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INTRODUCTION AND MOTIVATION

Since several years there is growing interest in the synthesis and properties of magnetic
nanoparticles because of the wide range of possible applications. Due to their nanoscale
dimensions such particles and wires have great potential for the development of mag-
netic recording media with increased storage density.!? Another interesting field of
application is the medical sector. Magnetic nanoparticles are already used as contrast
agent for magnetic resonance imaging.® Carbon nanostructures filled with magnetic
material can be used for hyperthermia treatment of cancer and provide an alterna-
tive to chemotherapy.*® Furthermore, magnetic nanostructures constitute interesting

materials for new sensors.%”

Carbon nanotubes can be thought of as formed by a single or multiple concentric rolled
up graphene layers with diameters from 1 to 150 nm. They posses extraordinary prop-
erties. Their elastic modulus was found to be in the order of 1TPa which is the highest
measured for any material so far. The nanotube’s aspect ratio (length:diameter) of
10 to 1000 and more depending on the synthesis method is one of the reasons that
CNT are attractive as possible sensors for scanning probe techniques. It has already
been shown® that carbon nanotubes reveal great potential as probes for atomic force

microscopy (AFM).

Carbon nanotubes filled with a ferromagnetic material (e.g. iron filled carbon
nanotubes, FeCNT) combine the interesting properties of nanoscaled magnets and
mechanically stable carbon nanotubes. They can be grown with a high filling ratio
via chemical vapor deposition (CVD) and their properties can be adjusted to some
extent by varying the growth conditions. The magnetic properties of the enclosed
nanowire are in part determined by its small size and elongated shape. The carbon
shells act as a protective container for the magnetic filling preventing oxidation and
mechanical damage. Thus the magnetic properties of the filling remain unchanged for
a long time enabling possible applications as sensors or actuators. For these purposes,
the magnetic properties of these structures need to be investigated in detail. Since
the synthesis of FeCNT yields a distribution of filling lengths and diameters with dif-
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Introduction

ferent resulting magnetic properties, such as switching fields and domain formation,
it is not always possible to derive the properties of an individual FeCNT from mag-
netic bulk measurements. For this purpose methods like micro-Hall or micro-SQUID
magnetometry need to be applied.? A popular method to obtain spatially resolved in-
formation on the magnetic properties of magnetic nanostructures is magnetic force
microscopy (MFM). MFM is a scanning probe technique used to image the mag-
netic stray field perpendicular to a sample’s surface.'®!! It is employed in industry
as well as in research and development to investigate the magnetic properties of, e.g.,
magnetic recording media,'? magnetic nanostructures® and magnetic thin film struc-
tures'®. With high aspect ratio probes, it is currently possible to achieve a high lateral
magnetic resolution of up to 10 nm. '

In this work, magnetic force microscopy will be used to investigate the magnetic prop-
erties of individual FeCNT. It can give insight into the nanowire’s magnetic domain
structure, and by performing MFM while or after applying a defined external mag-
netic field it is possible to determine the magnetic switching fields of individual iron
nanowires. Furthermore, the MFM tip or a suitable AFM tip can be used to bend the
nanowire and observe the influence of the changed shape on the magnetic behavior.
The second part of this work will focus on the fabrication and application of FeCNT
themselves as probes for MFM. It will be shown that these probes exhibit several

advantages compared to conventional probes.

MFM probes usually consist of a conventional scanning force microscopy probe (a sil-
icon or silicon nitride cantilever with a sharp pyramidal tip at its front end), which
is covered by several nanometers of hard magnetic material. The magnetic coating is
then magnetized along the pyramid axis, leading to an interaction between the tip’s
magnetic moment and the sample stray field. This arrangement is relatively easy to
fabricate and yields good MFM images, but it also has several disadvantages. The
metallic coating is subject to oxidation, which makes it necessary to store the probes
in a vacuum or apply a protective layer. Furthermore, the magnetic coating can easily
be damaged when scanning the sample surface. For magnetic imaging applications,
an additional disadvantage is that the active magnetic volume of the tip coating has a
complex shape. Because of this, the effective magnetic tip coating involved in the tip-
sample-interaction depends on the geometry of the sample stray field.¢7!® This makes
it hard to quantitatively evaluate the MFM data. Moreover, additional moments
along the sides of the pyramid reduce the achievable magnetic resolution. All these
aspects lead to the conclusion that the ideal MFM probe would have a sharp tip and a
high aspect ratio for good topographic imaging, great mechanical strength, oxidation

protection, and a defined magnetic moment perpendicular to the sample surface. The

16



Introduction

latter might be a dipole moment spatially confined in three dimensions or a monopole
moment given by a nanowire (i.e., confined in two dimensions). Iron-filled carbon
nanotubes exhibit all of these mentioned properties, which makes them excellent can-
didates for MFM tips. Other nano-objects like magnetically-coated nanotubes!? or
spherical magnetic particles?® have already been used for MFM imaging. However,
the elongated, cylinder-like iron nanowires contained in the carbon nanotubes have
the advantage that they form very defined dipoles. To a close approximation, only
the monopole at the end of the nanowire that is close to the surface interacts with
the sample stray field. This creates the possibility of straightforward quantitative

MFM measurements that are independent of the sample stray field geometry.

This thesis is divided into six chapters. The first chapter will briefly discuss selected
properties of carbon nanotubes. Some basic concepts of magnetism in the nano- and
microscale are presented in chapter two. In the third chapter, the characterization and
fabrication methods used are described with the focus on scanning force microscopy.
Results on the magnetic properties of individual carbon nanotubes obtained by MFM
and cantilever magnetometry are discussed in chapter four. In the fifth chapter it will
be shown how iron filled carbon nanotubes can be applied as sensors for MEM. Results
on the calibration of such FeCNT MFM sensors for quantitative MFM measurements

will be presented in chapter six.
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1 INTRODUCTION TO CARBON
NANOTUBES

Carbon nanotubes (CNT) present an additional modification of carbon next to dia-
mond, graphite (graphene) and fullerenes. The unique mechanical, electrical and chem-
ical properties of CNT have attracted much interest since their discovery in 1991.2
The intrinsic properties as well as the possibility for a large variety of functionaliza-
tions lead to a multitude of potential applications. The main focus of this work is on
the properties of the ferromagnetic filling of carbon nanotubes. Nevertheless the main

characteristics of CN'T themselves will be presented in this chapter as well.

1.1 STRUCTURE AND PROPERTIES OF CARBON NANO-
TUBES

Carbon nanotubes can be described as hollow cylinders of carbon with a diameter
in the nanometer range and a length that can vary from nanometers to centimeters
depending on the synthesis method. The resulting aspect ratio (length:diameter) can
take values anywhere from 10 to 10® which is significantly larger than what can be

1.22 This gives already a first impression of the unique

achieved with any other materia
properties of this fascinating nanostructure. The structure of a CN'T can be derived
from the graphite structure by imagining a graphene sheet (graphene being one two-
dimensional layer of carbon atoms in graphite) that is rolled up to a cylindrical form.
Nanotubes composed of only one of such cylinders are called single-walled carbon
nanotubes (SWCNT'). The nanotube ends often have the shape of fullerene-like caps
(Fig. 1.1). The carbon atoms in a graphene layer are sp? hybridized, two 2p orbitals
mix with the 2s orbital of atomic carbon. This results in three coplanar orbitals with a
120° angle between them that create strong o bonds between the hexagonally arranged
carbon atoms. The remaining 2p orbital is oriented perpendicular to this plane and

forms the m bond (double bonds) between every second pair of carbon atoms.
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1 Introduction to carbon nanotubes
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Figure 1.1: Left: Hexagonal lattice of a graphene sheet. The unit vectors a; and ag define
the unit cell which contains two carbon atoms. C is the chiral vector and 0 the chiral angle
that define the structure of each SWCNT. The special types zigzag and armchair are shown
by arrows. Right: Sketch of a single walled CNT.

The structure of a single walled CNT can be described by the chiral vector C, a vector

between two crystallographically equivalent sites of the graphene lattice:

C =na; +mag =: (n,m) (1.1)
a; and a, denote the unit vectors of the two-dimensional lattice, n and m are integers.?3
The unit cell thus contains two carbon atoms (two-atomic base). The tube is formed
by rolling up the graphene sheet such that two points connected by the chiral vector
coincide (Fig. 1.1). A pair (n,m) or the chiral vector § defines a SWCNT of a certain
chirality. The zigzag structure corresponds to each pair (n,0) and a chiral angle of 0°,
armchchair CNT are defined by the indices (n,n) and the maximum possible angle
0=30° (n # 0). All cases in between are the so-called chiral SWCNT. The diameter

of the resulting nanotube is given by

IC|  avn?+ 2nm + m?

dswont = — = (1.2)
v T

where a = v/3-1.42nm = 2.46 nm is the lattice constant of graphene with the distance

between two carbon atoms being 1.42 nm.

The electronic properties of SWCNT can be deduced from the energy dispersion of
graphene. In graphene, the valence and conduction bands touch at the six K points

in the hexagonal two-dimensional Brillouin zone creating a zero-gap semiconductor.

20



1.1 Structure and properties of carbon nanotubes

In the case of SWCNT, the band structure depends strongly on the chiral vector C
of the individual nanotube. A simple equation can predict the behavior of a specific
SWCNT:

n—m=3N (1.3)

where N is an integer.?! If this relation is true, the nanotube is metallic (e.g., armchair
CNT), otherwise it is semiconducting. A SWCNT can be regarded as a nearly perfect
one-dimensional electronic conductor enabling many potential applications such as
nanotube based transistors.?” During SWCNT synthesis, all chiralities are produced

leading to mixed samples of metallic and semiconducting nanotubes.?3

Carbon nanotubes exhibit a tremendous mechanical and chemical stability. The elastic
modulus can be in the order of 1 TPa depending on the synthesis method. Addition-
ally, CNTs can be bent, elongated or compressed to a large extend without fracture.
In most cases, the CNT goes elastically back to its original shape.?® Their extraordi-
nary strength and elasticity make CNT an ideal ingredient for very robust composite

materials.

Multi-walled carbon nanotubes (MWCNT) are composed of two or more coaxial car-
bon cylinders with intershell coupling between neighboring shells. The cylinders are
spaced like the individual graphene layers in graphite (3.4 A) The resulting MWCNT
diameter can range from several nm up to more then 100 nm. The above mentioned
properties are shared by SWCNT and MWCNT to a large extent. However, the elec-
tronic properties of MWCNT depend strongly on the structure of the specific sample.
MWCNTs are theoretically predicted to be metallic. Experimentally, both ballistic
and diffusive electron transport have been reported.?”?® With an increasing number
of shells, most often combined with a larger amount of defects, the diffusive transport

mechanism dominates.

Several experimental techniques to determine the elastic modulus of MWCNT have
been developed, it is most often found to be lower than in the case of SWCNT.
Poncharal et al. observed static and dynamic deflections of MWCNT through an
electrostatic excitation.?” The elastic bending modulus was found to decrease sharply
from about 1 to 0.1 TPa when the MWCN'T’s diameter increases from 8 nm to 40 nm.
This is on the one side due to wavelike distortions during the nanotube bending, on
the other side thicker MWCNT often contain more defects which reduce the mechan-

1.%% who used

ical stiffness. This result was confirmed by the experiments of Lee et a
force-displacement curves recorded in an atomic force microscope for stiffness mea-

surements. The elastic modulus showed a difference of nearly two orders of magnitude

21



1 Introduction to carbon nanotubes

for a doubled MWCNT diameter. Nevertheless the nanotube’s stiffness is still larger
or at least comparable to other materials like steel (200 GPa) or silicon (100 GPa).

1.2 SYNTHESIS OF CARBON NANOTUBES

Carbon nanotubes can be synthesized using a multitude of techniques. One of the
most popular is the arc-discharge method which uses a high temperature (>2000°C)
discharge between two graphite electrodes to sublimate the carbon.®' The result is
a complex mixture of SWCNT, MWCNT, amorphous carbon and graphite which
requires further purification. In the laser ablation technique, a rod composed of a
graphite/catalyst mixture is vaporized by a laser pulse.?* It yields primarily bundles
of SWCNT.

The most promising technique for a large-scale production of CNT is chemical va-
por deposition (CVD) using hydrocarbon precursors. Carbon-containing gases such
as methane, ethane or acetylene are catalytically decomposed at the surface of metal
particles at reaction temperatures of 500-1200°C. %333 The spectrum of possible cata-
lyst materials is very broad, iron, cobalt and nickel are among the most often used.!
The catalytic action of the metal leads to the controlled growth of carbon nanotubes.
Despite extensive experimental and theoretical studies on the subject, the growth
mechanism is still not completely understood. The most popular growth model sug-
gests that carbon in the gas phase is dissolved in the liquid catalyst particles until
saturation is reached. The excess carbon is then segregated at the particle surface
in the form of fullerene-like caps that develop into nanotubes.?® This process is con-
trolled by the diffusion of carbon within the catalyst particle. Process parameters such
as temperature, pressure, gas flow rate, reactor geometry, catalyst particle size and of
course the type of hydrocarbon and catalyst material crucially influence the structure
of the resulting carbon nanotube. By choosing the appropriate growth conditions,
length, thickness and morphology of the CNT product can be controlled to a certain
extent. In general, a mixture of MWCNT of varying diameter is much more easily to

synthesize than their single-walled counterparts.

While the laser ablation and arc-discharge method yield a loose powder of CNT, CVD

77 oriented layers of nanotubes on a substrate. A

can be used to grow ”‘forest-like
popular arrangement is to use metal-coated silicon wafers. At the high reaction tem-
peratures, the coating layer breaks up into small particles which then act as nanotube
nucleation sites as described earlier. The simultaneous growth of nanotubes with a

large density on the substrate surface leads to a reduction of the degrees of freedom
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1.3 Filled carbon nanotubes

during growth and a mutual support and alignment. ¢ This effect can be enhanced by
applying an electric field during growth. 3" In plasma enhanced CVD, a high frequency
electric field is used to ionize the carrier gas. The resulting electric field perpendicular

to the substrate surface strongly enhances the nanotube alignment.3®

1.3 FILLED CARBON NANOTUBES

In the last years there was an increasing interest in filling different materials into
the hollow core of carbon nanotubes. Due to their nanoscale size, carbon nanotubes
filled with ferromagnetic materials are considered to have potential applications in
various fields reaching from sensor devices to medical treatments. In addition, the
carbon shells provide an effective barrier against oxidation and consequently ensure a

long-term stability of the ferromagnetic core.

Various methods for the filling of carbon nanotubes have been explored including cap-
illary infiltration using wet-chemical techniques,? arc discharge*® and chemical vapor
deposition.?* Among these, CVD is again the most promising technique to produce
filled carbon nanotubes in large quantities for low cost industrial applications. The
thermal decomposition of ferrocene combined with a catalyst-coated substrate surface
is a favorable way to produce aligned iron filled carbon nanotubes (FeCNT) in a good
quality with high yields. Ferrocene (Fe(C5Hs)s) is an organometallic chemical “sand-
wich” compound consisting of a central iron atom coordinated by two cyclopentadienyl
rings on opposite sides. During the FeCNT synthesis, ferrocene acts both as a source
for carbon and iron. Fig. 1.2 shows a schematic drawing of a two stage CVD furnace
for the fabrication of FeCNT from ferrocene. In the first hot zone which is kept at
~180°C, ferrocene is sublimated and subsequently carried by a noble gas stream to the
second hot zone where the molecule is decomposed at temperatures of ~600-1000°C.
To enable an aligned growth of FeCNT, a silicon substrate coated with a couple of

nanometers of iron catalyst is used. The metal layer breaks up into semi-liquid is-

l><| I><| ’— quarz tube

Ar ferrocene crystals
|—VA substrate with
—— ———1 =
heater 1: 180°C heater 2: 800°C

Figure 1.2: Schematic drawing of a two stage CVD furnace for the fabrication of FeCNT
from ferrocene. The carrier gas Ar transports the sublimated ferrocene from the sublimation
zone into the reaction zone.
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Figure 1.3: Schematic showing a possible growth mechanism for iron filled carbon nanotubes
from ferrocene as a precursor.

lands upon heating on which the ferrocene molecules can decompose more easily due
to the catalytic action. The growth process then resembles the mechanism described
in the previous section, but now the iron which is present in the furnace atmosphere
is incorporated into the CNT during growth (Fig. 1.3). This leads to the growth of
multi-walled CNT filled with iron nanowires. The nanotube length, the diameter of
the iron filling and the filling ratio can by varied to a certain extent by adjusting
the CVD process parameters. These include the furnace temperature, the gas flow
rate, the substrate position in the furnace and the amount of precursor material used.
However, the growth of FeCNT is not as easy to control as for hollow CNT since the
catalyst material (iron) is also present in the gas phase, not only on the substrate. This
can lead to a deposition of FeCNT or carbon coated iron particles all over the furnace
or on already grown nanotubes. The details of the CVD process used to fabricate the

FeCNT in this work will be explained in more detail in section 3.1.
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2 REVIEW OF THE MAGNETISM OF
IRON NANOWIRES

Magnetic nanostructures are a technologically relevant area of research with many
possible applications in magnetic recording, sensing and spin electronics.*! In addi-
tion, they are scientifically interesting as they can be considered as model systems to
study magnetic reversal and interaction processes in low-dimensional magnetic struc-
tures. Recent research has led to a broad variety of low-dimensional systems such as
nanoparticles, nanowires, nanodots and antidot structures.? Among these, ferromag-
netic nanowires exhibit unique and tunable magnetic properties that are very different
from those of bulk ferromagnets, thin films or spherical particles.*® Some of these

properties will be highlighted in this chapter.

2.1 RELEVANT ASPECTS OF FERROMAGNETISM

Magnetism can arise from two different origins, the orbital motion of the electron
and the electron spin of incompletely filled orbitals. In metals like Fe, Co or Ni, the
magnetic moment m is largely given by the spin. If there is a non-zero magnetic
moment in the atom, an external magnetic field H tends to orient the intrinsic atomic
magnetic moment along its own direction. The resulting positive moment parallel to
the field is the Langevin paramagnetic moment. The magnetization M of the material
is defined as the magnetic moment per unit volume. An external field can only align
the moments of a paramagnet very weakly. Already at room temperature the thermal

energy is large relative to the magnetic energy. 42444

Much stronger effects can arise from the exchange interaction between atomic mo-
ments. In some materials, the formation of an atomic magnetic ordering is energeti-
cally favorable. This ordering can be stable even in the absence of an external field.
If the atomic moments are aligned parallel within spatial domains, the material is

ferromagnetic. In that case, the alignment of all atomic moments leads to a saturation
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2 Review of the magnetism of iron nanowires

magnetic moment. The effect of the exchange interaction can be expressed in terms of
an exchange field whose magnitude is often much larger than that of an external field.
As mentioned before, the alignment due to the exchange field can be disturbed by a
thermal excitation of the moments. Above a certain temperature (Curie temperature
Tc) the spin order and thus the spontaneous magnetization is destroyed, the sample

changes to the paramagnetic state.

2.1.1 Energetic considerations

The local magnetization M(r) of a magnetic material is determined by its magnetic
energy E(M(r)). It can be obtained by finding the minima of E as a function of
the external field H. There are four main contributions to the magnetic energy, the
exchange energy F,,., the magnetocrystalline anisotropy energy F,,., the magnetostatic

energy (shape anisotropy) Ep and the Zeeman energy Ej: 424446

E=FE.,+FE,.+Ep+Ey, (2.1)

The short-range exchange interaction is a quantum mechanical effect which can lead
to an alignment of neighboring spins. It is the main cause for a long range magnetic

order and can be described by

M M, \* M,\? M. \?
g fafvqp) o= [al(vig) « (v3) + (Vi)

where A denotes the exchange stiffness constant, M, the saturation magnetization

v (22)

and V' the sample volume. The exchange stiffness is a measure of the force acting
to keep the spins aligned. It is related to the exchange integral J, the magnitude of
the individual spins and geometric factors associated with the crystal structure of the

magnetic material. 344

The energy of a magnet depends on the orientation of the magnetization with respect
to the crystal axes. This tendency to align the magnetization preferably along one
particular crystallographic axis is called magnetocrystalline anisotropy. Its origin
is the coupling of the spin part of the magnetic moment to the shape and orientation
of the electronic orbital (spin-orbit coupling) and the interaction of the orbitals with
their environment (crystal field). If an atom with an asymmetric electronic charge

distribution is placed in an asymmetric local crystal field (crystal of low symmetry), the
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2.1 Relevant aspects of ferromagnetism

atomic orbitals have an energetically favorable orientation within the crystal field. In
materials with a strong spin-orbit coupling the torque on a spin in an external magnetic
field which deviates from the magnetocrystalline easy axis may also act on the orbital
moment. A large field can then even cause large anisotropic strains (magnetostriction).
In the case of a uniaxial anisotropy (i.e. for cobalt), the magnetocrystalline anisotropy

may be represented by a series expansion of the form*”

Epe =Y K,Vsin™0 (2.3)

where the K, are the anisotropy constants and 6 is the angle between the magnetiza-
tion vector and the crystallographic easy axis. Odd powers can be omitted since by
symmetry the positive and negative 6 directions are crystallographically and magneti-
cally equivalent. > The most simple expression for a magnet of low symmetry (triclinic

or monoclinic) with volume V' is

Epe = K1Vsin®0 (2.4)

with the first uniaxial anisotropy constant K. Anisotropy expressions for crystals of
higher symmetry usually contain higher order terms. In the case of a cubic anisotropy
as in iron, the determination of the magnetocrystalline anisotropy contribution is more
complicated. The crystal axes are the directions of easy magnetization, the body
diagonals correspond to the magnetic hard axes. The anisotropy energy of iron in an
arbitrary direction of the magnetization with respect to the cubic axes is expressed
with the corresponding directional cosines aq, ag, 3. Due to restrictions imposed by
the cubic symmetry, the first terms contributing to the anisotropy energy are the 4%

and 6" order terms:*”

Epe = K1V (0203 4 a3a? + aia?) + KyV(a2aia?) (2.5)

In the case of iron, the second term of Eq. 2.5 is small and often only the first term is
considered (K;=4.6-10*J/m?, K,=1.5-10*J/m® at room temperature*’**).

It is often convenient to express anisotropies in terms of anisotropy fields. For the
example in Eq. 2.4 the expression would be ugH) = 2K;/M,. Materials with a high
magnetic anisotropy that can keep the magnetization in a desired direction are of-
ten used as permanent magnets. For magnetic recording materials with intermediate

anisotropies are preferred.
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2 Review of the magnetism of iron nanowires
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Figure 2.1: Origin of the magnetic shape anisotropy (schematic). The homogeneous sample
magnetization M in a single domain particle leads to the creation of free magnetic poles at
the sample extremities. These lead to an internal demagnetizing field Hp. Depending on
the magnetization direction, the amount of magnetic surface charges can be larger (left) or
smaller (right) leading to a corresponding magnetostatic energy difference.

