of Eq. 6eldg B/ks = 5.18-10 K and H° =
272 mT. Interestingly, the activation volume V 3/(HoMH,) derived from & only
amounts to V = 1.5- 2m® which is much smaller than the volume of the namewg
8-1¢ nm?). This is again consistent with the assumptiodahain nucleation at one end
of the nanowire. While our experimental data onahgle dependence ¢, indicate the
evolution of curling modes, there is compelling iéiddal evidence of localized
magnetization reversal via domain wall formation @nopagation. The latter observation
is consistent with the conjecture that any arhlyrasmall disorder gives rise to
localization and shows that the actual degree cdlipation is strongly dependent on the
structure of the nanowire [127].

6.1.5.Nucleation field distribution
In a thermally activated process of magnetizatmrersal the nucleation field does

not have a unique character but is characterizeétidowidth of the distributiosy around
the average value M. Thus we measured histograms of nucleation fiakislescribed
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above (shown in Fig. 6.7) for different temperasuréhe temperature dependence of the
distribution of the nucleation field is given modatgveloped by Kurkijarvi [110],[128]:

1
— l-a)la
kgT |«
o= 01( 5 J (m( CLD (6.3)
al\ E, ve

where H is the nucleation field at temperature T = 0 Kjkthe Boltzmann constanty E
is the energy barrier in absence of external magfietd, v is the sweeping field rate, ¢ =

ksH%(t0Eo), Tois the prefactor of the thermal activation rate,toexp(E/kT) where E =
Eo(1-H/Ho)*? is the energy barrier dependence on the exteraghatic fielda = 2/3.
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Figure 6.7: Histograms of the nucleation field distributionsasered at the anglé = 13° and at
different temperatures. (a) Histogram measuredhat temperature T=6K, N = 280, <M =

266.3 mTgy =3.5mT, (b) T=10K, N =280, <pt =265.6 mT,o4=4.1mT, (c) T=20K, N =
120, <H> =260 mT,o4 = 2.7 mT, (d) T = 60 K, N = 150, <kt = 249mT,o4 = 0.9 mT. Inset:

Variation of the standard deviatian; with temperature. Blue line represents a guidetifier eye.
[110]
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In the model the distribution of the nucleationldiencreases with increasing of the
temperature.

Surprisingly we observed the opposite case in gpeements, i.e. the distribution of the
nucleation fields at low temperaturesy(<H,> = 1.3 %, T=6K) is significantly higher
than that measured at high temperatuses<H,> = 0.36 %, T=60K). The variation of the
distribution of nucleation fields with temperatunas a monotonic character and it is
shown in inset of figure 6.7d. The detailed studlyhe distribution of nucleation fields
and its temperature dependence is presented irefyd.

At low temperatures (¥ 10 K), the distribution of nucleation fields fdret fixed set-up
splits into (at least) two well separated parts levimo splitting occurs at higher
temperatures (® 20 K). The splitting is associated with a relayarge nucleation field
distribution which at low temperatures amountsrmuad 2% of the average nucleation
field value. The splitting in the histograms aneé torresponding broad distribution of
nucleation fields can again be associated with domacleation. To be specific, the
observed splitting indicates at least two nucleatsites which are characterized by
different energy barriers of nucleation and whigltdme distinctive at low temperatures.
For large diameter wires as this example, /@ several different sites compete for the
nucleation but with nucleation fields following tharling mode.

The analogous behavior has been already reporteWdmsdorferet al[129] in Ni
nanowires with a similar geometrical ratio glld 2 and at low temperatures. The
measurements of the distribution of nucleationdBelpresented in that work were
performed with higher magnetic field resolution. rGaxperimental setup with a field
resolution of 1 mT possibly hides the detailed&tite of the distribution

6.1.6.Summary and discussion

In conclusion, we investigated the magnetic proger(nucleation fields, their
distribution and temperature and angular dependen€ehigh quality, straight Fe
nanowire d = 26 nm embedded inside the carbon nbeofThe hysteresis loops of the
Fe-filled CNT exhibits square like behavior whickveals a single domain magnetic
behavior of the nanowire. The exception from tlsi;wucleation at angles between the
wire axis and external magnetic figdd< 37°, where tiny additional steps appear in the
hysteresis loops. This behavior is related to timmipg of the domain wall during the
magnetization reversal process, where due to th@rmg an additional magnetic field has
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to be applied to complete the switching. We obsktithat the angular dependence of the
nucleation field is in good agreement with the ioigrlmodel for infinitive ferromagnetic
nanowires. However, the observation of additionagnetization steps at small angles,
the distribution of the nucleation field and ourabysis of the observed temperature
dependence provide good experimental evidencarthghetization reversal is associated
with domain nucleation, supporting a scenario whadwenain formation is initiated by
curling. At angled close to 90° we detect extraordinairly high nutteafields (up to
900 mT) near the theoretical limit i.e. shape angay field of iron.
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6.2. Micro Hall studies on a bent iron nanowire

