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Abstract

This thesis deals with lateral ferromagnetic micro- and nanostructures and CoPt3
nanocrystals that are suitable for applications in magnetoelectronics and in future
spintronic devices. The main fabrication technique used for pattering the lateral nano-
structures to electrodes is electron-beam lithography. This technique allows the prepara-
tion of structures with lateral sizes of less than 100 nm with a position accuracy of 10 nm.
The ferromagnetic materials are deposited by electron-beam and thermal evaporation as
well as by sputter processes. The thickness of the micro- and nanostructures typically are
about 20 nm.

For the magnetic characterization of the electrodes and CoPt3 nanoparticles various tech-
niques are employed. The domain configurations of the micro- and nanostructures are
investigated with magnetic-force microscopy (MFM) and magnetic transmission x-ray
microscopy (MTXM). Magnetic-force microscope has been performed at the Institute for
Applied Physics in Hamburg. Magnetic transmission x-ray microscopy has been carried
out at the Center for X-Ray Optics at the Advanced Light Source (ALS) in Berkeley,
USA. MTXM is a non-invasive technique, i. e., it allows the measurement of stray field
interaction of ferromagnetic microelements. Magnetic-force and magnetic transmission
x-ray microscopy also have been employed to image the magnetization configurations of
the same microstructured electrodes in order to compare these two imaging methods.

Hall micromagnetometry is an excellent non-invasive and adaptable tool to detect local
stray fields of nanostructured ferromagnets. A particular advantage of Hall micromagne-
tometry concerns the wide length scale of structure sizes that can be studied. In the sub-
micrometer range ferromagnetic electrodes suitable for spintronic devices in spin-valve
and spin-FET-configuration have been investigated with this method. The high sensitivity
of microstructured Hall sensors for nanometer-sized ferromagnetic elements is demon-
strated by the detection of CoPt3 nanoparticles that have been spin-coated onto the Hall
sensors. Magnetic properties like the coercive field, the blocking temperature, and the
switching behavior of the particles have been determined.
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Inhaltsangabe

Die vorliegende Arbeit befasst sich mit der Untersuchung von mikro- und nanostruk-
turierten Elektroden aus ferromagnetischen Materialien und CoPt3 Nanopartikeln, die
für Anwendungen in der Magnetoelektronik sowie in der Spinelektronik geeignet sind.
Als zentrales Herstellungsverfahren zur Präparation der Elektroden wurde die Elektro-
nenstrahllithographie verwendet. Mit diesem Verfahren können Strukturen mit lateralen
Abmaßen von weniger als 100 nm bei einer Positionierungsgenauigkeit von 10 nm
definiert werden. Die Deposition der ferromagnetischen Schichten erfolgte durch elek-
tronenstrahlgestützes und thermisches Aufdampfen sowie durch Sputter-Prozesse. Die
ferromagnetischen Schichten haben eine typische Dicke von 20 nm.

Zur magnetischen Charakterisierung der Elektroden und der CoPt3 Nanopartikel stehen
verschiedene Messmethoden zur Verfügung. Die Domänenstrukturen der Elektro-
den wurden mit Hilfe der Magnetkraft-Mikroskopie (MFM) und der magnetischen
Transmissions-Röntgenmikroskopie (MTXM) untersucht. Die Messungen mit dem
Magnetkraft-Mikroskop fanden am Institut für Angewandte Physik in Hamburg statt.
Die Ergebnisse der magnetischen Transmissions-Röntgenmikroskopie wurden am Center
for X-Ray Optics an der Advanced Light Source in Berkeley gewonnen. MTXM ist
insbesondere für die Untersuchung von Streufeld-Wechselwirkungen zwischen Elektro-
den geeignet. Beide Verfahren zur Abbildung von Magnetisierungszuständen wurden
auf dieselben ferromagnetischen Nanostrukturen angewendet, so dass ein Vergleich der
Mikroskopie-Techniken möglich war.

Die Hall-Mikromagnetometrie stellt eine wichtige nichtinvasive und an verschiedene
Probengrößen anpassbare Methode zur Detektion von magnetischen Streufeldern dar. Es
wurden ferromagnetische Elektroden mit einer lateralen Ausdehnung von kleiner einem
Mikrometer untersucht, die für die Verwendung in spinelektronischen Bauelementen
geeignet sind. Die hohe Empfindlichkeit der Hall-Sensoren wird durch die Detektion von
einer Monolage CoPt3 Nanopartikeln demonstriert. Mit Hilfe der Hall-Magnetometrie
konnten magnetische Eigenschaften wie das Koerzitivfeld, die dipolare Wechselwirkung
und die Temperaturabhängigkeit der Magnetisierung der CoPt3 Nanopartikel bestimmt
werden.
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1. Introduction

Magnetism plays a fundamental role in the evolution of computer memory and storage
technology. Most apparent are the enduring applications as permanent data storage sys-
tems, evolving through approximately ten orders of magnitude in density from tapes and
drums in the late 1940s to the tape and disk storage systems of today. From the mid-1950s
into the early 1970s magnetic core elements were predominantly used as active computer
memory. At that time the high performance of the magnetic core memory in reliability and
access time was not achieved by semiconductor memories for several years [1]. Further
evolution of core memories would have been possible, but by the late 1960s it had become
evident that semiconductor bipolar and field-effect transistor memories, e. g. dynamic ran-
dom access memory (DRAM), would undergo even more rapid advances in density and
performance at lower power consumption. Though, higher-performance plated-wire and
thin-film magnetic memories that were being developed at that time never saw widespread
use.
In the mid-1980s magnetic memories with read operations based on the use of anisotropic
magnetoresistance (AMR) rather than magnetic induction were pursued for the market of
non-volatile and radiation hard memories [3]. Later, the discovery of the giant mag-

Fig. 1.1.: (a) Illustration of the MRAM write operation, taken from Ref. [2]. The se-
lected magnetic tunnel junction (red) is situated between the selected word and bit line
(both olive) which are orthogonal to each other. The vector sum of the magnetic fields
at the tunnel junction must be sufficient to switch its magnetization. (b) Magnetic trans-
mission X-ray microscopy (MTXM) image of an hexagonal array of Fe "beans" suitable
for MRAM bits with a quasi-single domain magnetization. The magnetization of the
four dark grey beans have switched in an external magnetic field.
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1. Introduction

netoresistance (GMR) in magnetic multilayers and sandwiches and the invention of the
spin-valve device allowed innovative applications of magnetic materials in storage tech-
nology [4]. The great promise of GMR read-head sensors in hard disk drives led to
the proposal for a new "universal" spin-valve-based memory which could simultaneously
achieve high speed, high density, and non-volatility. The realization of the so-called mag-
netic random access memory (MRAM) was provided by the development of the magnetic
tunnel junction over the last decade [5]. A schematic drawing of a MRAM device is
shown in Fig. 1.1(a). The broader range of applicability has led to widespread research
and development activity which aim at demonstrating magnetic tunnel junction RAM
with commercial market potential. At the end of 2005 the MRAM Development Alliance
(MDA) of IBM and Infineon Technologies Corporation presented a 16 Mb demonstrator
chip in 180 nm CMOS technology with the smallest cell size (1.42 µm2) among multi-
megabit MRAM designs.
In recent years technological advances have enabled enormous increases in the storage ca-
pacity and in the density of processing units. The success in miniaturization of electronic
and magnetic devices is obtained by, e. g., the improvement of lithography processes down
to sub-micron dimensions. The physics concerning the structure and composition of the-
ses materials on the nanoscale is treated by nanotechnology which is an emerging set
of tools, techniques and unique applications. So far, many other milestones have been
achieved in the context of nanotechnology like the invention of the spin-polarized scan-
ning tunneling microscope (SPSTM) capable of imaging individual magnetic atoms [6].
The present thesis deals with the magnetic characterization of ferromagnetic micro- and
nanostructures suitable for applications in magnetic memory cells and in future spin-
tronic devices. The study of the magnetic properties of micro- and nanostructures is
performed with magnetic-force microscopy (MFM), magnetic transmission X-ray mi-
croscopy (MTXM), and Hall micromagnetometry. The imaging techniques MFM and
MTXM which provide a spatial resolution of 20 nm [7] and 15 nm [8], respectively, have
been used to investigate magnetic domain structures and stray field interaction between
adjacent electrodes in great detail. Figure 1.1(b) shows an example of bean-like elements
which are suitable for MRAM devices. The iron electrodes have been fabricated with an
inter-element distance of 300 nm and a thickness of 20 nm. The image taken with MTXM
reveals a quasi-single domain behavior of the magnetic elements within the hexagonal ar-
ray. In order to extend the understanding of micromagnetic properties regarding, e. g.,
the stray field distribution of domain walls and domain wall movements both imaging
techniques have been applied on the same microstructured elements in dependence of an
external magnetic field. The direct comparison of MFM and MTXM images provides
new opportunities to understand micromagnetic properties.
Hall micromagnetometry has been further improved in this work. It is an excellent non-
invasive and adaptable tool to detect local stray fields of nanostructured ferromagnets. A
particular advantage of Hall micromagnetometry concerns the wide scale of the elements
structure sizes that can be studied. In the sub-micrometer range ferromagnetic electrodes
suitable for spintronic devices [9] in spin-valve and spin-transistor configuration have
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been investigated. The sensitivity of microstructured Hall sensors in the nanometer range
is demonstrated by the detection of self-assembled CoPt3 nanocrystals. Magnetic proper-
ties like the coercive field, the blocking temperature, and the switching behavior of these
particles with a diameter of less than 10 nm have been determined.
The thesis is organized as follows: The second chapter describes the preparation tech-
niques applied for the fabrication of the samples and introduces the micro- and nanos-
tructures which have been investigated in this work. Then an overview of the measure-
ment techniques is given including the methods of microscopy. Chapter 3 summarizes
the theoretical background of ferromagnetism and micromagnetism of thin-film elements
and presents the results obtained by Hall magnetometry, magnetic transmission X-ray
microscopy and magnetic-force microscopy on various ferromagnetic micro- and nano-
structure. Finally, the imaging techniques are compared. In Chapter 4 the experimental
results of the Hall measurements on CoPt3 nanoparticles are shown. The superparamag-
netic properties like the blocking temperature and the switching behavior of the particles
are discussed. The thesis closes with an outlook and conclusions in Chapter 5.
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2. Sample preparation and experimental
techniques

In this chapter different preparation techniques applied for the fabrication of the samples
are described. The preparation includes optical and electron-beam lithography, sputter
and physical vapor deposition of metal films, and plasma enhanced chemical vapor de-
position (PECVD) of oxide films. At the end of the chapter a short introduction to the
experimental measurement techniques is given. These include transport measurements
with Hall micromagnetometry at liquid helium temperatures which have been performed
with lock-in technique. Magnetic domain structures have been investigated and imaged
with magnetic-force microscopy and magnetic-transmission X-ray microscopy.

2.1. Semiconductor heterostructures and Si3N4 membranes

Two different substrates are used for the fabrication of samples. Hall bar structures which
are described in the following section are prepared on modulation doped GaAs/AlGaAs
heterostructures. The investigation of ferromagnetic domain structures with magnetic-
transmission X-ray microscopy (MTXM) is performed with thin membrane windows of
less then 200 nm thickness and a lateral size between 1×1 mm2 and 5×5 mm2.
The GaAs/AlGaAs heterostructures used throughout this work originate from two differ-
ent wafers both grown by molecular-beam epitaxy (MBE) [10]. The first one (Q1105HE)
has been produced at the Institute of Applied Physics in Hamburg. The other one (B1101)
has been grown at the "Lehrstuhl für Angewandte Festkörperphysik" in Bochum.
The MBE allows the fabrication of different III-V semiconductors which also can be
compound to ternary alloys. In this sense, the semiconductor systems AlAs and GaAs are
prominent candidates. Both alloys have the so-called zincblende structure with nearly the
same lattice constant of dAlAs = 5.660 Å and dGaAs = 5.653 Å. In addition, GaAs has a
direct bandgap of 1.4 eV at 300 K whereas AlAs shows an indirect bandgap of 2.2 eV
[11]. The alloy system AlxGa1−xAs offers the possibility to adjust the bandgap by the
stoichiometry x and thus to achieve different electronic and optical properties. Typical
values for the stoichiometry are around x = 0.3.
The layer sequences of both wafers used in this work are almost equal. In Fig. 2.1(a)
a schematic drawing of the GaAs/AlGaAs heterostructure is shown. To reach a smooth
surface with zincblende structure a comparatively thick layer of 1000 nm is grown first
as buffer. After an undoped Al0.33Ga0.67As spacer layer of 30 nm with the stoichiometry
of x = 0.33 a silicon doped Al0.33Ga0.67As layer is deposited. The donor concentration
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2.1. Semiconductor heterostructures and Si3N4 membranes

Fig. 2.1.: (a) Schematic drawing of the GaAs/AlGaAs heterostructure layer sequence.
The 2DES is located below the 30 nm thick spacer layer. (b) Sectional view of the silicon
nitride membrane windows. The membrane upon the silicon substrate has a thickness of
merely 200 nm.

is nSi = 3.8 · 1018 cm−2 and the thickness 57 nm. Finally, a GaAs cap layer of 5 nm is
grown as protection for the doped layer.
The differing bandgaps of the heterostructure and the modulation doping result in a de-
flection of the band structure. The conducting band of the GaAs buffer layer lowers under
the Fermi level at the boundary of the AlGaAs spacer. The confinement potential formed
this way has a nearly triangular shape and is filled with electrons from the Si doped layer.
Since the motion the electrons is confined perpendicular to the surface the heterostructure
forms a quasi two-dimensional electron system (2DES). The distance of the 2DES to the
surface is approximately 90 nm.
A basic parameter concerning transport experiments accomplished with low-dimensional
electron systems is the electron mobility, µ . Its value is directly related to the mean free
path of the electrons

le = vF · τ =
h̄ kF ·µ

e
. (2.1)

In this equation vF is the Fermi velocity and kF =
√

2π ·n the Fermi wave vector. At
low temperatures the mobility and thus the mean free path is reduced by scattering at
ionized impurity traps [12]. The spacer mentioned above has the function to separate
the donor traps in the Si-AlGaAs spatially from the quantum well. Due to the spacer
the scattering is significantly decreased and an extremely high low-temperature mobility
can be reached. Heterostructures with this property are called "high electron mobility
transistors" (HEMT). The samples used in this work show a mobility of approximately
µ = 1000000 cm2

Vs . An average carrier density of n = 2.2 · 1011 cm−2 results in a mean
free path of 7.7 µm. Within this range the motion of the high mobility electrons can be
assumed as ballistic.
Magnetic transmission X-ray microscopy is accomplished with thin membrane windows
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2. Sample preparation and experimental techniques

which consists of silicon nitride (Si3N4). To produce the membranes a thin layer of Si3N4

is deposited upon a silicon substrate. Thereby, the Si3N4 acts as an etch-stop layer. Since
the etch rate depends on the crystallographic direction the boundaries of the etched win-
dow have a gradually sloping wall [13].
The silicon nitride membrane windows used in this work are produced by Silson Ltd,
England1. For the membranes a thickness of 200 nm has been chosen and a square win-
dow size of 5× 5 mm2. The frame thickness, i.e. silicon substrate inclusive the silicon
nitride layer is 200 µm and the frame side length 10 mm (see Fig. 2.1(b)).
Silicon nitride belongs with silicon carbide to the class of non-oxide ceramics. It stands
out by the particular combination of its properties like extremely high mechanical strength
and toughness. Moreover, silicon nitride features a small heat strain, a medium thermal
conductivity and an extremely high chemical resistance. All these characteristics are im-
portant since the membrane is caught in various strains during the preparation.
With respect to transmission experiments with soft X-rays the membranes should offer
a high penetrability for photons. In fact, silicon nitride shows a suitably low absorp-
tion coefficient. The transmitted intensity through the material can be estimated by the
absorption law

I = I0 · e−σ ρ·d . (2.2)

A silicon nitride density2 of ρ = 3.23 g
cm3 and a maximum mass absorption coefficient of

µ = 5 ·104 cm2

g in the photon energy range from 300 eV to 1000 eV [14] leads to a relative
transmitted intensity I

I0
> 97%.

2.2. Hall bar preparation

The preparation of the Hall bar structure follows various processing steps which begin
with the actual Hall bar within the center of the structure. After fabrication of the input
leads which establish the connection on the sample between bond pads and Hall crosses
the bond pads are further processed to provide ohmic contacts to the 2DES of the GaAs
heterostructure. On completion of these steps ferromagnetic or superconducting micro-
and nanostructures are deposited on top of the Hall crosses.
For the fabrication several exposure steps with a mask aligner or an electron-beam lithog-
raphy system are essential in order to define selected areas for a subsequent preparation.
Small areas in nanometer-sized range are structured via electron-beam lithography. For
this purpose the scanning-electron microscope (SEM) Zeiss DSM 962 is available which
is controlled by a computer with the software Raith ELPHY Plus V2.07. Areas which
are larger than few micrometers are defined by optical lithography with the mask aligner
Karl Suss MJB-3. Here, the exposure can be accomplished considerably faster where the
lower resolution of the mask aligner is sufficient.

1Webpage: http://www.silson.com/.
2Rauschert GmbH, webpage: http://www.rauschert.com/.
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2.2. Hall bar preparation

Fig. 2.2.: (a) Center area of the Hall bar structure. The 2DES (blue) is located 90 nm
below the surface. The distances between the Hall crosses are 10 µm. (b) Section of the
completed Hall bar structure with input leads containing a 2DES (blue) and bond pads
made of gold (yellow). The outer alignment structures of gold serve to coarsely adjust a
coordinate system for subsequent preparation steps.

The samples which are used to structure the Hall sensors are prepared by breaking the
wafers along the [100]- and [010]-direction. They have a squared outline and a side
length of 5 mm. The complete Hall bar structure covers an area of 2×2 mm2 including
an outer alignment area of gold, so that four whole structures build a 2× 2 array upon a
single sample. Due to the redundant preparation a high yield of measurable Hall sensors
is guaranteed.
At first, the center area of the Hall bar structure is defined in which the actual Hall sensor
is located. In Fig. 2.2(a) the completed processing step is depicted. The detailed pa-
rameters of the fabrication sequences which are resumed in the following and a stepwise
description of all processing steps can be found in [15].
For electron-beam lithography the sample initially is coated with PMMA 600K resist with
a thickness of 500 nm and baked out 60 min at 160 °C. To define all areas which do not
belong to the conductive leads of the Hall crosses the resist is exposed within a writefield
size of 200×200 µm2. After developing the sample, traces of the resist might remain in
the illuminated areas. These impurities are ashed by an oxygen plasma in a barrel reactor.
Finally, the 2DES is removed to a depth of 90 nm by wet etching. Solely the doped layer
which is responsible for providing free electrons is eliminated while the channel of the
two-dimensional electron system stays intact. This selective etching offers the advantage
of reduced interface scattering and a decrease of the depletion region [16]. A distance of
10 µm between the Hall crosses has been chosen, in order to avoid interference effects
between adjacent sensors and between micro- and nanostructures on top of the five Hall
sensors. The width of the Hall bar is adjusted according to the size of microstructured
electrodes in the range of 1.0 – 3.5 µm.
Analogous to the center area the input leads and bond pads in the exterior area are fab-
ricated by wet etching. Here, like in the Hall bar the 2DES is used as conducting layer.
Figure 2.2(b) shows the completion of the Hall bar structure. Since the surface area which
has to be etched strongly exceeds the size of the center area, optical lithography is used
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2. Sample preparation and experimental techniques

for structuring. The appropriate resist Shipley Microposit S1813 is applied via spin coat-
ing with the same parameters like PMMA. The exposure of the sample is accomplished
with chrome masks which have been produced by electron-beam lithography.
To achieve an electric contact with bond wires between the chip carrier and the 2DES,
metal has to be alloyed into the bond pads. The bond pad areas are defined with an optical
exposure step and AuGe combined with Ni is deposited upon the sample by means of
thermal evaporation. After a lift-off procedure the AuGe/Ni only remains upon the bond
pads. Finally, the sample is heated in argon atmosphere up to 400 °C to establish the con-
tacts by alloying.
For completion of the Hall bar structure the bond pads are evaporated using Au. The
gold layer guarantees a robust junction of the bond wires upon the pads. In the same
evaporation step additional outer alignment structures are deposited on the sample. These
structures serve to coarsely adjust a coordinate system for the SEM preparation of the
micro- and nanostructures upon the Hall crosses.