At the surface of a ferromagnetic body the magnetization M diverges. If the magneti-
zation has a component perpendicular to the surface plane, free magnetic charges are
formed (Fig. 2.1). The closing path between these virtual “monopoles” is through the
body, a demagnetizing field Hp opposite to the magnetization is formed. Fig. 2.1
shows two differently magnetized elongated single domain bodies. If the magnetiza-
tion is oriented along the short axis (left image), many magnetic poles are created on
the large top and bottom surfaces creating a large demagnetizing field. If the body is
magnetized along its long axis, only a few magnetic surface charges are formed on the
small faces resulting in a smaller demagnetizing field. When this example is extended
to an infinite plate magnetized in plane or a rod magnetized along its axis, there is no
demagnetizing field at all. This shape anisotropy makes it easier to magnetize the
object along its long axis than along its short axis. Depending on the shape of the
magnet, Hp can be a very complicated function of position. However, there are a few

simple cases. For an ellipsoidal magnet,

H) = —NM (2.6)

where N is the demagnetization tensor.** If the ellipse is uniformly magnetized along
one of its axes, IV can be diagonalized and only contains the elements N,, N, and V..
For a sphere, N, = N, = N, = % yielding H; = —M/3. If the magnetization of a
very long cylindrical rod parallel to z lies along the rod axis, the magnetic charges
at its ends are very far away from each other. Thus the demagnetizing factors are
N, =0,N, =N, = % This case can be considered when dealing with ferromagnetic
nanowires. The magnetostatic energy Ep associated with a particular magnetization

direction can be expressed as

1 1
Ep = —§MOVM ‘Hp = §MOVNM32 (2.7)
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2.1 Relevant aspects of ferromagnetism

with the demagnetization factor N along the direction of magnetization. For long
wires, the associated shape anisotropy field can be expressed as poHy = 2K,/My =
%,uOMS with the shape anisotropy energy K, = Ep/V = %Mf Shape anisotropy is
mostly important in nanoscale objects. In a macroscopic magnet this mechanism is

substituted by domain formation.

The last term in Eq. 2.1 is the Zeeman energy, the magnetic potential energy of a

magnetized object in an external magnetic field H:

Ey = —poVM - H = — oV M Hcosf) (2.8)

with the angle 6 between the magnetization and the external field. E is minimized

when the magnetization is aligned with the applied field.

Eq. 2.4, 2.7 and 2.8 are based on a simple model for single-domain magnets with

homogeneous magnetization.*’

2.1.2 Magnetic domains

A magnetic domain is a region of homogeneous magnetization. Within a ferromagnetic
body, neighboring domains can be magnetized in different directions. Thus the atomic
magnetic moments are aligned on a small scale, but the overall magnetization can still
be zero if the domains compensate each other. Domain structures are formed to lower
the magnetostatic energy (stray field energy) of a system. If a magnet is saturated in
one direction (single domain state, left image in Fig. 2.2), magnetic poles are created
at its ends and a large stray field outside the sample is necessary to close the field
lines. If the magnetization is split in two domains (center image), the magnetostatic
energy decreases by a factor of two as the stray field’s spatial extension is reduced.
Accordingly, N domains will reduce the energy of the saturated state by 1/N.47 The
most favorable domain configuration in terms of a minimized magnetostatic energy
is schematically shown in the right image of Fig. 2.2. So-called closure domains are
formed at the end faces of the magnet and prevent the creation of free poles at the
surface. Consequently, the flux circuit is completed within the magnet, no stray field
develops and the magnetostatic energy associated with this state is zero. However,
it must be noted that changing the magnetization direction in a new domain and
creating a domain wall which separates the two domains costs energy. The exchange
interaction between two neighboring spins is minimized when these are oriented parallel
and maximized when they are antiparallel. Thus a minimized exchange energy in the

transition region between two domains favors a very small deviation angle between
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2 Review of the magnetism of iron nanowires

Figure 2.2: Reduction of the magnetostatic  // \\\
energy by the formation of domains. Left: Sin- [ \\‘ \\
gle domain state associated with a large stray Hr IM T Y I l I l
field. Middle: The formation of two domains | | ,‘

lowers the magnetostatic energy. Right: Clo- \ \ / f,“"
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and the correlated stray field. T N\ o/

neighboring spins resulting in very large domain walls. In contrast, in the case of a
magnetocrystalline anisotropy this scenario increases the anisotropy energy as the spin
orientation along one certain axis is favored and as few spins as possible should deviate
from the crystalline easy axis. An intermediate state must be found. In the case of
a 180° Bloch wall, the domain wall thickness can be estimated using the anisotropy

energy K and the exchange stiffness A:*2

dpw = W\/% (2.9)

A is usually in the order of 107'! J/m leading to a domain wall thickness of approx-
imately 50 nm for low anisotropy materials such as iron (K;=4.6-10*J/m?3) and 4nm
for hard magnetic systems as FePt (K;=7-10°J/m?).?® The domain wall energy den-
sity epw = 4v/AK is then in the order of 3 to 40 mJ / m?2. The corresponding values for
iron can also be found in table 2.1. The number of domains has reached its maximum
when the creation of a new domain wall costs more energy than the gain in magneto-
static energy. Especially when considering micro- or nanoscale magnets, the domain
wall energy is a crucial parameter that can favor a single domain state. An evaluation
of the relevant energy contributions reveals that spherical particles with a size smaller

than the critical size

36 VAK

crit — % WE (210)

prefer the single domain state.*? In very hard magnetic materials, D,.;; can exceed
1 um. The critical size is an equilibrium property. In contrast, hysteresis is a non-
equilibrium phenomenon caused by energy barriers. Furthermore, equilibrium do-
mains are qualitatively different from the nonuniform magnetization states occurring
during magnetization reversal. Thus the single domain size can deviate from the cal-
culated value if hysteresis phenomena occur. For non-spherical magnets, the critical
size increases with a decrease in the demagnetizing factor and increasing aspect ratio

(length/diameter). Cobalt and iron nanowires with an aspect ratio of 10 can be ex-
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2.1 Relevant aspects of ferromagnetism

Figure 2.3: Sketch of a typical hysteresis
loop, magnetization M versus magnetic field
H. The dashed grey line represents the corre-
sponding B— H loop. The gray area represents
the magnetic energy product (B - H)paz. Ms:
saturation magnetization, all spins of the sam-
ple are aligned along H, M,: remanent magne-
tization at zero field after saturation, H.: coer-
cive field, needed to reduce the magnetization
to zero after saturation, H,: field needed to
, ' reach magnetic saturation (saturation field).

pected to be single-domain for diameters less than about 140 nm, nickel with its smaller
saturation magnetization forms single-domain nanowires for diameters less than about

600 nm.*3

A second fundamental length scale is the exchange length given by*?

| A
I, = o~z (2.11)

It is the length below which atomic exchange interactions dominate typical demag-

netizing fields. This parameter determines the transition from coherent rotation to
incoherent nucleation as a magnetization reversal mechanism. In perfect wires, this
transition occurs at the so-called coherence diameter d.,, = 7.311[., which is for Fe,

Co and Ni 11, 15 and 25 nm respectively.

2.1.3 Magnetic hysteresis

Magnetic hysteresis refers to the history dependence of the magnetization on the ex-
ternal magnetic field. The magnetic system needs to overcome field-dependent energy
barriers to reach an energy minimum determined by a material’s anisotropy.*? In zero
field, thermal fluctuations are usually too weak to overcome these barriers in macro-
scopic bodies. The hysteresis loop, the function M(H) or B(H) = uo(H + M), is
obtained by averaging over the local magnetization M(r). Many complex factors such
as the magnet’s microstructure, orientation, shape and defects influence the result.
Fig. 2.3 shows a sketch of a typical hysteresis curve of a multi domain body or an as-
sembly of single domain particles with the parameters that can be obtained from it. A

hysteresis curve usually displays the magnetization component parallel to the external
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2 Review of the magnetism of iron nanowires

Figure 2.4: Schematic hysteresis loop M (H)

for different angles 8 between the external field
and the easy axis of a body with uniaxial
anisotropy: a) 6#=90° (hard axis), b) 6=0°
(easy axis).

field. When the field is increased from zero to the saturation field H,, the system is in
a magnetically saturated state M. When the field is driven back to zero, a remanent
magnetization M, remains. Only at the reversed field H. the sample magnetization
is zero before it changes sign. The hysteresis curve is due to an irreversible behavior
while the sample magnetization is reversed. This is due to energy barriers that hinder
the reversal, e.g., a hindered domain wall motion. The energy loss created by this
effect is given by the area inside the loop. A measure for it is the energy product
(B - H)pmas (gray area in Fig. 2.3). The energy product increases with the coercivity
H. which is often used to classify a magnetic material. Materials with a low coerciv-
ity (H. < 103A/m) are called soft magnetic and often used as transformers where a
small energy loss is required. High coercivity materials are called hard magnetic as the
magnetization is more stable against reversal. They are preferably used as permanent
magnets, e.g., in electric motors and generators.*?

When an opposing external magnetic field is applied, the sample magnetization can
reverse either by rotating in the field direction or by moving domain walls such that
domains magnetized along the field are expanded. If the material possesses any kind
of uniaxial anisotropy, the reversal mechanism depends strongly on the alignment of
the external field with the magnet’s easy axis (magnetization direction favored by the
anisotropy). The hysteresis behavior can be estimated by evaluating the magnetic
energy of the system in the external field and finding the equilibrium value defined by
OE/00 = 0 and §?E/96* > 0.7 For a simple model, one can consider a particle with
domain walls parallel to its easy axis. If the field is applied perpendicular to the easy
axis, it exerts a torque on the magnetization which consequently rotates continuously
with the field. This results in a slanted hysteresis loop with no coercivity (Fig. 2.4 a).
If the field is applied along the magnet’s easy axis, there is no torque on the domain
magnetization, but on the canted spins in the domain wall. These can rotate to align
with the field thus shifting the wall in favor of the aligned domain. As usually the
domain walls are pinned in some way and the nucleation of a new domain wall in
a single domain particle requires energy, this process can only start after an energy
barrier is overcome. When this happens, the magnetization of the particle reverses

abruptly at the so called switching field. This results in a rectangular hysteresis loop
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2.2 Properties of iron

with a large remanent magnetism and a coercivity depending on the size of the energy
barrier (Fig. 2.4b).

The dependence of a single nanowire’s switching field on the angle € between the
external magnetic field and the wire axis is often measured to obtain information
on the mechanism of the magnetization reversal within a nanowire.*® A reversal by
coherent rotation or curling can be distinguished by the shape of the resulting curve.
Coherent rotation means that all spins rotate simultaneously parallel to each other
towards the external field thus minimizing the exchange energy. In curling mode
neighboring magnetic moments do not need to be parallel which permits the formation
of configurations with no net magnetization along the wire’s hard axis minimizing the
demagnetization energy. These reversal mechanisms will not be discussed in detail
here as the samples studied in this work rather suggest a reversal via the introduction
of a domain wall (section 4.2). However, the nucleation of the first small section of
reversed magnetization in a nanowire might be explained by a curling mechanism (see
Lipert et al.”)

Hysteresis loops of a polycrystalline sample or an ensemble of particles usually average
over a distribution of easy directions. The resulting curve is then rounded and the
extracted parameters are only valid for the whole ensemble, not the individual grains

or particles.

2.2 PROPERTIES OF IRON

Iron can occur in three different modifications, some of their properties are shown in
table 2.1. At room temperature, the body-centered cubic crystal structure of «-iron
(ferrite) is present. However, depending on the synthesis method also y-iron can be
found in the confining structure of a carbon nanotube. &-iron is usually only found
at very high temperatures. Table 2.1 also lists some intrinsic magnetic properties of
a-iron:*? the saturation magnetization M,, the exchange stiffness A and the first and

second anisotropy constants K; and K.
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2 Review of the magnetism of iron nanowires

Table 2.1: Properties of iron. %" mp - melting point, M - saturation magnetization (300 K),*3
A-exchange stiffness,”® K 1,2 - magnetocrystalline anisotropy constants (300 K) 4748 dpw -
domain wall thickness“® (Eq. 2.9), ., - exchange length,(Eq. 2.11) dp, - coherence length.

a-iron ~-iron d-iron
ferromagnetic paramagnetic paramagnetic
stable until 1179K 1674 K 1812 K (mp)
crystal structure bee fcc bee
lattice constant 2.866 A 3.647 A 2.932 A
density 7.87g/cm? 7.65g/cm?
M, 1.7-10° A/m
A 1:10711 J/m
K, 4.6-10* J/m?
K, 1.5-10* J /m3
dpw 46,nm
lex 1.7nm
Aeoh 11nm

2.3 MAGNETIC PROPERTIES OF ENSEMBLES OF FERRO-
MAGNETIC NANOWIRES

Many experimental studies have been conducted on the magnetic properties of ferro-
magnetic nanowires. 1434653 Most of them regard the properties of a large ensemble
of nanowires, e.g., electrodeposited wires in a porous aluminum oxide membrane or
Fe-CNT aligned on a substrate. It has to be noted that it is in many cases not possible
to deduce the properties of an individual wire from these measurements. Nevertheless

the results reveal interesting tendencies that will be discussed in this section.

The magnetic properties of transition-metal nanowire arrays produced by electrode-
position were reviewed by Sellmyer et al.“® A typical hysteresis loop obtained of such
an array of iron nanowires is shown in Fig. 2.5a. The parallel and perpendicular sign
refer to the direction relative to the film plane, meaning perpendicular and parallel to
the nanowire axis. Both coercivity and remanence decrease significantly when mea-
sured perpendicular to the wire axis. This uniaxial anisotropy with the easy axis along

the wire axis arises from their large shape anisotropy. This example also shows how
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2.3 Magnetic properties of ensembles of ferromagnetic nanowires
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Figure 2.5: Coercivity of ferromagnetic nanowires. a) Hysteresis loop of an array of iron
nanowires with the external field applied parallel or perpendicular to the film plane. b)
Dependence of the corecivity of Co nanowires on the wire diameter and c¢) on the wire
length. (All images taken from Sellmyer et al.6)

the rectangular hysteresis loop for the field applied along the wire axis is smeared out
due to the averaging effect over a large ensemble of nanowires with different switching

fields and slightly different orientations.

Sellmyer et al. also investigated the influence of the length and diameter of cylindrical
nanowires on their coercivity. Fig. 2.5b and ¢ show the coercivity of Co nanowires as
a function of their diameter and length. For samples with varying diameter the length
was kept constant at ~800nm. The length dependence was measured with samples
with 10nm wire diameter. It can be seen that the coercivity decreases slightly with
increasing wire diameter. In contrast, an increasing nanowire length initially leads
to a steep increase of coercivity until a constant value is reached for an aspect ratio
>1:20. This dependence of the coercive properties on the wire dimensions can be used

to tailor nanowires with specific magnetic properties.
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3 METHODS

In this chapter, some methods that were used for the fabrication and characterization
of samples are briefly introduced. The focus will be on scanning probe microscopy as

this technique is of main interest in this work.

3.1 FECNT GROWTH BY CHEMICAL VAPOR DEPOSITION

The FeCNT material used in this work is synthesized by thermal CVD using solid
powder ferrocene as a precursor. A two zone furnace with separate sublimation and
reaction zones is used (see section 1.3).%* Silicon wafers with a 10nm aluminum layer
and a 2 nm iron layer on top were chosen as supporting substrate for the FeCNT growth
in the reaction zone. It was suggested in works of other groups®-°® that the aluminum
buffer layer improves the alignment of the growing iron-filled carbon nanotube arrays

and helps to produce a smaller distribution of tube diameters.

For the FeCNT synthesis, the ferrocene is sublimated in the sublimation zone for 10
minutes at 150°C and with a constant argon flow rate of 150sccm. Meanwhile, the
substrate is kept at a temperature of 300°C to prevent the condensation of ferrocene in
the reaction zone. After the sublimation reaches a constant level, the temperature of
the reaction zone is increased from 300°C to 800°C at a heating rate of 0.6 K/s. This
heating rate is chosen based on the fact that such relatively high heating rates support
the aligned growth of carbon nanotubes in the initial stage of the growth process.®”
At temperatures above 600°C, ferrocene starts to decompose®®. The resulting carbon
species interact with the iron catalyst layer and form carbon nanotubes and other iron
and carbon containing structures on the substrate. Iron atoms and clusters stemming
from decomposed ferrocene produce the iron filling of the nanotubes during their
growth.? The high iron to carbon ratio of the precursor leads to carbon nanotubes
with a long, continuous filling.%® However, this high ratio also leads to a decoration of
the already grown FeCNT with carbon coated iron or iron carbide particles (Fig. 3.2 ¢).
This can be a disadvantage for the application of the FeCNT.
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Figure 3.1: SEM micrographs of FeCNT produced by thermal CVD on a catalyst coated
silicon substrate. a) As grown FeCNT on the substrate. b) Upper part of the FeCNT forest.
Small iron containing particles decorate the exposed FeCNT ends. ¢) Lower part (close to
the substrate) of the FeCNT, the FeCNT have been scraped off the surface for this image.
d) BSED image of the region shown in b). The iron filled nanotube parts are of lighter color.

Figure 3.2: TEM micrographs of individual FeCNT. a) Section of a FeCNT with a 25 nm
wide filling. b) Zoomed in image of the boxed area in a). The crystalline iron filling and
carbon shells are clearly visible. Inset: Selected area electron diffraction pattern of the a-iron
filling. c) Section of a FeCNT that is decorated with carbon coated iron particles.
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3.2 Electron microscopy

SEM images show that this preparation method yields multiwall carbon nanotubes
with lengths between 10 and 25 um and a continuous iron filling of several microns
in at least one section of each tube (Fig. 3.1). The nanotube diameters lie in the
range of 50-100 nm. The iron core diameters were estimated in transmission electron
microscopy investigations to be 15-50nm (Fig. 3.2a). With high resolution selected
area electron diffraction measurements, the filling of the produced FeCNT could be
identified as a-iron (Fig. 3.2b).

3.2 ELECTRON MICROSCOPY

3.2.1 Scanning electron microscopy

In scanning electron microscopy (SEM) images are obtained by raster scanning the
surface of the sample of interest with a beam of electrons. The incident primary
electron beam interacts with the atoms at the conductive sample’s surface in different
ways. This leads to signals including secondary electrons, back-scattered electrons and
characteristic X-rays giving information about the sample’s surface topography, com-
position and other properties such as electrical conductivity. The achievable magnifi-
cation ranges from 100 times to more than 500000 times depending on the instrument
in use. 61,62

The most common imaging mode collects low-energy (<50 eV) secondary electrons that
are ejected from the K-orbitals of the sample atoms by inelastic scattering interactions
with the incident electrons. Due to their low energy, these electrons originate within a
few nanometers from the sample surface. They are detected by an Everhart-Thornley
detector. Back-scattered electrons (BSE) are beam electrons that are reflected from the
sample atoms by elastic scattering. The intensity of the BSE signal is strongly related
to the atomic number of the specimen, thus BSE images can provide information about
the distribution of different elements in the sample. Characteristic X-rays are emitted
when the electron beam removes an inner shell electron from an atom of the sample,
causing a higher energy electron to fill the shell and release energy in the form of

X-rays. These can be used to identify elements in the sample.

In this work, an FEI Nova NanoSEM 200 with acceleration voltages of 5-30kV is
used to image the FeCN'T samples. Furthermore, the fabrication of FeCNT sensors is
conducted in the SEM as will be explained in section 5.2. For this purpose, the SEM

is equipped with a Kleindiek three-axis micromanipulation system (Fig. 3.3).
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3 Methods

Figure 3.3: Kleindieck micromanipulator
setup in a SEM (in this work only one
manipulator was used) . @ Kleindiak Manotechnik

3.2.2 Focused ion beam

Focused ion beam (FIB) is a SEM-based technique for the localized analysis, deposi-
tion, and ablation of materials with a focused beam of ions (usually gallium). Most
often, a FIB is incorporated in a system with both electron and ion beam columns.
The electron beam is then used for imaging to avoid excessive damage to the sample.
The gallium primary ions hit the sample surface and sputter a small amount of mate-
rial. The ablation can be controlled via the beam current and exposure time allowing
a milling precision in the sub-micron range. Furthermore, a FIB can also be used to

deposit material via ion beam induced deposition.

In section 5.2 FIB is used to cut off unwanted parts of FeCNT MFM probes.

3.2.3 'Transmission electron microscopy

In transmission electron microscopy (TEM), a beam of high energy electrons ( 10 keV
up to several MeV corresponding to wavelengths in the pm range) is transmitted
through a very thin sample. Special electron lenses working with electric and mag-
netic fields are used to direct the electron beam. The optical path resembles that
of an optical microscope, however, the image formation is different. Due to a strong
absorption and scattering with the specimen atoms via Coulomb forces, the sample’s

thickness is limited to approximately 100 nm. %!

Here, a FEI Tecnai F30 is used for the structural investigation of FeCNT. The instru-
ment also enables high resolution selected area electron diffraction measurements to

investigate the sample’s crystallographic structure.

40



3.3 Scanning probe microscopy

3.3 SCANNING PROBE MICROSCOPY

3.3.1 Fundamental principles of scanning probe microscopy

Scanning probe microscopy (SPM) refers to all techniques that scan the surface of the
sample of interest with a probe adapted to the particular aims of the investigation.
The probe is operated via an electronic control unit with the probe sample interaction
as feedback parameter. The resolution of SPM is limited by the shape and size of the
probe, special probes can achieve atomic resolution. The scan range in SPM can be
as small as a few nanometers in scanning tunneling microscopy (STM) or larger than
100 pm in atomic force microscopy (AFM). The wide variety of possible measurement
conditions and modes makes SPM an important tool in all fields of micro- or nan-
otechnology. Specialized SPM techniques give information on several local properties
of surfaces such as the topography, the material’s elasticity and hardness, electrostatic

potentials, density of states and magnetic stray fields.

Scanning tunneling microscopy was the first SPM technique invented in 1981 by G.
Binnig and H. Rohrer.%%3 It is based on the quantum mechanic tunneling of electrons
between a metal tip and a conducting sample over a distance of ~1nm. The position
of the probe relative to the surface is controlled by piezo actuators, a technique which
is employed in all other SPM methods as well. After the success of STM that enabled
atomic resolution of conducting surfaces in 1982, many more SPM techniques were
developed in the following years. The most diverse method is probably atomic force
microscopy invented in 1986% due to the possibility to image different interaction

forces. These forces include:

e Short range forces
At tip-sample distances comparable to the extension of electronic wave functions
(below 2 A), these wave functions can overlap leading to repulsive forces due to
the Pauli exclusion principle. If the distance between tip and sample is very
small and there is no more electronic screening of the ionic atom cores, an addi-
tional repulsive force can occur. In the Lennard-Jones-Potential, these forces are
described by the (distance)™'? term. First AFM instruments used the so called
contact mode (static mode) which is based on the repulsive short range force

between probe and sample.

e Van der Waals forces
Van der Waals forces are dipolar forces based on statistical fluctuations in the

electron distribution of the involved atoms (dispersion forces). They are much
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Figure 3.4: a) Schematic showing the principle of a scanning probe microscope, e.g., an
AFM.*%%1 The resolution of SPM is limited by the shape of the probe. b) Schematic graph
of a cantilever deflection vs. distance curve in AFM.

weaker than the short range forces (in the order of 1072 N) but act over several
nanometers depending on size and shape of the tip. The corresponding potential
is proportional to (distance) 6. Van der Waals forces are detected in non-contact
mode (dynamic mode) AFM.

e Electrostatic forces
Electrostatic forces are caused by localized charges on the sample surface or SPM
probe or by a work function difference. Their magnitude and distance depen-

2 are given by the Coulomb law. The long range electrostatic

dence (distance)~
force can be used to estimate the surface topography at distances of hundreds
of nm by applying a bias between tip and sample. A bias can also be used to

cancel electrostatic interactions.

e Magnetic forces
Magnetic forces are detected by a ferromagnetic SPM probe. The force acts
between the probe’s magnetic moment and the magnetic stray field close to the
sample’s surface. The magnetic forces are longer range than van der Waals and
short range forces, however, their range depends strongly on the decay length
of the stray field. Magnetic force microscopy (MFM) measurements are usually
performed further away from the surface (10-100nm) to eliminate topographic
influences. Magnetic forces can be repulsive and attractive depending on the

distribution of charges and dipoles in probe and sample.