6.2.1.Experimental details

A Fe-filled CNT with a Fe nanowire in the core ehgth L~ 900 nm and diameter
d=~ 16 nm was placed on to the 0.8 x 0.8%active area (Fig. 6.8 a-b).

Magnetic field

Figure 6.8: (a) SEM BSE picture of the Fe-filled CNT placedoahie 0.8 x 0.8 pfmHall sensor
fabricated with the same GaAs/AlGaAs heterostrectas in the previous example, (b) high
magnification SEM BSE image of the nanotube. Tamelier of the nanowire lies between 16 and
17 nm. Inset: SEM picture made with plane tilt 6 4c) the sketch presents the situation of the
nanowire in 3D spacé is the angle between the axis of the laying pathe nanowire (section

1) and external magnetic field, = 130.5 describes the angle between section 1 and the
projection of section 2 on the xy plaees43°is the angle between section 2 of the nanowire and
its projection on the xy plane.
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One of the ends of the nanotube was placed alnidse aenter of the active area of the
device. During the manipulation procedure the narewas bent and formed a banana-
like shape. Careful investigations under SEM wiltimgy the plane of the device showed
that the part of nanotube which is located outsidihe active area (section 2) is standing
up with an angle: = 43 with respect to the surface, whereas sectiontheohanowire is
lying entirely on the surface. The micro Hall expents were performed with the
magnetic field applied in plane of the device. Hketch showing the nanotube in the
space is presented in figure 6.8aefines the angle between the external magnedid fi
and the axis of the section 1 of the nanowire. dihgle between the axis of section 1 of
the nanowire and projection of section 2 onto indase isy=130.5. The angle between
both arms of the nanowire (not shown in the sketipals 121 The kinked shape
causes some inhomogeneities of the magnetizatientation at the kink or under certain
circumstances even the existence of a domain veall shown by additional MFM
experiment performed at other Fe-filled CNT, seg. F.15c), which separates two
sections of the nanowire (section 1 and sectiowi#) magnetizations pointing to the
kink area.

6.2.2.Hysteresis loop measurements

The hysteresis loops measured at different anglesX, 6 = -31°, 8 = -58) and in
magnetic fields up to 0.5 T are shown in figurés&c. The overall shape of the curves is
similar to the one observed in the straight nanevdf. Fig. 6.3. a-b). The main features
are sharp jumps of B, which are symmetric with respect to zero magniid. These
singular jumps at kernam Hn (nucleation fields) are associated with the nucheat
process in the iron nanowire. We transferred thik \Hétage signal to the stray field and
observed that in the remanent state the averagenpanent of stray field equats4 Oe
which is lower than in the straight nanowired Oe). The reason for this is probably that
the diameter of the nanowire (6 nm) is smaller than that of the previous nanew
26 nm). However, hysteresis loops measured foreangld <6 < 50° show a strong
asymmetry towards the positive magnetic fields.sTikiillustrated in figure 6.3 d. The
hysteresis loop was measured or 3¢ with magnetic fields up to 0.5 T. The measured
nucleation fields amount to,H 309 mT and K= 331 mT, in the negative and positive
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field range, respectively. A hypothesis explainihg biasing effect is provided in section
6.2.5.

As mentioned in section 6.1, Micro Hall magnetomyas a local technique probing
changes of the stray magnetic field at one enth@hianowire. In the case of the straight
Fe-filled CNT we could attribute the measured hysiis loops as a characteristic of the
entire nanowire, based on previous MFM studies [@bich showed that the remanent

state of straight nanowires is always single domain
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Figure 6.9: Hysteresis loops of the Fe-filled CNT measured at&'K for different angles after
subtraction of the linear background coming froma th- component of external magnetic field.
(@) 0 =2° woH, =417 mT, (b)Y = -31°, Yo H, = 328 mT, (cp= -58°, o H, =370 mT, (dy= 30°,