2.3. Microstructured ferromagnetic electrodes

The interest in ferromagnetic electrodes is fuelled by their use in magnetoelectronic and
spintronic devices. Here, quadratic and rectangular structures in size up to 8 µm and
thickness in the region of 30 nm are investigated. Beside isolated electrodes also double
electrodes and arrays of quadratic structures have been prepared. In order to study the
ferromagnetic electrodes with different magnetic imaging techniques the structures have
been deposited upon Hall sensors as well as on membrane windows.
The precision of the shape of the electrodes and the positioning especially upon the Hall
sensors plays a decisive role for the magnetization and for the measurement signal. For
this reason specific requirements for the preparation and alignment of the electrodes are
to be fulfilled. On the one hand, the corners of the rectangular structures should not be
rounded. Additionally, the inter-element distances of the double electrodes and the arrays,
respectively, should be less than 200 nm. On the other hand, the position of the electrodes
upon the Hall crosses determines the signal strength and the gradient of the magnetic stray
field which is detected by the 2DES. This specification defines a positioning accuracy of
the structures which should be better than 200 nm.
The requirements for the fabrication of micro- and nanostructures are fulfilled by the high
resolution provided by electron-beam lithography. Inhomogeneities and roundings are
primarily induced by the so-called proximity effect, i. e. an overexposure of the structure’s
boundaries caused by backscattered electrons. The effect of rounding can be reduced by
an additional exposure of the corners.
A precise positioning of the electrodes upon Hall sensors with the scanning-electron mi-
croscope is carried out via two different alignment systems. An outer alignment structure
of Au serves to adjust the SEM stage with respect to the center position of the Hall struc-
ture. An inner system of etched alignment marks (confer Fig. 2.2) is applied to adjust the
write field of the SEM to the preprocessed Hall crosses using the lithography software.
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2.3. Microstructured ferromagnetic electrodes

Fig. 2.3.: Hall samples with electrodes made of permalloy (Py). (a) The double elec-
trodes in "spin-valve configuration" are separated 800 nm. (b) The gap of the double
electrodes in "spin-FET configuration" has been positioned in the center of the Hall
cross.

In Fig. 2.3 two samples with Hall sensors of the same size are shown. On top of the
sensors electrodes made of permalloy3 (Py) are located. The electrodes of both samples
have been deposited with a DC sputter process. To investigate the magnetic anisotropy the
samples have been mounted peripheral onto the sample holder with a radial orientation of
the electrodes. A description of the basics and technical details of sputter processes can
be found in [17]. Nominal widths of 3.2 µm have been chosen for both Hall bars in order
to fit the Hall crosses to the size of the structures. The fifth Hall cross served as empty
reference sensor on all samples.
The double electrodes in Fig. 2.3(a) are arranged in the "spin-valve configuration". The
size of the large electrode is 8.0×0.8 µm2. The small electrode has been prepared with
two different widths. Upon sensor one the lateral geometry is 4.0× 1.0 µm2 and upon
sensor two and three a size of 4.0× 0.8 µm2 has been chosen. The gaps between the
double electrodes have a value of 800 nm and the thickness of the structures is 20 nm.
On top of the second sample the double electrodes are placed in "spin-FET configuration"
as depicted in Fig. 2.3(b) with a thickness of 17 nm. The large electrodes have a same
lateral geometry as in spin-valve configuration of 8.0× 0.8 µm2. The small electrodes
have size of 4.0× 0.8 µm2. For the investigation of the stray field between the double
electrodes the gap has been positioned in the center of the Hall cross. The electrodes on
top of the first sensor are in slight contact while the electrodes upon sensor two are sepa-
rated with a distance of 200 nm.
In addition to permalloy as ferromagnetic material iron has been chosen for the investi-
gation with Hall micromagnetometry. Figure 2.4(a) shows an atomic-force microscope
(AFM) image of a double electrode made of iron. The other sensors of the Hall bar struc-
ture are used for single electrodes. The side length of the iron electrodes are 1× 1 µm2

and 2× 1 µm2 with an inter-element distance of 150 nm. The structures have been de-

3Alloy compounded of 80 % Ni and 20 % Fe.
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2. Sample preparation and experimental techniques

Fig. 2.4.: (a) AFM and (b) MFM image of an iron double electrode on top of a Hall
sensor. The size of the electrodes are 1×1 µm2 and 2×1 µm2. The z-axis of the AFM
image is enlarged for clarification. The MFM image reveals a magnetization direction
of the electrodes at the gap in antiparallel orientation as the arrows indicate.

posited via thermal evaporation with a thickness of 27 nm. The z-axis of the AFM image
is enlarged for clarification. In Fig. 2.4(b) a magnetic-force microscope (MFM) image
of the same iron double electrode at remanence is depicted. The arrows next to the gap
indicates the magnetization direction of the electrodes. The antiparallel orientation of the
domains is a required condition for experiments in spin-valve configuration. A detailed
description of magnetic-force microscopy can be found in Sec. 2.6.2.

2.4. Preparation of membrane samples

Two sets of microstructured electrodes upon membrane windows have been prepared for
magnetic-transmission X-ray microscopy. The first structure series consists of isolated
electrodes of different size and additional double electrodes. Membrane windows of
the second series contain square lattice arrays of thin microelements with varying inter-
element distance.
In Fig. 2.5(a) a section of the CAD designed structure of the first series can be seen. Due
to the chessboard-like configuration isolated electrodes with side lengths between 0.5 µm
and 4 µm and varying aspect ratios can be treated. The double electrodes have a size
of 2×2 µm2 and 4×2 µm2 and separations which range between 100 nm and 600 nm.
Via thermal evaporation multiple layers have been deposited within a single process step
upon the membrane. The coupled microcontacts consist of 11 nm Al as seed layer, 30 nm
Fe as lower and 30 nm Ni as upper ferromagnetic layer. A 6 nm thick Al cap serves as
protection.
The square lattice arrays of the second structure series are composed of 5× 5 elements
with a side length of each 2×2 µm2. The inter-element distance has been varied between
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2.5. Deposition of CoPt3 nanoparticles

Fig. 2.5.: (a) Section of the designed structure of the first membrane window series
used for the exposure with lithography software. (b) MTXM image of an array of Fe
microelements separated by 200 nm.

200 nm and 2000 nm in multiple steps. In Fig. 2.5(b) a magnetic transmission X-ray
microscope image of an array with 200 nm distance is depicted. Like the first series the
elements have been deposited via thermal evaporation. The layer sequence consists of
5 nm Al, 20 nm Fe as ferromagnetic layer and 3 nm thick Al cap as protection.

2.5. Deposition of CoPt3 nanoparticles

Ferromagnetic nanoparticles are promising candidates for various applications which
includes ultra-high storage media and medical therapy like drug targeting. They addi-
tionally are suitable as biomedical markers for diagnostics. Prominent representatives are
FePt and CoPt3 nanoparticles [18, 19]. These materials have a high crystalline anisotropy
which is required for a good thermal stability of the magnetization – an important
property for storage applications. Typically the particles show a temperature dependent
evolution from superparamagnetic behavior at high temperatures to an anisotropic super-
paramagnetism just above the blocking temperature, and a blocked superparamagnetic
behavior at low temperatures [20].
Hall micromagnetometry is suitable to investigate the magnetic properties of such
nanoparticles with a high sensitivity and resolution. For this purpose structures are
required in the lower nanometer range. The fabrication of ferromagnetic nanostructures
with conventional lithography processes is rather complex. Alternatives for preparation
of nanoparticles are magnetron sputtering [21] and microemulsion techniques [22].
The ferromagnetic nanocrystals investigated in this work have been produced through
organometallic synthetic approaches and are provided by the Institute of Physical
Chemistry in Hamburg. They consist of cobalt (Co) and platinum (Pt) and have been
synthesized using a solution-phase method. Briefly, the CoPt3 nanocrystals are formed
via a modified "polyol" process in a high-boiling-point coordinating solvent [23]. First
ferromagnetic nanocrystals prepared by this organometallic route were FePt [24] and

11



2. Sample preparation and experimental techniques

Co [25]. Due to the larger spin-orbit coupling of cobalt, Co-based nanoparticles may be
expected to provide a higher anisotropy, even in the as grown state.
As-synthesized CoPt3 nanocrystals represent single domain particles and have a chemi-
cally disordered face-centered cubic (fcc) structure. The mean particle size can be varied
from 1.5 nm to 7.2 nm by controlling the reaction conditions and the type of coordinating
mixture.
In order to obtain a sufficiently large measuring signal a close packed monolayer has
been attempted to prepare. Due to the organometallic synthesis a narrow size distribution
of nanocrystals and an arrangement in two- and also three-dimensional lattices with
controllable inter-particle spacing can be reached.
Figure 2.6 shows SEM images of a Hall sample on which nanometer sized CoPt3 crystals
are located. On the left image an overview with two Hall sensors can be seen. The right
image is an blow-up of a section at the edge of the Hall bar. On the right side of the
edge the mesa of the Hall bar can be seen on which two distinct sizes of particles are
located. The particles have been deposited in a monolayer upon the whole sample via a
spin coating process. They are self-assembled into a hexagonal lattice in selected areas.
The size of the nanoparticles of 3 nm and 6 nm has been determined from SEM images.
Countings of the two different particle sizes result in 1.28 · 105 for the 3 nm particles
and 2.90 · 104 for the 6 nm particles on top of the 3.2× 3.2 µm2 Hall cross. This is
only a small fraction of material required, e. g., for SQUID magnetometry. In principle
a further reduction of the sensor size is possible which could enable the measurement of
accordingly less CoPt3 particles.

Fig. 2.6.: SEM image of CoPt3 nanoparticles on top of two Hall sensors. The width
of the Hall bar is 3.2 µm and the distance between the sensors amounts 10 µm. On
top of both sensors the CoPt3 nanoparticles are primarily arranged in a monolayer. Hall
sensor four additionally shows a cluster of nanoparticles located in the left bottom area.
In the blow-up the right area next to the edge shows a part of the Hall bar. Two different
particle sizes of 3 nm and 6 nm can be seen.
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2.6. Measurement techniques

Magnetism down to the nanometer scale continues to be the focus of extensive research.
It is of fundamental importance in magnetic sensing and information storage. Numerous
nanofabrication techniques have been employed and developed to generate a wide variety
of magnetic nanostructures. However, only a few micromagnetic techniques are available
as highly sensitive and non-invasive measuring methods. One technique that has produced
an impressive array of results is the magnetometry with superconducting quantum inter-
ference devices (SQUID) of micrometer sizes [26]. Their operation is admittedly limited
to low temperatures and small applied fields.
In this work other measurement techniques have been applied to study individual micro-
and nanoscale magnetic units as well as double structures and arrays. Hall micromag-
netometry, based primarily on two-dimensional electron systems (2DES) in semiconduc-
tor heterostructures, suffers almost no restrictions and limitations in temperature range
and applied magnetic fields. For practical applications in magnetic recording, field sens-
ing, or biomagnetic detection, high sensitivity techniques at room temperature are nec-
essary. Here, magnetic-force microscopy (MFM) offers spatially-resolved information
in applied magnetic fields. Magnetic-transmission X-ray microscopy (MTXM) provides
non-invasive measurements and element-specific investigations.

2.6.1. Hall micromagnetometry

Hall magnetometers for ferromagnetic and superconducting materials are becoming in-
creasingly popular since they feature distinct advantages:

a) non-invasive measurements,

b) high magnetic field sensitivity suitable for time- and space-resolved detection of
individual vortices in superconductors [27],

c) very small active region [28], i. e. the cross region of the Hall bar is less than a
micron wide,

d) sensitivity in a broad temperature and magnetic field region,

e) versatile [29, 30] and comparatively simple setup.

Hall micromagnetometry has been applied for patterned submicron- or nanomagnets
[31] and also as scanning magnetic probe [32]. Marked improvement in resolution,
especially at high fields, can be realized by using gradiometry to circumvent the difficulty
of measuring a tiny signal on top of a much larger background [33].
The signal measured by Hall micromagnetometry depends on the magnetic stray field
of the electrodes on top of the Hall sensor. In contrast, e. g., to XMCD the method not
directly detects or images the magnetization of the electrodes but measures the Hall
response of the 2DES to the small dipole fields originating from the magnetic micro- or
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Fig. 2.7.: Simulated magnetic stray field of a 20 nm Permalloy electrode with a size of
3.0×0.6 µm2 located 90 nm above the 2DES. (a) The side view along the border of the
electrode illustrates the vertical stray field of the magnetic end domain. (b) The top view
demonstrates the horizontal stray field (arrows) and z-component (grey scaling) within
the plane of the 2DES. The maximum and minimum local stray field strengths are 32 mT
for black and 0 mT for light elements, respectively.

nanostructure. Due to the constricted motion of the electrons within the two-dimensional
system exclusively the z-component of the stray field is detected.
In Fig. 2.7 a simulation of the magnetic stray field of a 20 nm thick Permalloy electrode
with a size of 3.0× 0.6 µm2 located 90 nm above the 2DES is depicted. The magnetic
pattern inside and below the electrode is simulated with the computer code OOMMF
supplied by Porter and Donahue [34]. For permalloy, a saturation magnetization of
860000 A

m , an exchange constant of 13 · 10−12 J
m , and a zero anisotropy constant are

chosen. The applied grid size of 10 nm is close to the exchange length of Py. The side
view in Fig. 2.7(a) illustrates the cross section of the stray field distribution along the
border of the electrode. In the area directly below the end of the magnetic domain the
stray field predominantly crosses the 2DES in perpendicular direction. With increasing
distance to the edge of the electrode the perpendicular component rapidly vanishes.
The grey scaling demonstrates the amount of the z-component in the area below the Py
structure. In Fig. 2.7(b) the stray field distribution 90 nm below the electrode in the plane
of the 2DES is shown in top view. Arrows illustrate the x-y-component and back grey
scaling the z-component of the magnetic field. As apparent, the Hall signal is primarily
generated by the stray field below the edges of the electrode.
The heterostructures which have been used for fabricating Hall sensors provide two-
dimensional electron systems with an extremely high low-temperature mobility (see
Sec. 2.1). Due to the large mean free path of the electrons, scattering primarily occurs at
the boundaries of the mesoscopic Hall bar. A quantitative theory can be derived to relate
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the measured Hall voltage to the local flux through the Hall sensor [35]. The correlation
of the Hall effect and the average magnetic field in the cross junction [36] is given by

Rxy =
UH

Ix
=
〈Bz〉
ne

. (2.3)

The averaging 〈Bz〉 refers to the characteristic area S ≈ (w+1.4 · r)2 of a Hall cross with
rounded corners of radius r and width w. The result has been obtained for a square junc-
tion with sharp corners in analytical calculations and numerically for rounded corners and
rectangular junctions [37, 38]. In addition, Monte Carlo simulations of mesoscopic Hall
bars containing a locally inhomogeneous magnetic field demonstrate that in the regime
of low magnetic fields the Hall resistance is independent of the shape and position of the
profile [39]. The measured signal as well as the average magnetic field

〈Bz〉=
1
S

∫
S

Bz (x,y) dx dy =
Φ

S
(2.4)

is rather determined by the flux Φ through the characteristic area of the Hall cross. As
obvious, a ballistic Hall probe works exactly as a micro-fluxmeter. The sensor area in
particular can reach dimensions of less than 0.1 µm2. Diffusive transport applies for
larger Hall crosses and for higher temperatures [40].
Without an external magnetic field (Bext = 0) the ballistic electrons are solely deflected by
the stray field of the electrodes on top of the Hall sensor. To investigate the structures not
only at remanence an external field is applied in varying directions to the surface of the
Hall sensor. In order to study the magnetic signal of the electrodes the external magnetic
field has to be separated from the measured Hall voltage. Therefore, the empty reference
Hall sensor is employed

MB =
ne
µ0 I

(
UMag−URef

)
. (2.5)

However, the calculated magnetization MB of the electrode’s stray field cannot directly
be associated with the magnetization M. The Hall response is rather an image of the
local magnetization of that part of the electrode which is located within the sensor area.
The measured Hall signal which is generated by nanoparticles on top of the sensors also
cannot quantitatively be evaluated. Since the total stray field is composed in a complex
way by the contributions of all particles no conclusion can be drawn on the magnetization
of a single nanoparticle.

2.6.2. Magnetic-force microscopy

Especially for magnetic information technology interest focuses on observing the domain
distributions of magnetic structures at sub-micrometer scale. Here, magnetic-force mi-
croscopy [41] combines spatially-resolved information acquisition with the performance
of room temperature measurements in external magnetic fields. Important advantages are
a comparatively simple and efficient set-up and a minimum of requirements concerning
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the preparation of the samples. On the other hand, magnetic-force microscopy is a rather
slow measurement technique and shows indications of invasive nature on the magnetic
states.
Magnetic-force microscopy is an extension of atomic-force microscopy (AFM) [42]. In
contrast to AFM the probe is sensitive to magnetic stray fields. For this purpose microtips
coated with magnetic films are applied. The tip can be thought as a magnetic dipole [43]
inside the tip volume. In the present mode of operation [44] with the used system Digital
Instruments Nanoscope SPM the magnetic tip is driven twice in same line scan across
the sample surface. Within the first scan the topography of the surface is probed similar
to the AFM mode. The second scan is carried out in Lift Mode 50 – 100 nm above the
surface. In this distance only the long-range magnetic force from the stray field ~H of the
ferromagnetic sample is effective. This force acting on the magnetic tip is equal to the
negative gradient of the corresponding Zeeman energy

~F =−∇EH =
∫

VTip

∇

(
~M ~H

)
dV = ∇

(
~m ~H

)
. (2.6)

Here, the magnetic dipole ~m =
∫

~M dV represents the magnetization of the tip whose
orientation further on is assumed to point perpendicular to the sample surface (mx = my =
0, mz 6= 0). Accordingly the force result in

~F =
(

mz
∂Hz

∂x
, mz

∂Hz

∂y
, mz

∂Hz

∂ z

)
. (2.7)

For laterally extended structures the approximation ∂Hz
∂x , ∂Hz

∂y � ∂Hz
∂ z can be utilized.