The technique of MFM will be explained in detail in the following sections. Addi-
tional forces, e.g., capillary forces in humid environment, can occur depending on the

measurement conditions.

In scanning force microscopy, the force-sensing probe usually consists of a miniaturized

cantilever beam clamped at one side and a probe tip mounted at the other end.% Orig-
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inally, electrochemically etched metal wires were used as cantilevers. An increasing
demand for cantilevers with integrated sharp tips led to the development of micro-
fabrication techniques based on silicon or silicon compounds. Nowadays a variety of
cantilevers with different geometries, mainly beam- and V-shaped with pyramidal tips,
are commercially available. According to Hooke’s law it is advantageous to have a low
spring constant for high force detection sensitivity. However, a low spring constant
increases the noise due to a thermal excitation of the cantilever. Additionally, if the
magnitude of the detected attractive force gradient gets close to the cantilever’s spring
constant, the cantilever position becomes unstable. It can then stick to the sample
surface without the necessary restoring force (jump to contact). At last, a low spring
constant also leads to a low resonance frequency which reduces the vibrational sen-
sitivity and SPM maximum scan rate. Thus a certain minimum spring constant is
needed. Commercial cantilevers have a spring constant in the order of 1072...10? N /m,

and a resonance frequency in the range of 10 to 500 kHz.%

Fig. 3.4 a shows the simplified working principle of an AFM. A sharp tip at the end of a
microfabricated cantilever beam is scanned line by line over the sample surface. AFM
cantilevers are usually made from silicon or silicon nitride with an etched pyramidal tip
at the end. The interaction force leads to a bending of the cantilever. The cantilever
position is detected through a laser reflection off the cantilever’s back side onto a four
quadrant photodetector. This signal is then fed back into the scan unit to control the
sample stage or perpendicular probe movement. The resulting image is a convolution
of the sample topology and the shape of the tip. The forces acting between probe and
sample at different distances can be seen in a deflection vs. distance curve (Fig. 3.4b).
To obtain such a curve, the deflection of the cantilever is plotted against its distance
from the sample surface. In Fig. 3.4 b, the different stages of the curve are numbered.
At large distances, there is no interaction (1) and thus no deflection of the cantilever.
When the force constant of the attractive force between sample and probe overcomes
the cantilever’s spring constant, the probe snaps towards the sample surface (2). Upon
further approach, the cantilever regains its unbent shape (3) before pressing onto the
surface (4). When the probe is retracted, it sticks longer to the sample surface due
to adhesive forces before snapping out of contact (5). Such curves can be used to
determine the sensitivity of the detector (volts per nm bending) and to determine the
exact position of the sample surface (corresponding to point 3) which will be useful in

the calibration experiments described later on.

As mentioned before, AFM measurements can be performed in the static or dynamic
mode. In the static mode (contact mode), the cantilever is scanned over the sample

surface similar to the needle of a record player. In the repulsive regime (stage 4 in
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Fig. 3.4b), the deflection of the cantilever according to Hooke’s law is detected and
used as the feedback signal. With an appropriate probe, atomic resolution can be

achieved.

All AFM and MFM measurement presented in this work are based on the dynamic
mode. The cantilever is excited to oscillate close to its resonance frequency of generally
several kHz by a piezo drive. Interactions between probe and sample lead to changes
in the probe’s oscillatory behavior which are displayed as the signal. The following

section will discuss this method in more detail.

3.3.2 Dynamic mode scanning probe microscopy

In the limit of small oscillation amplitudes, the cantilever can be described as a damped
driven harmonic oscillator. The corresponding equation of motion for an oscillation

along z is#%6°

mz + m%z' + koz = F(2) + F.pcos(wt) (3.1)

with the excitation force F,,, the angular frequency of the driving force w = 2nf
and the interaction force F'(z). The free (F' = 0) cantilever’s properties are described
by its spring constant kg, its angular resonance frequency wg = \/’%O and the quality
factor @ of its vibration. @ is related to the damping factor - through Q = muwy/27.
The damping factor reflects the dissipative influence of the cantilever environment
and other sources of dissipation on its vibrational behavior. () can take values well
below 100 in liquids and more than 100,000 in ultra high vacuum due to the much
narrower resonance peak. It can also be expressed as () = (J;—; with d f being the width
of the resonance peak at its maximum amplitude devided by v/2, e.g. obtained from
the resonance curve (Fig. 3.5, left). The original spring constant k£ and resonance
frequency wy of a cantilever with a rectangular cross section can be calculated from
the cantilever geometry (length L, width W and thickness T'), the elastic modulus E

1‘67

and the density p. Wolter et al.®’ give the following expressions:
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P EWT?
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= 0.162 — 4/ —
Jo z\ 5
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The gradient of the force F(z) between probe and sample induces a change of the

cantilever’s effective spring constant such that

oF
kerr = ko — —. 3.3
11 = ko — - (3.3)
An attractive probe-sample interaction with %—Z > 0 will effectively soften the can-
tilever, a repulsive interaction with %—f < 0 will make it stiffer. The changed spring

constant will modify the cantilever’s resonance frequency to

1 OF
e — [ ———— 3.4
Werf m o ko 0z (3-4)

If the force gradient is much smaller than the cantilevers spring constant (%—5 < ko),

the above equation can be simplified to

leading to a measured frequency shift Af = fe;r — fo of

Af—_JooF (3.6)

2ko 0z
This frequency shift dependence on the interaction force gradient leads to a shift of
the cantilever’s resonance curve (Fig. 3.5 left) and a decreased oscillation amplitude at
the original resonance frequency. The resonance curve of a cantilever can be acquired
by oscillating the cantilever with a fixed driving force while sweeping the frequency.
Eq. 3.3 to 3.6 are based on the assumption that the force gradient is constant over
all tip positions during the oscillation.?® This is valid when using small oscillation

amplitudes.
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Figure 3.5: Left: Schematic resonance curve of a harmonic oscillator with its width 6 f (black
line). Attractive/repulsive forces (gray lines) lead lo a shift of the whole curve. Right: Phase
shift and frequency shift of the cantilever oscillation due to an attractive interaction. The
smaller effective cantilever spring constant shifts the curve to a smaller resonance frequency.
Both phase or frequency shift can be chosen as the SPM output signal.

The probe-sample force gradient also induces a phase shift A® of the cantilever oscil-

lation:

QoOF
AP = ———. 3.7
]{?0 0z ( )
This is schematically shown in the right graph of Fig. 3.5. Due to the negative sign
in Eq. 3.7, an attractive force leads to a negative phase shift. Frequency shift, phase
shift or the amplitude signal can be used to monitor the interactions between probe
and sample. The choice depends for example on the measurement conditions and the

desired information.

3.3.3 Introduction to magnetic force microscopy

Since its development in 19871%% magnetic force microscopy (MFM) has become a
powerful tool to obtain spatially resolved information on the magnetic stray fields
associated with a sample’s surface magnetization or current distribution. For MFM,
the probe is usually coated with a ferromagnetic material to enable the magnetic
interaction. The probe’s magnetic moment then interacts with the magnetic strayfield
of the sample leading to a change in the cantilever frequency or phase as described
in the previous chapter. MFM is mainly employed for the investigation of magnetic
recording media or write heads. Further applications include research on magnetic
nanoparticles or superconductors. In MFM, the sample preparation requirements are
very low compared to other magnetic imaging techniques. Measurements in different

environments are possible (low temperature, vacuum, in liquids).
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Figure 3.6: The Nanoscan hr-MFM.

In contrast to AFM, the tip-sample distance has to be large enough not to detect the
topography but small enough to still detect the smaller (2-3 orders of magnitude) but
longer range magnetic forces. The probe-sample distance is not as easy to control as in
AFM because the interaction forces (and derivatives thereof) can change sign several
times within one image. Thus a constant force feedback cannot be used. One way to
solve this problem is to scan the sample in the so-called Lift Mode”™ where in a first
scan, the topography is measured very close to the surface. This topography is then
used to move the tip over the sample at a constant distance to the surface to measure
the magnetic signal. Depending on the sample, this lift height is in the order of 10-
100nm. A second measurement option is to not control the tip-sample distance and
scan the sample in a constant height, a flat plane above the surface. In this constant
height mode, topographic, magnetic and electrostatic signals may be measured at the
same time. It can thus be necessary to subtract these influences, e.g., by changing
the magnetization direction of the probe in a second measurement. In a hardmagnetic

sample, all contrast that stays unchanged is not of magnetic origin.

In this work, both methods have been used. The Veeco DI3100 AFM uses the Lift
Mode?™ . This instrument was mainly used for test measurements as it works in
ambient condition and sample and probe change are easy. High resolution MFM mea-
surements and calibration measurements were performed in a high vacuum (below
107" mbar) Nanoscan hr-MFM in constant height mode (Fig. 3.6). The instrument
operates at room temperature and is mounted on an active vibration isolation table.
All standard cantilevers can be used. Two controllers are used for the cantilever os-

cillation. The amplitude controller maintains a constant oscillation amplitude. The
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Figure 3.7: Topography (left) and magnetic contrast (phase shift, right) of a magnetic hard
disk measured with Lift ModeTM MFM. Scan range: 5um x 5 pm.

phase-locked loop controller monitors the phase of the oscillation and keeps the phase
shift close to zero to keep the excitation frequency at the cantilever resonance. The
maximum z, y, 2z scan range is 40 um x 40 um x 6 pm. For measurements in magnetic
fields, it is equipped with several movable permanent magnets to achieve a perpendic-

ular and an in-plane field option (see section 5.5).

As an example, Fig. 3.7 shows the topography (left, relative z piezo position) and
magnetic contrast (right, phase shift of the cantilever vibration) of a magnetic hard
disk measured with Lift Mode’ MFM. The topography features scratch marks from
the reading process. The MFM image shows dark and bright areas corresponding to
negative and positive phase shift or attractive and repulsive magnetic forces between
probe and sample. Fig. 3.8 explains the image formation process for the case of a
longitudinal recording hard disk and the resulting stray field. Neighbouring data bits
have opposing magnetization leading to a stray field component along z at the bit ends.
The force gradient is detected in the direction of the cantilever oscillation along z. The
tip is magnetized along z and detects parallel or antiparallel stray field components
depending on its position. The resulting attractive or repulsive magnetic forces are
reflected in the negative or positive MFM phase shift signal sketched on the bottom
of Fig. 3.8.

3.3.3.1 Quantitative magnetic force microscopy

For quantitative MFM measurements, the interaction between the magnetic stray field
of the sample and the MFM probe needs to be described. The term stray field describes
the magnetic field outside the sample and is the only part of the total sample field
to give rise to a magnetic contrast. Thus this is the only field of importance in the

following considerations. The tip-sample interaction can be quantified by considering
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repulsive force no force attractive force

Figure 3.8: Top: Schematic showing the interaction between a magnetic probe and lon-
gitudinal recording media. A probe magnetization My, parallel to the sample stray field
H, leads to attractive forces, antiparallel magnetization leads to repulsion. In the case of
a sample magnetic field perpendicular to the probe magnetization, there is no interaction.
Bottom: Resulting phase shift signal.

the force F(r) on the probe which is located in the magnetostatic potential ¢4(r) of

the sample: 669

U/ |r—r’|dQI // |r—r’| TR } (3.8)

M, (r') is the vector field of the sample magnetization, s is a normal vector on the
sample surface. The first integral covers the magnetic surface potential of the sample,
all surface charges created by magnetization components perpendicular to the sample
surface. The volume integral contains the volume magnetic charges resulting from
interior divergences of the sample magnetization vector field. The resulting stray field

of the sample is then given by

H,(r) = —=Vg,(r) (3.9)

In the following it is assumed that probe-sample interactions induce a frequency shift
and not an energy transfer. This implies that the tip magnetization and the sample
stray field do not influence each other. The magnetostatic free energy of a MEFM probe
in this stray field is
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v =g | [[Mweres + [[[7 wwm e (3.10)

where M, (r") is the magnetization vector field of the MFM probe. In Eq. 3.10, s is
a vector normal to the MFM probe surface. Here the two-dimensional integral taken
over the probe surface describes the interaction of the probe’s surface charges with the
sample stray field, the three-dimensional integral describes the influence of divergences

in the probe magnetization. The resulting magnetic force acting on the probe is then

F(r) = —V(r)
Vi | [[ Mo+ [[[ v pomwier| @)

Inserted in Eq. 3.7 or Eq. 3.6 this expression describes the connection between the ex-

perimentally measured phase shift or frequency shift and the magnetostatic potential
of the sample. For a quantitative evaluation of the experimental data, the magne-
tization vector field M, (r’") of the MFM probe needs to be known in order to solve
the integrals in Eq. 3.10. It is generally not possible to obtain the magnetization of
a coated tip via micromagnetic calculations because the exact geometry of the ferro-
magnetic coating and its microcrystalline structure are not known. As a consequence,
it is in general not possible to perform MFM in a quantitative way, e.g., to detect a
stray field in absolute units.% Several approaches have been developed to cope with

this problem.

In the case of simple tip and sample magnetization structures, the MFM response can

70,71 proposed a simple model for

be calculated analytically in direct space. Hartmann
the description of the magnetization of a MFM probe, the point probe model. This
model attributes all effective magnetic probe moments to a point dipole or monopole
within the probe volume, it will be discussed in more detail in section 3.3.3.2. Rugar et
al.’? used an analytical model to describe MFM data of longitudinal recording media.
They also approximated the MFM probe by a point dipole. Wadas and Giintherodt ™
modeled the tip as a truncated pyramid and calculated the MFM signal depending on
the tip geometry and tip-sample distance. Engel-Herbert et al.™ simulated the MFM
response for a realistic tip shape incorporating a distribution of magnetic dipoles.
These analytic approaches usually require long computing times and are not able to
describe complex magnetic probe or sample structures. On the other hand, when very
small structures are to be analyzed, the precision of the analytical method is higher

than for numerical methods. ™
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One challenge in the analytical reconstruction of MFM images is the three-dimensional
spatial integration necessary to get the stray field from the magnetization and the force
from the field. Hug et al.”™" simplified the procedure by a Fourier transformation of
those fields and made use of the fact that their Fourier transforms are simply related
by multiplicative functions called transfer functions. The Fourier components of the
force acting on the tip can be calculated directly from those of the magnetic surface
charges or vice-versa via the so-called tip transfer function. Alternatively, the Fourier
components of the sample stray field are calculated by the field transfer function
from those of the magnetic surface charge. Then a force transfer function is used
to calculate the force from the stray field. The real space values are then obtained
by Fourier transformation. In this approach, the MFM probe is calibrated by first
measuring MFM images of a standard sample with a well defined magnetization. Using
a discrimination level for the frequency shift, the normalized magnetization pattern is
obtained from the measurement. This pattern is then used to calculate a force image
using transfer functions which contain the probe parameters such as the tip to sample
distance or the probe’s point charge. The deviation of the calculated force image from
the measured image is then minimized through a fit procedure in which the probe
parameters are adjusted. Once the tip is calibrated, the size of the z component of
the stray field of a perpendicularly magnetized sample with an arbitrarily complex

domain pattern can be measured quantitatively.

Alternatively, probe and sample can be treated numerically by dividing both into
small subcells.”® Engel-Herbert et al.™ used a discretization scheme to break up the
tip-sample problem into cells and then calculate the energy of the magnetic tip-sample
interaction. This numerical method allowed to simulate the MFM response of the
domain structure of sub-micron sized ferromagnetic stripes exhibiting in-plane and
out-of-plane magnetized areas. It offers shorter computing times and greater flexibility,

opening the door for three-dimensional MFM response simulations.

3.3.3.2 'The point probe approximation

Since detailed information about the internal microstructure of the MFM tip for a
quantitative MFM data analysis are generally not experimentally available, U. Hart-
mann proposed the point probe model in 1989.”" In this model, the magnetic volume
of the probe which contributes to the MFM contrast formation, the effective magnetic
moment, is described by an imaginary point probe within the real probe. In the case
of pyramid shaped coated probes, the point probe is positioned along the pyramid axis

at a distance d from the tip apex and can be described by an effective dipole moment
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sample distance.

m or monopole moment ¢ (Fig. 3.9). The monopole moment is defined as dipole mo-
ment per length unit. In the case of a cylindrical rod magnetized along its length with
a homogeneous magnetization M,., radius r and length [, the dipole moment can be
expressed as m = M, - 17r?, the monopole moment of one of the rod ends would be
q= M, - 7r?.

Applying the point probe model, Eq. 3.11 can be simplified in the following way: %%

F(r) = po(—¢+m-V)H (3.12)

H is the sample stray field. Usually the MFM probe only detects the force gradient
component parallel to the cantilever deflection, thus only the force component F,, =
n - F is measured, where n is the normal unit vector of the cantilever surface. It is
assumed here that the probe oscillates along the z axis. So the detected force can be

expressed as

0H. 0H, o0H
Fz = - Hz T = Y z_z
(r) = po | —g H +m 0z +my 0z Hm 0z

(3.13)

Eq. 3.13 contains a monopole component instead of the earlier magnetic surface and
volume charges. In addition, the alternative dipole description has been introduced.
The initial probe magnetization is set along z which is then the only remaining com-
ponent of the probe’s dipole moment (m, = m, = 0). Together with Eq. 3.7 this

yields the following simple expression for the measured cantilever phase shift:

180 @ OH, 0°H,
A=y |7, T

(3.14)

The factor 180/m accounts for the phase shift being measured in degrees, not radians.
Eq. 3.14 now provides the means to determine the probe monopole and dipole moment

from the measured phase shift signal if the first and second derivative of the sample
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stray field are known. When applying this technique, Lohau et al.!” found that the
probe may only be described either by a point monopole or by a point dipole. This
result may reflect the fact that the probe’s magnetic moments must not be counted
twice as monopole and dipole moments. Also, as mentioned before, a shift d of the
respective point probe along the z axis needs to be taken into account. Lohau et al.
found that both the point monopole description and the point dipole description can
be employed equivalently in the case of a coated pyramidal probe and lead to a good
fit of the experimental data. The final expressions for the point monopole model and

the point dipole model are

180 Q OH.

ACI>monopole = Hoq T E 82 (315)
180 Q 0°H,

A(I)clipole = —Ug MM, TE 822 (316)

With the help of these relations, a MFM probe can be calibrated for a quantitative
analysis of the measured phase shift by determining its effective monopole or dipole
moment. Once g or m are known, the gradient of the sample stray field can be ob-
tained quantitatively from the MFM measurements. Different structures that provide

18,77

a defined magnetic field such as current lines, current rings,'” or magnetic hard

discs'? have been applied to achieve this.

A drawback of the point probe approximation is that the above findings can only be
used for quantitative MFM imaging as long as the determined effective probe moment
and its position stay constant. However, these parameters can change easily in the
case of a coated MFM probe when it is placed in a different sample stray field ge-
ometry. This consideration will be further explained in section 5.1. An example for
a tip calibration procedure will be explained in the experimental part of this work
(chapter 6).

3.3.3.3 Approaches for alternative kinds of MFM probes

A conventional MFM probe usually consists of a silicon cantilever with a sharp micron-
scale pyramidal tip at its end which is coated with ferromagnetic material. The tip
radius is usually in the range of 5-50nm. The probe is then magnetized along the
pyramid axis resulting in a magnetization parallel to the coating layers on the pyramid
sides (Fig. 3.10a). The maximum achievable resolution of commercially available

coated probes ranges from 25nm to 50nm depending on the tip geometry and the
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Figure 3.10: Schematic showing various \\/
MFM probe designs. a) conventional coated |
probe, b) FIB modified probe,”™ c¢) face-
coated CantiClever,®® d) electron beam de- ar \
posited tip,81%2, e) nickel nanowire based \ /'/

MFM probe,®? f) CNT capped with a mag-
netic particle,?? g) CNT coated with magnetic
material, 1984 h) FeCNT MFM probe.

properties of the coating.”™ This probe type is easy to fabricate in a batch process
and yields good MFM images, but it also has several disadvantages. The metallic
coating is subjected to oxidation, which makes it necessary to store the probes in a
vacuum or apply a protective layer. Furthermore, the magnetic coating can easily be
damaged when scanning the sample surface. Additional magnetic moments along the
sides of the pyramid reduce the achievable magnetic resolution. Moreover, the active
magnetic volume of the tip coating is not clearly defined which limits the possibilities
for a quantitative MFM data evaluation. In the last decade, much experimental effort
has been put into the development of improved MFM probes. The main driving force
is to obtain a better magnetic resolution in order to gain insight on the properties of
nanoscale magnetic features. Other aspects such as durability or the suitability of a
probe for quantitative MFM are also considered. Some of these approaches will be

presented in this section, an overview can be seen in Fig. 3.10 b-h.

Phillips et al.”™ used tapping mode cantilevers with a 30 nm thick cobalt film evapo-
rated onto one face of the pyramidal tip. The majority of the Co film was then removed
by FIB milling leaving a thin bar with a high aspect ratio (Fig. 3.10b). MFM images
with a resolution of 30 nm could be obtained with these FIB modified probes. A dif-
ferent MFM probe fabrication technique has been developed by Saito et al.®Y Their
CantiClever MFM tips are prepared by depositing a thin magnetic layer on the narrow
side of a silicon nitride tip plane. This results in an elongated magnetic bar with a
flat tip end whose magnetization is parallel to the bar (Fig. 3.10c). The CantiClever

yields resolutions better than 30 nm.

1‘81

Fischer et al.®" grew a carbon needle on the tip of a conventional AFM cantilever via

electron beam deposition. The needle was then selectively coated with ferromagnetic

1.82 ysed a similar

material by tilting the cantilever during deposition. Koblischka et a
technique, but they coated one whole side of the needle and the pyramidal tip with
ferromagnetic material. A carbon mask then covered part of this coating on the needle
end. The remaining uncovered coating is etched off again by ion etching (Fig. 3.10d).

The obtainable resolution was in this case also in the range of 30 nm.
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An alternative approach for MFM probe fabrication is the use of nanowires. Yang et
al.®3 used nickel and cobalt nanowires produced by electrodeposition in an anodized
alumina template. These were directly assembled onto the tip of a commercial AFM

cantilever by dielectrophoresis (Fig. 3.10¢).

Many groups have put effort into using carbon nanotubes as tips for atomic force mi-
croscopy. ¥ Due to the extraordinary mechanical properties of CNTs these probes
have a very long lifetime. Also, their large aspect allows for a much more accurate
imaging of topographic features such as deep trenches or nanoscale particles. CNT
AFM probes are already commercially available now. Some groups also tried using

1.2 used carbon nanotubes that are

carbon nanotubes as probes for MFM. Arie et a
terminated by a ~35nm particle of NigC prepared by catalytic decomposition of ben-
zene (see sketch in Fig. 3.10f). This probe yielded good MFM contrast and benefits
from the mechanical stability of the CN'T. However, due to lacking anisotropy the
magnetization direction of the spherical particle at the tip is most probably not very
stable. Deng et al.!¥ and Kuramochi et al.®* used probes equipped with carbon nano-
tubes and coated them with magnetic material (Fig. 3.10g). These sensors show a

magnetic resolution of about 10 nm which is among the best possible so far.