Mo H=309 mT and g H,=331mT in negative and positive magnetic field mng
respectively.(measured by Dr. S. Bahr)

MFM experiments (see Fig. 6.15) performed on tha be-CNT show that the crooked
area forms a pinning center in which a domain waight be confined during the
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magnetization reversal process. Since the bentgbdite nanowire is at the edge of the
active area of the Hall cross, the sensor doedetett the pinning of the domain wall (cf.
Fig. 6.8 b). However in section 6.2.5 experimemrtatience is provided which supports
hypothesis that the symmetric hysteresis loops. (6i§ a-c) can be attributed to the
switching of the entire nanowire, whereas asymmédityisteresis loops to switching of

section 1 only (c.f. Fig. 6.9 d).

6.2.3. Temperature dependence of the nucleation fields

The temperature depending study of the nucleatedsf was performed at temperatures
ranging of 6 — 70 K as shown in figure 6.10 a-be Theasurements were performed for
an angle of = - 36. Similarly as for the straight nanowire presentedubchapter 6.1
we observed a strong decrease of the mean nucleéigtd with increasing the
temperature. The results of the experiments arer&ripred in figures 6.10 a and b. The
fitting of experimental points with formula 6.2 £/1.67 mT/sgo= 1.210"%s) provides a
nucleation field at T = 0 K of §i= 324 mT and the energy barrier heighkg= 1.3-16

K. Assuming that the energy of the domain with reed magnetization is only due to the
Zeeman energy, the activation volume V # M H,) derived from i only amounts to

V = 3.16-18 nn? which is much smaller than the volume of the nane 2- 16 nm3).
This again suggests that the reversal of the megtien is caused by a nucleation of a
reversed fraction of the cylinder surrounded byoendin wall which rapidly propagates
along the whole nanowire, similarly as in the poexs Fe-filled CNT. The study of the
nucleation field distribution at temperatures TkK-&hd T = 20K is shown in figure 6.10
c-d. The distribution of nucleation fields is rath®oad, i.e. for the distribution of the
nucleation fields at T = 6K, we findy/<H,> = 1.5 %, whereas at the distribution
amounts to T = 20kKy/<H,> = 1.95 %. This broad distribution suggests tlyatia there
are several nucleation sites. This width of theibstion increases with temperature (see
inset of figure 6.10 d). The measured values are: GK opy/<H> = 1.5 %, T = 10K
on/<H> =1.68 %, T = 20ky/<H,> = 1.95 %, T = 70ky/<H> = 1.91 %.
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Figure 6.10:(a) The nucleation events detected at temperatlire$ K, 10 K and 70 K and with
0 =-36°and v = 0.2 T/min. Even at temperatures as higif@€ the nucleation process in the
nanomagnet is still detectable, (b) the temperawaegation of the mean nucleation field of the
bent nanowire. Bars correspond to standard devimtibthe nucleation field. Fitting parameters:
Eoks = 1.3-10 K, poHo = 324 mT. (c) Histogram of the nucleation fieldsasured at T = 6 K =
-36°, N =320 ,014 = 4.8 mT, (d) histogram of the nucleation fieldsasured at T = 20 K§ = -36°,

N = 280,04= 6.2 mT. (measured by Dr. S. Bahr)

6.2.4.Angular dependence of the nucleation fields

The angular dependence of the nucleation fieldhefFe-filled CNT is shown in
figure 6.11. For each anglewe measured the hysteresis loop (with magnetid figte
0.5 T/min) up to maximum absolute field value db .. The symmetric values of the
nucleation field with respect to the zero extermagnetic field are shown by black
circles. However, as mentioned previously, in tsifive angular range, i.e. for angles
30, 4@, and 50, we observed a biasing of the hysteresis loopsidsvthe positive field
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values. The nucleation fields measured at positnagnetic fields are marked by blue
circles, whereas those measured in negative freldge are marked by red circles. Each
of the measured hysteresis loops presents singlears shape as it is shown in figure 6.9.
The nucleation fields observed for this nanowireag426 mT, 408 mT, and 416 mT,
for the angle®) = -9¢, 6 = (°, 6 = 90 respectively. At the angle -45wve observed the
nucleation at field 327 mT. The overall behaviotltd nucleation fields suggests that the
nanowire reverses via the rotation in the unisopraslicted by the Stoner — Wohlfarth
model in which the periodicity of Hequalst/2 (Fig. 2.8):

H, = Ha
n (COSZ/S 9 + SinZ/3 g) 3/2 (64)

However, we find that the nucleation fields ar@sily suppressed in comparison to the
nucleation fields of the Fe nanowire which is preésd in the previous chapter (see Fig.
6.5). In this case, the maximum value of the nuieafield is around 50 % of the
maximum nucleation field of the nanowire with d 6 Bm. Moreover, the measured
values of the nucleation fields are systematicsiyaller than the predictions of the model
of coherent rotation of magnetization reversal.