The signal measured by MFM corresponds to the phase shift ∆Φ of the cantilever oscil-
lating close to its resonance frequency at about 60 – 70 kHz [45]. Since the phase shift
is proportional to the gradient of the magnetic force the MFM signal can be identified as
second derivative of the stray field’s z-component

∆Φ(x,y) ∝ ∇~F ≈ ∂Fz

∂ z
= mz

∂ 2Hz

∂ z2 . (2.8)

Usually, a grey scales image indicates the magnetization direction of the probed magnetic
sample. Black and white pixels of the image are interpreted as areas of low and high
magnetic stray field in z-direction.
The magnetic-force microscope used in this work is equipped with an Helmholtz coil. It
provides external magnetic fields up to ±100 mT. The tip magnetization generally is not
influenced by this field since hard magnetic materials are used for tips. The resolution of
the MFM depends on the radius of the magnetic tip as well as on the tip-sample distance
and ranges between 10 nm and 100 nm [46].
For comparison of measured MFM images with simulated magnetization patterns MFM
images can be calculated according to Eq. (2.8) [47]. In order to compute the overall stray
field the simulated structure is interpreted as an array of magnetic dipoles. Here, the ap-
proximation for laterally extended structures is not needed and the full set of derivatives
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can be included. This can be important in regions of strongly inhomogeneous stray fields
at edges or domains walls. A proper consideration of edges is particularly relevant for the
calculation of stray fields in hybrid devices.
The combination of MFM and micromagnetic simulations has proven to be a powerful
tool to determine the magnetization of micro- and nanostructured ferromagnets. The di-
rect comparison of the stray field images is provided by add-ons to OOMMF and enables
to analyze the consistence between experiment and simulation.

2.6.3. Magnetic transmission X-ray microscopy

A novel technique to image element specifically magnetic domain structures is magnetic
transmission X-ray microscopy (MTXM). It combines X-ray magnetic circular dichroism
(XMCD) with a high resolution transmission X-ray microscopy [48]. The high lateral
resolution down to 20 nm is achieved by Fresnel zone plates [49]. The magnetic contrast
with values up to 50% can be obtained at the L2,3 edges in transition metals like Fe, Co
or Ni. In detail, the absorption of circularly polarized X-rays depends on the projection of
the magnetization onto the photon propagation direction and serves as a contrast mecha-
nism [50]. The first set-up was demonstrated at the synchrotron facility BESSY I in Berlin
[51]. The results used in this work have been recorded at the soft X-ray microscope XM-1
at the Advanced Light Source (ALS) in Berkeley, CA.
A unique feature of magnetic transmission X-ray microscopy is the inherent chemical
specificity, i. e. the MTXM contrast is a measure of the elemental magnetization. This
characteristic reveals that MTXM particularly is suitable to investigate multilayer systems
and stray field coupled microcontacts. Additionally, due to the non-invasive photon based
technique, the images can principally be recorded in unlimited external magnetic fields.
Thus, MTXM allows for detailed studies of magnetization reversal processes. However,
the penetration depth of soft X-rays sets sample thickness limits to about 100 – 200 nm
for the soft X-ray regime below 1 keV. Moreover, X-ray transparent substrates for sample
preparation are required (compare Sec. 2.1).
The MTXM signal corresponds to the scalar product of the transmitting X-ray beam with
the magnetization of a ferromagnet. To study in-plane magnetization, the sample has to
be tilted with respect to the beam direction [52]. The MTXM images taken at the Fe L3

absorption edge at a photon energy of 706 eV exhibit a contrast reversal from dark to light
when the external field is reversed. Areas of homogeneous gray shades (see Fig. 2.5(b))
display regions of a ferromagnetic structure having the same magnetization, i. e. domains.
With a proper normalization of the images to the saturated image MTXM can be used as
a highly sensitive local magnetometer. To achieve this, the mean value of the grey scale
data in the magnetic part of an image is offset by the mean value of the non-magnetic
neighborhood and normalized with it. By this method possible spatial fluctuations of the
synchrotron light intensity are significantly reduced and hysteresis loops of a single mi-
croelement can be measured. Magnetic moments down to 1 ·10−13 Am2 = 0.1 nemu can
be resolved which illustrates the ultra-high sensitivity.
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MTXM is an excellent tool to investigate the fragile and complex dipolar magnetic in-
teraction in arrays of micro- and nanostructured elements. It allows non-invasive explo-
ration of magnetic reversals within large arrays due to the full-field scope with a high
spatial resolution [53, 54]. In this work MTXM is used in external magnetic fields of up
to ±100 mT.
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This chapter deals with the investigation of microstructured thin-film elements made of
ferromagnetic materials. First a short introduction to the theory of magnetism and espe-
cially to the concept of the micromagnetic model is given. In the following, experimental
results of ferromagnetic microstructures are presented which are obtained by Hall micro-
magnetometry, magnetic transmission x-ray microscopy, and magnetic-force microscopy.

3.1. Theoretical background

3.1.1. Introduction to Ferromagnetism

In vacuum a direct proportion exists between an external magnetic field, H, and the mag-
netic induction, B, whereas the correlation is modified in the presence of material. From
experiment it is known that every material acquires a magnetic moment in external fields.
The influence on the magnetic induction can be taken into account multiplicatively by the
relative permeability, µr, or additively by the magnetization1, M

~B = µ0

(
~H + ~M

)
= µ0 ~H (1+ χ) = µ0 µr ~H . (3.1)

The relation of the magnetization which is defined as the magnetic moment per unit vol-
ume ~M = ∑ ~mi and the magnetic field ~H is written as

~M = χ · ~H , (3.2)

where χ = µr−1 is dimensionless and called the magnetic susceptibility [55]. In the case
of weakly magnetic materials, µr and χ are normally field-independent. Substances with
a negative magnetic susceptibility χ < 0 are classified as "diamagnetic" while material
with a positive magnetic susceptibility χ > 0 are called "paramagnetic". These properties
can be comprehended by the free atom’s magnetic moment.
Diamagnetism solely occurs in materials containing no atomic magnetic moment. The
negative susceptibility is induced by the change of the Bohr orbital moment of an electron
in an applied magnetic field. According to Lenz’s Law, the magnetic flux produced by an
orbital electron is always opposite to the one of the external field.
Paramagnetism is found in materials that contain widely separated atoms or ions. Each of
them has a fixed magnetic moment ~m which is given by

~m = g
µB

h̄
· ~J , (3.3)

1SI units are used throughout this work (confer DIN 1325 and DIN 1339).
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where the total angular momentum ~J is the sum of the orbital ~L and spin ~S angular mo-
ments [56], µB = e h̄

2m the Bohr magneton. The quantity g is the Landé factor. Thus,
gyromagnetic experiments give information about the ratio of orbital and spin angular
moments to the total magnetization of the paramagnetic material.
In ferromagnetic materials the relative permeability µr is comparatively large (ranging
from 102 to 106) and typically depends non-linearly on the field ~H. In this case the mag-
netization is a complex function of ~H and Eq. 3.1 holds only approximately in a limited
range of fields. A complete correlation depends on the history of the applied magnetic
field and can be described by a magnetization curve (confer Sec. 3.1.3). In non-cubic
crystal groups µr and χ additionally correspond to tensors of rank two.
The strong magnetization of ferromagnetic materials particularly in the absence of an
external magnetic field cannot be attributed to classical magnetostatic. For production
of a spontaneous magnetization the dipole interaction between neighboring atoms is too
small. However, according to Weiss an effective field called molecular field [57] can be
considered to cause the spontaneous magnetizations. The physical origin is due to quan-
tum mechanical effects which result from Pauli’s exclusion principle as first proposed by
Heisenberg [58]. Between neighboring atoms with spin ~Si and ~S j an exchange interaction
is suggested with the Hamiltonian

Hex =−2 ∑
i< j

Ji j ~Si ·~S j , (3.4)

where Ji j is the exchange integral. The magnitude of Ji j is approximately 103 times larger
than the dipole interaction [59]. If the exchange integral is positive (Ji j > 0), the energy is
lowest when ~Si ‖ ~S j, so that a ferromagnetic alignment is stable, while for a negative ex-
change integral (Ji j < 0) an antiferromagnetic alignment results. The model of localized
electrons is valid for many ferromagnetic metals and alloys as well as for metal oxides
like Fe2O3 and MnO.
For the ferromagnetic 3d transition metals Fe, Co, and Ni the calculation of the exchange
energy proves to be extremely difficult. The carriers of the magnetism, the 3d electrons,
are located relatively far from the atomic core. They are considered to be moving among
the atoms rather than localized at individual atoms. Thus, a simple approach of a 3d elec-
tron wave function is not possible. The direct d-d exchange of localized moments cannot
be utilized and the spontaneous magnetization is described by means of a band structure
with 3d and 4s electrons [11].
The exchange energy in the ferromagnetic 3d materials, i. e., the spin coupling between
the incomplete d shells and the 4s conduction electrons leads to a redistribution of the
electronic states. The exchange coupling causes a shift between the two d spin bands
partially overlapped by the s bands. Thereby electrons from one spin band are transferred
to the other by reversing their spins and bringing their Fermi level to a common value.
Despite the increase of kinetic energy due to the occupation of higher energy levels the
total energy within the 3d transition metals Fe, Co, and Ni decreases and a ferromagnetic
alignment of d spins is observed [60]. However, most of the metals are paramagnetic
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Fig. 3.1.: Electronic density of states NE (E) of d and s electrons in ferromagnetic ma-
terials [61]. (a) The two spin sub-bands of Fe are shifted 2.4 eV to each other due to the
exchange coupling. (b) The (↑)-sub-band of Ni is located below the Fermi level.

since the kinetic energy which has to be expended for arranged spin orientation is too
high.
In Fig. 3.1(a) the density of states of s and d electrons for both spin bands of Fe is de-
picted. The calculations are based on parameter-free density-functional theory [61]. The
intense structured area within the density of states primarily corresponds to the d electrons
whereas the broad region at the upper and lower band edge belongs to the s electrons. The
shift of the two spin sub-bands of 2.4 eV due to the exchange coupling leads to a different
number of spin states at the Fermi level. In the case of Ni the two spin sub-bands are less
shifted by 1.0 eV as shown in Fig. 3.1(b). In contrast to Fe the (↑)-sub-band is located
below the Fermi level.
In the discussion of hybrid devices the degree of spin polarization at the Fermi energy EF

is a crucial parameter of ferromagnetic materials. Note that only electrons in the energy
range ∆E ≈ ±kB T around EF contribute to the conductivity. The degree of spin polar-
ization can be defined in several different ways [62]. For transport experiments in the
ballistic regime an appropriate description is obtained with the Fermi velocities vF

PN v =
〈N vF〉↓−〈N vF〉↑
〈N vF〉↓+ 〈N vF〉↑

. (3.5)

The brackets denote suitable averages over the Fermi surface.

3.1.2. Micromagnetic equations

The transition of a microscopic quantum theoretical description of ferromagnetic materi-
als to macroscopic magnetization properties is obtained by the continuum theory. This so-
called micromagnetic theory of ferromagnetism published by Brown [63, 64] provides a
description of inhomogeneous magnetization patterns in consideration of the inter-atomic
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exchange coupling. Calculations of domain structures, spin distributions, in domain walls
as well as the interpretation of the characteristic parameters of hysteresis loops are pos-
sible. In order to determine the local direction of the spontaneous magnetization, ~MS, in
dependence on time and external magnetic field the magnetic Gibbs free energy

G = F −µ0

∫
~MS · ~Hext dV (3.6)

has to be minimized. The last term in Eq. 3.6 is known as the Zeeman energy. It is the
magnetostatic energy of ~MS in an external magnetic field ~Hext. The first term, F , consists
of diverse energy contributions and overall represents the free energy

F =
∫

(Fex +FS +FK +F0) dV , (3.7)

which is equivalent, at T = 0, to the internal energy. The exchange energy, Fex, is re-
sponsible for an arranged spin orientation of localized and quasi-free electrons [?]. A
characteristic property of ferromagnetic materials is their magnetostatic stray field. The
total stray field energy is given by

FS =−1
2

µ0

∫
~MS · ~HS dV . (3.8)

The dependence of the internal energy on the direction of spontaneous magnetization is
described by the magnetic anisotropy energy, FK. A rotation of the spin direction rela-
tive to the crystal axes changes the exchange energy. The simplest case is the uniaxial
magnetic anisotropy which can be found in hexagonal cobalt

FK = K1 sin2
θ +K2 sin4

θ , (3.9)

where θ is the angle between the magnetization and the hexagonal axis. According to the
specific point group the expressions for the local anisotropy in case of cubic and tetragonal
symmetries can be derived. Further energy contributions like the magnetoelastic energy,
FM, considering magnetostrictive deformation are combined in F0 which can be neglected
in many cases.
For the calculation of magnetic ground states and quasi static magnetization processes
Gibbs free energy has to be minimized. Another approach to determine the magnetic
domain configurations of thin microstructured elements is the treatment of a torque~L on
the magnetization

~L =
d~P
dt

= µ0

[
~MS× ~Heff

]
. (3.10)

Here, ~Heff corresponds to an effective field composed of the external field and contribu-
tions of exchange, anisotropy, dipolar and magnetoelastic energies. Generally the effec-
tive field can be written as

~Heff =− dG
µ0 d~MS

. (3.11)
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A static micromagnetic equilibrium is achieved by the condition of a vanishing torque
~L = 0, i. e., a parallel orientation of effective field and spontaneous magnetization [66, 67].
When deviating from the magnetic ground state the spin system has a dynamic charac-
ter and is described by a time-dependent magnetization. In this case the magnetization
performs an undamped precession in a magnetic field. Since a damping term cannot be
derived theoretically from basic principles Landau and Lifshitz added a phenomenolog-
ical term [?]. An alternative equation which has been proposed by Gilbert [68] leads to
the combined form

d~MS

dt
=

γ0

1+α2
G

[
~MS× ~Heff

]
− αG γ0(

1+α2
G
)

MS

[
~MS×

[
~MS× ~Heff

]]
, (3.12)

which is denoted as Gilbert form of the Landau-Lifshitz equation. The first term on the
right side describes a homogeneous precessional rotation of ~MS. Here γ0 = − e·g

2me
is the

gyromagnetic ratio. The second term determines the damping process where αG is the
damping parameter.
With respect to the experiments performed in the framework of this thesis the static mi-
cromagnetic properties are important. However, the observed static magnetization is the
result of a dynamic damping process, e. g., after switching the local magnetization vector.
For microstructures of iron, nickel, cobalt, and permalloy analyzed here the micromag-
netic simulations with the OOMMF code showed the same static magnetization states
either by minimizing the Gibbs free energy or by solving the Gilbert equation numeri-
cally.

3.1.3. Domain configurations and domain walls

A uniformly magnetized configuration is exceedingly uneconomic in a ferromagnet of fi-
nite size. The so-called single-domain magnetization produces a high magnetic stray field
energy FS. In order to reduce FS the spin distribution within the confined structure has to
be altered. The deviation from the complete parallel spin alignment results in an increase
of the exchange energy, Fex, and magnetic anisotropy energy, FK, in the first instance.
A further reduction of the stray field energy is reached by dividing the ferromagnetic
structure into multiple domains, in which the spontaneous magnetizations take different
orientations. However, with growing number of domains the domain walls which sepa-
rate the neighboring areas increasingly store domain wall energy. As mentioned above the
stable equilibrium state finally is characterized by the minimum of the total free energy,
G.
In Fig. 3.2 an example is depicted which illustrates the reduction of the stray field energy
of a ferromagnetic disc of radius r and thickness d. In case of a uniformly magnetized
configuration free magnetic poles N and S at the edges are present (see Fig. 3.2(a)). The
free poles produce a demagnetization field, N MS

µ0
, which appears opposite to the sponta-

neous magnetization, MS, with a stray field energy given by

FS =
1

2 µ0
N M2

S ·V , (3.13)
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Fig. 3.2.: (a) Uniformly magnetized disc with magnetic free poles N and S in a single-
domain state. (b) Circular configuration with vanishing stray field energy. (c) Domain
structure caused by magnetocrystalline anisotropy [59].

where V = π r2 · d is the volume of the disc. The demagnetization factor N depends
only on the shape of the specimen and can be approximated by a thin oblate spheroid
with a demagnetization factor N = 1

3 [59]. To reduce the free magnetic poles and thus
stray field energy one possible arrangement of spins is the circular configuration shown
in Fig. 3.2(b). In this configuration no divergence of magnetization appears and the stray
field energy vanishes completely (FS = 0). Since the angle between neighboring spins has
a finite value the exchange energy is increased in comparison to a parallel alignment. In
Fig. 3.2(c) the disc consists of a ferromagnetic material with a cubic magnetocrystalline
anisotropy. In this case the spins within the crystal are forced to align parallel to one of
the easy axes. The domain structure is similar to the circular configuration in which the
stray field energy is reduced by closed lines of the magnetic field. However, the remaining
free magnetic poles at the edges of the domain walls still store some stray field energy.
In addition, concerning the domain walls various energy contributions have to be consid-
ered. There are treated in the following.
For a quantitative understanding of domain patterns the spin arrangement and the mag-
netic parameters of domain walls have to be investigated. The change of the magne-
tization from one domain to the other is not abrupt. The exchange energy of spin pairs
increases as the square of the angle ϕ which is between neighboring spins and thus causes
strong forces for large angles. But, since the force is only short-ranged small angles over
a distance of many atoms do not involve a large exchange energy. Therefore a domain
wall consists of a number of transition layers in which the direction of the magnetization
changes gradually. Due to the rotating spin orientation anisotropy energy additionally
increases within the domain wall. In ferromagnets with magnetocrystalline anisotropy
the spins in the wall have to turn away from an easy direction. The number of transition
layers finally is determined by minimizing the sum of all energy contributions.
In thick ferromagnetic samples most commonly Bloch walls occur, called after F. Bloch
[69] who first investigated the spin structure of transition layers in detail. In Bloch walls
the azimuthal rotation angle, ϕ(z), of the magnetization depends only on the z-coordinate,
which is taken perpendicular to the domain wall. Thus, the normal component of the
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3.1. Theoretical background

Fig. 3.3.: (a) Normalized wall energy as a function of film thickness for Bloch walls and
Néel walls [59]. (b) Landau pattern with a closed domain structure and a 180° Néel wall
(top) and a 180° cross-tie wall (bottom) [71].

magnetization is continuous across a domain wall, which results in vanishing magnetic
volume charges in the case of planar walls. The thickness of a Bloch wall is obtained to

δB = π

√
J S2

Ku a
, (3.14)

where a is the lattice constant and Ku the uniaxial anisotropy constant [59]. The produc-
tion of magnetic free poles of Bloch walls on the sample surface has little effect in thick
samples. In the case of very thin films Néel suggested a rotation of the spins in a plane
parallel to the film surface [70]. Changes of the direction of MS in-plane are connected
with magnetic stray fields due to magnetic volume charges ρ = −divMS. Since in thin
films the stray field energy of surface charges becomes larger than that of volume charges,
the Néel walls become stable in thin films.
The transition from Bloch walls to Néel walls in thin films is not clearly defined and has
been investigated in several publications [72, 73, 74]. Information about the preference
of one wall type can be found from the wall energy which essentially contributes to the
formation of domain structures. In Fig. 3.3(a) the normalized wall energy, γ

γ0
, is plotted

as a function of film thickness for both wall types. Due to free poles at the film surface
in Bloch walls the magnetostatic energy increases with a decrease of film thickness. On
the other hand, the magnetostatic Néel wall energy is reduced by a decrease of the film
thickness. This is due to the demagnetization factor, N, which becomes smaller with de-
creasing film thickness.
In the region of intermediate film thickness, where the energies of both domain wall types
are comparable, a third type of wall is observed. This cross-tie wall consists of alternative
Bloch-type and Néel-type spin configurations along the domain boundary [75]. On both
sides of the wall the spin direction changes discontinuously. In Fig. 3.3(b) the transition
between a Néel-type wall and a cross-tie wall is depicted. The upper element shows a
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3. Ferromagnetic microstructures

Landau pattern with a 180° Néel wall and a closed domain structure which minimize the
stray field energy. In the lower domain structure the symmetric 180° Néel wall is decom-
posed into a special arrangement of 90° Néel walls. The so-called 180° cross-tie wall is
characterized by surface free poles which appear as bright or dark spots in images of the
stray field.