Many of the described designs are very promising due to their high resolution potential
and the large magnetic shape anisotropy of the coating which leads to a stable probe
magnetization. Also, the magnetic volume is more clearly defined then in the case of a
coated MFM probe and a point monopole model could be well suited for quantitative
data analysis. However, in most cases the magnetic coating is still subjected to oxida-
tion and abrasion. This problem can be solved with the MF'M probes based on FeCN'T
presented in this work (Fig. 3.10h). They feature a defined magnetic volume of large
shape anisotropy which is mechanically and chemically protected by the surrounding

carbon shell. The properties of these probes will be discussed in detail in chapter 5.
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4 MAGNETIC PROPERTIES OF
INDIVIDUAL FECNT

As described in section 3.1, FeCNT are grown as a dense aligned forest perpendicular
to the surface of a silicon substrate. However, the alignment of the nanotubes with
respect to the substrate and to each other is not ideal. Within one sample, the length,
diameter and perfection of the iron nanowires enclosed in the nanotube can vary to
a large extent. In addition, spherical iron particles decorate some of the nanotubes.
Consequently, the measurement of the magnetic properties of a whole sample does
not necessarily reflect the properties of an individual nanowire, it rather presents an
average over all occurring species. Fig. 4.1 shows the hysteresis loop of as-grown
FeCNT on a substrate measured parallel and perpendicular to the substrate surface.
A difference in coercivity and remanence is clearly visible. The magnetic easy direction
is found parallel to the average nanotube axis, the hard direction perpendicular to it
as expected from the wire’s shape anisotropy. However, the curve is a result of the
averaging effect over a large ensemble of nanowires with different switching fields and
orientations. This clearly confirms the need to investigate individual FeCNT with
localized measuring techniques to obtain information on their magnetic properties. In
this chapter, such measurements performed by MFM and cantilever magnetometry

will be presented.

4l in plane
perpendicular

==

— & Figure 4.1: Hysteresis curve of an ensem-
;; 04 ble of FeCNT measured parallel to the sam-
s ple plane (perpendicular to the nanotube axis,
-2 dotted line) and perpendicular to the sam-
ple plane (parallel to the nanotube axis, solid
-4+ == line). The curve represents an average over
05 oo o5 a large ensemble of nanowires with different

B, (T switching fields and orientations.
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4 Magnetic properties of individual FeCNT

4.1 MFM INVESTIGATIONS OF INDIVIDUAL FECNT

4.1.1 Sample preparation

In order to scan an individual FeCNT in the MFM, several steps of sample preparation
are necessary. At first, the FeCNT need to be removed from the substrate. This is
usually done by immersing the whole sample in ethanol followed by a short ultrasoni-
fication (~30s). The resulting solution contains FeCNT and other species from the
as-grown sample, mainly bundled up in large agglomerates. In order to separate these,
a further ultrasonification can be performed. However, it was found that extended ul-
trasonification tends to break the FeCNT into small pieces. In order to avoid this,
a mechanical stirrer was used. Stirring for ~1 min at 1000 rpm yielded a sufficiently
good separation. Immediately after stirring, a drop of the solution was applied onto
a clean silicon substrate with the help of a micropipette. After the evaporation of the
ethanol, small bundles and ideally also individual FeCNT are distributed flat on the
silicon surface. Heating the substrate can shorten the evaporation time and avoid the

reagglomeration of FeCNT.

In the MFM, an external CCD camera only allows a coarse positioning of the sam-
ple with respect to the MFM probe. Finding an appropriate FeCNT without further
information can be very time consuming. Because of this, the silicon substrate was
first imaged in an SEM to locate individual FeCNT. In order to find the same FeCNT
again in the MFM, silicon substrates with microscaled gold markers produced by pho-
tolithography were used. Fig. 4.2a and b show such unambiguous marker structures
that can also be seen with the CCD camera in the MFM. Once a filled CNT has
been identified in the SEM using the BSE detector (Fig. 4.2¢ and d), it can be found
within a limited time in the MFM. The spacing between the markers is ~25 um, the

Figure 4.2: a) Silicon substrate with gold markers fabricated by photolithography. b) Close-
up: Unique markers facilitate the orientation on the substrate. ¢) Two FeCNT laying flat
close to a marker. d) BSED image revealing the iron filled part.
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4.1 MFM investigations of individual FeCN'T

Figure 4.3: SEM and MFM image of a partially filled FeCNT. a) Schematic sketch of the
FeCNT showing the position of the three separate enclosed iron nanowires. b) SEM image
of the FeCNT, the iron filling is slightly visible. ¢) MFM image revealing the single domain
configuration of the nanowires. d) AFM height image.

maximum scan range in the MFM is 40 pm, thus an orientation is possible already

with the first coarse scan.

4.1.2 MFM measurement

All of the following measurements were performed in the Veeco DI13100 AFM. The
instrument yields a lower resolution than the high vacuum hrMFM, however, fast
sample changes are possible. The individual FeCNT were imaged using conventional
tapping mode AFM probes coated with 40 nm CoCrTa. Fig. 4.3 shows an individual
FeCNT imaged in different modes. Fig. 4.3 b shows a SEM image of the ~10 um long
FeCNT which is filled with three separate iron wires of different lengths. The sketch of
the FeCN'T in Fig. 4.3 a shows the position of the three enclosed wires. The right end
of the tube is terminated by a large iron particle. Fig. 4.3 ¢ displays the MFM scan
taken in Lift Mode™™ at a tip-sample distance of 40nm. The dotted lines between
image b and ¢ mark the positions of the nanowire ends. The left wire ends produce
a black MFM contrast, the right ends a white contrast corresponding to a negative
and positive phase shift respectively. The wire ends yield the maximum MFM signal.
This signifies that the wires are magnetized along their long axis and consist of one
single magnetic domain. Thus one can regard the nanowires as long nanoscale
bar magnets as depicted in the sketch in Fig. 4.3 a. The magnetic field lines enter on
one wire end and exit on the other end producing a z-component of the wire’s stray
field which is detected with the MFM probe magnetized along z. All three wires are
magnetized in the same direction because a magnetic field was applied prior to the

measurement. Directly after the growth this was not necessarily the case. The wires
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4 Magnetic properties of individual FeCNT

Figure 4.4: Series of MFM images taken af-
ter applying an increasing magnetic field an-
tiparallel to the original iron wire magneti-
zation. The three individual wires (arrows)
switch their magnetization direction at differ-
ent values of the external field.

within the FeCNT are spaced far enough from each other to be able to disregard any
potential dipolar interactions between them. The resulting magnetic stray field at

2 (in the monopole description of the wire end). At a wire

the wire end decays o< 2~
diameter of ~30nm the stray field at a distance of 1 um smaller than 5mT . Fig. 4.3d
shows the AFM height image of the FeCNT. Here it is clearly visible that parts of the
FeCNT’s shell have been removed, however, this does not have an influence on the
results presented here. It rather states that although large parts of the shell have been

removed, the iron core did not loose its magnetization due to oxidation.

4.1.3 Determination of the switching field of individual FeCNT

The switching field of a wire is defined as the field at which the wire magnetization
is reversed. In the case of a rectangular hysteresis loop, it corresponds to the wire’s
coercivity. The switching field is an important feature to know for an application of
FeCNT in sensing, magnetic data storage or other applications. In this section, the
switching field of individual nanowires enclosed in FeCNT will be determined with
MFM measurements performed after applying an external magnetic field. To do this,
the nanowires within the FeCNT are first magnetized along one direction by applying a
field of 0.4 T parallel to the tube axis using a calibrated electromagnet. Then an MFM
image is taken. After this, the FeCNT is again exposed to a magnetic field, this time
a weak field opposite to the original orientation. MFM scans and a further increase of
the field in steps of ~20mT are alternated until a switching is observed. Fig. 4.4 shows
the resulting relevant images. The uppermost scan shows the initial magnetization of
the wires. The right nanowire then changes its magnetization direction at a field
between 100 and 143 mT, the left one between 143 and 157mT and the middle one
between 157 and 180 mT. The nanowires differ in length and diameter which might be
a reason for the different switching fields. Also their orientation with respect to the

external field varies slightly due to the curved nanowire.

60
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Figure 4.5: MFM study of FeCNT embedded in a polymer. a) Sketch of the experimental
setup. b) SEM image showing the polished ends of the perpendicular FeCNT, 2 umx2 pm. ¢)
BSED image, the white dots represent the ends of filled FeCNT or iron particles, 2 pmx2 pum.

d) MFM image showing the ends of iron nanowires magnetized in opposing directions as black
and white dots (different area on the sample than shown in the previous images, 5 pmx5 pm).

In order to obtain more statistics on the switching fields of iron wires enclosed in CN'T,
a different sample was investigated. Fig. 4.5a shows a sketch of an as-grown sample
of FeCNT which has been embedded in a polymer matrix (tetraethoxysilane, TEOS)
and polished down to approximately 5pum remaining FeCNT length. The FeCNT
are still aligned roughly perpendicular to the sample surface. In the SEM image in
Fig. 4.5b the open ends of the nanotubes can be seen. The BSED image of the same
area (Fig. 4.5 c)shows some bright spots which represent the ends of filled FeCNT or
iron particles. This flat surface can be scanned in the MFM to image the stray field
gradient of the iron wire ends. Fig. 4.5d shows such a scan, the white and dark spots
represent wire ends of opposing polarity. The procedure described above to determine
the switching field was performed with the external field applied parallel to the tube
axes, perpendicular to the sample plane. Table 4.1 lists the measured field intervals
and the number of FeCNT that switched their magnetization in the corresponding

interval.

Table 4.1: Switching field distribution of FeCNT measured with MFM.

B (mT) switched FeCNT

75-115 2
115-140 1
140-175 6
175-220 2
220-270 7

The range of switching fields is very large beginning at 75 mT and extending to 270 mT

where most nanowires show a reversed magnetization. In further experiments, switch-
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4 Magnetic properties of individual FeCNT

Figure 4.6: Parallel TEM and MFM investi-
gations on the same FeCNT. Top: TEM image
of a FeCNT section showing diameter varia-
tions of the iron core, image length 2.3 um.
Middle: Sketch emphasizing the diameter vari-
ations. Bottom: MFM scan of the same area
revealing the associated magnetic stray field
(superimposed: line scan).

ing fields of up to 400 mT could be observed, however, the majority of the investigated
wires switched at fields between 100 and 300 mT. This value is much lower than the
theoretically predicted shape anisotropy field (uoHy = 2K,/M; = %uOMs) of 1.1T.
This indicates that the reversal is not accomplished by a coherent rotation of the en-
tire wire magnetization but rather by the nucleation and movement of one or more
domain walls. However, in the MFM images only single domain states could be ob-
served. In order to reliably investigate the reversal mechanism, other measurement
techniques are more appropriate. Lipert et al.? used micro-Hall magnetometry to
show the nucleation of the first small section of reversed magnetization in a nanowire
via curling mode. Detailed information on the reversal mechanism of iron nanowires

obtained by cantilever magnetometry measurements will be presented in section 4.2.

4.1.4 Combined TEM and MFM investigations on a FeCNT

As mentioned in section 2.3, the geometry of an iron nanowire has a great influence on
its magnetic properties such as coercivity and switching field. Additionally, deviations
from the ideal cylindrical structure can act as stray field sources or pinning centers
for domain walls.%! It is thus of great interest to correlate the MFM signal of an
iron nanowire to its geometry. The resolution of the used SEM is too low for this
purpose, a high resolution technique such as TEM needs to be used. However, there is
the difficulty of finding a thin substrate for TEM investigations of FeCNT which can
additionally be measured in an MFM. This problem was solved by using TEM grids
which are covered with a thin layer of amorphous carbon as substrate for the FeCNT.
The ~20nm carbon film is thick enough to support the FeCNT but thin enough for a

TEM measurement.

The samples were prepared by the technique explained in section 4.1.1, this time a drop
of the FeCNT solution was applied onto a carbon covered TEM grid. The grid was
then imaged in the SEM to find appropriate individual FeCNT. Their position could be
easily documented by counting the grid holes. The chosen FeCNT was then measured

in Lift Mode”™ MFM. Due to the large curvature of the carbon film the imaging was
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4.1 MFM investigations of individual FeCN'T

much more difficult than on a plane silicon substrate and the high resolution constant
height mode MFM could not be applied. Often the residual topography signal was
larger than the magnetic signal which made the image interpretation more difficult.
Nevertheless several successful measurements could be performed. Fig. 4.6 shows a
section of a FeCNT with a long continuous filling. On top, the TEM image can be
seen. The iron nanowire is clearly visible. It exhibits several kinks and constrictions
which are shown schematically below. The lowermost image shows the MFM contrast
of the same region. It can be seen that a decreasing diameter is associated with a
positive phase shift, an increasing diameter leads to a negative phase shift. The right
nanotube part with constant diameter shows no additional MFM contrast. This proves
that sites of changing wire diameter are additional sources of stray fields which can be
observed with an MFM. The shown MFM signals do not indicate a multi domain state
since the phase shift at the wire extremities is much larger than the shift shown in
Fig. 4.6. The shown correlation of MFM contrast and wire geometry could not always
be found. Some constrictions were not accompanied by an additional MFM signal,
some signals could not be explained by diameter variations. A possible explanation
for this could be that the TEM image only presents a projection of the nanowire onto

one plane. The wire dimension perpendicular to the image plane cannot be evaluated.

4.1.5 Creation of a domain wall in a FeCNT

The growing interest in magnetic domain walls is partly driven by possible novel logic

192 The necessary control of the

and memory applications based on domain walls.
domain wall propagation and the magnetic switching can be achieved with pinning
centers which provide well defined stable locations for domain walls. Notches or loop
shapes have been used for this purpose in stripe-like nanostructures.%® The obser-
vation of a domain wall in a FeCNT in the remanent state with MFM was so far
not possible within this work. However, the deliberate introduction of a domain wall
could in this case also be accomplished by the mentioned shape variations. Since con-
strictions in the iron nanowire geometry cannot be controlled like in a lithographical

process, the formation of a loop structure was chosen.

Fig. 4.7a and b show a FeCNT which is filled with an iron nanowire of more than 9 pm
length. The BSED image clearly shows the long iron filling. The nanotube was scanned
in the MFM revealing the expected single domain behavior of the wire reflected by the
strong white and black contrast at its ends. The black arrow marks the nanowire’s
magnetization direction. In order to introduce a defined curvature into this FeCNT,

the NanoMan mode of the Veeco DI 3100 AFM for direct nanoscale manipulation was
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4 Magnetic properties of individual FeCNT

Figure 4.7: a) SEM image of a FeCNT laying flat on a substrate. b) BSED image of the
same nanotube, the bright part on the right shows the long iron filling. On the left tube
end several iron particles are visible. ¢) MFM image of the FeCNT. The long iron nanowire
shows a single domain behavior reflected by the strong white and black contrast at its ends.
The additional contrast within the wire length arises from diameter variations or decorating
iron particles.

used. In this mode, a stiff AFM tip is used to scratch over the sample surface along a
predefined path thereby either leaving a small trench or moving loose particles on the
surface. Fig. 4.8 a shows the effect of such an operation on the once straight nanotube
of Fig. 4.7a. The AFM probe was positioned next to the FeCNT end and then moved
in a >90° angle to the nanotube axis to bend the tube. The resulting scratch marks

on the substrate surface can be seen in the lower right corner.

Directly after the manipulation the FeCNT was imaged again with the MFM (Fig. 4.8 b).
The original domain structure of the nanowire is still present, the magnetization curves
with the wire (black arrow). The FeCNT part with the minimum curvature radius
shows a weak negative phase shift signal. This can be partially due to the magnetic
stray field emanating from the bent region. However, it mainly results from the remain-
ing topographic influence in the MFM image. This type of artifact occurs repeatedly
in sample regions where the MFM probe is scanned parallel to the CN'T axis. In order
to introduce a domain wall, a magnetic field was applied along the direction marked
in Fig. 4.8 c. The subsequent MFM image now shows that the original single domain
state splits up into a two domain state by the formation of a domain wall at the bend-
ing site. The black arrows mark the new magnetization directions. This two-domain
state was stable during repeated MFM scans. However, the insets in Fig. 4.8 ¢ show
that the position of the domain wall slightly shifts from one scan to another. This can
be attributed to the influence of the magnetic tip. A MFM probe with a sufficient
magnetic moment could thus be used to manipulate or drag a domain wall to desired

positions.
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4.1 MFM investigations of individual FeCN'T

Figure 4.8: a) AFM amplitude image of the FeCNT shown in Fig. 4.7 a after bending. b)
MFM image of the FeCNT after bending. The original domain structure is still present. c)
MFM image of the FeCNT after applying an external field as marked by the arrow. The
single domain state splits up into a two domain state. Insets: The position of the domain
wall slightly shifts from one scan to another due to the influence of the MFM probe.

The shown results present only a first try on the deliberate formation and manipulation
of domain walls in a FeCNT. Many more associated experiments can be envisioned.
It would be interesting to investigate whether the domain wall is still stable when
the FeCNT is bent back to the straight state. It might be pinned by defects in the
nanowire geometry or propagate at once to the nanowire end. FeCNT with distin-
guished geometric variations could be chosen to analyze their influence on the domain

wall behavior.
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4 Magnetic properties of individual FeCN'T

4.2 MAGNETIZATION REVERSAL IN AN INDIVIDUAL
FECNT MEASURED USING CANTILEVER

MAGNETOMETRY

MFM is an excellent tool to image the magnetic configuration of a FeCN'T. However,
it is not the method of choice to investigate details of the magnetization reversal
and its mechanism. Extensive information on the switching behavior of an individual
FeCNT can be obtained using vibrating cantilever magnetometry.” The investigation
of magnetization reversal in ferromagnetic nanostructures is of much interest especially

for potential applications in magnetic memory or logic. -2

In cantilever magnetometry, the resonance frequency of a vibrating cantilever with
the magnetic sample attached to it is measured as a function of an externally applied
magnetic field. Stipe et al.” give the following model for the interpretation of the
magnetometry data. The iron nanowire can be modeled as a single domain ferromagnet
of volume V with saturation magnetization M, and uniaxial anisotropy K. As the
cantilever oscillates with a displacement x., the cantilever tilts by an angle § and
the nanowire moment cants away from its easy axis by an angle 6 due to the applied
magnetic field along z (Fig. 4.10a). For small oscillation amplitudes, § = z./L. where
L, is the effective cantilever length depending on the shape of the vibrational mode.
For the first modes of a rectangular cantilever with length L, L, = L/1.38. The tilt of
the nanowire’s magnetization can be determined by considering its magnetic energy

which can be written as the sum of anisotropy and Zeeman energy terms:

E,, = K,Vsin*0 — pgHew M,V cos(B — 0) (4.1)

with the wire’s shape anisotropy K, = i,qu 2 the wire volume V, the external field
H.,; and the saturation magnetization M,. The magnetocrystalline anisotropy con-
tribution is neglected here. For iron it is much smaller than the shape anisotropy
contribution as will be shown below. The minimization of FE,, with respect to 8 for

small angles and the introduction of the anisotropy field Hy, = 2K, /oM, yields

Hext T
0= —"—— 4.2
Hea:t + Hk: Le ( )

“This work was performed in close collaboration with the group of Prof. Chris Hammel at the Ohio
State University, Columbus, USA. The data presented in this section was measured and evaluated by
Palash Banerjee et al.%*
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4.2 Cantilever magnetometry measurements of an individual FeCNT

Figure 4.9: a) A FeCNT previously attached to a sharp tungsten tip (upper right) is
transfered to the cantilever. b) The overhanging FeCNT was removed with the FIB. c)
Detailed view of the FeCNT attached to the cantilever. d) BSED image of the same area
showing the long continuous iron filling.

The x component of the nanowire’s magnetic moment generates a torque on the can-

tilever:

~ |mxB| (4.3)
Hy,

T = MV H,, —0) = puM,VH 1, B——
y Ho t(ﬁ ) o 3 H.., + H,

This torque (T = r x F') changes the cantilever’s spring constant by Ak = T'/(z.L.) =
T/BLZ% For small Ak/kq the resulting cantilever frequency shift is Af/fy ~ %Ak /ko:

Af _ pomnr Hew Hy
fO zkoLg(Hemt + Hk)

(4.5)

with the nanowire moment myr = M,V and the cantilever spring constant kg and

resonance frequency fy in zero field.

An individual FeCNT was attached to a silicon cantilever using the electron beam
induced carbon deposition technique which will be described in more detail in sec-
tion 5.2. Fig. 4.9a shows how a FeCNT which was previously attached to a sharp
tungsten tip is transfered to the cantilever. Prior to attaching the FeCNT, the can-
tilever was prepared by first removing its tip using a FIB leaving behind a flat surface
on which to place the nanotube. In order to avoid an excessive vibration of the long
nanotube during the measurement and to remove disturbing FeCNT parts, most of
the overhanging FeCNT was cut off with the FIB (Fig. 4.9b). The attachment site of
the tube can be seen in Fig. 4.9c. Fig. 4.9d shows a BSED image of the same area,

the long continuous iron filling of ~25nm diameter is clearly visible.
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Figure 4.10: a) Geometry of the measurement with the external field aligned parallel to
the long axis of the cantilever. b) Frequency shift hysteresis loop for a FeCNT attached to
a cantilever. The shift in the cantilever’s resonance frequency is plotted as a function of the
applied magnetic field. ¢) Detail of the switching behavior. The nanotube moment switches
in one discrete irreversible step marked by the arrows.

The cantilever with the attached FeCNT was oriented such that the external field
was parallel to the FeCNT axis.
its respective resonance frequency.
of fo=17.1414kHz (at 6K), an effective length L,=312um and a spring constant
ko=0.157N/m.

A positive feedback loop drove the cantilever at

The used cantilever had a resonance frequency

Fig. 4.10b shows the cantilever’s resonance frequency as a function of the applied
magnetic field. Two field sweeps, from positive to negative field and vice versa, are
shown in black and red. One branch of each sweep can be fitted using Eq. 4.5 with the
iron nanowire’s moment my7 and the anisotropy field Hj, as fitting parameters. The
obtained values by a least-squares fit are myr=1.2-107'* Am? and o H,=1.1T. These
results are consistent with the moment calculated from the approximate wire geometry
(length 13 um, diameter 25nm) and the saturation magnetization of iron. The large
anisotropy field is entirely due to the large shape anisotropy of the iron nanowire
(o H ,jhap “ = puoM,/2=1.1T), the magnetocrystalline anisotropy contribution of iron
is much smaller (poHy™**" = 2K,/M,=0.059 T).* The detailed view of the frequency
shift hysteresis loop in Fig. 4.10c¢ and Fig. 4.11b shows the abrupt reversal of the
iron nanowire magnetization when a sufficiently large field antiparallel to its original
direction is applied. The moment switches in a single step which can be seen by
the discrete jump in the cantilever frequency at the switching field. The switching
is attributed to the nucleation of a small volume of reversed magnetization and the
corresponding insertion of a domain wall at one end of the nanotube. Once inserted

the domain wall propagates through the wire reversing its magnetization.