450 : . - . - . . :
* <H> ‘
e, . . Hn ° ..
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Figure 6.11: Angular dependence of the nucleation field measated = 6 K. Black circles
represent the nucleation fields derived from symimélysteresis loops. The red and blue points
represent the switching in negative and positiedd§i in case of asymmetric hysteresis loops.
(measured by Dr. S. Bahr)
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A similar behavior of coherent like magnetizatieversal with suppressed switching
fields is found by theoretical calculations perfeahby Richter [130].

In this paper, the calculations of the angular ddpace of the switching fields for
infinitive ferromagnetic particles with structurdefects are presented. Indeed, in this
example it is shown that structural defects hawagaificant influence and reduce the
range of H,. The calculations were based on the minimizatibnhe free energy of
particles with defects. The following parameteranla were used for these calculations:

T = [k,d? 5= Mg A
A Mg Ay (6.5)

Here K; is the magnetocrystalline anisotropy constans, tthé length of the defect area, A
is the exchange constant.spand Ay are the saturation magnetization and exchange
constant within the defect region respectively. Bingular dependence of the switching
fields for different parameters T ands shown in figure 6.12.

Figure 6.12: The dependence of the
reduced switching fields dfHs as a
function of angled, between the easy axis
of the nanoparticles and the applied
external magnetic field obtained in
calculations. Parameters used in the
calculations: T — normalized defect size
width and factora. (A) Stoner-Wohlfarth
model, B) T=1p=1,(C) T=2,a =1,
D) T=10,a=1,(E)T=10,a=2,(F) T
=10, a = 5 (taken fron126]).

The source of the defects in the nanowire studexd might be:

» crystal structure distortions (e.g. inside the hmnt)

* misalignment between neighboring crystal like damai
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Figure 6.13: (a) TEM image of Fe-filled carbon nanotube with pamality filling, (b) high
magnification TEM picture of Fe-filled CNT, carbshells are well developed, white and black
areas possibly correspond to different crystallméentations, (c) TEM image of bcc Fe-filled
CNT [131], (d) corresponding selected-area electrdiffraction pattern. The (002) spots
correspond to the grapheme sheets surrounding Ikegfii131]. (images a and b made by Dr.
Thomas).

In several cases the crystalline structure is ngvesfect as shown in figure 4.10 c-d. A
further example is shown in figure 6.13. Figure36(&-b) shows a Fe-filled CNT with

lighter and darker contrast along the filling. Tégsatterns in contrast correspond to
crystalline distortions (stacking folds), whereasim other samples, as shown in figure
6.13 (c-d) misaligned neighbouring crystal domaare present. The corresponding
diffraction pattern (Fig. 6.13 d), shows the difftian spots are no longer points but are
rather stretched [127]. The above explanationschasethe model developed by Richter
are not the only which ascribe suppression of witching fields as the results of defects.
The numerical calculations on nanowires and nanicpes were also presented by the
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other authorsUesaka et alshowed by solving the Landau — Lifshitz — Gilbeguation
[122,123] for fine hexagonal platelet particlesZ]L&e influence of three different types
of defects on the switching field. They consideseniface defects as well as volume
defects and showed that the difference betweeswiitehing fields for particles with and
without defects amounts to at most 12 %. In [138] ihstanceGadboiset al. used
micromagnetic simulations to investigated the effidfcedge roughness on the switching
fields in Ni bars of size 1 um in length, 30 nm tthepnd 40 — 400 nm in width. The
conclusion of this study was that the roughnessgatbe edges significantly reduces the
switching fields. They described the magnetizatmrersal mechanism as a nucleation of
a domain with reversed magnetization from the roagpges whereas in the absence of
roughness nucleation processes takes place andn&f ¢he sample but in higher external
magnetic fields.