3.2. Hall micromagnetometry of electrodes for spintronic
devices

Semiconductor based spintronics is an active field of research [76, 77, 78]. The idea of
a spintransistor [79] has created a new branch of research in solid state physics, combin-
ing semiconductors with ferromagnetic metals or utilizing ferromagnetic semiconductors
in all-semiconductor devices [80]. Currently, the injection, transport, and detection of
spin-polarized electrons in semiconductors are investigated. On the way to a possible
spintransistor and other devices using the electron spin in semiconductors a multitude of
issues must be addressed. First of all, the injection of spin-polarized charge carriers from
a ferromagnet into a semiconductor has to be demonstrated. This problem has been dis-
cussed controversially in the last few years but now a consensus on the basic principles
has been reached, at least for the limiting cases of diffusive and ballistic transport in the
semiconductor.
Here we focus on Hall micromagnetometry of the ferromagnetic electrodes. Ferromag-
netic electrodes play an important role in the context of spin injection independent of the
specific type of material which could be a ferromagnetic semiconductor [80], a conven-
tional ferromagnetic transition metal, or a half-metallic magnet [81, 82]. Beside the high
quality of the interface a defined magnetization direction is an decisive requirement. In
a simple approach this requirement could be met by a single-domain contact, in which
nearly all microscopic magnetic moments are parallel.
The two limiting magnetization configurations for ferromagnetic in-plane source and
drain contacts are depicted in Fig. 3.4. In the spin-valve configuration the magnetic mo-

Fig. 3.4.: Sketch of a hybrid device with a two-dimensional electron system (2DES)
between two ferromagnetic contacts (source, drain) in (a) spin-valve configuration and
(b) spin-FET configuration.
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3.2. Hall micromagnetometry of electrodes for spintronic devices

Fig. 3.5.: Simulated magnetization of Py contacts at (a) B = 0 and (b) next to saturation.
The thickness of the electrodes is 20 nm and the size 2× 1 µm2 and 1× 1 µm2. A
saturation magnetization MS = 800 kA

m , an exchange constant A = 13 · 10−12 J
m , and

an anisotropy constant K1 = 500 J
m3 are used. In (c) and (d) simulated MFM images

are shown. The grey scales comprise 0.04 mT
nm2 and 0.16 mT

nm2 between black and white,
respectively.

ments and spins in the ferromagnet are aligned parallel to the ferromagnet-semiconductor
interface. In a ballistic model the spin is then conserved within 2DES [83]. In the spin-
transistor case the magnetic moments and spins point in the direction perpendicular to
the interfaces. Then the injected spin is not a constant of motion in the channel. It can
be shown that the optimal coupling to the spin-precession state is given for normally in-
jected modes, i. e. for modes injected perpendicularly to the interface [83]. From the
micromagnetic point of view the spin-valve configuration implies no difficulties. Given
the micromagnetic energy contributions in ferromagnets, namely crystalline and shape
anisotropy, the micromagnetic behavior can be tailored to obtain parallel or antiparal-
lel magnetization configurations of two neighboring end domains in the hybrid device.
However, in single-domain configuration a problem arises from an additional effect in the
semiconductor caused by the strong stray field of the end domains. The so-called local
Hall effect [84] complicates the measurement of small effects due to spin-polarized in-
jection or makes an identification even impossible. A solution to this problem may be
provided by electrodes with a tailored multi-domain structure as shown in the micromag-
netic simulation in Fig. 3.5. Such electrodes should combine a high degree of polarization
of the injected charge carriers with a small stray field. We have shown that this aim can
be achieved using only one domain of a four-domain electrode exhibiting a Landau mag-
netization pattern at remanence [85].
The following journal articles deal with the experimental, quantitative determination of
stray fields by means of Hall micromagnetometry as well as the imaging of magnetization
patterns of various ferromagnetic structures with MFM and MTXM techniques.
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Hall micromagnetometry on iron electrodes suitable
for spin-polarized transport

G. Meier,a) R. Eiselt, and M. Halverscheid
Institut für Angewandte Physik and Zentrum fu¨r Mikrostrukturforschung, Universita¨t Hamburg,
Jungiusstrasse 11, D-20355 Hamburg, Germany

~Received 19 April 2002; accepted 17 September 2002!

Iron electrodes suitable as injectors and detectors for spin-polarized transport in ferromagnet/
semiconductor hybrid devices are investigated by Hall micromagnetometry. The Hall effect
generated by the stray field of the iron structures is measured for single electrodes and electrode
pairs with the external magnetic field aligned in plane either parallel or perpendicular to their easy
axes. The strength of the stray field of the double structure in the sensor area is comparable for both
configurations. ©2002 American Institute of Physics.@DOI: 10.1063/1.1519939#

I. INTRODUCTION

Spin injection at room temperature is a key issue for
spintronic devices based on semiconductors.1,2 In this regard
iron as a spin injector has attracted a lot of interest theoreti-
cally as well as experimentally. From the theoretical point of
view it is interesting because of its band structure and con-
comitant distinct group velocities for spin-up and spin-down
subbands at the Fermi energy3,4 and because of the symme-
tries of the Bloch part of the wave functions.5 Experimen-
tally it has been shown recently by optical means that an iron
layer can inject a spin-polarized current into a GaAs quan-
tum well through a Schottky barrier with a spin-injection
efficiency of about 2%.6 This proof of principle strengthens
the case that iron is a good candidate as an electrode material
in room temperature spintronics. In-plane magnetization has
been proposed for real spintronic device applications where
the magnetic hysteresis behavior can be utilized to sustain
spin injection without any external magnetic field.6 In a spin-
transistor device like that proposed by Datta and Das7 two
limiting magnetization geometries are possible, and they
have been introduced as spin-valve geometry and spin-
transistor geometry.4 In the former the magnetizations of the
electrodes are aligned parallel to each other, whereas in the
latter case they are collinear.

In this work we present results of Hall micromagnetom-
etry on individual micrometer-sized iron electrodes with in-
plane magnetizations suitable for spin-polarized transport.
Structures of similar geometry made of permalloy (Ni80Fe20)
have been investigated previously by magnetic-force micros-
copy ~MFM! at remanence as well as by micromagnetic
simulations in externally applied magnetic fields.8,9 Elec-
trodes of this geometry have also been used for transport
measurements in ferromagnet/InAs hybrid transistors.10 In
these experiments the field effect was examined as a function
of the gate voltage in external magnetic fields whereby the
observed resistance has indicated spin-polarized transport via
an oscillatory gate–voltage dependence of resistance jumps
when the magnetization of the ferromagnetic electrodes re-

verses. However, spin-polarized transport in ballistic hybrid
devices based on common ferromagnets to date has resulted
in rather subtle effects in the range of percent and is difficult
to determine. This is mainly due to the small degree of spin
injection as well as to competing effects.10 Amongst them are
weak localization/antilocalization, anisotropic magnetoresis-
tance, and fringe or stray field Hall effects. In this work we
focus on the stray fields of microstructured ferromagnets uti-
lized in ferromagnet/semiconductor hybrid devices. In par-
ticular, we address their magnitude, their dependence on the
strength of an in-plane external magnetic field applied either
parallel or perpendicular to the easy axis of the large elec-
trode, as well as the magnetostatic interaction between the
electrodes.

II. PREPARATION

The micrometer-sized Hall magnetometers are prepared
from modulation doped GaAs/AlGaAs heterostructures with
a two-dimensional electron system~2DES! 90 nm below the
surface. Hall crosses of geometrical widthw51.15mm are
patterned as mesas by electron-beam lithography and chemi-
cal etching~depth 100 nm! with a standard etch solution
(1H2SO4:8H2O2:200H2O). Optical lithography and
electron-beam evaporation are used for the wiring and bond
pads. Each sample consists of four sensor areas which incor-
porate the micro-Hall crosses. In a subsequent step the fer-
romagnetic structures are defined on top of the Hall crosses
by electron-beam lithography employing alignment marks
defined in a previous step. Iron thin films with a thickness of
27 nm were deposited by thermal evaporation. Figure 1~a!
shows an atomic force microscope~AFM! image of an iron
double structure located on top of a Hall cross. In the prepa-
ration process the exposure of the corners of the structures
are corrected for proximity effects in electron-beam lithogra-
phy in order to optimize their shapes. The AFM measure-
ments revealed that the rectangular shape of the mask was
completely transferred to the material.a!Electronic mail: meier@physnet.uni-hamburg.de
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III. EXPERIMENTAL TECHNIQUE AND CALIBRATION

For the measurements an ac current of typically 0.5mA
amplitude and 37.8 Hz frequency is driven through the sen-
sor. The Hall voltages of the crosses are measured simulta-
neously. A sensor chip is mounted on a chip carrier, which is
positioned on a rotatable stage in a probe stick suitable for
measurements in the temperature range of 1.6–300 K. The
rotatable stage enables characterization of the 2DES with a
superconducting magnet in fields of up to 9 T along thez
direction directly prior to stray field measurements of the
iron structures with the magnetic field in thex or y direction
~see Fig. 1!. The x and y directions correspond to the spin-
transistor and spin-valve geometry, respectively.4 From car-
rier concentration ofns5531011 cm22 and mobility of m
5700.000 cm2 V21 s21 the sensor sensitivity, i.e., the ratio
of the Hall voltage to the average stray fieldVH /^BH& can in
principle be calculated.11 On the other hand, the most reliable
and easiest way to calibrate the sensor is to use the well-
known field of the superconducting magnet aligned in thez
direction to measure sensor response. It is important to note
that this type of calibration procedure is only valid if the Hall
sensor is operated in the ballistic regime, i.e., the mean free
path l e of the electrons must exceed the size of the Hall
cross.11,12 In the diffusive regime interpretation of the Hall
signal is more complex.13 In the present samples the ballistic
condition is easily satisfied sincel e58.2mm.

It is well known that both longitudinal and transverse
resistance in a ballistic narrow channel in a 2DES show a
nonlinear dependence on weak perpendicular magnetic
fields.14 In our micro-Hall sensors these effects could be ob-
served at low temperatures. In Fig. 2 the longitudinal and the
transverse voltage measured atT52 K exhibit features that
have been called the ‘‘last Hall plateau’’ and ‘‘camel
back.’’ 14 From the data in Fig. 2 we calculate an electronic
width of the sensor ofwe50.85mm, i.e., the depletion width
of our mesas is approximately 150 nm.

IV. RESULTS AND DISCUSSION

We have simultaneously measured three micro-Hall sen-
sors containing a single small (1mm31 mm), a single large
(1 mm32 mm), and a double structure (1mm31 mm and
1 mm32 mm with a spacing of 150 nm!. An empty sensor
serves as a reference. This setup ensures that the bias current,
temperature, and external magnetic field are identical for all
the sensors as well as for the reference.

Figures 3~a!–3~c! show MFM images of the iron elec-
trodes on top of the micro-Hall sensors measured in zero
external magnetic field at room temperature in the as-
prepared state. The magnetization patterns of the small struc-
tures are close to Landau patterns.15 While in the double
structure this is easily seen, the single small structure exhib-
its a more complex pattern with an additional small closure

FIG. 1. ~a! Atomic force microscope image of a micro-Hall cross (w
51.15mm) with a pair of iron electrodes on top.~b! Sketch of the cross
section. The 2DES is located 90 nm below the surface.~c! Top view of the
complete device with a quadratic (1mm31 mm), a rectangular (1mm
32 mm), and a double structure (1mm32 mm and 1mm31 mm). The
fourth Hall cross is empty and serves as a reference.

FIG. 2. Transverse and longitudinal voltage measured for a micro-Hall cross
at temperature ofT52 K with bias current ofI 50.5mA. Mesoscopic ef-
fects known as the last Hall plateau and camel back are clearly observed.
The dotted line is a guide to the eye and is the linear sensor response in the
absence of mesoscopic effects. From these data an electronic widthwe

50.85mm is estimated.

FIG. 3. ~a! Magnetic-force microscope images of the iron structures on top
of the sensors measured at room temperature.~a! Single small electrode,~b!
single large electrode, and~c! electrode pair. The thickness of the structures
is 27 nm. The magnetization configuration of the electrode pair right at gap
of width L5150 nm is antiparallel.
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domain in its lower left corner. In polycrystalline ferromag-
netic thin film elements with low overall anisotropy symmet-
ric Néel walls and cross-tie walls are expected for a thickness
of 27 nm.15,16The large structures in the single as well as in
the double structure in Figs. 3~b! and 3~c! exhibit essentially
the same magnetization state with closure domains consist-
ing of 90° Néel walls at each end and one cross-tie wall in
the middle. The latter can be identified by the chirality of the
pattern measured and is not a curl in the magnetization as is
often observed in permalloy structures of the same
geometry.17 With respect to transport experiments that use
such electrodes as injectors and detectors, the magnetization
in the vicinity of the small spacing of the double structure is
particularly important. In the MFM image of the double
structure antiparallel alignment of the domains next to the
spacing is observed in Fig. 3~c!, which would correspond to
the spin-valve geometry. This behavior is also known from
experiment as well as from micromagnetic simulations for
permalloy electrodes of the same geometry.8,9 These calcula-
tions also predict that a parallel and an antiparallel magneti-
zation configuration in these domains can be adjusted at will.

Prior to magnetometer measurements the 2DES was
characterized by Shubnikov–de Haas oscillations and quan-
tum Hall effect in external magnetic fields aligned perpen-
dicular to the 2DES as previously mentioned. For the stray
field measurements that we are pursuing, the sample is
within the same cooling cycle, rotated so that the magnetic
field becomes aligned in the plane of the 2DES in either the
x or y direction. In Fig. 4~a! the transverse voltages of two
sensors are shown as a function of the external magnetic field
applied along thex direction in two subsequent sweeps
~shown by solid and dotted lines!.18 The flat line is the result

of the empty reference where the second sweep perfectly
reproduces the first. This curve proves that the 2DES itself is
not sensitive to magnetic fields applied in plane. It can be
used to optimize adjustment of the sensor in the external
field. Small constant deviations of the transverse voltage
from zero could be caused by structural irregularities on a
mesoscopic scale. The voltage measured for the single large
electrode in Fig. 4~a! closely resembles a classical hysteresis
curve of the integral magnetization. Moving from positive to
negative saturation, the transverse voltage displays a revers-
ible change in magnetization followed by two tiny irrevers-
ible steps at 6.4 and21.6 mT, three huge irreversible mag-
netization jumps at26.2, 212.2, and221.2 mT, and again
some tiny steps. The way back to positive saturation closely
matches the downward sweep, yielding highly reproducible
symmetric hysteresis. A simulated hysteresis curve calcu-
lated with a computer code supplied by Porter and
Donahue19 displays the normalized magnetization versus the
external magnetic field and is shown in Fig. 4~b!. Good over-
all correspondence between both curves is observed, i.e., the
squarenesses of the loops and the values of the coercive
fields agree well. Still, deviations between experiment and
simulation in details of irreversible magnetization switching
are evident. Details of the simulation are discussed below.

The temperature dependence of the hysteresis curves
measured is rather small. In the regime between 2 and 50 K
the amplitude of the Hall signal is constant. Changes of the
switching fields between subsequent sweeps are generally
small. They tend to be more prominent at the lowest tem-
peratures. Even at 36.5 K almost perfect agreement between
two successive sweeps is observed@see Fig. 4~a!#. Above 50
K the signal strength, i.e., the amplitude of the Hall voltage,
decreases slowly with an increase in temperature. This can
be understood in terms of an increase in carrier concentration
ns in the 2DES which yields a reduced Hall voltage since
VH}1/ns .

An interesting feature was observed when passing
through the hysteresis sweep multiple times. While in the
first few runs the changes between subsequent sweeps were
prominent, the deviations diminished in further sweeps. This
training effect was observed in all structures at low tempera-
tures. We attribute this to the special magnetization pattern in
the as-prepared state. Although a rather strong magnetic field
of 200 mT is applied some field sweeps are required to place
the magnetization under the influence of the external field to
reach an energetically favorable state. With respect to the
application of ferromagnetic structures in spintronics this ob-
servation is important because a defined reproducible mag-
netization state is required.

As mentioned above the sensors are operated in the bal-
listic regime, i.e., the voltage measured can easily be con-
verted into the average stray field in the sensor area using the
calibration in homogeneous perpendicular external magnetic
fields. From this procedure the average stray field^BH& gen-
erated by the single small structure is obtained. A maximum
value of 10.7 mT is observed at saturation, which becomes
understandable from a simple model of magnetic charges
located right in the sensor area. Accordingly, the stray field
measured in the opposite saturation state is equal but re-

FIG. 4. ~a! Hall voltage of the sensor with the single large electrode and the
empty reference cross~flat line! at T536.5 K. Shown are two successive
sweeps that exhibit nearly no deviations~solid and dotted lines!. ~b! Simu-
lated hysteresis curve of the integral magnetization for a rectangular
(1 mm32 mm) iron structure with a thickness of 20 nm.
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versed in sign. By driving the magnetic field up to values of
9 T we examined the possible pinning of domain walls,
which could possibly prevent a fully saturated state. How-
ever, we observe no difference in the hysteresis curve after
the application of such strong fields and conclude that the
magnetization state at6100 mT is indeed closest to satura-
tion.

This finding is supported by micromagnetic simulations
of the hysteresis curve and the corresponding magnetization
patterns for the single large electrode. For each external mag-
netic field a local energy minimum is sought and the corre-
sponding magnetization is calculated. The thermal evapora-
tion process yields polycrystalline iron films and therefore
we use a random distribution of the anisotropy direction in
the simulation. Different radii of the corners are tested
whereby the best agreement is in fact obtained for a rectan-
gular structure. For calculation of the remanent state a grid
size of 5 nm is used. The magnetization pattern obtained is in
good agreement with the magnetization state observed with
the MFM @see Fig. 3~b!#. The resulting magnetization pattern
is used as the starting point for computation of the hysteresis
curve, which is performed with a grid size of 10 nm. This is
a compromise between the actual exchange lengthl ex

5AA/Kd53.4 nm of iron,15,19 whereA is the exchange con-
stant andKd5m0Ms

2/2 the stray field energy constant, on the
one hand, and a reasonable computing time on the other. The
hysteresis simulated this way is shown in Fig. 4~b!. It is in
good overall correspondence with the measured curve. The
Hall voltage in Fig. 4~a! and the calculated hysteresis curve
show a number of irreversible magnetization changes that
occur approximately at the same values of the external mag-
netic field. The deviation of the magnitudes of the jumps
between the simulated and experimental curves is expected
since the measured transverse voltage is not directly compa-
rable to the normalized integrated magnetizationM /Ms plot-
ted in the hysteresis curve.