In order to better understand the switching process, the switching event was repeat-

edly measured (approx. 150 times) at several temperatures. These statistics were
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Figure 4.11: a) Cumulative probability of the switching of the FeCNT measured at different
temperatures. b) High resolution field scan showing the abrupt switching. The inset presents
a histogram of ~150 measurements of the switching event at 6.3 K with a very narrow
distribution of. ¢) Phenomenological model for a field driven thermally assisted reversal of
the FeCNT magnetization. d) Temperature dependence of the mean switching field. The
solid line shows a fit using Eq. 4.7. e) Width of the switching field distribution depending
on the temperature. The calculated dependence using the fitted values is shown by the solid
line.

compiled into a cumulative probability W (H) that the FeCNT moment has switched
once an applied magnetic field H has been reached and are shown in Fig. 4.11a. In
all cases, only a single switching event is observed. The switching field distributions
can be described by a temperature dependent mean Hy,(7") and width oy (7") shown
in Fig. 4.11d and e. The mean switching field decreases from 224.71mT at 6.3K
to 221.5mT at 32K. At the same time, oy (T) increases from 7.2:107° T at 6.3K to
1.15-107* T at 32K. These results can be explained in terms of a thermally assisted
magnetization reversal (see sketch in Fig. 4.11¢).%® For a thermally assisted process,

the escape rate over a barrier is of the Arrhenius form®”

H -uvw
P(H) =Toy[1— o e o7 (4.6)

where [y is an attempt frequency, U(H) is the field dependent barrier, kp is the

Boltzmann constant and T is the temperature. The exact form of U(H) for arbitrary
values of the external field H is difficult to evaluate. However, close to the critical

field H. where the barrier disappears U(H) can be well approximated by a cubic
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potential.”” The barrier depends on external field as U(H) = Uy(1 — H/H,)3/* where
Uy is the magnitude of the zero field barrier height. Under these conditions, Garg®”

has shown that the mean switching field H]} and the width oy of the distribution are

given by
H™ kgT\**
2 =1- (InX)?/? (%0) (4.7)
and
on or2 (kpT\?? .
— =/ == X)~3 4.
() ) (43)
with
_ 2kpT ToH,
- 3Uy dH/dt

The solid line in Fig. 4.11d shows a fit of Eq. 4.7 to the data to obtain the value
of the unbiased zero field potential Uy=2.54-10° K and poH,=226.25mT. A value of
[o=1.25-10'"s7! is used for the attempt frequency consistent with magnetization pre-
cession frequencies in the local internal field of the iron nanowire. These parameter
values of Uy, H. and I'y were used to calculate the temperature dependence of oy
shown by the solid line in Fig. 4.11e. It can be seen that the measured values corre-
spond well to the calculated behavior. The error bars represent the error in measuring
the sample variance with 150 measurements, it amounts to 11% of the theoretically

expected variance.

The large barrier Uy is closely related to the energy required to fully insert a domain
wall into the FeCN'T in the absence of an external field. Assuming the FeCNT diameter
d to be 25 nm, the energy of a domain wall®® within the FeCNT is wd?y/AK,=4.3-10° K
where A the exchange stiffness of Fe (Table 2.1) and K, = p0M?2=9.1-10° J/m? is
the shape anisotropy energy of the nanowire (see Eq. 2.7). This is in good agreement
with the deduced value of Uy=2.54-10° K given that the exact configuration of spins
comprising the domain wall is unknown making estimates based on bulk parameters
uncertain. Even though the zero field barrier Uy is orders of magnitude larger than
the available thermal energy, the barrier height is controllable via the external field.
At 6.3K, poH=224.71mT corresponds to a barrier height of U(H)=142.6 K, while
at 32K, poHs,=221.5mT corresponds to U(H)=772.7 K. Over the range of measured

temperatures, H! corresponds to a barrier approximately 22-24 times kg7

70



4.2 Cantilever magnetometry measurements of an individual FeCNT

The measurements presented in this section provide a thorough description of the
magnetization reversal by the nucleation and propagation of a domain wall within the
iron nanowire. The temperature dependence of the switching can be explained by a
thermally activated process. Thus delocalized reversal mechanisms such as coherent
rotation or curling of all spins within the wire cannot be applied for the FeCN'T investi-
gated in this study. Lipert et al.? investigated the magnetization reversal in a FeCNT
with micro-Hall magnetometry in external fields at various angles with respect to the
FeCNT axis. These measurements also suggest a thermally activated magnetization
reversal, a small domain of reversed magnetization is formed at the wire end initiated
by curling. This could also be the case in the measurement shown here, however, the

domain formation mechanism was not investigated further.
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5 IRON FILLED CARBON NANOTUBES
AS PROBES FOR MFM

In the previous chapter magnetic characteristics of individual FeCNT such as their
single domain character and high switching fields along the easy axis were investi-
gated. In the following these attractive properties will be of use to fabricate probes

for magnetic force microscopy based on an individual FeCNT.

5.1 PRELIMINARY CONSIDERATIONS ON MFM PROBES

With an ever decreasing size of the structures of interest there is a need for MFM
probes with a smaller tip diameter for high resolution imaging. Moreover, despite ex-
tensive studies of the image formation process, a reliable quantitative evaluation of the
MFM data is still difficult to obtain and restricted to special cases due to the complex
magnetic structure of magnetically coated MFM probes. Several theoretical investi-

gations have been conducted, e.g. on the tip-sample-interaction ™

or micromagnetic
models of the MFM response.”™ There is also framework to perform the image analysis
in the Fourier domain using transfer function theory. 7 One of the most commonly
used MFM sensor calibration approaches is the point probe approximation”™ which at-
tributes all effective magnetic moments of the MFM tip to a point dipole or monopole
within the real probe (see section 3.3.3.2). Various calibration structures that provide

1877 current rings,'” or magnetic hard

a defined magnetic field such as current lines,
discs'? have been used to determine the point pole and its position within the MFM
probe. All these evaluations can be further complicated due to the perturbation of
the sample magnetization by the MFM tip or vice versa. In addition, the application
of calibrated conventional probes is restricted to samples with similar magnetic stray
field geometry as that used for calibration. To measure a sample with different mag-
netic structure geometries which interact with a different effective probe volume, a new

calibration with analogous features needs to be performed (Fig. 5.1, left side). This
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Figure 5.1: Schematic comparison between a
magnetically coated MFM probe and an ex-
tended dipole probe. Depending on the sample V
stray field geometry, different volumes of the ¥y -
magnetic coating of a conventional probe are =7 y
involved in the imaging process (left). In the
case of a rod-shaped magnetic dipole longer
than the stray field’s decay length only the
lower monopole takes part in the interaction
(right). Knowledge of its value and position
leads to a universal probe calibration.

is time consuming and restricts the accuracy of the obtained data. The calibration
would be much simpler in the case of a probe shaped like a long cylinder of homo-
geneous diameter magnetized along the cylinder axis, here referred to as an extended
dipole probe, suggested as the ideal sensor shape over 10 years ago.”® As long as the
distance between the long wire’s opposing monopoles is larger than the decay length
of the sample’s magnetic stray field only the monopole close to the sample surface is
involved in the tip-sample-interaction (Fig. 5.1, right side). Consequently, knowledge
of the value of the lower monopole and its position leads to a universally applicable
MFM probe calibration and the possibility of straightforward quantitative MFM mea-
surements. This very attractive advantage of an extended dipole tip is also supported
by the force transfer function approach by Hug et al.” Within this concept the tip
can be approximated by a point charge if the diameter of the elongated tip is smaller
and its length is larger than the size of the magnetic structures to be investigated.

The force acting on the probe is then proportional to the sample’s stray field.

Experimental approaches for the fabrication of such a probe have been demonstrated,

1.8% with the CantiClever design where a bar shaped magnetic sensor

e.g., by Saito et a
is obtained by the deposition of a Co layer on the side of a freestanding SiN plane
(see section 3.3.3.3). These approaches yield high resolution tips with a better de-
fined magnetic volume than that of a conventional probe. However, the ferromagnetic
coating is not protected and thus subjected to oxidation and abrasion. In addition, a

universal calibration of these probes has not been demonstrated.

According to the previous considerations, the ideal MFM probe would be a long fer-
romagnetic cylinder of known constant diameter in the order of or smaller than the
magnetic structure of interest. In addition, it should have well defined magnetic prop-
erties such the switching field and a magnetic moment aligned and fixed along the
cylinder axis. It should keep these properties over a long lifetime without a change
of geometry or magnetic properties. A carbon nanotube enclosing a cylindrical iron

ferromagnet with a diameter in the nanometer range and a length of several microns
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is an ideal candidate for such a MFM probe. Its dimensions fit perfectly to the force
transfer function approach mentioned earlier, the point charge approximation is in this
case valid for samples with magnetic feature sizes ranging from some tens of nanome-
ters to some micrometers. This covers the magnetic feature sizes of main interest in
MFM investigations. It has already been shown® that carbon nanotubes reveal great
potential as probes for atomic force microscopy. A FeCNT probe is equivalently ad-
vantageous for MFM. Carbon nanotubes are known for their outstanding mechanical
and chemical stability thus ensuring a long probe lifetime. The ferromagnetic filling
enclosed in the carbon shells is protected from oxidation and maintains constant mag-
netic properties. The small diameter of the filling allows imaging with a high lateral
magnetic resolution and less influence on the sample magnetization. Additionally, the
large shape anisotropy of the enclosed iron wire far exceeds other anisotropy contri-
butions, e.g. magnetocrystalline anisotropy, and leads to a stable magnetization along
the long wire axis and a high switching field. Consequently, the tip magnetization
is also less likely to be perturbed by the sample’s stray field and a more accurate

quantitative data evaluation is possible.
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5.2 PROBE PREPARATION

Previous experiments showed that the direct growth of an individual aligned and con-
tinuously filled FeCNT on the tip of an atomic force microscopy cantilever is hard to
achieve. %10 Winkler et al. investigated several routes such as the use of growth in-
hibiting gold layers or the local application of catalyst material to restrict the FeCNT
growth to a small part of the cantilever. However, these approaches posed several
problems. The gold layer was not able to prevent the growth of FeCNTs in all un-
wanted regions due to preexisting or high temperature induced defects in the layer.
Furthermore, the alignment of FeCNTs is to a large extent due to their growth as
a compact body. If separated FeCNTs are grown, they do not have the tendency
to align perpendicular to the substrate surface plane. Thus, for the preparation of
FeCNT MFM probes we chose the local attachment of a selected FeCNT to an AFM

99,101 The following procedure is used: First, many FeCNTs are grown by

cantilever tip.
CVD on a catalyst-coated silicon substrate. One of these nanotubes is then attached
to a conventional AFM tip using a SEM equipped with a micromanipulator. After
this, the fabricated probe is inspected and can, if necessary, be tailored by etching off
unwanted carbon parts by localized electron-beam induced oxidation in a SEM or by
cutting off these parts with a FIB. In the following sections each of these steps will be

explained in more detail.

5.2.1 Attachment of an individual FeCNT to a conventional AFM
probe

The FeCNTs prepared by CVD as described in section 3.1 are favorable for the probe
preparation as they do not form a uniform body of tightly packed nanotubes of equal
length. Some of the nanotubes are longer than others and stick out of the “nanotube
forest”. This makes them easily accessible for manipulation, the cantilever tip can be

navigated close to the chosen nanotube with a micromanipulator.

For this process, a SEM equipped with a Kleindiek three-axis micromanipulation sys-
tem is used. The FeCN'T sample is broken in two such that a clean edge with exposed
nanotubes is formed. The sample is then placed in the SEM with the breaking edge
facing the electron gun so that the nanotubes can be seen in their full length. A
conventional AFM cantilever is attached to the tip of the micromanipulator and ro-
tated until the cantilever chip is approximately parallel to the FeCNT sample plane
to assure that the attached nanotube will be roughly aligned with the cantilevers

oscillation direction. The cantilever is then moved towards an individual FeCNT un-
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5.2 Probe preparation

Figure 5.2: SEM micrographs of FeCNT MFM probes. Individual FeCNTs are attached to
a) a conventional AFM cantilever and b) a tipless cantilever with the help of a micromanipu-
lation system. ¢) Amorphous carbon deposits attach the FeCNT to the cantilever. d) and e)
FeCNT MFM probes. f) The top part of the FeCNT attached to an AFM probe. Left: SEM
image. Middle: Backscattered electron contrast (the bright region of the nanotube is iron
filled). Right: Schematic sketch. The iron filling extends to the very end of the nanotube
ensuring a small probe-sample distance. The filling is completely surrounded and protected
by carbon shells.

Figure 5.3: TEM micrograph of a FeCNT attached to a silicon cantilever. 1- Iron filling,
2- Carbon shells, 3- Amorphous carbon deposition, 4- Silicon cantilever.

77



5 FeCNT as probes for MFM

til the end of the nanotube touches the cantilever tip (Fig. 5.2a and b). The small
area of the nanotube in contact with the cantilever surface is then scanned with the
primary electron beam at a high magnification (/100,000 ). This leads to the de-
position of amorphous carbon in this area, e.g., from remaining hydrocarbons in the
microscope chamber (Fig. 5.2c¢ and Fig. 5.3). After that, the cantilever is retracted,
thereby pulling the attached nanotube off the substrate surface. Two examples of the
resulting probes can be seen in Fig. 5.2d and e. Fig. 5.2f shows the very end of such
a probe and a sketch illustrating that the iron filling extends to the very end of the
nanotube ensuring a small probe-sample distance. Carbon shells completely surround
and protect the iron wire. The connection between nanotube and cantilever tip proves
to be very stable. The nanotube remains unchanged on the cantilever tip even after
multiple tapping mode AFM scans or bending processes in the SEM while the probe

is still attached to the micromanipulator.

5.2.2 Tailoring fabricated tips with a focused ion beam

Some nanotubes attached to cantilevers show properties that are not advantageous
for MFM imaging. This includes unfilled nanotube parts and iron particles (e.g.,
remaining catalyst particles) on the ends of nanotubes. In order to improve these
probes, it is possible to cut off unwanted tube parts with a focused ion beam (FIB). In
Fig. 5.4 such a process is shown. The original FeCNT attached to the AFM cantilever
contains two smaller iron nanowires (1-2 pm) at the tube ends and a larger one (9 um)
in the center (Fig. 5.4a). In order to use the longer wire as scanning probe, the
tube end was cut using a gallium ion beam at 16kV and a current of 0.6 pA (lowest
possible). It was observed in previous experiments that the filled or unfilled nanotube
parts processed with a FIB at higher beam currents can bend at the cutting site
towards the incoming beam (e.g., due to Ga-ion implantation, see Fig. 5.4e). This
makes them unusable as MFM probes. At lower currents this damage is reduced. A
scan window of ~500x300nm was moved along the nanotube, thereby successively
removing its top part. To avoid further damage of the nanotube by imaging it with
the ion beam, no images were made during FIB cutting. Due to this, the actual cutting
progress was hard to estimate and a larger part of the tube than originally intended
was removed. Fig. 5.4b shows the final state. The FeCNT was shortened by ~8 um
and now has a 1.3 um long nanowire at its end which can be used for MFM imaging.
To see whether the cut FeCNT end remains open, two samples that were cut with a
FIB were investigated in a TEM (Fig. 5.4 ¢ and d). A 5-20nm thick film (most likely
amorphous carbon) covers the cutting site. It is unclear how this layer is formed, it

could be a result of imaging in the SEM or TEM (similar to the deposition formed
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30nm €

Figure 5.4: SEM and TEM images of FIB-cut FeCNT. a) Backscattered electron contrast
of the original FeCNT filled with three iron nanowires. b) The same FeCNT after cutting
off several microns with the FIB. ¢) and d) TEM images of two cut FeCNT ends. A thin
carbon layer covers the iron core. e) SEM image of a FeCNT FIB-cut at higher ion beam
currents. The end is bent due to ion beam induced damage.

for attaching the FeCNT to the cantilever). Since all FeCNT probe manipulation
described here takes place in a SEM, it is most likely that the ends of all cut FeCNT's
obtain an amorphous carbon cover of changing thickness depending on the imaging
time and parameters. This prevents an oxidation of the filling but at the same time

increases the minimum probe-sample separation due to a bigger carbon shell size.

5.2.3 Tailoring fabricated tips by localized electron-beam induced ox-

idation

Electron-beam induced oxidation of carbon is known to be able to locally remove parts
of carbon nanotubes. 1% It is a useful alternative to using a focused ion beam for cutting
off unfilled FeCN'T ends or reducing the shell diameter as there is less damage induced
to the iron filling and the carbon shell. A disadvantage is that no iron particles can
be removed with this technique. Various process parameters can lead to the desired

results. In the following, one example for such a local oxidation will be explained.

For electron-beam induced oxidation, the chosen MFM probe is oriented in the SEM
in a way that the attached tube can be seen in full length. To distinguish the filled
from the unfilled nanotube parts, a backscattered electron detector (BSED) is used.
After focusing the electron beam in high vacuum on the empty nanotube part to be
removed, the microscope chamber is filled with water vapor at a pressure of 0.2 mbar.

A small scan window is placed only over the area to be oxidized, and the electron
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Figure 5.5: a) SEM micrograph and b)
schematic image of a partially iron filled CNT.
The iron nanowire does not extend to the end
of the tube. Instead, there are iron containing
particles. To remove the tube end, localized
electron-beam assisted etching was performed ¢
in the boxed region (b). ¢) Progressing oxida- Wledwith  eply crton
tion of the carbon shell until complete removal. be etched

iron containg particles

beam is scanned at an acceleration voltage of 10kV and a current of approximately
2nA. Depending on the window size and the thickness of the carbon nanotube, the
exposure time until all carbon in the selected area is removed varies from 30s to 5 min.
In Fig. 5.5, such a process is depicted. Fig. 5.5 a shows the end of the original nanotube
attached to the probe. The end of the nanotube which is supposed to interact with
the sample stray field is unfilled and covered with multiple iron and carbon particles.
The long iron filled nanotube part further back (see sketch in Fig. 5.5b) would be
more appropriate for the tip of the MFM probe. In order to “cut oft” the disturbing
part, the empty carbon shell between the long, filled center part and the nanotube
end is removed by scanning it with a scan area of approximately 150 nm x 1 um. It
had been observed in previous experiments that when scanning only a small part of a
nanotube to produce a cut, the nanotube end tends to bend by 180° due to electron
beam induced defects. It then sticks to the rest of the tube instead of being cut off.
Therefore, we chose to scan a larger area to avoid this process. It can be seen in
Fig. 5.5 ¢ that the front part of the tube bends over while the etched part gets thinner,
but eventually it is completely removed. Now the iron nanowire is located at the tube

end and can be used for MFM imaging.

A second example of the improvement of a FeCNT MFM probe by localized electron-
beam induced oxidation is shown in Fig. 5.6. In Fig. 5.6 a, it is clearly visible that
the iron wire inside (darker contrast) does not extend all the way to the tube end.
This unfilled nanotube section of about 100 nm increases the effective distance between
sample surface and iron nanowire probe causing the poor MFM phase contrast shown
on the right (magnetic hard disc sample). In Fig. 5.6 b, the extra carbon is removed
and the nanotube tip is sharpened, leading to strongly enhanced MFM intensity and

resolution at the same probe sample distance.
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not
filled

Figure 5.6: Left: SEM micrograph of the end
of a FeCNT MFM probe a) before and b) af-
ter removal of the empty carbon shell at the
tube end. Right: MFM images taken with the
corresponding probe. A clear improvement in
lateral resolution can be seen. Scale bar in
SEM micrographs: 100nm, in MFM images:
1 wm.

5.3 MFM MEASUREMENTS WITH FECNT MFM PROBES

Each fabricated tip was tested in a Veeco DI13100 AFM for its applicability as an MFM
probe in tapping mode (AFM) and Lift Mode™ at a lift height of 50 nm (MFM). For
a test sample, a conventional magnetic hard disk was used. The magnetic bits are
magnetized parallel or antiparallel to the MFM probe magnetization corresponding to
black and white in the MFM image. In Fig. 5.7, SEM micrographs of four FeCNT
MFM probes are shown along with an AFM height image and MFM phase image
taken with the corresponding probe. The behavior of most nanotube probes during
approach to the sample surface was not different from what is observed when working
with coated MFM tips. Most probes allow excellent topographic imaging even with a
nanotube length of up to 20 um. This is a sign of extraordinary stiffness of the filled
nanotubes. The thermal vibration amplitude x of a nanotube can be estimated by

equating the thermal energy %k:BT with the potential energy of the lateral nanotube

2.103
kpT
x =42 (5.1)
kent

bending %kc NTTZ:
To determine the nanotube force constant for lateral bending, ko n7, the CNT attached

to the cantilever can be approximated as a one side clamped beam of circular cross

section:

3rErt

k = ——
CNT E
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Figure 5.7: MFM test of four different FeCNT MFM probes. For a) to d) from left to right:
SEM micrograph of the probe; zoomed in SEM micrograph of the tip of the attached nano-
tube; backscattered electron contrast SEM image of the same region, the bright part shows
the enclosed iron; AFM height image of the test sample (magnetic hard drive) measured
with the fabricated probe; MFM phase image of the same area. AFM height scale: 10nm.
MFM phase scale 2°. White scale bar: 500 nm; black scale bar: 4 um.

with the nanotube length L, radius r and its Young’s modulus E. For the probe shown
in Fig. 5.7¢ with a nanotube length of 13 um, a diameter of 100nm and a Young’s
modulus E=400GPa,'® Eq. 5.1 and 5.2 yield a force constant of 3mN/m and a
thermal vibration amplitude of 1.2nm at T=300 K. This would hardly be noticed even
in a high resolution MFM scan (see section 5.4). This approach does not consider the
properties of the CNT attachment or the influence of the iron filling, however, the

obtained result can still help to understand the FeCN'T probe’s mechanical behavior.

The probes that were found to be suitable for AFM also show good MFM contrast and
resolution. However, in some cases tapping mode imaging was not possible or only
with artifacts in the resulting topography image (see Fig. 5.7d). A possible reason
might be that due to its low force constant, the FeCNT can stick to the sample surface

at small probe sample distances. Another reason could be a poor attachment of the

82



5.4 Magnetic resolution of FeCNT' MFM probes

nanotube to the cantilever (weak connection) or defects in the FeCNT that lead to

reduced rigidity.

FeCNT probes that did not allow imaging in the tapping mode were subsequently
tested in constant height mode MFM in the Nanoscan hr-MFM. In this imaging mode,
almost all FeCN'T probes with iron filling at the very tube end yielded good MFM
images. Thus, the problems in tapping mode described above are probably due to
adhesion between FeCN'T and sample. Non-contact mode might consequently be suited
better for this kind of probes.