6.2.5.Biasing of the hysteresis loops

By performing the magnetic hysteresis loop measangsnat the anglés> 30° and
0 < 5 (c.f. Fig. 6.11) we observed very large asymmairthie nucleation fields. These
values were F= 309 mT and H,= 331 mT for 36, H,,= 304 mT and F,= 342 mT for
40° and H,= 330 mT and H,= 373 mT for angle 50 Hysteresis loops were measured in
the maximum magnetic field range of up to 0.5 TtHis subchapter we will discuss by
showing MFM images and switching experiments thaisi possible under certain
circumstances to pin a domain wall inside the laeea of the nanowire by reversing the
magnetization of one of its arms. While the magaion reversal is a localized
mechanism and takes place via nucleation (activat@ume is smaller than the volume
of the nanowire see subchapter 6.2.3), the beritgathe nanowire forms a pinning
center. The initial single domain state is thenlaepd by a two magnetic domain
configuration. We described the observed biasintp@fminor hysteresis loops measured
for the given angular configuration as an influen€section 2 of the nanowire on section
1 via stray field and exchange interactions betwes#h sections.
Because one part of the nanotube is pointing up thi¢ anglex = 43’ with respect to the
surface, we could not perform detailed MFM studiaghe pinnining of the domain wall
in the kinked area for the given nanowire. Thus, wit present the results of MFM
experiments performed on a Fe-filled CNT entiredyihg on the surface. In order to
obtain the individual Fe-filled CNT an ensemble sisting of nanowires was diluted in
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the acetone and tip sonification was applied tpare a homogeneous dispersion. Then a
drop of this solution was put onto Si substrate dndd. SEM was used to select the
suitable individual Fe-filled CNT shown in figurelda. The diameter of the nanowire
was d~ 32 nm.

Figure 6.14: (a) High resolution SEM image of a Fe-filled CNTX®2 nm) used in the MFM
experiment, (b) AFM topography image of the reshape-filled CNT laying on the surface, (c)
Corresponding MFM scan of the bent area. The pectpresents the remanent state of the iron
nanowire inside the carbon nanotube after applwatof the external magnetic fiel@hli= 400
mT in the x direction. The contrast reveals themfation of a domain wall separating two
magnetic domains with magnetic moments pointireath other®.

The sample was then placed in a chamber of AFM/Mé&tup and the initial single
domain state was determined by the MFM imaging hvéit of the AFM cantilever the
nanotube was reshaped as it is shown in figureb6alhdl an external magnetic field 400
mT was applied in the plane in x direction. The MBban shown in figure 6.14c was
performed on such a prepared nanomagnet and im@bsé external magnetic field. In
the flexure of the nanowire we observed a brighttest. The MFM ferromagnetic tip
operates in non-contact mode and it is probingtiese shift of the cantilever induced by
the stray field of the magnetic sample. Thus MFMves an image of the spatial
variation of the magnetic stray field on the sangleface. We conclude that the bright
contrast in the MFM picture is provided by inhomoeggies of the stray field caused by
the existence of a domain wall. The applied extemegnetic field (400 mT) induced the
switching of one part of the nanomagnet (c.f. Fd.4c). The experiment reveals that
both arms of the nanowire can switch independeAtiter the application of an external
magnetic field the nanowire consists of two magnetmmains (after the initial single
domain configuration) separated by a head to heathth wall in the remanent state.
Now we will discuss, by presenting the switchingpesiments performed on the Fe-filled
CNT shown in figure 6.8, that the biasing of thesteyesis loops which we observed for

9 The experiment was performed by Franziska Wolrd/ Bmomas Miihl from IFW Dresden.
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angles 30< 0 < 5¢° while performing the angular dependence experimenight be
related to the influence of section 2 of the nangme& on the switching of section 1. Such