In the following we discuss the results of the measure-
ments in terms of magnetic stray fields, but the original
transverse voltage can easily be recovered via a conversion
factor of 0.66mV/mT ~see Fig. 2!. With respect to the appli-
cation of such iron structures in spin-polarized transport it is
interesting to compare the behavior of isolated single struc-
tures with interacting double ones. The question is whether
the interaction completely changes the micromagnetic be-
havior of the individual structures or if the interaction is
small enough to be regarded as a minor correction. Further-
more it is interesting to investigate the difference in magnetic
behavior between the two magnetic field configurations
when the field is applied in thex and they directions, respec-
tively. In the y direction a parallel and an antiparallel state
should be achievable which corresponds to spin-valve
geometry.4 With the field applied in thex direction a magne-
tization state close to spin-transistor geometry4 should be
obtainable. To answer these questions we have investigated
the structures shown in Fig. 1~c! by recording four transverse
voltages simultaneously. Typical data are depicted in Figs.
5~a!–5~c! for the single small, the single large, and the
double structure. The solid~and dotted! lines denote mea-

surements for the magnetic field in thex and they direction,
respectively.

We start with the spin-transistor geometry, i.e., the mag-
netic field aligned in thex direction ~solid lines!. As can be
seen in Fig. 5~a! the sign of the average stray field for the
single small structure deviates from the loop of the single
large electrode in Fig. 5~b!. This is caused by the mirrored
position of the structure on the sensor with respect to the
current. This indicates again that the measured stray field
curves are not directly comparable to conventional hysteresis
curves. Also, details of the micromagnetic behavior in the
two electrodes deviate, implying that the shape anisotropy
governs the overall micromagnetic behavior. Obviously,
other anisotropy contributions play a minor role, presumably
because they are averaged out by the polycrystalline compo-
sition of the iron. As a matter of fact, in the easy direction
with the magnetic field parallel to thex direction the satu-
rated state of the large structure is more readily reached than
that of the smaller one. Notice, however, the main irrevers-
ible change in magnetization is observed at smaller magnetic
field values for the small structure. The stray field strengths
of the two single structures are comparable in this field ge-
ometry. This is obvious because the magnetic charges at the
edge of the electrodes in the sensor areas, i.e., the magnetic

FIG. 5. Measured Hall curves for the~a! small, ~b! large, and~c! double
structures. Measurements with the external magnetic field aligned in thex
direction~solid line! and in they direction~dotted line! are shown. The latter
are offset by120 mT for clarity.
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line charge density times the width of the structure, are
nearly the same at saturation.

Results for the double structure are shown in Fig. 5~c!.
Here the stray field curves deviate strongly from conven-
tional hysteresis. This is expected because the simple con-
nection between average stray field in the sensor area and
integral magnetization is no longer valid. Interestingly, the
stray field is considerably reduced in the double structure,
with a maximum value of only 6.3 mT. The main irreversible
jumps observed for the single structures can be identified in
the measurement for the double structure at approximately
the same field values. For example, the first huge jump in the
downward sweep of the single large structure at26.2 mT
appears at25.8 mT in the downward sweep of the double
structure. This suggests magnetostatic interaction between
the two electrodes which is however a small perturbation for
a spacing of 150 nm. This is supported by the magnetization
pattern in Fig. 3~c!, which closely resembles the pattern of
the noninteracting structures in Figs. 3~a! and 3~b!. Accord-
ingly, the overall micromagnetic behavior of the single struc-
tures can be identified in the loop measured for the double
structure. This is consistent with micromagnetic simulations
based on permalloy structures of comparable geometry.9 On
the other hand, the stray field in the sensor area, which
should be kept at a minimum in spin-polarized transport, is
considerably reduced. This is caused by interaction of the
two ferromagnetic contacts being in close proximity which
tends to reduce the demagnetization energy, i.e., the stray
field.

The consistency of our interpretation becomes even
more evident when the sum of the curves for the single struc-
tures is compared to the directly measured trace of the inter-
acting electrodes. This can be seen in Figs. 6~a! and 6~b!.
The shape of the total curve for the noninteracting structures
exhibits the same features as the directly measured curve for
the interacting electrodes. Remarkably, it is possible to iden-
tify the irreversible jumps and their switching fields which
are only slightly reduced for the interacting structures. As an
example, we concentrate on the jumps indicated by arrows
that are marked in both curves. Altogether, the interaction
seems to reduce the coercivity.

In the following we proceed to the experiments in spin-
valve geometry, i.e., the magnetic field is aligned in they
direction. The corresponding traces are shown by dotted
lines in Fig. 5~a!–5~c!. The stray fields measured for the
single structures are small in comparison to the ones in spin-
valve geometry discussed before. Their amplitudes are in the
range of 1 mT for both structures. In the model of magnetic
charges they now reside on the edges which do not lie in the
sensitive area of the sensor, i.e., the stray field is expected to
be strongly reduced. For spintronic devices based on
ferromagnet/semiconductor hybrids this means that electron
transport through the channel is hardly affected by stray
fields in spin-valve geometry. The shape of these curves is
not as regular as in spin-transistor geometry. When repeating
the magnetic field sweep the coarse shape of the curve re-
mains the same but the deviations are more pronounced in
comparison to in spin-transistor geometry. The result for the

double structure depicted in Fig. 5~c! cannot be associated
straightforwardly with the sum of the single structures.

An important consequence for the application of such
structures in spin-polarized transport is that the stray field
strength produced by ferromagnetic electrodes is comparable
for both geometries. One might expect at first glance that the
stray field is strongly enhanced if the external magnetic field
is applied along thex direction in comparison to along they
direction. The experimental result, however, is that the stray
field strength in both configurations is virtually equal for
ferromagnetic electrodes in close proximity. In principle, this
can be understood as a reduction of demagnetization energy
of the two adjacent electrodes.

V. CONCLUSIONS

By means of Hall micromagnetometry we have studied
thin individual and interacting iron structures in themm-size
range. Such structures are suitable as electrodes for spin-
polarized transport experiments in ferromagnet/
semiconductor hybrid devices. The interaction between the
closely coupled electrodes is small because the hysteretic
behavior of the single structures can be retrieved in the hys-
teresis curve of the double structure. The measured stray
field of the double iron structure is considerably reduced in
comparison to that of the single structures and it is found to
be of the same size independent of the alignment of the ex-
ternal in-plane magnetic field.
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Stray fields of iron electrodes for spin-polarized transport
M. Barthelmess,a) A. Thieme, R. Eiselt, and G. Meier
Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Universita¨t Hamburg
Jungiusstraße 11, D-20355 Hamburg, Germany

~Presented on 15 November 2002!

In semiconductor spintronic devices that incorporate ferromagnetic materials the stray-field
configuration in the plane of the two-dimensional electron system is of crucial importance. We
investigate the stray fields of iron electrodes suitable as injector and detector for spin-polarized
transport in hybrid semiconductor/ferromagnet devices. Magnetic-force microscopy images of an
electrode pair are derived from simulated magnetization patterns. The calculated averaged stray field
is compared to the experimental signal of a ballistic Hall micromagnetometer comprising a
two-dimensional electron system in a GaAs/AlGaAs-heterostructure 90 nm below the electrodes.
Good agreement between simulation and experiment is obtained. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1543131#

I. INTRODUCTION

Spintronics with semiconductors and ferromagnets is a
vivid and intensively investigated research field.1,2 Electrical
spin injection has been demonstrated successfully for
ferromagnet/semiconductor hybrid systems utilizing the de-
gree of circular polarization of light emitted from the
semiconductor.3–5 All-electrical detection of spin-polarized
transport has been observed, e.g., by Huet al.6 Recently, we
could measure a gate-voltage-dependent magnetoresistance
in InAs/permalloy hybrid transistors.7 However, the ampli-
tudes in these transport experiments are rather small and dif-
ficult to interpret since parasitic effects in the semiconductor
could mimic spin-dependent transport. To exclude them and
to corroborate the interpretation of the magnetoresistance as
spin effect detailed investigations of the stray fields are im-
perative. Here we compare experimental results obtained
from magnetic-force microscopy~MFM! and Hall micro-
magnetometry with stray fields inferred from micromagnetic
simulations of the domain structure of the electrodes. We
take advantage of the fact that Hall micromagnetometry
seizes the averaged stray field in the channel of a ballistic
two-dimensional electron system~2DES!.8–11

II. MICROMAGNETIC SIMULATIONS

The iron electrodes have a thickness of 20 nm and a size
of 2 mm31 mm and 1mm31 mm, respectively. They are
separated by a 150 nm wide spacing~see Fig. 1!. The asym-
metric geometry results in distinct micromagnetic behaviors.
In particular, it provides different switching fields in exter-
nally applied magnetic fields. The magnetization pattern of
the electrodes is simulated with a computer code supplied by
Porter and Donahue.12 For iron, a saturation magnetization of
1 700 000 A/m, an exchange constant of 21310212 J/m, and
an anisotropy constant of 48 000 J/m3 are chosen. A grid size
of 5 nm close to the exchange length of iron is employed to
calculate the as-preparedB50 state. In order to obtain a

reasonable computing time, the hysteresis loop itself is cal-
culated with a grid size of 10 nm using the as-prepared state
as starting magnetization configuration. The external
magnetic-fieldB is applied parallel to the easy axis of the
larger structure~x direction, see Fig. 1! and is increased in
steps of 1 mT up to1200 mT, then decreased to2200 mT.
The loop is completed by increasing the field again to
1200 mT.

To be able to compare the simulation to the Hall-
micromagnetometer measurements,8,11 the stray fields of the
iron electrodes are determined from the array of magnetic
dipoles resulting from the micromagnetic calculation. The
strength of each dipole is given by the volume of the lattice
cell 10310320 nm3 times the saturation magnetization.
With this model thez component of the stray field, that is
effective for a 2DES, can easily be calculated for various
distances. The second derivative of thez component of the
stray field with respect to thez direction corresponds to the
signal measured with magnetic-force microscopy.13

III. COMPARISON TO EXPERIMENTAL RESULTS

Figure 1~a! shows the magnetization of both electrodes
calculated forB50. The sketch in Fig. 1~b! illustrates the
domains. The quadratic electrode exhibits a Landau pattern,
the larger electrode two vortices separated by a cross-tie
wall. The vortices consist of 90° and 180° Nee´l walls, while
the cross-tie wall is a combination of a 180° Nee´l wall and a
180° Bloch wall, such that the magnetization is oriented out-
of-plane at the center of the cross-tie wall. Figure 1~c! rep-
resents thez component of the second derivative of the stray
field calculated in a vertical distance of 70 nm, which is a
typical MFM lift-scan height. Here, the cross-tie wall can be
clearly observed and should not be misinterpreted as a mag-
netization curl which is often observed in permalloy struc-
tures of the same geometry.11,14,15Most interesting is the re-
gion in the gap between the electrodes since in a spin-
transistor device this is the semiconductor channel. AtB
50, the magnetizations at the channel are aligned antiparal-a!Electronic mail: mbarthel@physnet.uni-hamburg.de

JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 10 15 MAY 2003

84000021-8979/2003/93(10)/8400/3/$20.00 © 2003 American Institute of Physics

Downloaded 12 May 2003 to 134.100.104.79. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp

37



ORIGINAL PUBLICATIONS

lel as can be seen in Fig. 1~c!. This results in an overall stray
field smaller than in the parallel configuration.

Polycrystalline iron electrodes of the geometry discussed
above are prepared by electron-beam lithography, thermal
evaporation, and a lift-off process. Their MFM image in Fig.
1~d! agrees well with the simulated one, see, e.g., the chess-
boardlike structure at the cross-tie wall in Figs. 1~c! and 1~d!.
The antiparallel magnetization next to the spacing causes the
reversed gray scale along the channel in the large and small
electrode observed in the simulated as well as in the mea-
sured MFM image.

In the following we analyze the region between the fer-
romagnetic contacts in more detail. Figure 2 shows a
1150 nm31400 nm section of the local stray-field distribu-
tion at different external magnetic-field strengths, calculated
for a distance of 90 nm below the ferromagnetic electrodes.
The contour of the contacts is indicated in Fig. 2~a! which
shows the saturated state at1200 mT. Figure 2~b! represents
the remnant state. In Fig. 2~c!, the external magnetic field of
25 mT has caused the magnetization pattern of the smaller
electrode to reverse its direction resulting in a parallel align-

ment of the domains next to the channel. The strongest local
stray fields occur atB565 mT just after this irreversible
magnetization change. They have an absolute value of 62.8
mT. Figures 2~d!–2~f! represent the situation at the corre-
sponding points in the upsweep of the loop underlining the
symmetry of the hysteresis curve. In the saturated states of
Figs. 2~a! and 2~d! the average stray-field penetration into
the semiconductor channel is strongest.

Experimentally, the average of the stray field is mea-
sured by means of Hall micromagnetometry. The Hall micro-
magnetometer consists of a modulation-doped GaAs/AlGaAs
heterostructure with a 2DES 90 nm below the surface. The
Hall crosses are patterned as mesas by electron-beam litho-
graphy and chemical etching with a geometrical width ofw
51150 nm and an electronic width ofwel5850 nm. Experi-
mental details are reported elsewhere.11 To compare the
simulation with the experimental results the average of the
stray field is calculated 90 nm below the surface in a
850 nm3850 nm wide region which corresponds to the ac-
tive sensor area. This procedure is performed for each value
of the applied magnetic field. The resulting ‘‘hysteresis’’
curve is shown in Fig. 3~a! and can be compared to the
measured one in Fig. 3~b!. The overall shapes of the two
curves are in good agreement. The stray field maxima occur
at approximately the same values of the external field,
namely, at25 and 15 mT in the simulated curve, and at
25.8 and16.2 mT in the measured one. Although the mea-

FIG. 1. ~a! Calculated magnetization pattern of two 20-nm-thick iron elec-
trodes separated by a 150-nm-wide gap atB50. ~b! Sketch of the domains
illustrating the formation of the cross-tie wall in the larger electrode.~c!
Second derivative of the stray field calculated at a vertical distance of 70
nm. ~d! MFM image of the electrode structure prepared by electron-beam
lithography. Note that the upper scale is valid for~a! and~b! and the lower
for ~c! and ~d!.

FIG. 2. Stray field strengths in a 1150 nm31400 nm section of the structure
in Fig. 1 calculated for six external magnetic fields. The large and small
electrodes lie on the left- and right-hand side, respectively. Downsweep:~a!
1200 mT which is next to positive saturation,~b! 0 mT, and~c! 25 mT after
the first irreversible magnetization change. Upsweep:~d! 2200 mT, ~e! 0
mT, and~f! 15 mT. The maximum and minimum local stray-field strengths
are162.8 mT and262.8 mT, respectively.
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sured and simulated averaged stray-field strengths are both in
the few-mT regime the theoretical values are a factor of 2
stronger than measured. This might be due to a different
saturation magnetization of the real polycrystalline iron
structures or due to the specific sensor area chosen. This area
strongly depends on the effective electronic width which re-
sults from depletion and can only be determined rather indi-
rectly from mesoscopic transport effects.11

IV. CONCLUSIONS

We have investigated stray fields of micrometer-sized
iron structures that are suitable as injectors and detectors for
spin-polarized transport. Simulations of the magnetization of
the as-prepared state show good agreement with MFM im-
ages measured at room temperature. For the entire hysteresis

curve of the electrode configuration the averaged stray fields
in the 2DES channel between the ferromagnetic electrodes
are calculated in the region of a Hall micromagnetometer and
are compared to the measured sensor response. In summary,
the combination of Hall micromagnetometry and micromag-
netic simulation provides a powerful tool for the analysis of
stray fields in ferromagnet/semiconductor hybrid systems.
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3.3. Hall effect and bend resistance measurements

In the previous section stray field measurements on microstructured electrodes made of
iron are presented. Iron is advantageous regarding the application in spintronic devices
due to its large saturation magnetization MS = 1.700.000 A

m and comparatively strong ex-
change constant. These properties guarantee a high stability of the magnetization to exter-
nal magnetic noise. However, an important requirement is the reproducibility of specified
domain configurations. Permalloy offers simple domain structures even in electrodes of
micrometer sizes. In contrast to pure iron the alloy Ni80Fe20 has an almost vanishing
anisotropy constant, K1 = 100 J

m3 . This guarantees micromagnetic properties indepen-
dent of the crystallographic structure of the substrate. In addition, Permalloy shows no
magnetostrictive effect.
The Py electrodes which have been produced for investigation with Hall micromagnetom-
etry have a lateral geometry of 4× 0.8 µm2 and 8× 0.8 µm2 with a thickness of 17 nm
(confer Sec. 2.3). The electrodes exhibit nearly single-domain configurations. Since spin-
tronic devices most commonly are used as switches, only two magnetic states of the elec-
trodes are desired. In Fig. 2.3 the spin-valve and the spin-transistor configuration has been
introduced. In the following, we first discuss measurements in spin-valve configuration.
For characterization of the 2DES the fifth Hall sensor (see Fig. 2.3(b)) has been used on
which no ferromagnetic structure is prepared. In Fig. 3.6 the longitudinal voltage, Vxx, and
the bend voltage, VBend, are depicted in dependence on a perpendicular external magnetic
field, Bext. The longitudinal voltage has been taken between the first and the fifth Hall
sensor. Above a magnetic field of 0.5 T Shubnikov-de Haas (SdH) oscillations occur in
both signals. The analysis of the oscillations and the Hall voltage (not plotted) result in
an electron density of n = 3.5 ·10−11 cm−2 and a mobility of µ = 290.000 cm2

Vs .
In the magnetic field range below 200 mT the longitudinal voltage shows a noticeable
increase that can be attributed to a classical effect. Due to the large mean free path,
le = 2.8 µm, the electrons move ballistically and behave like classical particles [86]. At
the normalized magnetic field B0 = h̄ kF

ew the electron orbits have a radius in the order of the
Hall bar width, R = w. In smaller magnetic fields (Bex < B0) the so-called guiding-center
drift along the curved 2DES channel walls of the Hall crosses predominates. The specific
enhancement of Vxx through guiding depends on the minimal radius of curvature of the
corners.
Like Vxx the bend voltage, VBend, shows a strong dependence on weak magnetic fields.
Especially at zero magnetic field the negative value of VBend is of interest. However, the
measured curve also can be explained with a classical model in which electrons are bil-
liard balls and guiding-center drifts occur. The inset of Fig. 3.6 shows the calculated bend
resistance for a Hall sensor with hard walls and finite curvature of the corners [87]. The
resistance is normalized by the contact resistance of the leads, R0 = h

2e2
π

kF w . The mea-
sured and the calculated curve similar characteristics. Due to the larger curvature of the
corners in the simulation the negative bend resistance at zero magnetic field is larger than
the measured bend resistance of RBend

R0
=−0.09.
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Fig. 3.6.: Longitudinal voltage, Vxx, and bend voltage, VBend, in dependence on a per-
pendicular external magnetic field. Below 200 mT both signals show variations due
to classical effects. Simulations of the bend resistance (inset) qualitatively match the
measured signal [87].