For the aim of quantitative MFM measurements, iron cylinders or needles with con-
stant diameter, as shown in Fig. 5.7a and c, are favorable. For qualitative MFM
imaging, nanotubes with particles on the end (Fig. 5.7b and d) work just as well, al-
though the larger particle diameter reduces the topographic and magnetic resolution.
The quality of the magnetic image strongly depends on size and position of the iron
contained in the nanotube. In general, the larger the iron filling and the closer it is
located to the end of the nanotube, the stronger is the MFM phase contrast. The
probe magnetic dipole moment m = M, m[7? depends on the iron wire length [ and
radius r. M, is the saturation magnetization of iron. If only the monopole moment
at the wire end interacts with the sample stray field, the length of the nanowire can
be omitted. Considering an iron nanowire length of 5um and a magnetization of
1.76-10% A /m, the magnetic monopole moment varies from 5-107!° to 5:107® Am and
the dipole moment from 3-107'° to 3-107!* Am? for wire diameters of 10 to 100 nm.
Applying the point probe model, Lohau et al.!” obtained values of 107% to 10~7 Am
for the monopole moments and 107 to 107!3 Am? for the dipole moments of thin film
MFM tips. So the moment of the carbon nanotube tips is not necessarily smaller than
the moment of today’s thin film MFM tips, but much more localized. It can be varied

to some extent, depending on the geometry of the chosen nanotube.

Concerning the probe lifetime, all working FeCNT probes so far (after more than 100
working hours) show no changes in their mechanical and magnetic properties. Even
after rigorous physical contact to the sample surface which would have damaged the
brittle tip of silicon probes no probe deterioration could be observed. From FeCNT
manipulation in the SEM it is known that the nanotube will just bend when encoun-
tering an obstacle returning elastically back to its original shape without noticeable

damage.
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Figure 5.8: Left: 3 umx3 pum MFM scan of a magnetic hard disc made with a FeCNT MFM
probe. Right: Section along the red line, an average over 3 scan lines is displayed revealing
features with widths ranging from 13 to 35nm.

5.4 MAGNETIC RESOLUTION OF FECNT MFM PROBES

To test the achievable magnetic resolution of a FeCNT MFM probe it was tested on
high density magnetic storage media. The measurements were performed in constant
height mode in the Nanoscan hr-MFM in high vacuum. Fig. 5.8 shows a 3 umx3 pum
scan of a 320 GB Western Digital hard disc. To determine the resolution in this case,
a line section through a row of bits was extracted. Peaks with a width of 25-35nm
can be found and some smaller features with widths below 20 nm appear as shoulders
on bigger peaks. Thus the magnetic resolution of the FeCNT MFM probe comes close

to the so far maximum reported resolution of 10 nm. 84

The magnetic hard disc shown in Fig. 5.8 has an average bit size of &~ 30 nmx100 nm.
This is too large to really test the maximum possible resolution of the fabricated
probes, other samples with smaller domain sizes need to be found. It is known that

105 form sub-micron sized

magnetic multilayers with strong perpendicular anisotropy
stripe or bubble domains depending on the external magnetic field. However, MFM
measurements with FeCNT probes showed that the minimum stripe domain width is
in the range of 50 nm which is still too large. Another option is the use of magnetic
nanoparticles, e.g., synthesized from a gas aggregation source. % In this work, Co and
Fe nanoparticles with a diameter of 5-10nm deposited onto silicon substrates were
used. Fig. 5.9 shows an MFM scan and two line sections of such a sample measured
with a FeCNT probe. The obtained MFM contrast mainly shows features with full
width at half maximum of 50-80 nm and rarely some smaller substructures of 20-30 nm
width. Consequently, only larger particles or particle aggregates are detected (even
small superparamagnetic particles should give a negative frequency shift contrast in

MFM if the resolution of the probe is high enough). Also, larger dirt particles on
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Figure 5.9: Left: 800nmx800nm MFM scan of iron nanoparticles made with a FeCNT
MFM probe. Right: two line sections taken from MFM images of iron nanoparticles.

the substrate surface prevented the tip from approaching close enough to the sample

surface to get a better resolved signal from the smaller sized particles.

The maximum obtainable resolution is related to the dimensions of the magnetic probe
which is exposed to the sample stray field and to the probe-sample distance. Thus
in order to improve the lateral resolution, it is necessary to reduce the magnetically
sensitive part of the probe to a small size and to operate the probe in close proximity
to the sample surface. FeCNT probes already feature a nanscale diameter of the mag-
netically active part. Thus the resolution could be enhanced by choosing nanotubes
with a very thin carbon shell to reduce the probe-sample distance. Due to the time
consuming preparation procedure of the FeCNT probes and the more difficult handling
of thinner FeCN'T this was not attempted so far.

5.5 BEHAVIOR OF FECNT MFM PROBES IN EXTERNAL
MAGNETIC FIELDS

In the last years, much progress has been made to adjust the MFM technique to the
needs of special applications. To directly observe the magnetization reversal mecha-
nism and domain evolution in magnetic materials, MFM systems for imaging samples
in an external magnetic field have been developed. "% For this application it is nec-
essary to consider that also the magnetic tip is subjected to the applied field. The
probe magnetization will change depending on the magnitude and orientation of this
applied field which leads to changes in the resulting MFM image. It can then be
necessary to use special calibration samples in order to determine the magnetization
state of the probe in the external field for a clear evaluation of the MFM data.!%”
In some cases the reorientation of the probe’s magnetization along the external field

might be an advantage, e.g., to selectively image specific components of the sample
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stray field.!%® However, when only the perpendicular sample stray field component is
to be imaged depending on the external field, this is an unwanted effect. According to
Babcock et al.'%7 there are two possibilities for these kinds of experiments to avoid an
unpredictable canting of the probe moment. First, a tip with a coercivity much larger
than the applied field can be used. The second alternative is a very soft magnetic
tip whose magnetization is always aligned with the total local field in a defined way.
However, the magnetization direction of such probes can still differ from that of the

sample making the image interpretation difficult.

In this section the behavior of a FeCNT MFM probe in an external magnetic field
parallel to the sample plane is investigated and compared to two different kinds of
probes. For this application, the high aspect ratio and thus the large magnetic shape
anisotropy of the iron nanowire contained in the FeCNT is a great advantage. The
wire’s magnetization is stabilized along its long axis even in a moderate external field

perpendicular to this easy axis.

5.5.1 Experimental procedure

In order to unmistakably see the change of the MFM probe’s magnetization in the
MFM image a test structure was chosen that would not change its magnetic configu-
ration in an external field parallel to the sample plane. An array of Co/CoO nanodots
(Fig. 5.10a) that was originally prepared for investigations of exchange-biased struc-

0 was used.” The nanodots were prepared by electron beam lithography and a

tures!?
standard lift-off process on silicon substrates. A 25nm thick Co layer was deposited
and subsequently exposed to pure oxygen to form the 2nm surface oxide. A further
oxidation was prevented by coating the sample with a 7nm Au film. The measure-
ments were performed at room temperature, so the dots behave like small bar magnets.
They have a size of 360 nm x 120nm leading to a magnetic shape anisotropy and a
preferred direction of magnetization along the long dot axis, here denoted as z (see

Fig. 5.10¢).

The MFM measurements were performed in the Nanoscan hrMFM in high vacuum.
For magnetic field dependent studies, the system is equipped with a perpendicular and
an in-plane field option. The in-plane magnetic field is provided by an arrangement of
four permanent magnets positioned around the sample, its orientation coincides with
the sample’s x direction. A piezo motor changes the magnets’ position to vary the

field strength continuously from -230 to +230 mT. The sample was scanned in constant

“The structure was fabricated by Dominique Givord, Institut Néel, CNRS-UJF, Grenoble, France
and provided by Ulrike Wolff, Institute for Metallic Materials, IFW Dresden.
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Figure 5.10: a) SEM micrograph of an array of Co/CoO nanodots. b) MFM probes used
in this investigation. 1- Pyramid shaped silicon probe coated with 40 nm CoCrTa. 2- High
aspect ratio MFM probe (HR-MFM, Team Nanotec). 3- FeCNT MFM probe. ¢) Schematic
view of the MFM measurements. The external field is applied along the long axis of the
dots coinciding with . Bottom: With increasing magnitude of the field, the magnetization
of the MFM probe can tilt away from its original orientation along z. This leads to changes
in the measured MFM image.

height mode thereby mapping the cantilever frequency shift due to the samples’ stray
field gradient.

Three different MFM probes were investigated (Fig. 5.10b): (1) a conventional pyra-
midal atomic force microscopy (AFM) tapping mode cantilever coated with 40 nm of
a high coercive CoCrTa alloy, (2) a coated high aspect ratio MFM probe (HR-MFM,
Team Nanotec) and (3) a FeCNT MFM probe. This particular FeCNT contains a
13 pm long and ~30 nm wide iron nanowire. Before the measurement, all MFM probes
were magnetized perpendicular to the sample surface, along z. Thus, during MFM
measurements the external magnetic field was applied parallel to the sample plane and

perpendicular to the original probe magnetization.

5.5.2 In-plane field MFM measurement results

Fig. 5.11 shows MFM scans of the Co/CoO nanodots taken at different values of the ex-
ternal magnetic field with a) the pyramidal MFM probe, b) the high aspect ratio MFM
probe and c¢) the FeCNT MFM probe. ! When the MFM probe is magnetized along
the z direction perpendicular to the sample surface, it only images the z component of
the magnetic stray field gradient (we disregard the tilt of the cantilever beam relative
to the sample plane). Thus, the zero field MFM scans on the left side of Fig. 5.11
show the magnetic stray field emanating from the ends of the rectangles as black or
white dots corresponding to the stray field’s z component parallel or antiparallel to
the MFM probe magnetization. At a certain value of the external field the black and
white dots start to transform into neighboring black-white and white-black structures.
At that point the MFM probe magnetization is starting to tilt away from the z-axis
into the direction of the applied field (see sketch in Fig. 5.10c). Consequently, not the

87



5 FeCNT as probes for MFM

Figure 5.11: MFM scans of the Co/CoO nanodots taken at the displayed values of the
external magnetic field with a) the pyramidal MFM probe, b) the high aspect ratio MFM
probe and c) the FeCNT MFM probe. Scan size 2.1 pumx2.1 pm.

sample stray field derivatives along the z direction are imaged but those of the stray

field component parallel to the direction of the effective tip magnetization.

The three tested probes show different behavior in the external magnetic field. The
magnetization of the pyramidal tip (Fig. 5.11a) starts to follow the external field
beginning at a value between 50 and 75 mT. At 150 mT the MFM image seems to dis-
play only in-plane field contrast. In the rightmost image of Fig. 5.11a it can be seen
that the probe moment stays tilted even when the external field is removed. In order
to restore its magnetization perpendicular to the sample surface, the probe needs to
be remagnetized. Especially for MFM measurements conducted in vacuum this repre-
sents a bothersome additional effort. The field-dependent behavior of pyramidal MFM
probes has already been studied extensively. 91127114 Depending on the anisotropy of
the coating, the tip magnetization starts to tilt at lower or higher field values. The tilt
of the tip’s magnetic moment as a function of the external in-plane field was measured
by Weis et al.'% Tilt angles of 40-50° relative to the pyramid axis were found for Co
coated probes in a field of ~8mT. The CoCrTa coated probe has a higher coercivity
and its magnetization should thus remain stable up to somewhat higher field values

which corresponds to the shown observations.

Weis et al. also found a strong magnetic history dependence of the tip moment of
coated probes. This effect was also seen in this study for both coated probes and
will be displayed here in detail for the high aspect ratio probe (Fig. 5.11b). In the

first experimental run after having magnetized the probe along z, the tilt of the probe
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5.5 Behavior of FeCN'T' MFM probes in external magnetic fields

magnetization is only observed at a field of ~200mT, probably due to the higher
shape anisotropy of the probe. With the field removed, the in-plane component of
the tip magnetization is not visible anymore in the MFM image. In the second run
of increasing the external field, the tip moment starts tilting already at ~100mT.
This could indicate that the probe magnetization was not completely restored to the
original state after the first run. A slightly modified domain configuration might have
remained lowering the energy barrier for the rotation of the tip moment in the second

run.

Fig. 5.11 ¢ shows the field dependent measurements performed with the FeCNT MFM
probe. The in-plane field was increased up to the experimental limit of 230 mT with-
out a sign of a tilting tip magnetization. Due to the high shape anisotropy the probe
magnetization remains stable along the FeCNT axis and the unchanged z component
of the magnetic sample stray field gradient is imaged. Then the field was reduced to
0mT and stepwise increased in the opposite direction to observe the switching of the
nanodots. The dots switch at different fields ranging from ~40mT to ~100mT. !9
This switching process can be nicely observed with the FeCNT probe without a dis-
turbing in-plane magnetization. The FeCNT probe thus allows an easily interpretable
observation of magnetic reversal processes in the presence of an external field of at

least up to 230 mT perpendicular to the FeCNT axis.

5.5.3 Micromagnetic simulation of an iron nanowire in external fields

It is known that if the direction of an external magnetic field deviates from the long
axis of a ferromagnetic nanowire, the magnetic moments inside the nanowire start to
tilt towards the applied field (e.g. shown experimentally by Wang et al.!'®). When
the applied field becomes stronger, the deviation of the moment’s orientation from
the nanowire axis also becomes larger. Yet in this work, the MFM measurements in
applied fields do not show a component of the FeCNT’s magnetization parallel to the
sample surface. This could mean that the deviation of the magnetization from the
wire axis is still small and the stray field of the magnetic monopole at the nanowire

end outweighs the existing in-plane components.

To better understand the FeCNT probe’s behavior, micromagnetic simulations of the
reversal process of an iron nanowire were performed with the NMag simulation code.
Detailed information on NMag can be found elsewhere. 1*6:*17 The simulations are based
on the Landau-Lifshitz-Gilbert equation!!®!9 describing the dynamic magnetization

processes in a ferromagnetic material:
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where po Hy = —g—ﬁ is the total effective magnetic field, E is the total free energy in

the ferromagnet, M; is the saturation magnetization, ~ is the gyromagnetic ratio and «
is the Gilbert damping constant. The total effective magnetic field can for example be
described as Hr = H+ Hy+ Hp + H., with the applied field H, the magnetocrystalline
anisotropy field H, the demagnetization field Hp and the exchange field H,,.**'?° For
a constant Hr and o = 0, M precesses around the field vector Hy with a frequency
w = yugHy. The damping leads to a relaxation (the precession spirals down) towards

a time independent magnetization along the field direction on a time scale of 1/aw.

The NMag simulation code takes a given magnetization configuration and carries out
the time integration of Eq. 5.3 until the system reaches a (metastable) equilibrium.
This is the case when the torque on the magnetic moment at each site of the simulated

object’s mesh is smaller than a certain threshold. !¢

It has been shown (e.g., by Ott et al.’?!) that the approximated shape of the nanowire
has a big influence on the simulation results. The hysteresis curves of cylindrical,
ellipsoidal or bar-shaped wires of the same dimensions can differ considerably. To
come as close as possible to the real geometry of the nanowires used in this work,
TEM images of the wire ends were made (Fig. 5.12¢). As the wire end is not flat,
the nanowire’s geometry was approximated by a cylinder with hemispherical caps
(Fig. 5.12a). The length of the simulated cylinder was set to 200 nm and its width to
10nm leading to an aspect ratio of 20:1. The actual probe aspect ratio is bigger than
that (approx. 400:1). The calculation should nevertheless be valid for our case since
it has been shown that the shape anisotropy of magnetic nanowires changes gradually
with increasing aspect ratio, but then remains almost constant when the aspect ratio

gets larger than 20:1 (see section 2.3).40

The orientation of the iron nanowire on the measured FeCN'T probe is not exactly
perpendicular to the sample surface and the external field. From SEM images taken
at various stage tilt angles the nanowire’s angle with respect to z was estimated to
be ~19°. Taking this into account, the wire’s hysteresis curve was simulated using a
geometrically equivalent arrangement with a magnetic field applied along x and the

nanowire oriented in the x — z plane (Fig. 5.12a and b).

The red curve with circular symbols displays the magnetization parallel to the long
nanowire axis (M), easy axis), the blue curve with square symbols represents the

magnetization component in the x — z plane perpendicular to the long axis (M, hard
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Figure 5.12: Micromagnetic simulation of the hysteresis curve of a FeCNT probe. a)
Capped cylinder used for the simulation in the geometry of the experimental setup. b)
Hysteresis curve of a capped iron cylinder simulated with NMag. The red curve with circular
symbols displays the magnetization component M parallel to the long nanowire axis, the
blue curve with square symbols represents the magnetization component M, perpendicular
to the long axis. c¢) TEM image of the end of an iron nanowire enclosed in a CNT. d)
Magnetic configuration of the simulated nanowire at different points of the hysteresis curve.
Left: zero field. Right: 230 mT, the maximum applied field in the MFM experiments. The
black arrows show the direction of the magnetization M. The colored surface represents the
magnitude of M.
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5 FeCNT as probes for MFM

axis). It can be seen that the wire magnetization component parallel to the long
axis at first decays very slowly with increasing field. At the maximum experimental
value of 230mT a small perpendicular magnetization component already appeared,
but the parallel component is still more than four times larger. This can also be seen
in the visualization of the magnetization vector field (Fig. 5.12d). At 230mT the
largest deviation of the magnetization can be seen at the wire end, but the magnitude
of M) still amounts to more than 90% of its zero field value. When the applied
field is increased further, the wire magnetization tilts more and more towards the
external field. In a magnetic field >1.1T the component perpendicular to the wire
axis dominates. The sudden jumps in the curve at £0.5 T mark the reversal of the wire
magnetization. This corresponds well to what has been found in MFM measurements

of the angular dependence of the switching field of iron nanowires. !

The Fe crystal orientation of the FeCNT probe was not considered in this calculation.
However, as the iron nanowire’s magnetocrystalline anisotropy (K, =0.046 MJ/m?)
is more than one order of magnitude smaller than its shape anisotropy (uoM2/4

=0.9MJ/m? for an infinite cylinder) it may be neglected in this case.
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6 CALIBRATION OF FECNT PROBES
FOR QUANTITATIVE MFM

A single magnetic domain iron wire enclosed in a carbon nanotube with a high shape
anisotropy constitutes a structure of predictable magnetic properties that can simplify
the reconstruction of MFM data. The ferromagnetic wire can be treated as an ex-
tended dipole of which only the monopole close to the sample surface is involved in
the imaging process. In this section, a calibration routine based on the point probe
model (described in section 3.3.3.2) will be presented. This routine can be used to
determine the probe’s magnetic monopole moment and prove its independence of the
sample stray field geometry. This opens up the potential for straightforward quanti-

tative MFM measurements.

6.1 CALIBRATION DEVICE

6.1.1 Device design

For the calibration of a FeCNT MFM probe, the effective probe monopole moment
involved in the imaging process, its position in the probe according to the point probe
model and the dependence of both values on the decay length of the sample stray field
need to be determined.” To achieve this, a calibration structure which generates a well
defined local magnetic field at small length scales is necessary. In addition, different
magnetic field geometries need to be accessible to test their influence on the probe’s
effective magnetic moment. For this purpose current carrying parallel nanowires as

suggested by Kebe and Carl for the calibration of coated MFM probes are used. 86

Fig. 6.1 a shows a schematic drawing of a section of parallel lines carrying current [

with the definition of the lateral dimensions and the coordinate system in use. The
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Figure 6.1: a) Schematic drawing of a parallel wire section with the definition of the lateral
dimensions and the coordinate system in use. b) z-component of the magnetic field H, in
the center between the lines (x = 0) as a function of z according to Eq. 6.3 for a current
of I=4mA. The different colors represent different wire separations b. ¢) Corresponding
plot of the first derivative of H, with respect to z (Eq. 6.4). d) H,/Hnma as a function
of z. The dotted lines mark the positions where the magnetic field has dropped to a value
H(z=M\) = Hpaz/e (37% of Hppae). The so defined decay length A of H, in the z direction
increases with larger distances b between the wires.

magnetic field caused by such an infinitely extended (along y) line can be calculated

with the Biot-Savart law:

H(r) — %/Owdx'/:dy'/otwdz' (6.1)

r

Here w is the line width, ¢ its thickness and |j| = I/wt is the current density. The
resulting magnetic field only has components along x and z and depends on the line’s

geometry and the applied current:
H(r) = H,(I,w,t,z,2)e, + H,(I,w,t, z,2)e, (6.2)
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6.1 Calibration device

The exact result derived from Eq. 6.1 can be found elsewhere. '*% The magnetic field
produced by the setup shown in Fig. 6.1 a is obtained by the superposition of the fields
obtained by each one of the two lines with the parameter b as their separation along
x. Due to the current line symmetry, the magnetic field component along = vanishes
in their exact center (x = 0) in all heights z. The remaining z component can be

calculated as a function of the height z above the sample surface:'®

A PR e e 0 i B MR UL &
H. = 2mwt {< )1 [(z — )2+ [w+ (b/2)]2} : Lz + [w + (b/2)]2}

— 2w+ (b/2)] [arct(m (%) _ arctan (#@/2))} (6.3)

+b [arctcm (%) — arctan (672)} }

The first derivative of H, with respect to z, dH,/dz(A/m?), which is needed for the

point monopole model is then given by

dH, I 27 2? 2(2w + b)?
dz  2mwt {b2 +4(z—1)2 b2 +422 * (2w + b)? + 422

B 2(2w + b)? i [ (z =)+ (b/2)?
(2w 4 b)? + 4(z — t)? (z—1)2+ (w+b/2)?

(6.4)

%%n{ 22 1 (b/2)? ]+, 2= — )% [(w + b/2)* — (b/2)?]
T b/2) (= 02+ (/207 [z — 0 + (w + b/2)7)
B 222 [(w +b/2)* — (b/2)?] }

(2 + (b/27] [ + (w + b/2)7]

The spatial distribution of the generated magnetic field and its gradient can be altered
by varying the distance b between the parallel lines. Fig. 6.1 b-d show the stray field’s
z component at x = 0, its first derivative and the corresponding decay length as a
function of z for various values of b calculated with Eq. 6.3 and 6.4. The decay length
A is here defined as the distance z where the magnetic field has dropped to a value
of H(z = \) = Hpaz/e, so about 37% of H,,.,.. Although H, does not decrease
exponentially with z, this definition is still useful. In Fig. 6.1d, b varies from 440 to
1800 nm and the corresponding decay lengths vary from about 800 to 1800 nm. Smaller
separations b lead to a larger absolute value of H, close to the sample surface but also
to a faster decrease along z. Consequently, the magnetic field generated by parallel

wires with a larger separation b has a larger decay length and extends further in the
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6 Calibration of FeCN'T' probes for quantitative MFM

Figure 6.2: SEM micrograph of contact pads
and parallel gold lines produced by EBL. A
more detailed view of the parallel lines is
shown in Fig. 6.3.

z direction. This enables us to probe the dependence of the tip’s effective monopole

moment on the stray field geometry.

6.1.2 Device fabrication by electron beam lithography

The parallel line structures and contact pads were fabricated by standard electron
beam lithography (EBL) and lift-off technique on silicon substrates.” At first, two
layers of the electron resist poly(methyl methacrylate) (PMMA) were spin-coated onto
a 7Tmmx7mm silicon wafer with 300 nm surface oxide. For each layer, the polymer
solution was dropped onto the wafer at a spinning rate of 2000 rpm and then distributed
evenly on the surface at 6000 rpm for 30s. For the 200 nm thick bottom layer, PMMA
with an average molecular weight of 50 K was used and diluted with chlorobenzene to
a 9 weight percent solution. The 50 nm top layer was prepared with a 1 weight percent
solution of 950 K PMMA. After spin-coating, each layer was heated for 10 min on a
hot plate at 150 °C to avoid any strains inside the PMMA layers and to evaporate the
solvent chlorobenzene. The two different PMMA layers react differently to a given
electron exposure and thus provide an undercut of the structures which facilitates the

lift-off procedure.