interaction might be due to magnetostatic and exghainteractions between both
nanowire sections.
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Figure 6.15:(a) The sketch presents the situation of the nanowitée 3D space? is the angle
between the axis of the laying part of the nanowind the external magnetic field= 130.5
describes the angle between section 1 and the gtimjeof section 2 on the xy planez= 43°is
the angle between section 2 of the nanowire angrdection on the xy plane, (b)s the effective
angle between section 2 of the nanowire and thermatt magnetic field as a function of the angle
0. The inset shows the sketch of the nanowire amdimner in which the angées measured, (c)
angular dependence of the switching fields (cohter@ation) calculated for section 1 and section
2 independently as a function of the arnglEccording to Stoner-Wohlfath model, (d) experiraknt
points, red squares represent nucleation fieldssuesd at negative fields whereas blue squares
represent nucleation fields measured at positiedd$i. Black squares are associated with
nucleation processes in which the biasing of trstdrgsis loops was not observed.
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Figure 6.15a illustrates sketches the geometryhefihvestigated Fe-filled CNT. An
external magnetic field is applied in the x-y plaméh angled measured from x to y axis.
Using trigonometric formulas we can calculate tfieative angles between the external
magnetic field and the section 2 of the nanowira &sction ofd (Fig. 6.15b). Since we
observed the suppression of the nucleation fighsgibly related to the defects of the
nanowire, see subchapter 6.2.5) we assume thaswitehing field of section 2 is
suppressed in the same rate. This allows us tauletdc the angular dependence of
switching fields for each section of the nanowmdapendently using the formula 6.4.
The solutions (Hsy{0) and Hsw(0)) are shown in figure 6.15c. The figure revealst th
the expected switching field of Section 1 is lartfem the switching field of section 2 for
-90°< 0 <18 and 72< 6 < 9C°, whereas it is smaller in the range® ¥® < 71°. Such a
situation is indeed found in our micro Hall expegims atd = 30° where asymmetric
switching fields are measured. Based on previouMMtudies performed on a different
bent Fe-filled CNT we hence assume a similar sanatvhere. during the magnetization
reversal process a domain wall might be pinnedhénkinked part of the nanowire (Note
that in micro Hall experiments the magnetic fieddapplied between both sections of the
Fe-filled CNT with® = 3¢ ande = 101°, cf. Fig. 6.15b).

(b)

MoH=-0.8T

WoH = 0.6T Switching experiment

Figure 6.16: Scenario of magnetic switching of section lwithnpig of a domain wall in the
kinked region. In this arrangement we assume adngrtb the figure 6.15c that the switching
field of section 1 is lower than for section 2. Eadternal magnetic fieldgii= - 0.8 T is expected
to be sufficient to switch both sections of theamaagnet (c.f. Fig. 6.11). The field is applied with
the angle” = 30° which corresponds te=101°, (b) the magnetic field is ramped to zero, revérse
and raised to a value of 0.6 T. Both sections $wiitcthe new configuration and the nanomagnet
is prepared for the experiment, (c) magnetic fisldet to zero and the actua}(H) measurement
in this configuration is performed in the field gap H = 0 to -0.5T and the switching field of
section 1 Hswis determined. Upon the switching of section 1 dbenain wall between both
sections is pinned. The magnetic field is therbaek to H = -0.8 T (depinning of the domain
wall and switching of section 2) and this thregpgpeocedure is performed 200 times in order to
provide the histogram of switching fields of settio
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Depending on the initial configuration of the nam@wi.e. with or without the domain
wall pinned in the kink part, measured switchinglds of section 1 are expected to be
different due to exchange and dipolar interactibesveen both sections. Having the
assumption of pinning of a domain wall during thagmetization reversal in mind we
describe the ideas of switching experiments we operéd. They are graphically
presented in figures 6.16 — 6.17.

For the experiments we choo8e= 30 which corresponds to the region in which the
switching of section 2 is expected to be highentbaction 1 (cf. Fig. 6.15¢) and in which
we observed biasing of the hysteresis loop (cf. Bid1l). At first we probed the
switching fields of section 1 where pinning of tthemain wall between both sections is
expected (cf. Fig 6.16). The entire nanomagnet swatched at field pH = 0.6 T to the
desired configuration as shown in figure 6.16b.MHee magnetic field was ramped to
zero. The switching field of section 1 was probeentin the negative field range. When
section 1 reverses its magnetization the domain iwahssumed to be pinned in the
kinked area. The switching field Hgws determined and magnetic field is set backoté p
= - 0.8 T and this three step procedure is perfdr2@0 times in order to provide the
histogram of switching fields.

(b) :

Mo =0.35T Switching experiment

Figure 6.17: Scenario of magnetic switching of the iron nanowiith depinning of the domain
wall. (a) External magnetic field - 0.8 T is setdahoth sections are switched, (b) external
magnetic field is ramped to zero. In order to meadhe switching field of section 1 upon the
depinning of the domain wall we must switch onlgtisa 1. We applied an external magnetic
field of 0.35 T (we determined this value in otBeperiments) which switches the section 1 and
the domain wall between both sections is pinneé. mhagnetic field is set to zero. As shown in
figure 6.14c the configuration with pinned domaiallvis stable, (c) in this configuration {(H)
measurement starts at field range 0 to - 0.5 T #ma switching field of section 1 Hgus
determined. Then the field is set to -0.8 T and smesments are repeated. To provide the
histograms of the switching fields we performed @@@surements.
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Secondly, we have probed the switching fields afiea 1 associated with the depinning
of the domain wall (cf. Fig 6.17).
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Figure 6.18: Histograms of the switching fields of section thef Fe-filled CNT. (a) Measured
for the configuration described in figure 6.16a-Esw> = -323 mT, (b) measured for the
configuration described in figure 6.17 a-c, <Hsw= - 307 mT. (measured by Dr. S. Bahr)