For comparison of the stray fields of the electrodes depicted in Fig. 2.3(b) the parallel
measured signals of all Hall sensors are shown in Fig. 3.7. The external magnetic field is
applied in the plane of the 2DES along the easy axis of the electrodes. On the left axis the
Hall voltages, VHall, are plotted for two subsequent hysteresis curves (No. 6, 7). The hys-
teresis curves are offset for clarity. The right axis shows the average perpendicular stray
field, BHall, according to Eq. (2.3). Variations in BHall solely originate from the response
of the ferromagnetic electrodes to the external magnetic field which is evident from the
constant signal of the fifth empty Hall sensor. The measurements are performed at 10 K
and show a high signal-to-noise ratio with well reproducible jumps in the Hall response
of the electrodes. The resolution of the Hall signal is less than 20 µT.
The hysteresis curves of the second, third, and fourth Hall sensor clarify that primarily the
small ferromagnetic electrode is relevant to the signal. A schematic drawing next to the
numbering of the Hall sensors illustrates the electrode configuration. Whereas the large
electrode upon sensor four has no significant jump in the hysteresis curve the signal of the
second sensor with the double electrode nearly matches the third sensor with the small
electrode. The large jumps of the Hall voltage of sensor two and three correspond to a
complete reversal of the magnetization of the small electrode. The reversals of the large
electrode are not detected, since the end domains are located outside the sensor area. The
external magnetic field, at which the reversal of the small electrode in double configura-
tion occurs, is increased to a value of Bext,d =±12 mT in comparison to Bext,s =±10 mT
for the single electrode. The increase is due to stray field coupled stabilization of the
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Fig. 3.7.: Hall signal, VHall, and calculated average stray field, BHall, of the electrodes
from Fig 2.3(b). The external magnetic field is applied along the easy axes, i. e. long
axes of the electrodes. The hysteresis curves of the Hall sensors are offset for clarity.

small electrode by the large one. In addition, the stray field coupling between the elec-
trodes induces a reduction of the stray field within the sensor area. A smaller difference
in Hall voltage between the two saturation states can also be seen clearly .
The small electrode upon sensor one is 200 nm wider than the other electrodes and has a
size of 4×1.0 µm2. The inter-element distance is the same as the one in the double elec-
trode on sensor two. However, the hysteresis notably differs from the signal of the second
sensor. The Hall signal at positive and negative saturation is nearly equal, which points to
an almost ideal symmetry of these two magnetization states. In addition, since no jump of
the Hall signal during the down-sweep is observable the switching of the magnetization
also proceeds symmetrically. The up-sweep of the hysteresis exhibits a more complicated
signal around zero external field. After a reversible domain wall movement two jumps
occur at = +10 mT and +13 mT, These values lie in the same range as the ones of the
double electrode upon sensor two.
No concrete conclusion can be drawn regarding the sign of the Hall signal and the circu-
lation direction of the hysteresis. Since the electrodes are symmetrically located on top
of the sensors all changes of the magnetization within the whole electrode are detected as
average. This includes minor switching processes in the end domains.
The temperature dependence of the stray field of the double electrode on top of Hall sen-
sor two also has been investigated. In Fig. 3.8 the hysteresis curves between T = 10 K
and T = 40 K are plotted with offsets for clarity. The left and right axis show the Hall
voltage and calculated average stray field, respectively. The range of the external field,
Bext, is −60 mT to +40 mT. Subsequent measured hysteresis curves demonstrate the re-
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producibility of the Hall signals at different temperatures.
Two significant properties of the smaller electrode in double configuration can be iden-
tified with rising temperature. First, the difference of stray field in positive and negative
saturation stays constant. This means, the magnetization of the double electrode in satura-
tion is nearly independent of temperature as expected far below the Curie temperature of
TC,Py = 870 K [88]. Secondly, the external magnetic field, at which the smaller electrode
totally changes its magnetization direction, decreases at higher temperatures. The switch-
ing field of Bsw =±11 mT at 10 K is reduced to a value of ±6 mT at 40 K. The inset of
Fig. 3.8 illustrates the decrease of the measured switching fields, Bsw, with temperature.
The value of 0.2 mT at room temperature was achieved by MFM measurements on the
same structure. At finite temperatures the local magnetization will fluctuate due to ther-
mal excitations. The probability that a new magnetization configuration with a change in
energy ∆E will be reached is given by the Boltzmann factor, exp(− ∆E

kB T ). This explains
the roughly exponential temperature dependence of the switching probability.
A further method which has been used to analyze the magnetization states of electrodes
in spin-valve configuration is the measurement of the bend resistance. This technique is
appropriate to this configuration since the bend resistance sensitively responds to the po-
sition of stray fields within the area of the sensor. In particularly symmetrically located
end domains produce a finite magneto-resistive signal. The investigation of magnetic
switching fields by bend resistance measurements has specific advantages in comparison

Fig. 3.8.: Temperature dependent measurement of the stray field of the double electrode
on top of sensor two. The magnetic switching field, Bsw, of the small electrode, which is
primarily detected, decreases with temperature. The jump height of the switching stays
almost constant. The inset shows an exponential temperature dependence of Bsw. The
value of 0.2 mT at room temperature is obtained by MFM measurements.
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Fig. 3.9.: Bend resistances of electrodes in spin-valve configuration (compare
Fig. 2.3(b)). The signals of sensors one to three are dominated by the stray field of
the small electrode. The magnetic fields at which the reversal process occurs is com-
parable to results of Hall measurements. Additional steps of the bend voltage can be
resolved at the magnetization reversal (A) in the up-sweep of sensor three.

to Hall micromagnetometry due to the enhanced signal-to-noise ratio. However, to mea-
sure the bend resistance of ferromagnetic microstructures on top of a Hall bar only one
sensor chosen at the same time because of the bias current. Additionally, the bend volt-
age, VBend, cannot be interpreted like the Hall voltage as average magnetic stray field. On
the other hand, the signal strongly depends on the detailed stray field distribution within
the sensitive area. No conclusion can be drawn on the local stray field strength.
The bend resistance has been measured for the five Hall sensor plotted in Fig. 2.3(b). In
Fig. 3.9 the results are depicted in an external magnetic field range of ±24 mT. A current
of I = 0.5 µA has been chosen at a temperature of 1.9 K. Similar to measurements of
the Hall voltage in Fig. 3.7 no signal of the large electrode on top of sensor four can be
detected. Thus, the signals of sensor one to three are dominated by the stray field of the
small electrode. This is supported by the similarity of the hysteresis curves one to three.
The measurements show one large jump of the bend voltage in the up and down sweep,
respectively, which can be identified as complete magnetization reversal. In comparison
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Fig. 3.10.: MFM measurements of the double electrode upon Hall sensor two. The
sequence of images shows a complete hysteresis. The magnetization of the double elec-
trode can be aligned to a parallel (a, c, e, f) and anti-parallel (b, d) configuration as
required for spin-valve devices.

to the Hall signal the jumps more precisely indicate the switching processes since the sig-
nal strength is enhanced by a factor of five resulting in an increased signal-to-noise ratio.
The reason for this is due to the direction of the bend current which is driven around the
sensor corner and primarily detects only one of the two end domains. The sensitive area
principally is expanded along the lead of the current direction. However, the positions of
the end domains of the large electrode are outside the sensitive area and do not influence
the bend signal. In addition, an influence of the small electrode on the magnetization re-
versal of the large electrode by stray field interaction cannot be seen.
The magnetic field strengths at which the jumps of the bend voltage appear correspond to
the measurements of the Hall voltage. The single small electrode on top of sensor three
shows a reversal process at −9.4 mT and +8.6 mT. The switching fields of the small elec-
trode in double configuration upon sensor two are increased to a value of −9.6 mT and
+10.8 mT. This effect can be attributed to stray field interaction between the electrodes
which already has been found in Hall measurements. The high resolution of the bend
signal also reveals minor switching processes. The small electrode on sensor three shows
additional steps of the bend voltage at the magnetization reversal in the up-sweep (see
(A) in Fig. 3.9). Additionally, the final reversal is preceded by a first step which occurs at
+7 mT. The decrease of the step is in contrast the final reversal which shows an increase
of the signal. This behavior of the electrode indicates the creation of a domain wall. The
complete magnetization reversal finally proceeds in two steps. A slight difference be-
tween subsequently measured hysteresis curves of the complete reversal can be observed.
Though the jump height of the bend voltage cannot clearly be connected a stray field
strength, a comparison between the bend signals of electrodes with the same positions
upon a sensor is possible. Due to the same position and size of the small electrodes on
top of sensor two and three they have an almost equal jump height. The different jumps
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of the small electrode upon sensor one can directly be attributed to its larger width. Only
a single reversal step in each sweep direction is observed which is 80 % larger than the
jump heights of sensor two and three.
A magnetic-force microscope has been used to study the domain pattern of the permalloy
structures in spin-valve configuration. In Fig. 3.10 MFM images of the double electrode
upon sensor two are depicted. The measurements are performed at room temperature
with an external magnetic field applied along the easy axes of the electrodes. The mag-
netic field strength has been varied between ±2 mT in steps of 0.33 mT. The sequence
of MFM images shows the magnetization changes of both electrodes within a complete
hysteresis.
The dark and light contrast indicates the orientation of the stray field which is detected by
the MFM tip above the sample surface. Both ends of the electrodes show a particularly
strong contrast. The grey areas can be interpreted as single domains. The small electrode
always changes the magnetization direction first (b, d). Thus, by means of an external
magnetic field the magnetization of the double electrode can be aligned to a parallel and
anti-parallel configuration. This property of the double electrode is essentially for their
applications in spin-valve devices.

3.4. Magnetic transmission x-ray microscopy of interacting
iron elements

In the following article the influence of dipole interaction on square lattice arrays of thin
microelements of Fe is measured with magnetic transmission x-ray microscopy for vary-
ing inter-element distances. For comparison isolated elements are prepared on the same
sample. The magnetostatic field caused by inter-element interaction leads to a substantial
stabilization of the elements in the center of the array comparable to the magnetization
process previously found by numerical solution of the Landau-Lifshitz equation for mag-
netic dot arrays. Micromagnetic simulations reveal that for high field strengths the dipolar
interaction is collinear with the external field while in the low-field regime the stray fields
have significant perpendicular components leading to a complex reversal mechanism.
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Real space observation of dipolar interaction in arrays of Fe microelements
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Square lattice arrays of thin microelements of Fe are investigated by magnetic transmission x-ray
microscopy. The influence of dipole interaction is analyzed by varying the interelement distance.
For comparison isolated elements are prepared on the same sample. The magnetostatic field caused
by interelement interaction leads to a substantial stabilization of the elements in the center of the
array comparable to the magnetization process previously found by numerical solution of the
Landau-Lifshitz equation for magnetic dot arrays. Micromagnetic simulations show that for high
field strengths the dipolar interaction is collinear with the external field while in the low-field regime
the strayfields have significant perpendicular components leading to a complex reversal
mechanism. © 2006 American Institute of Physics. �DOI: 10.1063/1.2158387�

I. INTRODUCTION

Arrays of magnetic micro- and nanoelements are the ba-
sis for magnetic data storage and magnetic memory
applications.1–3 Dipolar interactions in dense arrays are im-
portant to consider because the magnetic properties such as
magnetization process, remanence, and coercive field can be
significantly different from those of noninteracting
systems.4–6 Arrays of magnetic elements exhibiting dipolar
interactions have been studied theoretically4–8 and
experimentally.1,3,9,10 Dipole interactions significantly affect
the high-frequency response and the reversal dynamics of
coupled arrays.11 A nontrivial variation of the switching time
as a function of the packing density is predicted. Because of
its relevance for magnetic random access memory cells, it is
interesting to use time resolved microscopy techniques to
measure directly the expected influence on the reversal dy-
namics.

Here we focus on the real space observation of the ef-
fects of dipolar interaction on the static magnetic properties
and the magnetization process in arrays of Fe microelements.

II. SAMPLE PREPARATION AND MEASUREMENT
SETUP

We have prepared arrays of Fe microelements on Si3N4

membranes consisting of 5 nm Al as a seed layer and 20 nm
Fe as a ferromagnetic layer. A 3 nm thick Al cap serves as
protection. The microelements are defined by electron-beam
lithography, electron-beam evaporation of the Fe layer at a
rate of 0.1 nm/s with a base pressure in the 10−8 mbar range,
and lift-off processing.

We use magnetic transmission x-ray microscopy
�MTXM� in external magnetic fields of up to ±100 mT.12

MTXM is an excellent tool to investigate the fragile and
complex dipolar magnetic interaction in arrays of micro- and

nanostructured elements. It allows noninvasive exploration
of magnetic reversal within large arrays due to the full-field
scope with a high spatial resolution.13,14

The MTXM images taken at the Fe L3 absorption edge at
a photon energy of 706 eV exhibit a contrast reversal from
dark to light when the external field is reversed from +100 to
−100 mT. With a proper normalization of each image to the
saturated images, MTXM can be used as a highly sensitive
local magnetometer. To achieve this, the mean value of the
gray scale data in the magnetic part of an image is offset by
the corresponding mean value of the nonmagnetic neighbor-
hood and normalized with it. By this method, possible spatial
fluctuations of the synchrotron light intensity are signifi-
cantly reduced and hysteresis loops of a single microelement
can be measured. The magnetic moment of one Fe microele-
ment of 1.36�10−13 A m2=0.136 nemu illustrates the ultra-
high sensitivity.

III. RESULTS AND DISCUSSION

Figure 1 shows representative images of four arrays with
different interelement spacings at equal external magnetic
field. The field is applied in the horizontal direction indicated
by the arrow. The dichroic contrast measures the projection
of the local magnetization onto the photon propagation di-
rection; i.e., the gray scale of the MTXM image is propor-
tional to their scalar product. For in-plane magnetizations as
in the present case, the sample has to be tilted so as to obtain
a nonvanishing projection.15 Areas of magnetization in Fig. 1
pointing to the right appear white, while the ones in the
opposite direction appear dark gray. Domains in the perpen-
dicular, i.e., in the vertical direction in Fig. 1, exhibit an
intermediate gray value. An example of a magnetization state
of a single element interpreted using this gray scale is given
in the inset of Fig. 1�d�.

Before discussing the hysteresis loops inferred from the
sequences of images we estimate the interelement spacing,a�Electronic mail: meier@physnet.uni-hamburg.de
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where significant dipolar interaction is expected. For this, an
isolated Fe microelement and its strayfield was simulated.
We use the object oriented micromagnetic framework
�OOMMF�16 with standard iron parameters �saturation mag-
netization 1.700 kA/m, anisotropy constant 48.0 kJ/m3, ex-
change constant 21�10−12 J /m�, and a cell size of 5 nm in
each direction. The evaporation process yields polycrystal-
line films with virtually no texture, thus justifying the choice
of a random distribution of anisotropy axes in the simula-
tions. Two representative results are shown in Fig. 2, where
the magnetization of the microelement is plotted on top of
the strayfield distribution. Although the exact magnetization
state as measured in the nearly noninteracting elements of
the array in Fig. 1�d� could not be reproduced by the micro-
magnetic simulation, it is worth calculating the strayfields.
Significant field strengths of 16 and 6.5 mT at distances of
200 and 400 nm, respectively, are obtained. While at satura-
tion the strayfield is almost completely aligned in the direc-
tion of the external field �see Fig. 2�b��, it has significant
perpendicular components at zero applied field �see Fig.
2�a��. This will cause a complex interaction while reversing
the magnetization of an array of such elements. Although
there is a long tradition in using computer simulations to

understand the magnetic dipole interaction problem,7 the
simulation of arrays of real microelements is even today a
time- and resource-consuming task. Often the elements of
the array are assumed to be uniformly magnetized. If essen-
tial features of the magnetic ordering are governed by the net
magnetic moment of the particle this is a reasonable
assumption.4 However, in the present case we can merely
expect a qualitative description of the magnetization process
by such an approach.

In the following, we discuss hysteresis loops inferred
from MTXM images like the ones in Fig. 1 that were taken
at 29 magnetic fields in the ±100 mT range. The hysteresis
curves of the arrays with interelement spacings of 200 and
2000 nm are shown in Fig. 3. Magnetization state A corre-
sponds to the images in Fig. 1. It is obvious that the hyster-
esis loops widen as the interelement distance is decreased.
This is due to the dipolar coupling and is theoretically
predicted.4–6

For a more quantitative interpretation it is interesting to
study the dependence of the dipolar interaction characterized
by the interelement distance on the reduced remanence
MR /MS and the reduced coercive field HC /MS. The values
can either be directly read off the raw data or deduced from
sigmoidal fits. Results are shown in Fig. 4. The reduced co-
ercive field HC /MR goes up steadily when dipolar interaction
becomes stronger. This implies that a substantial additional
field is required to change the ferromagnetic order of the
magnetic moments. The reduction of coercivity with decreas-
ing interaction strength is confirmed by micromagnetic simu-
lations of interacting chains of Permalloy™ elements.6

A remanence MR�0.6Ms is measured when the dipolar
interaction is strong; i.e., at a spacing of 200 nm. The rema-
nence sharply drops as the interelement distance is increased

FIG. 1. MTXM images of arrays of Fe microelements with �a� 200 nm, �b�
600 nm, �c� 800 nm, and �d� 2000 nm interelement spacing in a magnetic
field of �0H= +8.7 mT �state A in Fig. 3�. Its direction is indicated by the
arrow. The inset in �d� is an enlarged zoom of one microelement of this array
with the magnetization indicated by arrows.

FIG. 2. �Color online� Micromagnetic simulation of the magnetization and
the strayfield of an isolated element at zero field �a� and next to saturation at
100 mT �b�. The color scale indicates the strength of the strayfield outside
the element. A field strength of more than 10 mT is present up to a distance
of 250 nm indicated by the sharp transition from red to white.

FIG. 3. Normalized hysteresis curves of the arrays determined from MTXM
images at different fields for an interelement distance of �a� 200 nm and �b�
2000 nm.
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�spacing �400 nm�. This is in good qualitative agreement
with the results of Zhang et al.5 Using their notation D
=a /R with the lattice constant a, the element radius R, and
by describing the size of the microelements by the radius R,
our arrays range from D=2.2 to D=4. Thus, a direct com-
parison of the reduced remanences of our arrays with this
theory is possible. They agree qualitatively well as can be
seen in Fig. 4. It is clear that a quantitative agreement cannot
be expected because the model describes arrays of interact-
ing single-domain dots. However, the sharp decrease of the
reduced remanence is seen in the calculation as well as in our
experiment. The offset in the measured remanence in com-
parison to the calculated one is presumably caused by the
additional shape anisotropy of our Fe microelements. When
subtracting the anisotropy offset from the experimental re-
manences, an almost perfect quantitative agreement is ob-
tained.

The high value of the reduced remanence at a spacing of
200 nm represents the tendency of the magnetization to sta-
bilize itself at zero field. This effect can be observed directly
in the images shown in Fig. 5, where magnetization states
next to zero field are shown. They correspond to states B and
C of Fig. 3. In case of stronger interaction, i.e., for an inter-
element spacing of 200 nm, an almost saturated state is kept
�see Figs. 5�a� and 5�c��, while in case of nearly isolated
elements irreversible magnetization processes have already
switched significant parts of the element’s magnetization �see
Figs. 5�b� and 5�d��.