The lithography was carried out in a FEI Nova™ NanoSEM equipped with a nanonic
eLitho lithography system. The smallest areas of the line structures were exposed
with a beam current of 20 pA at 25kV while the larger contact pads were fabricated
with a current of 2000 pA (Fig. 6.2). After exposure, the electron resist was developed
for 2.5min in a 1:3 volume ratio mixture of methyl isobutyl ketone and isopropanol
(MIBK:IPO). The development process was then stopped by a 1min bath in iso-

propanol.

“The structure fabrication was performed in collaboration with Kamil Lipert, Institute for Solid
State Research, IFW Dresden and Joachim Schumann, Institute for Integrative Nanosciences, IFW
Dresden.
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Figure 6.3: SEM images of parallel gold lines produced by EBL. Top: The entire structure
with varying distance b between the lines. Bottom: Higher magnification micrographs of
parallel lines with b=440nm, 830 nm and 3 um.

Subsequently, the sample was coated with a 70 nm gold layer via conventional thermal
evaporation including the deposition of a 5nm Cr adhesion layer. The lift-off was

performed in an acetone bath at 70 °C.

Fig. 6.3 shows SEM micrographs of the resulting sample. As mentioned above, the line
distance b is changed along the length of the structure to produce magnetic fields of
varying decay lengths. However, b is kept constant for wire segments of 10pum length
each to have a sufficiently large region of uniform geometry for the measurement and

to avoid disturbing fields from the curved line sections.

In EBL, the so-called proximity-effect causes the exposure distribution and hence the
developed pattern to be wider than the scanned pattern. Electrons that penetrate the
resist can scatter back off the silicon substrate and cause subsequent exposing pro-
cesses. Consequently, the final pattern size deviates slightly from the predefined size.
To determine the exact dimensions of the fabricated lines, SEM (Fig. 6.3) and AFM
(Fig. 6.4) measurements were performed. The measured line width differs from the
nominal w=1 pum by 50 - 150 nm depending on the line separation. This leads to corre-
sponding changes of the actual distance between the lines. The line thickness t=72 nm
is constant throughout the structure within the gold layer’s surface roughness. For
wider line separations (b >800nm) the roughness is smaller than 2nm and it increases
slightly to approximately 3.5nm for closer line segments (440 nm< b <650nm). For
the determination of the magnetic field generated by the sample the measured dimen-

sions are used.
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Figure 6.4: AFM images of parallel gold lines produced by EBL. Left: 8 pumx8 um height
image. Right: Sections at two different line distances b.
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Figure 6.5: Electrical circuit to protect the current ﬂ
. . . source o L

gold lines from electrostatic potentials. The

current source, a switch and a potentiometer
(0-100kQ) are connected parallel to the sam-
ple. L

6.1.3 Current voltage characteristic of the parallel gold line structures

One silicon sample contains four parallel line structures along with the connected
contact pads. After measuring all necessary properties in the AFM, the sample was
placed onto a 24 lead chip carrier. Each contact pad was connected to one of the leads
via ultrasonic wedge bonding of aluminum wires. The connected gold line structures
are very sensitive to electrostatic potentials. The resulting currents might lead to an
evaporation of the metal. To avoid destructive potentials when connecting the sample
to the current source, an electric circuit containing a switch and a potentiometer is
interconnected (Fig. 6.5). When the sample is connected to the source, the switch
is closed. The potentiometer is set to the lowest resistance to protect the sample
from current pulses that might be created when opening the switch. Finally the
potentiometer is set to the highest resistance (100kQ). Then the current will flow
through the gold lines which have a much lower resistance (~=350Q). As current

source, a Keithley SourceMeter 2400 for coupled sourcing and measurement was used.

The small cross section of the parallel gold wires can lead to high current densities
even at low dc-currents. A current / =10mA passing through a wire with thickness

t=70nm and width w=1um leads to a current density j = I/wt=1.4-10" A/m?.
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6.1 Calibration device

Figure 6.6: Typical current-voltage
curve for a parallel gold line sample
showing a linear slope up to a current
of ~9mA. For higher currents, the
resistance of the wires increases leading

Voltage U (V)
N

0 5 10 15 20
Current | (mA) to a steeper slope.

This can lead to a substantial increase of the sample’s temperature and resistance. To
determine the constant resistance regime and the break-down current of the gold lines,
the current (1) - voltage (U) characteristic was measured (Fig. 6.6). Varying slightly
from one structure to another, the I — U curve of the device is linear up to a current
of 7-9mA. In Fig. 6.6, for I <7mA the resistance measures 342 ), at /[=12mA it has
a value of 350 Q.

The gold wire’s temperature 7' can be calculated from its resistance R by using the

relation '8

R(T) = Rr—z93k [1 + a(T — 20 K] (6.5)

with the temperature coefficient of the electrical resistance for gold a=4-10"3K1.
From zero current to 12mA, the line temperature increases by 6 K. This small in-
crease should not effect the MFM measurements and indicates a good thermal contact
between the gold lines and the silicon substrate. At 15mA the temperature increase
already amounts to 10 K. For higher currents, the temperature increases faster until a
local melting of the line occurs. Most structures were found to break down at values
of 25 £ 5mA. With optical microscopy it was observed that the structures tend to be
destroyed at the thinnest cross section carrying the highest current density. If the lines

contain defects, the failure can also happen at those sites.

The calibration measurements were performed at a current of 4mA to avoid any
heating and increasing resistance. Thus we can exclude a temperature change in

the vicinity of the MFM tip during the calibration procedure.
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Figure 6.7: Topography image (left) and 2°™ ! = .
MFM scan (right, phase shift) of two paral-

lel lines (slow scan axis disabled, a slight non-

constant drift along x is visible). The cur- !
rent was swept from -12 to +12mA during the e
scan. Scan range: 8X8 pum .

6.2 INFLUENCE OF ELECTROSTATIC FORCES ON THE MEA-

SURED PHASE SHIFT SIGNAL

For a quantitative evaluation of MFM data it is of great importance to consider all
possible influences on the measured signal. As mentioned in section 3.3, there are
several forces acting on the MFM probe, e.g. Van der Waals forces, electrostatic forces
and magnetic forces. The calibration is mostly carried out at a distance >100 nm from
the sample surface, so the Van der Waals forces are negligible. However, long range
electrostatic forces need to be taken into account, especially since the gold lines and the
substrate surface have a different contact potential and the lines are each connected
to different potentials of the current source. Thus it is not possible to cancel this
interaction by controlling the bias between the tip and the sample as it is done in the

case of a flat single material sample.

It was observed in first calibration experiments that the cantilever phase shift cannot
be purely due to magnetic interactions. The dependence of the phase shift on the
current of the parallel lines did not show a linear behavior as expected from the linear
relation between dH,/dz and the applied current [ in the Biot-Savart law (Eq. 6.1).
The electrostatic influence can also be seen in Fig. 6.7. A topography image (left) and
an MFM scan (right) of two parallel lines are displayed (measured in lift mode in a
Digital Instruments 3100 SPM). During the scan, the current was swept from -12 to
+12mA. The increasing white and dark contrast indicates the increasing electrostatic
interaction between the probe (kept at constant potential) and the changing line po-
tential. Especially for small distances between the lines, this interaction can still be

visible in the center between the lines.

This problem was not encountered by other groups who carried out the calibration of
conventional probes (e.g. Kebe et al.'® or Lohau et al.'”). A possible reason could
be that the magnetic moment of the FeCNT probe is smaller compared to that of
magnetically coated probes and the magnetic interaction does not necessarily outweigh

1.8 measured monopole moments

the electrostatic influences. As an example, Kebe et a
ranging from 1 to 6 - 1078 Am for coated MFM probes. The monopole moment of

FeCNT probes is more than one order of magnitude smaller as will be shown later.
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Figure 6.8: a) A gold layer on top of the gold lines shields electrostatic interactions. 1)
70nm gold layer to shield electrostatic potentials. 2) 200 nm silicon nitride insulation layer.
3) Silicon substrate. 4) 70nm thick and 1pum wide parallel gold lines carrying opposing
current £7. b) Phase shift in the center between the lines (z = 0) depending on the current
of the calibration structure for three different heights z, b=620 nm.

However, some groups solved the problem by constantly adjusting the tip potential

)22 or by physically grounding a

to that of the sample (potential-correction MFM
segment of the current lines to the tip.'?® In this work, the electrostatic interaction
was shielded by depositing a 200 nm silicon nitride insulation layer by radio frequency
magnetron sputtering and a 60 nm gold layer on top of the current lines to shield the
electrostatic interaction (Fig. 6.8a). During both processes, the contact pads were
protected by a layer of photoresist that was manually applied with a small brush.

After deposition, a lift-off procedure was performed to uncover the contact pads.

After setting the tip to the constant potential of the gold layer, only magnetic interac-
tions should be detected. To test this, the phase shift A® of the cantilever oscillation in
the center between the lines was detected depending on the current I passing through
the lines. This measurement was carried out at three constant heights, z=500nm,
2=1000nm and z=1500nm (Fig. 6.8b). We observe A®=0 at zero current, thus we
have no remaining signal from interactions other than magnetic. At the transition
from negative to positive current the sign of A® changes due to the reversal of the
magnetic field produced by the current lines. The linear relation between I and A®
proves that there is no modification of the measured signal by the electrostatic forces
originating from the current carrying lines. It also implies that the tip magnetization
is not changed by the small magnetic stray field of the lines which at /=4 mA has a
maximum value of H,=2000A/m corresponding to less than 3mT (Fig. 6.1b). This
is no surprise given the high stability of FeCNT probes in much higher external fields

described in section 5.5.
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Figure 6.9: Bias sweep to determine the sample surface potential.

6.3 CALIBRATION OF A CONVENTIONAL MFM PROBE

The calibration routine that is described here is adapted from the works of Kebe et
al. 1% with an additional adjustment of the electrostatic potentials. The calibration
measurements were conducted in the Nanoscan hr-MFM in high vacuum. The cali-
bration structure was placed on the sample holder plate and connected via an electric
feed-through to a Keithley SourceMeter 2400. The gold shielding layer of the structure
was connected to the grounded output of the current source. The MFM probe itself
is connected to a floating potential within the MFM, so probe and sample are not on
the same potential. This difference was adjusted during the measurement as will be
explained later. After probe and sample have been installed, the microscope chamber
was pumped to approximately 1-10%mbar. The parallel line structure was preposi-
tioned with the help of the external CCD cameras and the MFM probe set to oscillate
at its resonance frequency. A current of [=4mA was then applied to the structure
at least 1 hour before the actual measurement and kept constant throughout. This

ensures a constant sample temperature and minimizes drifts due to thermal expansion.

To adjust the probe potential to the sample potential, a bias sweep was performed.
For this, the potential applied to the probe is swept from, e.g, -2V to +2V while
the frequency shift signal (and thus the electrostatic interaction between probe and
sample) is recorded. Fig. 6.9 shows such a sweep. The maximum of the parabola
(minimum probe-sample interaction) marks the surface potential. Due to the shielding
layer, this potential does not depend on the current applied to the lines or the x — y
position of the probe, however, it does depend slightly on the probe’s height z above
the sample surface. Therefore, the bias sweep is repeated in different heights. The
respective potential is then applied to the probe during the measurement in different
heights.

For the probe calibration the phase shift signal A® in the center (z=0) between the

current carrying lines needs to be detected. To accurately locate the center, line
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Figure 6.10: Line scans at different heights above the sample surface across two current
carrying lines with b=630 nm. The phase shift signal at x=0nm is evaluated in the calibration
process.

scans over the line structures are performed, but only the signal at x=0 is evaluated
(Fig. 6.10). These scans are repeated in different heights z to obtain a phase shift A®
vs. height z curve that can be fitted using the point monopole model. Consequently,

the resulting probe moment is a mean value over different probe heights.

Within the point probe approximation (see section 3.3.3.2), the phase shift A® of the

cantilever vibration (MFM signal) due to the effective probe monopole moment and

the sample’s magnetic field gradient at =0 can be expressed as!'"!8

180 Q OH,
A =po—= 3745

(6.6)

The only unknown in this equation is the tip’s monopole moment, ¢, which will be

obtained by fitting the measured phase shift A® at x=0 depending on z to Eq. 6.6. In

addition, in the expression for aézz z will be replaced by z + d where d accounts for the

distance of the point monopole from the tip apex. This procedure will be performed

for different sample stray field geometries.

The calibration procedure was first tested with a conventional magnetically coated
pyramid shaped tip (Nanosensors PPP-MFMR) in order to compare the obtained
results to the results of other groups and validate the used setup. Conventional probes
might as well be described by a point dipole, however, to compare the results to

the ones obtained with a FeCNT probe the point monopole description was chosen.
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Figure 6.11: Phase shift A® vs. height z curves measured with a coated MFM probe for

different line separations b. The symbols represent the measured data, the solid lines are the
fitted curves according to the point probe model.

The fit was carried out using the built-in Origin fit procedure based on a Levenberg-
Marquardt algorithm for least squares curve fitting. The probe monopole moment ¢
and its position d were fitted. The values for the line geometry (width w, separation
b, thickness t) were set according to SEM or AFM measurements. The quality factor
() was determined from the cantilever’s resonance curve with @ = fo/Af where fy is
the resonance frequency and Af is the width of the resonance peak at its maximum
amplitude divided by v/2. The spring constant k of the cantilever was calculated
based on Eq. 3.2 with the cantilever dimensions determined from SEM images and the

density p=2.33 g/cm? for silicon.

Fig. 6.11 shows the resulting A® vs. z curves for different line separations b. The
symbols represent the measured data, the solid lines are the fitted curves using Eq. 6.6.

The obtained values for the monopole moment and its position are listed in table 6.1.

The curve shapes in Fig. 6.11 reflect the expected behavior of 85? and can be fitted
well with the monopole model. The values for the probe’s monopole moment and
its distance from the probe apex both increase with increasing distance between the
line structures (larger stray field decay length). The effective probe moment increases
by more than 50% from 4.3 - 1078 to 6.5 - 1078 Am, its distance d from the tip apex
increases from 520 to 830nm. These findings are in agreement with measurements
performed by Kebe et al.'® which proves that the used calibration structure is working
as expected. The results also confirm that a universal calibration for coated pyramidal

MFM probes is not possible with this calibration route.
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6.4 Calibration of a FeCNT MFM probe

Table 6.1: Fitted monopole moment ¢ and its position d of a coated MFM probe for different
current line separations b.

b (nm) q(A/m) d (nm)
440 4.3-1078 520
640 4.6-1078 950
800 4.9-1078 610
1400 5.9-1078 690
1800 6.5-1078 830

The described routine for calibration is very time consuming as the phase shift line
scans across the current carrying lines need to be performed at a slow scan rate to
minimize errors (< lpm/min). To improve this, an additional procedure was tested.
After obtaining a topography scan of the parallel lines, the probe was positioned at
the very center between them (z=0). The phase shift was then read with a PC-based
digital oscilloscope (PicoScope) while the probe was moved further away from the
sample surface alomg z. If there is no drift in the sample’s position, the obtained
results do not differ from the ones obtained using the full line scans. All shown

calibration results were obtained using the oscilloscope.

6.4 CALIBRATION OF A FECNT MFM PROBE

The calibration was carried out for a probe equipped with a FeCN'T containing a 5 um
long iron wire at its end. Fig. 6.12 displays the measured phase shift at =0 as a
function of the distance z from the silicon surface for different values of the current
line separation b. The fitted values for the monopole moment ¢ and its position d are

shown in table 6.2.

The fitted monopole moment of the FeCNT MFM probe varies between 2.0 - 1072 and
2.3-107% Am with a mean value of (2.1+0.1)-107® Am. This clearly shows that
even with a changing decay length of the sample’s magnetic stray field the effective

probe moment stays constant.

The fitted monopole position d shows no monotonous behavior, it fluctuates around
zero with a standard deviation of 54nm. A more accurate measurement of d could
be achieved by downscaling the calibration structure. Then d should only reflect the

thickness of the carbon shell which separates the end of the magnetic nanowire from
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Figure 6.12: Phase shift A® vs. height z curves measured with a FeCNT MFM probe for

different line separations b. The symbols represent the measured data, the solid lines are the
fitted curves according to the point probe model.

Table 6.2: Fitted monopole moment ¢ and its position d of a FeCNT MFM probe for
different current line separations b.

b (nm) q(A/m) d (nm)
440 2.3-107° 15

640 2.0-107° -59
800 2.1-107° 65
1400 2.3-107° 7

1800 2.0-107° -63

the sample surface at z=0. However, geometrical deviations from the ideal cylinder

geometry at the nanowire end can result in a slight shift of the effective position.

The theoretical monopole moment of the FeCNT probe can be calculated with m =
M, - 7r? using the iron nanowire’s radius r of approximately 21nm and the satu-
ration magnetization of iron M,(300 K)=1.71-10% A/m. This yields a moment of
(2.4+0.5) - 107 Am considering the error when measuring the iron nanowire diame-
ter in the SEM. This value corresponds very well to the experimentally obtained mean
of (2.140.1)-107% Am. A slightly smaller experimental value could originate from
a tilting of the probe’s magnetization at the edges of the nanowire end. The FeCNT
probe thus has a very predictable magnetic moment that can be adjusted by choosing

a different wire diameter. After further experiments to confirm this agreement, the
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Figure 6.13: Comparison of the fitting results of a conventional probe (squares) and a
FeCNT probe (circles): a) monopole moment ¢, b) monopole position d for different current
line separations b. The solid lines should just guide the eye but do not reflect the underlying
law.

calibration procedure could even be replaced by a simple geometry measurement of
the FeCN'T’s iron core diameter in the SEM.

Fig. 6.13 shows the obtained values again in comparison to those obtained with the
magnetically coated pyramid shaped tip. This plot visualizes very well how the
monopole moment of the conventional probe increases with increased line distance
b whereas the moment of the FeCNT remains constant. A once obtained calibration of
the FeCNT probe is thus applicable for quantitative MFM measurements of samples

with different magnetic structure geometries. 24

FEvaluation of the measurement error

The exact error of the calibration procedure is hard to evaluate. The noise of the
phase shift signal is less then 4% of the measured value. The error in the @Q-factor
measurement is negligible; the calculated spring constant has an error of <7% due
to errors in the measurement of the cantilever dimensions. Deviations of the real
gold line geometry from the measured value can lead to an error of up to 10% in the
fitted monopole moment. Consequently, we estimate the maximum error of the fitted

monopole moment to be < 20%.
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Figure 6.14: Left: Sketch of the magnetic stray field of a (Co/Pt)7 stripe with perpendicular
anisotropy. Right: Schematic of (Co/Pt)7 stripes with varying width used for the MFM probe
calibration to investigate the dependence of the probe parameters on the domain size.

6.5 CALIBRATION OF A FECNT PROBE USING MULTI-

LAYER STRIPES

The calibration results in the previous section show that FeCNT MFM sensors allow a
universally applicable probe calibration. In order to confirm this conclusion, a different
calibration procedure was tested.” (Co/Pt); multilayer stripes with varying width from
2.2 um down to 300 nm and a height of 14 nm were used as reference samples with a well
defined magnetic stray field to investigate the dependence of the probe parameters on
the domain size (Fig. 6.14). The stripes were prepared by electron beam lithography
with lift-off technique and electron beam evaporation of Co and Pt.12¢ The multilayer
architecture leads to a strong perpendicular anisotropy with a single domain remanent
state after perpendicular saturation. Electrostatic potential differences between the
stripes and the silicon substrate were minimized by the deposition of a few nanometers

of carbon on top of the structure.

The calibration was again carried out with both a conventional magnetically coated
MFM probe (VEECO MESP) and a FeCNT probe. The used FeCNT probe contained
a 2 um long and 32nm wide iron nanowire. The MFM measurements where this time
performed with a Digital Instruments 3100 SPM in the tapping/lift mode. For the
derivation of the probe characteristics from the MFM scan, the point probe approxima-
tion™ (Eq. 6.6) was used. The stray field derivative of the perpendicularly magnetized
stripes was calculated based on the known saturation magnetization and the obtained
topography images. This calculation was then used to model the corresponding MFM
scan lines and fit them to the measured data. The fitting parameters were the probe

monopole moment ¢ and its position d as described in the previous section.

“This work was performed in cooperation with the Institute of Metallic Materials, IFW Dresden.
The data evaluation was performed by Silvia Vock.'?® The calibration structures were prepared by
Christoph Hassel from the University Duisburg-Essen, Department Experimental Physics.
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Figure 6.15: Average over 50 MFM linescans over a 1 um wide (Co/Pt)7 stripe taken with
a) a conventional MFM probe and b) a FeCNT MFM probe. The black lines represent the
measured data, the red lines show the fitted curve.

MFM measurements were performed with both probes on six (Co/Pt); stripes with
varying width. Before the measurement, the MFM probes and stripes were magnetized
in the same direction. Consequently, an attractive interaction is expected. Each stripe
was measured at a tip-sample distance of ~70nm, 50 scan lines were averaged to
increase the signal to noise ratio. Fig. 6.15 shows such averaged line scans and the
corresponding modeled data for a) a conventional MFM probe and b) a FeCNT MFM
probe. The data obtained with the FeCNT probe can be modeled very well with the
monopole model. In contrast, the asymmetric data obtained with the conventional
probe indicates that the monopole model is inappropriate to describe this result. The
probe thus needs to be approximated by a tilted dipole (shown in Fig. 6.15a, the
dipole fit is described in detail by Vock et al.'?®).

Fig. 6.16 summarizes the results of the calibration procedure and compares them to
literature values. The probe monopole moment ¢ and its distance d from the tip apex
are plotted on a logarithmic scale as a function of the magnetic structure size. The error
bars are based on the standard deviation of the values obtained at different lift heights
(20nm-120nm). The coated MFM probe (MESP) shows an increase of the monopole
moment and its position with increasing structure size whereas the parameters of the
FeCNT probe stay constant. This confirms the results that have been obtained by
the calibration with current carrying lines and proves that the FeCNT probe comes
close to a true point monopole whose properties do not change depending on the
sample’s stray field geometry. The obtained mean monopole moment of the FeCNT
probe is (0.8 +0.2) - 107 Am. This is again comparable to the theoretical value of
1.4-107? Am calculated from the nanowire geometry with a smaller diameter of 32 nm.
This diameter constitutes an almost perfect monopole relative to the stripe dimensions

of 300 nm and larger. The obtained distance d = (85430) nm is reasonable considering
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Figure 6.16: Fitted probe monopole moment ¢ (left) and its position d (right) for a con-
ventional probe and a FeCNT probe in comparison with literature values (Kebe et al.'8,
Lohau et al.'"). As described in the previous section, Kebe et al. used current carrying
parallel lines whereas Lohau et al. employed ring structures to generate the reference stray
field. This can lead to different dependencies, however, the trend is preserved. The solid
lines represent a linear fit of the data and do not necessarily reflect the underlying physical
law.

a FeCNT carbon shell thickness of approximately 30nm. Small deviations from the

ideal cylinder geometry at the wire end can cause the increased distance.