At first the magnetic field ¢H = - 0.8 T was set to switch both sections to dhsired
configuration (Fig. 6.17a). Then it was ramped &ozand swept to 0.35 T (cf. Fig
6.17b). Under this field it is expected that ond¢tson 1 switches and the domain wall is
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pinned in the kinked part of the nanowire. Thenrtfagnetic field is set back to zero. The
configuration with pinned domain wall is stableiadicated by the MFM experiments
(Fig 6.14c). The actual {H) experiment is performed in the negative fiedmhge. The
switching of section 1 in the negative field rangeassociated with a depinning of the
domain wall and Hswis determined. Then the field is set to -0.8 T avehsurements are
repeated. To provide the histograms of the switghfrelds we performed 280
measurements.

The results of the experiments which are sketchedetail in figures 6.16 — 6.17 are
presented in figures 6.18 a and b. For the cordigam in which upon the switching of
section 1 of the nanowire the domain wall is pinmedhe kink area (Fig. 6.18a) the
majority of the switching events amount to - 328 anid the calculated average of the
switching field equals <k:> = - 323 mT. Figure 6.18b shows the switchingdfiel
distribution of section 1 with depinning of the daimwall between the sections. Most of
the detected switching events occur at fields oluadb 306 mT. The calculated average of
the switching field in this experiment is sf#> = - 307 mT. The relative shift of the
average switching field of section 1 dependinglmndctual magnetization configuration
of section 2 can be explained to occur as a re$wtstray magnetic field from section 2
acting on section 1 and exchange interactions lestveth sections. This strictly means
that biased hysteresis loops represent the mingpsloof the investigated nanowire.
Further, we can conclude that if there is not a&ib@ effect observed in the hysteresis
loop the nanowire switches its entire magnetizatidrese experiments (MFM and Micro
Hall study) reveal that the domain wall behavioring the magnetization reversal can be
controlled by a pinning center such as a bent af¢lae nanowire and a bent area can be
used to confine the domain wall during magnetizateversal [134,135]. The process of
magnetization reversal of the nanowire can be rapéed by such pinning center and
reversed, which provides a biasing of the measoniedr hysteresis loop.

6.2.6.Summary and discussion

In conclusion, we investigated the switching bebawf Fe-filled CNT with
diameter of about 16 nm and length in ma range. The angular dependence of the
nucleation fields shows a large increase of thedeeg for low angles. This feature is
characteristic for Stoner-Wohlfarth model of magzagton reversal in unison. However,
we observed large suppression of the switchingl fielues of about 50%. This can be
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qualitatively explained in terms of the model prepd by Richter in which he considered
and performed calculations of switching fields iiafinite length ferromagnetic particles
with defects. The effective volume for nucleatiomrided from the temperature
dependence of the nucleation field is almost twabers of magnitude smaller than the
volume of the nanowire. This suggests that magaetiza switching is realized via
nucleation of reversed magnetization and fast grapan of corresponding domain wall
through the nanowire. The magnetization reversatgss can be proposed as a localized
mechanism in which the nucleation fields follow @herent like rotation process while
possibly structural defects of the nanowire ar@aoasible for the massive suppression of
the nucleation field values.

The bent area of the nanowire provides the pingegmger in which the domain wall can
be confined during the magnetization reversal asvahby the MFM image. The process
of magnetization switching can be interrupted aegtersed, what can explain the
experimentally observed biasing of the minor hyestexloop.
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7. Summary

The aim of this thesis was to develop a micro Hadlgnetometry setup for investigation
of magnetic properties of magnetic nanostructuras & apply this device for
investigating the magnetization reversal in indixatl ferromagnetically filled carbon
nanotubes. These measurements were accompaniéadilssof ensembles by means of
Alternating Gradient and SQUID magnetometry.