IV. CONCLUSION AND OUTLOOK

With MTXM we have directly observed the influence of
dipolar interaction on dense arrays of Fe microelements. The
magnetization processes are in qualitative agreement with
the theoretical predictions. Arrays of increased density and
reduced interelement spacing will be accessible with a new
type of zone plates.17 Future time-resolved investigations of

nanostructured magnetic arrays prepared on strip lines with
MTXM in the pump-and-probe mode are very tempting and
of great interest for fast magnetic memories.
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3.5. Comparison of domain imaging techniques

The following two articles describe results on magnetostatically coupled ferromagnetic
electrodes. Full field magnetic transmission x-ray microscopy and magnetic-force mi-
croscopy in external fields are compared for identical samples. The images taken with
both techniques are in good agreement. Evidence for a stray-field induced coupling of
the domain structure in adjacent permalloy rectangles is found. With respect to transport
in hybrid devices the domain structure at the edges of ferromagnetic electrodes are of
utmost importance. X-ray microscopy is the technique of choice to observe rather subtle
effects of dipolar interaction, which have been predicted by micromagnetic simulations
[74] and observed with non-invasive Hall micromagnetometry [89]. With magnetic-force
microscopy no such stray field coupling could be observed. Evidently, the stray field of
typically 50 mT of the MFM tip [90] deteriorates the domain structure of the electrodes.
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Ferromagnetic microcontacts are key components for future spintronic devices in full metal as well
as in hybrid ferromagnet/semiconductor systems. Control of the micromagnetic behavior and
especially the reversal process is crucial for the functionality of such devices. We have prepared
isolated and strayfield coupled micron sized rectangular Ni/Fe double layer contacts on silicon
nitride membranes. High-resolution magnetic microscopy studies in external fields are performed on
identical samples comparing full field magnetic transmission x-ray microscopy and magnetic-force
microscopy. The results of both techniques are in good agreement. We find evidence for a
strayfield-induced coupling of the domain structure in adjacent contacts in accordance with
micromagnetic simulations. ©2004 American Institute of Physics. [DOI: 10.1063/1.1777824]

Hybrid ferromagnet/semiconductor systems are dis-
cussed for spintronic applications where spin injection and
transport are important.1 It is now accepted that efficient in-
jection of spin-polarized carriers from a ferromagnetic
source contact into a semiconductor heterostructure is prac-
ticable via a Schottky or an aluminum oxide barrier.2–4 So
far, in transport experiments, external magnetic fields have
been used to saturate the ferromagnetic(FM) contacts, and
the magnetoresistance of such devices was measured.5–7

However, devices like the spin transistor8 require keeping the
magnetization in a well-defined state and manipulate the spin
by means of electric rather than magnetic fields. Thus, a
detailed understanding of the magnetic microstructure of in-
volved FM contacts is essential. A homogeneous magnetiza-
tion in the injecting area, low strayfields, and distinct switch-
ing fields so as to adjust a defined parallel or antiparallel
alignment in two contacts deposited in close proximity on
the substrate are desired. These features have been studied
extensively by means of Hall micromagnetometry,9

magnetic-force microscopy(MFM),10 and micromagnetic
simulations.11 However, the results obtained so far were not
fully conclusive, e.g., the elaborate interpretation of MFM
signals has to take into account a possible deterioration of
the sample’s magnetic structure by the strayfield of the mag-
netic tip.

Here, we present a study of the reversal process in mag-
netic microstructures of isolated and strayfield coupled con-
tacts utilizing both full field magnetic x-ray microscopy and
MFM in external magnetic fields. We compare the pros and
cons of both techniques with identical samples.

MFM is a common and relatively simple imaging tech-
nique with low requirements for the sample preparation, pro-
viding a rather good spatial resolution down to 20 nm(Ref.
13) and the possibility to apply magnetic fields of up to
100 mT. The MFM signal is proportional to the strayfield
above the sample or, like in the present case, to the second
derivative of the perpendicular field component.13,14 MTXM
combines x-ray magnetic circular dichroism(XMCD), i.e.,

the dependence of the absorption of circularly polarized
x-rays on the projection of the magnetization onto the photon
propagation direction as magnetic contrast mechanism, with
full field transmission x-ray microscopy.15 A high lateral
resolution down to 20 nm can be obtained due to Fresnel
zone plates used as optical elements.16 A unique feature of
MTXM is the inherent chemical specificity, i.e., the MTXM
contrast is a measure of the elemental magnetization. To
study in-plane magnetization, the sample’s surface has to be
tilted with respect to the beam direction.17 As a pure photon-
based technique, the images can be recorded in principally
unlimited external magnetic fields thus allowing a detailed
study of magnetization reversal processes. The penetration
depth of soft x-rays sets limits to the sample thicknesses to
about 100–200 nm and requires x-ray transparent substrates.

For the comparative study, we have prepared isolated
and coupled microcontacts on silicon nitridesSi3N4d mem-
branes consisting of 11 nm Al as a seed layer, 30 nm Fe as
the lower and 30 nm Ni as the upper FM layer. A 6 nm thick
Al cap serves as protection. The contacts are defined by
electron-beam lithography,in situ electron-beam evaporation
of the two FM layers at a rate of 0.1 nm/s with a base
pressure in the 10−8 mbar range, and lift-off processing.

Specific features of both techniques regarding the con-
trast mechanism are demonstrated in Fig. 1 for two micro-
contacts with a size of 232 mm2 and 234 mm2 separated
by 400 nm which are in a magnetic state close to saturation
at an applied magnetic field of +40 mT. Micromagnetic
simulations obtained withOOMMF (Ref. 18) using the fully
three-dimensional code for the deposited layer sequence with
an applied field of +40 mT aligned along the short axis of the
contact are shown in Fig. 1(a) proving saturation. For the
iron (nickel) layer, we used a saturation magnetization of
1700 kA/m s490 kA/md, an anisotropy constant of
48.0 kJ/m3s−5.7 kJ/m3d, an exchange constant of 21
310−12 J/m s9310−12J/md, and a cell size of 10 nm in each
direction. The evaporation process yields polycrystalline
films with virtually no texture, thus justifying the choice of a
random distribution of anisotropy axes in the simulations.a)Electronic mail: meier@physnet.uni-hamburg.de
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The MTXM images taken at the Fe L3 absorption edge
at a photon energy of 706 eV[Figs. 1(b) and 1(c)] exhibit a
contrast reversal from dark to light when the external field is
reversed from +40 mT[Fig. 1(b)] to −40 mT [Fig. 1(c)].
This indicates that the local magnetization vectorm reverses
within the external field, since the dichroic contrast measures
the projection ofm onto the photon propagation direction.
The corresponding MFM images[Figs. 1(e) and 1(f)] are
recorded at a lift-scan height of 60 nm and at the same ex-
ternal field strength of ±40 mT, demonstrating the more
complex signal of MFM. Basically, strong strayfields at the
edges correspond to the north and south poles of the satu-
rated micromagnet and appear as dark and bright regions. By
switching the magnetization bright and dark areas swap their
positions indicating the reversal. With the simulated magne-
tization pattern in Fig. 1(a) as input, we have calculated the
corresponding MFM signal for the present mode of operation
[see Fig. 1(d)]. As a result of the patterning process, the
shapes show deviations from perfect rectangles and the two
ferromagnetic layers are not perfectly aligned. Interestingly,
the irregular shape seen in the MTXM images does not show
up in the MFM data. At this point, it should be mentioned
that the element specificity of MTXM provides a signal from
the Fe layer solely, whereas the MFM signal does not distin-
guish between the individual layers. Because of strong par-
allel coupling of the two ferromagnetic layers within the ob-
served field range of ±40 mT a direct comparison of both
techniques is justified also for nonsaturated states.

The magnetization reversal of an isolated 232 mm2

Ni/Fe double-layer element is displayed in Fig. 2. It shows a
sequence of images comparing MFM and MTXM data at
equal strength and direction of the applied magnetic field.
Excellent agreement is obtained when considering the spe-
cific detection features of the two techniques explained
above. At zero field, a Landau pattern with four domains is
observed with both techniques[see Figs. 2(c) and 2(d)] in
agreement with the micromagnetic simulation at remanence
shown in Fig. 2(a). The nonperfect shape of the element
observed with both techniques seems to have a slight impact

on the Landau pattern seen with MTXM yielding a nonsym-
metric shift of the vortex core. The sense of rotation in the
closure structure is counterclockwise since the dark domain
is enlarged at the cost of the bright one on top when the
magnetic field is increased in the direction of the arrow in
Fig. 2(i). The corresponding sequence of MFM images in
Figs. 2(d), 2(f), 2(h), and 2(j) also supports the Landau pat-
tern. Here, in each of the four domains, a smooth progression
from bright to dark is observed. At the domain walls, an
abrupt change in contrast appears. This is expected as in this
region the strayfield and its derivatives in the perpendicular
direction are enhanced due to volume and surface charges
within the walls. At the present sample thickness a mixed
wall type is realized being rather of asymmetric Bloch than
of Néel type.13,16 The simulated MFM image in Fig. 2(b) is
in good agreement with the measurement.

By applying a magnetic field, the vortex core of the Lan-
dau pattern is shifted in the vertical direction concomitant to
the increase and decrease of the parallel and antiparallel do-
mains. With both techniques, a field as strong as 23 mT is
required to perform the irreversible switching to the fully
saturated state. We conclude that in the MFM measurements,
the tip–sample interaction is not strong enough to change the
micromagnetic behavior of the contact significantly. This is
generally not the case.12,19 In Fig. 2, the rather weak influ-
ence of the tip is underlined by the good agreement of the
position of the vortex at equal field strengths recorded with
both techniques.

FIG. 1. 232 mm2 and 234 mm2 sized microcontacts deposited 400 nm
apart on a Si3N4 membrane. The layer sequence is 11 nm Al, 30 nm Fe,
30 nm Ni, and 6 nm Al. A field of ±40 mT is applied along the short direc-
tion of the structure.(a) Simulated magnetization pattern at +40 mT.(b)
Measured MTXM image at +40 mT and(c) at −40 mT.(d) Simulated MFM
image at +40 mT,(e) measured MFM image at +40 mT, and(f) at −40 mT.

FIG. 2. Isolated 232 mm2 sized microcontact. From the simulated magne-
tization pattern in(a) an MFM image is calculated(b) assuming a distance
of 100 nm between detecting dipole and sample reasonable for the experi-
mental lift-scan height of 60 nm(see Ref. 16). Measured MTXM images for
applied fields of(c) 0 mT, (e) 6 mT, (g) 9 mT, and(i) 23 mT (saturated).
The corresponding MFM images are shown in(d), (f), (h), and (j). The
direction of the applied field is indicated by an arrow.
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A comparison of more complex magnetic microstruc-
tures at remanence is presented in Fig. 3 with a 4
33.5 mm2 sized element. A multidomain structure with sev-
eral closure domains on the upper and the lower sample
edges is nicely seen with both techniques. Cross-tie walls
divide the vertically aligned domains in the inner region and
a typical checker boardlike pattern can be seen in the MFM
signal corresponding to dark and bright regions in the
MTXM image. Interestingly, the MTXM image indicates 13
domains while the MFM image shows only 10[Figs. 3(a)
and 3(b)]. This is presumably caused by impurities which pin
the local magnetization. To interpret this finding, micromag-
netic simulations by theOOMMF code have been performed
in order to calculate the magnetic energies of the two pat-
terns depicted in Figs. 3(c) and 3(d). Accordingly, a differ-
ence in the total energy of 12% between the two patterns has
been obtained.

Magnetic interactions of closely coupled micromagnets
are of utmost importance with regard to spintronic applica-
tions. To observe these rather subtle effects, which have been
predicted by micromagnetic simulations(Barthelmeß et
al.10) and observed with non-invasive Hall micromagnetom-
etry (Meier et al.9) we find that MTXM is the technique of
choice. It allows a direct observation of the magnetostatic
coupling. Figure 4 shows the structure of Fig. 1 in the low
field regime. It exhibits a symmetric magnetic coupling in
the closure domains of the upper and lower contact. In the
400 nm gap between the contacts micromagnetic simulations
yield strayfield strengths of 10 mT at the edge and 0.6 mT in
the center. The parallel coupling is formed by both this
strong interaction and by pinned magnetizations. With MFM
no such strayfield coupling could be observed. This can be
attributed to the tip’s dipole field of about 50 mT(Garciaet
al.19) which is sufficient to deteriorate the magnetic micro-
structure. The simulation also reveals that the strayfield en-
ergy is reduced by 32%, i.e., 6.8310−16 J, compared to be-
ing calculated for separated contacts. The influence of the
interaction amounts to 10% of the total energys6.2
310−15 Jd and contributes to the significant domain distor-
tion observed with MTXM.

In conclusion, we have investigated the magnetic micro-
structure of double-layer Ni/Fe microcontacts prepared on
thin membranes by high-resolution MFM and MTXM. The

domain patterns observed with both techniques are in good
agreement at remanence as well as in externally applied
magnetic fields. Magnetostatic interaction between micro-
contacts in close proximity to each other could be observed
solely by MTXM. Our results have a strong impact for future
developments of coupled micro- and nanocontacts for spin-
tronic applications.
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FIG. 3. (a) MTXM and (b) MFM image of an isolated 433.5 mm2 micro-
contact at remanence. In(c) and (d), simulated images are shown.(c) Mi-
cromagnetic simulation of(a) indicating a perfect agreement with the
MTXM signal. (d) Simulated MFM image obtained from a modifiedOOMMF

simulation(see Ref. 16) in concordance with the MFM image(b).

FIG. 4. Magnetic domain structures of the microcontacts shown in Fig. 1 in
a field of 8.0 mT applied along the short axis.(a) MTXM image indicating
a symmetric coupling between the closure domains in the upper and lower
contacts.(b) Sketch of the domain-wall positions. The vertical solid lines in
the lower structure indicate cross-tie walls. Dashed lines are to guide the eye
in regions of weak signal.(c) Simulated magnetization pattern.
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Abstract

Domain imaging techniques are used to analyze the micromagnetic behavior of microelements applied in spin-

transport devices. Micromagnetic simulations enable direct comparison of the experimental results and give additional

information which is not directly accessible experimentally. As a case study we investigate the stray-field interaction of

microelements prepared on thin Si3N4 membranes with magnetic-transmission X-ray microscopy and magnetic-force

microscopy. Micromagnetic simulations yield internal parameters such as local stray fields and total magnetic energy.

Values for the strength of the stray-field interaction between two microelements of several milli Tesla are deduced.

Results also show that pinned magnetizations can explain the magnetization patterns observed in the experiments.

r 2004 Elsevier B.V. All rights reserved.

PACS: 68.37.Rt; 68.37.Yz; 75.60.Ch; 75.60.Jk

Keywords: X-ray dichroism; Magnetic-force microscopy; Micromagnetic calculation; Domain pattern; Domain-wall pinning; Stray

field

1. Introduction

Ferromagnetic microelements are required in full

metal as well as in semiconductor/metal hybrid spin-

transport devices. Domain imaging techniques have

been used extensively to deepen the understanding of the

fundamental principles in ferromagnetic nanostructures

and also to optimize micro- and nanoelements in

magnetoelectronic devices. Among the commonly used

techniques are Hall-micromagnetometry [1], magnetic-

force microscopy (MFM) [2], the use of the magneto-

optical Kerr-effect (MOKE) [3], and magnetic-transmis-

sion X-ray microscopy (MTXM) [4]. Micromagnetic

simulations have matured into a powerful tool of

computing complex problems from basic thermody-

namic considerations [5]. Current codes are capable of

simulating the dynamic magnetic behavior of three-

dimensional multi-layered nanostructures with great

precision. These calculations allow direct access to

internal parameters of ferromagnets, such as the

composition of the total magnetic energy out of its

several energy terms as well as their time- and space-

resolved magnetic configurations. The purpose of this

paper is to show how micromagnetic simulations can
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serve as a bridge between two experimental techniques,

in our case MTXM and MFM.

For this comparative study we have prepared isolated

and coupled microelements on silicon nitride (Si3N4)

membranes consisting of 11 nm Al as seed layer, 30 nm

Fe as lower and 30 nm Ni as top ferromagnetic layer. A

6 nm thick Al cap serves as protection. The same

samples are first examined by MFM and then by

MTXM. The MFM-measurements are performed at a

lift-scan height of 60 nm. The signal is proportional to

the second derivative of a sample’s stray field, perpendi-

cular to the surface of the sample leading to strong gray

contrasts in the areas of changes in the outer stray fields,

e.g. in the region of domain walls. The MTXM-signal,

on the other hand, corresponds to the scalar product of

the transmitting X-ray beam with the magnetization of a

ferromagnet, showing areas of homogeneous gray

shades for the regions of a ferromagnet having the same

magnetization, i.e. domains. Thus the one technique

(MFM) best resolves the domain walls while the other

shows the domains themselves. Therefore, a direct

comparison is not intuitively possible. Micromagnetic

simulations can help to bridge the gap between these

techniques. We have extended the open source simula-

tion code OOMMF supplied by the National Institute

for Standards and Technology (NIST) [6] to produce

images alike those measured by magnetic-force micro-

scopy. Methods and algorithms used for this additional

code are explained in detail elsewhere [7,8].

2. Results

Fig. 1 demonstrates how to compare MFM and

MTXM images via the simulation code for two

microelements with a size of 2� 2 and 2� 4 mm2

separated by 400 nm which are in a magnetic state close

to saturation at an applied magnetic field of 740mT
along the short axis of the elements. For the iron (nickel)

layer, a saturation magnetization of 1700 kA/m (490 kA/

m), an anisotropy constant of 48.0 kJ/m3 (�5.7 kJ/m3),

an exchange constant of 21� 10�12 J/m (9� 10�12 J/m),

and a cell size of 10 nm in each direction are used. The

evaporation process in the preparation of the samples

yields polycrystalline films with virtually no texture [9]

so that a random distribution of anisotropy axes in the

simulations is justified.

Figs. 1(b) and (c) show MTXM images of the double

structure in saturated states, in fields of 740mT,
respectively. The images, taken at the Fe L3 absorption

edge at a photon energy of 706 eV exhibit a strong

contrast reversal from dark to light when the external

field is reversed. This indicates that the local magnetiza-

tion vector ~m reverses within the external field, since the

dichroic contrast measures the projection of ~m onto the

photon propagation direction. Figs. 1(a) and (d) show

the corresponding micromagnetic simulations with the

color coding adapted to facilitate comparison with the

measurements. In the lower row the results from MFM-

measurements, recorded at a lift-scan height of 60 nm

and at the same external field strength of 740mT, are
shown in Figs. 1(e–h) the images from the extension of

the existing code as described in Ref. [8]. For the

computations of the MFM-images in (e) and (h) the

magnetization patterns in (a) and (d) are used. The

strong stray-fields at the edges correspond to north and

south pole of the saturated micromagnet and appear as

dark and bright regions. It should be noted, however,

that the MFM signal does not distinguish between the

individual layers, while MTXM provides an element-

specific signal, allowing a vertical resolution of domain

imaging in the case of multi-layered structures with

different materials. Because of the strong parallel

coupling of the iron/nickel layers within the observed

field range of 740mT, a direct comparison of both
techniques is justified also for non-saturated states.