The above findings lead to the conclusion that the monopole approximation is an
absolutely adequate model to describe the FeCNT. In contrast, the monopole model
can only give a rough estimation of the parameters of a conventional MFM probe. It

can only be used for quantitative MFM after extensive probe calibration.

6.6 APPLICATION OF THE CALIBRATION RESULTS FOR
QUANTITATIVE MFM

After the determination of all relevant properties of the FeCNT probe for a universal
calibration it is now possible to perform quantitative MFM imaging. As a test sample
for this a (Co/Pt)/Ru multilayer was chosen.'>'?> This ferromagnetic layer system
features a strong perpendicular magnetic anisotropy and is of special interest for appli-
cations in perpendicular magnetic recording technology. It is composed of individual
sputter deposited blocks of Co(0.4 nm)/Pt(0.7 nm) multilayers separated by a thin Ru
spacer layer. The exact architecture is [(Co(0.4nm)/Pt(0.7nm))s/Ru(0.9 nm)};s. The

film is grown on a 2nm Pt buffer layer and covered with 2nm Pt.

In zero field, the sample is in a ferromagnetic band domain state with the perpen-

dicular magnetization vertically correlated throughout all layers. The MFM image in
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Figure 6.17: a) 7umx7 pum MFM scan of a (Co/Pt)/Ru multilayer in the ferromagnetic
band domain state. b) Line section along the black line in the MFM image, the black line
shows the MFM measurement, the red line the simulation using the fitted monopole moment
of the FeCNT probe.

Fig. 6.17 a shows the neighboring domains with opposite magnetization and a width
of approximately 180nm. Using the calibrated probe, it is now possible to obtain

quantitative information on the magnetization present in those domains.

The measured MFM signal is quantified by the same procedure as described in the
previous chapter, only now the probe parameters are known and the sample magne-
tization is used as the optimization parameter. The sample’s stray field is calculated
from a positive/negative magnetic charge pattern derived by applying a discrimination
level to the MFM data. Zero width domain walls are assumed. The tip properties
q=7.54-1071° Am and d=85nm were applied. The MFM measurement of the multi-
layer film was performed in a lift height of z=50nm, so the total height z + d in which
the MFM signal needs to be calculated is 135 nm.

The results of the modeling are shown in Fig. 6.17b. The simulation was performed
along the black line in Fig. 6.17 a, an optimum agreement is found for a sample mag-
netization M = (440 + 135)kA/m. A volume averaging technique such as VSM
(vibrating sample magnetometry) cannot give access to the local remanent sample
magnetization. The saturation magnetization obtained from this global measurement
is Mysy = (650 £65) kA /m. The discrepancy between the two values is partially due
to the non-vanishing width of the domain walls. However, the main reason is that the
magnetization of the multilayer stacks is not perfectly perpendicular to the sample
plane in the remanent state. There is a competition between anisotropy energy (FEy)
and stray field energy (FE) in the thin film sample. The magnetization of a band
domain structure is only expected to lie completely perpendicular to the surface for a
very large perpendicular anisotropy Ei/Es >> 1. For smaller values the sample de-

velops a non-homogeneous magnetization with considerable in-plane components. '
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6 Calibration of FeCN'T' probes for quantitative MFM

This reduces the perpendicular magnetization component which is measured in MFM
leading to the smaller value obtained in the quantitative MFM analysis. In the shown
case, the remaining perpendicular magnetization amounts to approximately 70% of

the saturation magnetization.

These results demonstrate that the localized magnetization study with quantitative
MFM allows a more detailed interpretation of the sample magnetization from a mi-
croscopic point of view. A monopole-like FeCN'T probe is an ideal tool for such inves-

tigations.

6.7 QUANTITATIVE MFM ON PERMALLOY DOTS USING
A FECNT PROBE

In this section MFM measurements on perpendicularly magnetized permalloy dots will
be used as a third approach to confirm the applicability of the point monopole model
to the FeCNT probe. A magnetic monopole moment corresponding to the calculated
value from the FeCNT probe’s geometry fits the experimental data. Furthermore, the
gradient of the magnetic stray field at the FeCNT apex will be evaluated. Due to the
small dimensions of the iron nanowire, this gradient can be very large and of potential

. . . . . *
use for sensor applications in magnetic resonance force microscopy.

6.7.1 Probe calibration

Two FeCNT probes (in the following called J2 and K2, Fig. 6.18) were characterized
by performing MFM on permalloy (Py) disks in a high external magnetic field of ~ 2T
perpendicular to the Py film plane. The Py disk array was fabricated by photolitho-
graphy and a lift-off process. The Py thickness is 40 nm, the disk diameter is 2.2 um
and the disks center-to-center distance is 6 um. The saturation magnetization of the
Py material is MPY=7.6-10° A/m. The MFM experiments were performed at a tem-
perature of 5K in a high vacuum MFM setup at Ohio State University. A fiber-optic

interferometer was used to detect the cantilever deflection.

Typical MFM images measured with FeCNT probe J2 in different probe sample dis-
tances z are presented in Fig. 6.19a. The displayed MFM signal is the cantilever

frequency shift monitored during the scan in a constant height above the Py disk

“This work was performed in close collaboration with the group of Prof. Chris Hammel at the
Ohio State University, Columbus, USA. The measurement and data evaluation was performed by
Yuri Obukhov. 128
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6.7 Quantitative MFM on permalloy dots using a FeCNT probe

Figure 6.18: SEM images of the two FeCNT MFM probes a) J2 and b) K2. The insets
show close-ups of the corresponding FeCNTs, the iron filling has a darker shade than the
carbon shells. ¢) Monopole model of the FeCNT. A uniformly magnetized iron wire which is
located at a distance z from the sample surface can be defined by its two monopoles ¢ and
-q. The sample, a Py disk of thickness ¢, is magnetized perpendicular to the disk plane in
high external magnetic fields. The magnetization of the disk can be described by two sheets
of magnetic charges with a charge density @) defined by the Py saturation magnetization.
The angle © characterizes the cantilever tilt.

without any SPM feedback. The probe sample distance z was obtained by measuring
the DC force acting on the cantilever at different distances (force vs. distance curve),
providing the probe touch point (z=0) with an accuracy of 10-15nm. The system does
not have ”in vacuum” vibration isolation, therefore the accuracy of the z measurement
is defined by the time variation of the probe sample distance due to mechanical vi-
brations induced by boiling liquid helium. The amplitude of the cantilever oscillation
was kept much smaller than the probe sample distance z. It was usually set to 10 nm

peak-to-peak, for z values smaller than 80 nm it was reduced to 5nm.

The cantilever frequency shift Af due to a force gradient can be written as (see
Eq. 3.6):

fo OF
Af(x,y) = —=———(x
Hey) = =555 @)
where fjy is the cantilever’s initial resonance frequency, k is its spring constant and

%—I: is the force gradient in the direction of the cantilever oscillation if this direction

coincides with z.

To calculate the MFM force gradient %—f two assumptions were made (see Fig. 6.18c).
First, the iron wire in the CNT is considered to be uniformly magnetized along its
long axis. In this case its magnetization can be described by two monopoles ¢ and
—q positioned at the ends of the wire. The monopole moment ¢=md*/4 - M is
defined by the diameter d of the iron wire and its saturation magnetization M. In
the experiment a magnetic field of 2T was used which is close to the saturation field of
iron (2.2T). If the iron wire is not exactly parallel to external field its magnetization

might tilt several degrees away from the CNT’s axis and the monopole at the wire
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Figure 6.19: a) MFM images of a Py disk in a ~ 2T magnetic field perpendicular to the
sample plane made with the FeCNT probe J2 in different probe sample distances z, scan size
4.5 um x 4.5 um. The horizontal axis corresponds to z, the vertical to y. The points A and
B show the position of the minimum and maximum cantilever frequency shift (see text). b)
Corresponding simulation of the MFM images using the model shown in Fig. 6.18c. The
simulations were calculated for the same probe sample distances z as in a), but the estimated
carbon shell thickness of ~ 30 nm was added.

end will be slightly reduced. However, for moderate FeCNT tilt angles (<20-30°)
the monopole description is still reasonable. The second assumption is that the Py
film is assumed to be saturated in the direction of the external field, perpendicular to
the film plane. Consequently the magnetization of the Py film can be represented by
two monopole layers with a charge per unit area Q = M?FY defined by the saturation

magnetization of Py.

As shown in the previous sections, if the decay length of the sample’s magnetic stray
field is smaller than the iron wire length, the influence of the wire’s monopole ¢ which
is positioned further away from the sample surface (see Fig. 6.18 ¢) on the MFM image
can be neglected. The MFM force gradient induced by the sample’s upper monopole

layer can then be expressed as

OF o _ /8Hz
82 z,y = Mo (3,2

0H,
Mo G

(z—2"y—vy) Q',y) da'dy

z

+Q

z

where H is the magnetic field created by the tip monopole —q¢ (H = —qr/47nr3), t is

the radius vector, and the sign * stands for the convolution. The total MFM force
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gradient created by both Py monopole layers can be written as

(9_F B 0H,
0z — Ho 0z

0H,
0z

*Q

z+t

* Q) — po

z

where t is the Py film thickness. According to the above equations the MFM image is
supposed to be centrally symmetric relative to the center of the Py disk. Nevertheless
in Fig. 6.19a a considerable asymmetry in the = (horizontal) direction can be observed.
This can be explained by the tilt of the cantilever and its oscillation relative to the
z axis (Fig. 6.18¢). In the used setup this tilt is exactly in the zz plane and the tilt
angle is © =15-20°. In this case the above MFM force gradient equation should be

written as:

OF OH OoH

— = Ho | *Q — po

a1 ar |, ol e (6.7)

z+t

where 1 is a position vector in the direction of the cantilever oscillation. A calculation

of %—PII in the given geometry yields:

8(9_11{ — i[%311364—(a;?—i—aa}[;)sin@cos@
+ 882 % cos? @} (6.8)
oH, r? — 322
or 4 47rd
0H, 0H, 3rz
9z  O0r q47r7"5
oH, r? — 322
0z 4 47rd

Using Eq. 6.7, MFM images of a Py disk were modeled. The FeCNT monopole and
its position (corresponding to the carbon shell thickness) were adjusted to obtain the
best agreement between experimental and simulated data. The shape of the disk is not
exactly circular, therefore the shape of the disk boundary was modeled according to the
MFM image in Fig. 6.19a at 2 =88 nm. The results of this simulation are presented
in Fig. 6.19b for the same values of z as in the experimental data plus a carbon
shell thickness of ~30nm (evaluated later) which increases the distance of the probe
monopole to the sample surface. The parameters used in the model are: saturation
magnetization of the iron wire in the FeCNT M=1.7-10° A /m, diameter of the iron
wire d=16nm, resulting FeCNT monopole ¢=3.5-1071% Am, saturation magnetization
of the Py film MY=7.6-10° A/m and cantilever tilt ©=20°.
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The results of the proposed model (Fig. 6.19b) are in good qualitative and quantitative
agreement with the experimental data in Fig. 6.19a. However, there is a considerable
difference between model and experiment close to the surface at z =88 nm. In the
experiment, the negative cantilever frequency shift on the left side of the Py disk (see
point A in Fig. 6.19a, z =88 nm) is substantially bigger than what is expected from
the model. This can be attributed to the electrostatic attraction between the FeCNT
probe and the Py disk which adds a negative frequency shift. This effect becomes

smaller at larger probe sample distances.

6.7.2 Quantitative MFM data evaluation

For a quantitative comparison of the model with the experiment the maximum positive
frequency shift on the right side of the disk (for the image in Fig. 6.19a, z =88 nm, it
corresponds to point B) was chosen. Point B is located outside of the Py disk bound-
ary, so the probe-sample distance is bigger and the contribution of the electrostatic
attraction to the total force is smaller. However, at small probe-sample distances the
measurements will still have an error induced by electrostatic forces (the magnetic field
gradient of the probe or sample at point B will thus be somewhat underestimated close

to the sample surface).

The results for both FeCN'T probes J2 and K2 are show in Fig. 6.20. The measure-
ments of the two probes at point B are in very good quantitative agreement with the
model (solid line, calculated using eq. 6.7. To visually confirm the agreement between
experiment and model, the simulated curve was shifted by the corresponding shell
thickness to match the measured data (dotted lines in Fig. 6.20). Only the measured
data points close to the sample surface deviate from the calculated curve which can
be explained by additional electrostatic forces. The best agreement is achieved with
a probe monopole moment ¢=3.5-10"'° Am which corresponds exactly to the moment
calculated from the nanowire’s geometry. The difference in z (probe sample distance)
between the experimental data and the model corresponds to the distance of the mag-
netic monopole to the tube end, namely the carbon shell thickness. This value can be
different for different FeCNT. For J2 a shell thickness of ~30nm is obtained which is
in good agreement with what can be observed in the SEM image (inset of Fig. 6.18 a).
The measurement with K2 suggests a shell thickness of ~60nm. This bigger shell
thickness might be attributed to the roughness of the carbon shell. Since this FeCNT
was cut with the FIB, the bigger shift in z could be also explained by a FIB induced

damage to the topmost iron part.
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Figure 6.20: MFM response at point B (Fig. 6.19a) for different probe sample distances z.
The experimental data for the FeCNT probe J2 is displayed by triangles, the data for probe
K2 by circles. The solid blue line is the simulation obtained using the monopole model in
Fig. 6.18c. The experimental data and the model differ by a shift in z (the dotted lines
correspond to the shifted simulated curve). This shift corresponds to the distance between
the actual position of the magnetic monopole and the measured z touch point which is mainly
determined by the FeCNT’s carbon shell thickness.

These results confirm that a FeCNT can be modeled as a monopole with a magnetic
charge defined by the iron wire diameter positioned at a small distance from the CNT’s
end. With the knowledge of the magnetic charge of the monopole ¢ one can directly
image the magnetic field gradient generated by the sample:

OH
Af(r.3.2) = g 5 (2.0, 2) (69)

Unlike in Eq. 6.7, 38—}11 here is the sample field gradient. Using Eq. 6.9 the value of the
sample’s magnetic field gradient in different distances z from the Py disk surface can
be extracted from the frequency shift data in Fig. 6.20. This evaluation is shown in
Fig. 6.21 for the measurement with FeCN'T probe J2. The actually measured probe
sample distance is displayed without adding the carbon shell thickness of ~ 30 nm.
This and the logarithmic scale are the reasons for the apparent saturation of the
curve at small probe sample distances. At a distance of ~20nm, a field gradient of

1.5:10° T/m was measured.
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Figure 6.21: Magnetic field gradient at point B (Fig. 6.19a) near the Py dot measured at
different probe-sample distances using FeCN'T probe J2.

6.7.3 Evaluation of the FeCNT field gradient

Using the proposed monopole model it is also possible to reconstruct the field gradient
near the tip of the FeCNT probe. The probe gradient is obtained by calculating
98 — 2¢/4m(z + z,)® (25 is the carbon shell thickness) with the probe monopole
moment ¢ and z; obtained from the best fit between measurement and simulation in
Fig. 6.20. For each measurement height, the shift between the simulated curve and
the measured curve is evaluated separately, so a slightly different z, is obtained for
each point. Particularly for the measurement close to the sample surface, z, is bigger
than the mean 30 nm. This reflects the increased influence of additional effects , e.g.
electrostatics or mechanical vibrations, and complicates the exact reconstruction of the
FeCNT’s field gradient. Therefore it will be further on called an effective field gradient.
The results are presented in Fig. 6.22. The black squares represent the described
effective field gradient. Due to the carbon shell thickness and electrostatic influences
the gradient saturates in the logarithmic plot at small probe-sample distances. A
maximum field gradient of ~6-10° T/m is detected near the FeCNT tip at a probe-
sample distance of ~ 10nm. If the electrostatic interactions close to the sample surface
are disregarded and a constant carbon shell thickness of 30 nm is assumed, the probe
gradient in a distance of 10nm increases to ~1.2:10° T/m (represented by the open
gray squares). The open gray diamonds show the theoretical field gradient of the iron
nanowire in the case of no carbon shell. A maximum gradient of ~9-107 T/m can be
obtained at 10 nm distance from the iron wire. Unfortunately, this larger gradient is
not experimentally accessible in the shown case due to the, in comparison to the iron

wire diameter, relatively thick carbon shell. A higher gradient can thus be expected
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Figure 6.22: Effective and theoretical magnetic field gradient close to the tip of FeCN'T J2.
The graphs are obtained from the fit in Fig. 6.20 using the monopole model.

for a smaller shell size. Decreasing the carbon thickness by changing the FeCNT
growth conditions or by electron beam induced oxidation of parts of the shell in water
atmosphere (see section 5.2) could open a way for producing high gradient FeCNT

probes.

The probe’s magnetic field gradient is a very important parameter for high resolution
magnetic force detection and for magnetic resonance force microscopy (MRFM) in
particular. It defines the minimal magnetic moment that can be detected. The state
of the art maximum value of the field gradient is 4.2-10° T /m, demonstrated in MRFM
imaging of the Tobacco Mosaic virus.!?” If the carbon shell thickness can be reduced,
the FeCNT could also be employed as a convenient probe for high resolution high
sensitivity MRFM.

The results presented in this section confirm that a FeCNT can be modeled as a
monopole with a magnetic charge defined by the diameter of the iron wire enclosed
in the carbon nanotube and the typical saturation magnetization of bcc iron. The
FeCNT probes are thus unique for an application in quantitative MFM. Knowing the
magnetic charge of the monopole ¢ one can directly image the field gradient generated

by the sample as demonstrated for a Py disk.
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SUMMARY AND OUTLOOK

Iron filled carbon nanotubes are a very promising nanoscale magnetic material with
unique magnetic and mechanical properties. The carbon shells protect the iron core
from oxidation and mechanical damage thus enabling a wide range of applications that
require a long-term stability. The magnetic properties of the enclosed nanowire are
in part determined by its small size and elongated shape. A thorough understanding
of these properties is a necessary precondition for an application of FeCNT, e.g. as
sensors or in other fields. Various investigations have already been conducted on the
magnetic properties of large ensembles of magnetic nanowires, 569130 however, due to
the common inhomogeneity of the material the obtained results can usually not be

transfered to individual nanowires.

In this work, magnetic force microscopy was used to investigate the magnetic proper-
ties of individual FeCN'T. These measurements showed that the iron nanowire enclosed
in a FeCN'T exhibits a single domain behavior and is magnetized along the long wire
axis in the remanent state. The two monopoles of opposing polarity are located at the
wire extremities. TEM measurements revealed deviations from the ideal cylindrical
structure of the nanowire that can act as additional weaker stray field sources. MFM
combined with the application of external magnetic fields allowed a determination of
coercive properties of individual FeCNT. Switching fields in the range of 100-400 mT
were found due to the large shape anisotropy of the iron nanowires. Cantilever mag-
netometry measurements showed that the switching of an individual iron nanowire
occurs in a very narrow field distribution at low temperatures. This can be attributed
to a thermally assisted magnetization reversal mechanism with the nucleation and

propagation of a domain wall.

The very defined magnetic properties of individual FeCNT combined with their me-
chanical strength make them ideal candidates for an application as high resolution
high stability MFEM probes. The fabrication of such probes could be achieved with the
help of a micromanipulation setup in the SEM. This method is very time consuming,

yet it yields very stable probes for first experiments. Electron beam induced carbon
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etching allowed to remove empty CNT sections to position the magnetically active

iron nanowire at the very end of the tube.

The FeCNT MFM probes show a sub 25 nm magnetic resolution which is competitive
with other high resolution probes currently available on the market. The resolution
could still be increased in the future by using FeCNT with a very thin carbon shell
filled with nanowires of smaller diameter. MFM measurements with FeCNT MFM
probes in external fields showed that the magnetization of these probes is exceptionally
stable compared to coated MFM probes. This greatly simplifies the data evaluation
of such applied field MFM measurements. Applying horizontal fields in MFM is so
far widely regarded as almost useless because of the artifacts introduced by coated
probes. FeCNT probes can solve this problem. This positive effect would be even
more pronounced in the case of a CNT attached parallel to the cantilever axis along
the direction of the external in-plane field. This field should then only further stabilize
the probe monopole and horizontal fields of arbitrary value could be used without any

distortion of the probe moment. This is a unique property of FeCNT probes.

The emphasis of this work was put on the calibration of FeCNT probes to enable
straightforward quantitative MFM measurements. The defined shape allows an ap-
propriate application of the point monopole description. Three different calibration
techniques were tested in order to prove this assumption. First, microscale parallel
current carrying lines that produce a defined magnetic field were used as calibration
structures to determine the effective magnetic moment of different MFM probes. The
line geometry was varied in order to produce multiple magnetic field decay lengths and
investigate the influence on the effective probe moment. Electrostatic interactions be-
tween probe and sample were minimized by a shielding layer. It was found that while
the effective magnetic monopole moment of a coated probe increases with an increasing
sample stray field decay length, the effective moment of a FeCNT MFM probe remains
constant. For the first time, this enables a MFM probe calibration that stays valid for
a large variety of magnetic samples. Reliable quantitative information on the sample
stray field derivative can be obtained. Furthermore, the fitted monopole moment of a
FeCNT probe is consistent with the moment calculated from the nanowire geometry
and the saturation magnetization of iron. When more statistics of the correlation be-
tween the diameter of the iron nanowire and the monopole moment obtained by the
calibration has been gathered, the time consuming calibration could be omitted and
the FeCNT probe could just be characterized by the monopole moment determined
from the iron wire diameter. This would make the application of FeCNT probes for

quantitative MFM even more simple.
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The above findings were confirmed by a calibration using multilayer stripes with per-
pendicular anisotropy. The stripe width was varied to check the dependence of the
probe parameters on the sample’s domain size. Again, the effective monopole moment
of FeCNT probes was found to stay constant when measuring different domain sizes.
With the help of a calibrated FeCNT MFM probe it was possible to determine the
local remanent magnetization of a (Co/Pt)/Ru multilayer sample from MFM mea-
surements. This has so far not been possible with volume averaging techniques for
magnetization measurements. A detailed interpretation of a sample’s magnetization

from a microscopic point of view is thus possible with a calibrated FeCN'T probe.

Finally, MFM images of permalloy dots saturated in the out of plane direction were
used to determine a FeCN'T probe’s magnetic monopole moment. The known effective
probe moment then allowed a quantitative evaluation of the sample’s magnetic field
gradient. Also, the magnetic field gradient at the tip of a FeCNT probe was obtained.
The effective gradient of ~6-10°T/m is much smaller then the theoretically possible
9-107 T/m at 10 nm distance from the nanowire end. This is mainly due to the 30 nm
carbon shell surrounding the nanowire which increases the effective probe sample dis-
tance. If the carbon shell thickness could be reduced, high gradient FeCNT probes
could be well suited for magnetic resonance force microscopy where a large gradient

is needed.

The proven monopole character of FeCNT probes should also facilitate the imaging
of in-plane sample stray fields. This could for example be achieved by an in-plane
vibration of the probe. This way, the field gradient parallel to the sample surface

could be unambiguously imaged.

The summarized results show the great potential of FeCNT as probes for all relevant
MFM techniques. A future challenge will be to find a larger scale approach for their
fabrication. The direct growth of an individual FeCNT on a silicon cantilever could be
envisioned with the help of a specially designed CVD reactor and the use of preposi-
tioned nanoscale catalyst particles. This would clearly pave the way for new kinds of
standard MFM measurements in various sectors of research that have so far not been

possible with conventional probes.
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