Studies on ensembles provide an overview on thenetmg properties of carbon

nanotubes. We have found strong effects of the irenta catalyst particles on the

magnetization of the material. The magnetizatiagists turned out to be a very sensitive
tool for determination of residual catalyst materffdarough our magnetization studies we
confirmed that a new method of post-annealing of TCprepared by means of
ferromagnetic catalyst material removes the catalyghout destroying the CNT

material. In addition, the absence of any ferroneignmpurities was also confirmed for
CNTs made with Re catalyst. In both cases, theltneguCNTs are hence appropriate
starting materials for investigation of CNT compesi with magnetic materials, e.g.,
magnetically functionalized ones, or for biomediecslage which requires ultrapure
materials.

The set-up of the micro Hall device and the measargs of individual Fe-filled CNT
comprised utilized the following steps and experntaétechniques:

* Design of the pattern containing Hall crosses atsl writing onto the
heterostructure,

» Transfer of the pattern into the heterostructuréase,

» Testing the structure of the devices by means & 8&d AFM,

» Contacting the 2DEG,

« Electrical testing of the contacts and devices,

e Micromanipulation of individual nanowires and plagione end of the nanowire
onto the sensing area of the micro Hall device,

» Detailed studies of the magnetization switching s®lected individual Fe
nanowires.
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The GaAs/AlGaAs-based micro Hall sensors were araosrely prepared at the IFW
Dresden for the first time. The device was succdlydbuilt and it was tested by means of
studies on Fe nanowires protected by carbon sl@ils.studies show that the prepared
micro Hall sensors are excellent devices for detiaihvestigation of nanoscale magnetic
nanowires. One challenging and time consuming itagis research was to exactly place
the end of the nanowire at the center of the Halksr.

In our studies we performed a detailed investigatd the magnetic properties of two
single crystalline Fe nanowires. Previous MFM gstgdishowed that the magnetic
configuration of straight Fe nanowires in the resmnstate is single domain. The
experimentally determined temperature dependencéh@fnucleation fields and the
effective volume derived from these data suggeat the process of magnetization
reversal is governed by thermally activated nuadeatof a domain with reversed
magnetization and propagation of the correspondomain wall through the volume of
the nanowire. Hysteresis loop measurements at Emgeesd provide the nearly square
shape behavior of hysteresis loops which reveals $imgle domain magnetic
configuration of the nanowire. However we obsenaedadditional step in hysteresis
loops which we ascribed to the depinning of the domwall during the magnetic
switching process. The angular dependence of nimtetollows the curling model and
the exchange constant of iron, derived from the ifitin the good agreement with
literature values. Thus our data reveal that thgmetzation reversal is a localized
process whereas the initial nucleation field fokothe curling model. At angles nearly
perpendicular to the nanowire axis we detect végi hucleation fields of about 900 mT
which value is close to the anisotropy field ofnird@his finding suggest the high quality
of the iron filling and renders iron filled CNTs adesirable material for future
applications like MFM sensors, or spintronic desice

A very different picture of the magnetic propertieprovided by micro Hall studies
performed on a bent iron nanowire. The angular deégece of the nucleation fields and a
large increase of the nucleation field at low asddesuggest that the process of
magnetization reversal has a coherent charactewelkr, we observed a large
suppression of the nucleation fields. This mighekplained by some structural defect of
the filling. Again the temperature dependence ef lucleation fields suggests that the
magnetization switching is governed by nucleatidnaosmall domain with reversed
magnetization and propagation of the domain walm@édel is presented where the bent
area of the nanowire forms a pinning center in Wwhinder certain circumstances during
the magnetization switching process the domain waf be trapped. Additional MFM
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studies showed that indeed only one part of thewasa can be switched. The process of
magnetization reversal might then be interruptedsiogh a pinning center and reversed
which can explain the experimentally observed bgsif the minor hysteresis loop.
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APPENDIX

Calculation of the device angle tilt

Figure A: Sketch of the device tilted with an angle

The Hall coefficient in such a configuration equals

IH, |MH, ALY

Uu1 and Uy, is the Hall voltage measured after applicatiorcwdrent | and an external
magnetic field | and H., respectively.

R, = Y
| H,
(A2)
S= UH2
| [H,,

Where Ry is the Hall coefficient obtained in experimentsthwapplied an external
magnetic field H, while S is the slope of a hysteresis loop dugltiag of the plain of
the device upon application of an external magrfetid H;.
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T
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O

I

Inserting H, and H,, from equation A4 into equation A3, we receive:

Ry, _U,,[H,[cosa
S U,,H, Bina

According to Al, we receive:

h =ctga
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