The methodology of using micromagnetic simulation

to combine MTXM and MFM offers new insight

ARTICLE IN PRESS

Fig. 1. 2� 2mm2 and 2� 4mm2-sized microelements deposited
400 nm apart on a Si3N4 membrane. A field of 740mT is

applied along the short direction of the structure. (a) Simulated

magnetization pattern at +40mT, (b) measured MTXM image

at +40mT and (c) at �40mT, (d) simulated magnetization

pattern at �40mT. (e and h) simulated MFM image at

740mT, respectively, (f and g) measured MFM images at

740mT, respectively.
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into the magnetic configuration of a sample not

available by any of the techniques alone, especially for

more complex structures as shown in detail in Ref. [10],

where the energetic difference between two multi-

domain structures measured with MFM and MTXM

are computed. In Ref. [10], it is presumed that the

relatively large difference of 12% of the total energy is

caused by stray-field interaction and impurities. To

validate this, we investigate the structure shown in

Fig. 2.

Fig. 2(a) shows the magnetization of a 2� 2/2� 4mm2

double structure composed of the said Fe/Ni double

layer with a 400 nm separating gap in an external field of

+8mT along the short axis as measured by MTXM.

Multiple domains are visible. Fig. 2(b) gives the

computed magnetization as derived with OOMMF

when relaxing an initial state close to the one shown in

(a) and assuming a pinned magnetization in the region

marked with a square. It shows that the magnetic

configuration cannot change much when this small area

is pinned in its magnetization. (d) Shows the final state

of the simulation when no pinning is assumed.

As magnetic interactions of coupled micromagnets are

of great importance with regard to spintronic applica-

tions, a systematic study of the stray field interaction of

such a structure is beneficial. Ref. [11] states that the

stray field energy of a volume V can be derived by either

integrating over V or over the whole space O:

Ed ¼ �Kd

Z

V

~mð~rÞ~hdð~rÞdV ¼ Kd

Z

O

~h
2

dð~rÞdV : (1)

OOMMF calculates the stray field energy by integrat-

ing over V. If the stray field energy of the double

structure in Fig. 2 is computed separately for each

contact, the sum of the energies is larger than the

integral over the whole structure including the gap,

because the sum is equivalent to integration over the

space of the elements and twice over the complete space

outside each contact. The difference between the two

integrations is the stray-field energy of each micro

contact at the location of the other and in the space

outside both elements. It amounts to 6.8� 10�16 J or

32% of the total stray-field energy of the double contact

(1.9� 10�15 J) or roughly 11% of its total magnetic

energy (6.2� 10�15 J). Fig. 2(c) shows the local stray-

field strengths in direction of the long axis, with black

representing 50mT or higher. It reaffirms that most of

the stray field is stored inside the domain walls. Fig. 2(e)

shows the distribution of stray fields inside the small gap

between the elements having local densities up to 50mT,

and average values across the gap of 0.6mT (center) to

10mT (left edge).

3. Conclusion

We have shown the comparability of MFM and

MTXM images via micromagnetic simulations with

adequate extensions of existing programs. We have

investigated the magnetic microstructure of double-layer

Ni/Fe microelements. To compare the patterns observed

with MTXM with numerical simulation, ‘‘pinning’’ has

to be assumed for the simulation. Stray-field interaction

strengths are determined by applying electrodynamic

principles.
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Fig. 2. (a) MTXM measurement of the microelements of Fig. 1

revealing the actual magnetization at +8mT, (b) simulated

magnetization with a black rectangle indicating the pinned

region, (c) simulated stray field of magnetization shown in (b),

gray shades represent absolute field strength along the long

axis, (d) alternative simulated magnetization when no pinning is

assumed, (e) enlargement of the stray-field distribution within

the 400 nm gap showing interaction between the domains. The

arrows represent the averaged strength and direction of

magnetization or stray field of a cluster of simulation cells.
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4. CoPt3 nanoparticles

Nanoparticles are at the forefront of the present revolution of nanoscience and nanotech-
nology. They are fabricated in solution by a synthesis process in large numbers of the
order of 1010–1015 particles per milliliter with a narrow distribution of size and shape and
at low cost. In particular, ferromagnetic nanoparticles are promising candidates for a wide
field of applications ranging from ultra-high storage media to medical therapy like drug
targeting as well as biomedical markers for diagnostics. Favored compounds are FePt and
CoPt nanoparticles. These materials have a high crystalline anisotropy which is required
for a good thermal stability – an important property for storage applications.
In this section a short introduction to superparamagnetism is given followed by a descrip-
tion of the investigation of CoPt3 nanoparticles by means of Hall micromagnetometry.

4.1. Superparamagnetism

Ferromagnetic particles below a critical size consist of a single magnetic domain with a
uniform magnetization at any external applied magnetic field [91]. At elevated temper-
atures such particles behave magnetically analogous to the Langevin paramagnetism of
moment-bearing atoms. In this temperature regime the thermal energy exceeds the energy
barrier EB and provides a coherent rotation of the particle moment ~mP. The magnetic state
of the nanoparticles in this regime is called the Langevin-type superparamagnetism. The
main distinction to the Langevin paramagnetism is that the moment of a nanoparticle may

Fig. 4.1.: Magnetization ~mP of a single-domain particle with shape anisotropy in the
presence of an external magnetic field ~H. Due to the minimization of the total energy
the magnetization ~mP is rotated against the easy axis of the particle by ϕ and includes an
angle θ to the external magnetic field.
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be 105 times the atomic moment.
A single-domain particle with a total magnetic moment ~mP and an easy axis along the
x-axis is shown in Fig. 4.1. An external magnetic field ~H changes the direction of the
magnetization. The equilibrium condition of the magnetization direction is determined
by a minimum of the contributing energy terms. The Zeeman energy −mP H · cosθ con-
siders the magnetization in the applied magnetic field. Since the particle in the example
has only one easy axis the anisotropy energy consists of one term which is proportional
to sin2

ϕ . An ensemble of particles without anisotropy in thermodynamic equilibrium
with the field will have a Boltzmann distribution of angles θ . The fraction of the total
magnetization that has been aligned by the field is calculated by averaging cosθ over the
Boltzmann distribution, which yields the Langevin function

L

(
µ0 H
kB T

)
= coth

(
µ0 H
kB T

)
− kB T

µ0 H
. (4.1)

At a critical temperature a transition of the magnetic state of the nanoparticles can be
observed. The so-called blocking temperature T < EB

25kB
which has been defined by Bean

and Livingstone [91] in a seminal work specifies a dynamical crossover to the blocked
superparamagnetism. In this temperature regime remanent magnetizations and coercivity
appear.
The magnetic properties of large three-dimensional ensembles of superparamagnetic
CoPt3 nanoparticles synthesized by the organometallic route have been analyzed exten-
sively by SQUID-magnetometry [20]. However, the magnetic analysis of a small number
of such particles in restricted geometries, i. e., in two-, one-, or even zero-dimensional
arrangements is an unanswered question. Hall micromagnetometry provides an excellent
means for this task.

4.2. Experimental results

The CoPt3 nanoparticles have been investigated with Hall sensors which have a lateral
size of 3.2×3.2 µm2 (see Fig. 2.6). The two-dimensional electron system of the AlGaAs
heterostructure which is used to measure the magnetic stray field of the particles is located
90 nm below the surface. The characteristic parameters of the 2DES within the Hall sen-
sors are the mobility and the electron density. These values affect the signal-to-noise ratio
and the sensitivity of the sensors. The size of the sensitive area results from the width of
the conducting channel. Due to the depletion region [16] the channel is approximately
200 nm smaller than the lithographically defined Hall bar.
The electron density is decisive for the measured Hall voltage and varies with tempera-
ture. To obtain an accurate interpretation of the Hall voltage as average stray field the Hall
voltage and the electron density have to be investigated temperature dependent. In Fig. 4.2
measurements of the Hall voltage of sensor 3 and 4 of Fig. 2.6 are depicted between 6 K
and 60 K. A constant external magnetic field of 100 mT has been applied perpendicular
to the two-dimensional electron system. The magnitude of the external magnetic field
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4.2. Experimental results

Fig. 4.2.: Temperature dependent measurement of the Hall voltage, VHall, in a constant
external magnetic field of 100 mT. On the right axis the calculated electron density, nHall,
is plotted. With rising temperature an increase of the electron density by almost 10 %
can be seen. The inset shows the frequency dependence of the Hall voltage.

guarantees a strong Hall signal within the linear range of the Hall sensor. The influence
of the CoPt3 nanoparticles on the signal can be neglected in this geometry since the stray
field of the particles is more than 103 times smaller than the external magnetic field. The
right axis of Fig. 4.2 shows the calculated electron density according to Eq. (2.3). At tem-
peratures below 60 K only a fraction of donors are thermally excited into the conduction
band. With rising temperature the electron density increases as expected. The difference
between the electron densities at 6 K and 60 K amounts to nearly 10 %. At temperatures
around 60 K the measured Hall voltages of the two sensors show slightly different values.
The deviation between the curves is presumably caused by the etching process.
In order to increase the signal-to-noise ratio the Hall measurements are performed with
lock-in technique. The optimal frequency range is determine by maximizing the Hall volt-
age. The inset of Fig. 4.2 shows the result of a frequency dependent measurement with an
external magnetic field of B = 180 mT at T = 2 K. At small frequencies below f = 30 Hz
a decrease of the Hall signal can be observed. In the frequency range between 30 Hz and
300 Hz the Hall signal stays almost constant and is decreased for high frequencies again.
To avoid resonances with measuring instruments a frequency of f = 117.6 Hz has been
chosen for the experiments.
The deposition of the CoPt3 nanoparticles has been accomplished by spin coating. They
are located on the whole sample and cover the five Hall sensors which have a distance of
10 µm to each other. The solution which has been used to cover the sample consists of
two particle sizes with diameters of 3 nm and 6 nm. The numerical proportion between
the smaller and the larger nanoparticles is ns

nl
= 4.4. In the following the measurements
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4. CoPt3 nanoparticles

Fig. 4.3.: Hall measurements of sensor 3 in a magnetic field range of ±100 mT. The
temperature has been varied between 2 K and 60 K. Results above 40 K are not shown.
A decrease of the coercivity above 20 K can be observed.

and results of sensor 3 and 4 are discussed (see Fig. 2.6). On top of both sensors the CoPt3
nanoparticles are primarily arranged in a monolayer. In some areas with a higher coverage
the particles are self-assembled into a hexagonal lattice. In addition to the monolayer a
cluster of nanoparticles is located upon Hall sensor 4. In the left bottom area of the sensor
a multilayer of particles can be seen. Within the cluster the nearest neighbor distance of
the nanoparticles has a minimum value which is limited by the organic shell of the par-
ticles. The distribution can be considered as almost close-packed and is denoted as bulk
state.
The stray field of the nanoparticles and the stray field interaction has been studied in de-
pendence of an external magnetic field. After characterization of the Hall sensors the
direction of the external field has been adjusted parallel to the two-dimensional electron
system by a rotation of the sample holder. In parallel orientation the Hall sensors are not
affected by the external field and solely detect the stray field of the particles. Thus the
sensitivity of the sensors on the stray field of the particles is drastically improved.
In Fig 4.3 the Hall measurements of two subsequent sweeps of sensor 3 are shown at
different temperatures. On the left axis the measured Hall voltage is plotted. On the right
axis the average stray field calculated according to Eq. (2.3) is depicted. An offset has
been added for clarity. With rising temperature a variation in the shape of the hystere-
sis loops can be observed. In Fig. 4.3 the coercivity is 9 mT at T = 2 K. The coercive
field as well as the external magnetic field at which the ensemble of nanoparticles is sat-
urated decreases for higher temperatures. Traces measured above 40 K finally show no
hysteresis and have zero coercivity. The disappearance of the hysteresis can be identi-
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4.2. Experimental results

Fig. 4.4.: Stray field measurements of the CoPt3 nanoparticles on top of Hall sensor 4.
The hysteresis loops have predominantly the same shape and temperature dependence as
sensor 3. At 2 K the two subsequent measured hysteresis curves show a strong increase
of the Hall voltage due to the influence of a cluster of nanoparticles (see Fig. 2.6).

fied as transition of the larger CoPt3 nanoparticles from blocked superparamagnetism to
Langevin-type superparamagnetism. Due to the larger volume of the 6 nm particles the
mean energy barrier EB is higher and the blocking temperature is expected to be above the
value of the 3 nm particles. The blocking temperature of TB = 40 K for the 6 nm particles
has also been verified by SQUID magnetometry [20]. The gradual decrease of the coer-
civity above 20 K can be explained by the distribution of the particle diameters. CoPt3
nanoparticles with sizes larger than 6 nm are still blocked at temperatures T > 40 K.
The stray field of the 3 nm particles is contained in the total signal of the Hall sensor.
The variation of the coercivity in the hysteresis loops between 20 K and 10 K can be
attributed to the superparamagnetic transition of the 3 nm particles. The estimated range
of the blocking temperature is in agreement with the expected value of TB = 8 K for the
3 nm particles [20].
The measurements of Hall sensor 4 are depicted in Fig. 4.4. The hysteresis loops mea-
sured with sensor 4 above T = 5 K have predominantly the same shape and temperature
dependence as the loops measured with sensor 3. With rising temperature the coercivity
of the curves decreases. Above T = 40 K a hysteresis is no longer observable. This re-
sult indicates that in the temperature range down to 5 K solely the monolayer on top of
sensor 4 contributes to the Hall signal. The cluster of CoPt3 nanoparticles, that have been
mentioned above, has no additional influence in this temperature range. At a temperature
of 2 K there is a strong increase of the Hall voltage. The difference of the stray fields,
BHall, at positive and negative saturation has grown from a value of 70 µT to 180 µT. The
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4. CoPt3 nanoparticles

Fig. 4.5.: Temperature dependent measurement of the stray field of sensor 4 in positive
(+100 mT) and negative saturation (−120 mT). The difference between the curves is
plotted in the lower diagram. Below 10 K the additional influence of the cluster (see
text) on the signal is visible. Above 10 K a constant saturation can be observed.

strong increase of the signal can be ascribed to an interaction of the nanoparticles.
The temperature dependence of the stray field of the nanoparticles upon sensor 4 has
been investigated in constant external magnetic fields. In the upper diagram of Fig. 4.5
the measurements of the Hall voltage at B = +100 mT and B = −120 mT are shown.
Considering the hysteresis loops in Fig. 4.4 the nanoparticles in these magnetic fields can
be assumed to be saturated. Below 10 K an increase of the stray fields in positive satura-
tion (+100 mT) and decrease in negative saturation (−120 mT) is observable. The result
agrees with the variation of hysteresis loops at different temperatures. The lower diagram
of Fig. 4.5 shows the difference of the two curves. In the temperature range above 10 K
the differential signal stays almost constant. The transition between the blocked super-
paramagnetism and the Langevin-type superparamagnetism at T = 40 K occurs without
a particular variation of the Hall signal. The saturation of interaction-free particles is
therefore independent of the superparamagnetic state.
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5. Conclusions and Outlook

Various techniques have been used to prepare ferromagnetic micro- and nanostructures.
The investigation of their magnetic properties has been performed predominantly with
three different methods. With magnetic-force microscopy (MFM) magnetic domain
configurations are imaged in external magnetic fields. Measurements with magnetic
transmission X-ray microscopy (MTXM) have been carried out at the Center of X-Ray
Optics in Berkeley, USA. Hall micromagnetometry, which has been further improved
in this work, has been employed as an excellent non-invasive and adaptable tool to
detect local stray fields of nanostructured ferromagnets. Due to its high sensitivity and
applicability in a wide temperature range from 2 K to 100 K the investigation of CoPt3
nanoparticles has been possible. The combination of magnetic microscopy methods and
Hall micromagnetometry on the same micro- and nanostructures has led to a compre-
hensive understanding of the magnetic properties, i. e. domain structures, coercive fields,
blocking temperatures, switching behavior, and dipolar interaction.
Important results have been obtained for the design of spin-injecting electrodes for
spintronic devices. Different electrodes suitable for spin-valves have been prepared and
studied with respect to their domain configurations, magnetic stray fields between adja-
cent electrodes, and inter-element coupling. Also the switching fields in the temperature
range from liquid helium to room temperature have been determined. By adjusting the
shape of quasi-single domain electrodes the switching fields could be tuned.
Hall micromagnetometry paves the way to the magnetic characterization beyond the
100 nm limit. With stray field measurements of CoPt3 nanoparticles which have a diam-
eter of less than 10 nm the high sensitivity of the microstructured Hall sensors could be
demonstrated. The study of the superparamagnetic behavior of the CoPt3 nanoparticles
was performed at different temperatures. Below the blocking temperature the stray
field of the particles shows a hysteretic dependence on the external magnetic field. The
formation in two- and three-dimensional arrangements of the CoPt3 nanocrystals results
in different stray fields.
In future experiments at the Center of X-Ray Optics in Berkeley, USA we aim at the
simultaneous measurement of the spatially resolved magnetization with 10 nm resolution
and of the anisotropic magnetoresistance. We have also planned to investigate the dy-
namics of ferromagnetic electrodes with a time resolution given by picosecond flashes
of the Advanced Light Source synchrotron. These techniques give direct access to the
measurement of current-induced magnetization dynamics. This topic is of great interest
for the functionality and reliability of future magnetoresistive elements.
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A. Preparation parameters

A.1. Electron-beam lithography

Parameters Value

Zeiss DSM 962
Acceleration voltage 10 kV

Aperture 4

Emission current 20 µA

Working distance (z-coordinate) 5 mm (20.000 µm)

Write field 200×200 µm2 2000×2000 µm2

Magnification 360 36

Step size (Pixel) 6.1 nm (2) 30.5 nm (1)

Area dose 60 – 80 µC
cm2 70 – 90 µC

cm2

Beam current 14 pA 350 pA

LEO SUPRA 55
Acceleration voltage 10 kV

Extractor voltage 4.55 kV

Working distance (z-coordinate) 5 mm (49.2 mm)

Write field 200×200 µm2 2000×2000 µm2

Magnification 300 30

Step size (Pixel) 9.2 nm (3) 30.5 nm (1)

Area dose 55 – 80 µC
cm2 70 – 90 µC

cm2

Aperture size 10 µm (20 µm) 30 µm (60 µm)

Beam current 30 pA (90 pA) 220 pA (810 pA)

Table A.1.: Process parameters for the electron-beam lithography with the Zeiss
DSM 962 and LEO SUPRA 55 scanning-electron microscope. The samples have been
spin-coated with the electron-beam resists PMMA 600K and PMMA 950K.
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A.2. Exposure patterns for Hall sensors

A.2. Exposure patterns for Hall sensors

Fig. A.1.: Center area of a Hall structure. The light color indicates the etched areas of the
substrate. The five Hall sensors have a distance of 10 µm and a width of 3.2 µm. Square
marks close to the Hall bar are used to align the write field for subsequent exposure
processes.

Fig. A.2.: Exposure pattern for permalloy electrodes in spin-valve configuration. The
large electrodes have a size of 8.0× 0.7 µm2 and the small ones of 4.0× 1.0 µm2 and
4.0×0.7 µm2.
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