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Abstract

Magnetic force microscopy (MFM) is a tool to investigate the local magneti-
zation of magnetic samples, especially for laterally confined structures in the
field of nanomagnetism and spintronics. In this thesis an additional stage is
developed for the Solver P47H scanning force microscope, to perform MFM
measurements in the presence of an applied magnetic field. Apart from
that, experiments have been performed on magnetic nanostructured devices
to image magnetic properties on a sub-micrometer scale.

For testing of the feasibility of magnetic read only memory (MROM), a
magnetic data carrier is measured. The data carrier consist of structured bits
of 5x1 um, on a substrate coated with a continuous magnetic 200 nm CoFe
film. A small, but detectable magnetic field is measured in the remanent
state of the bits. A large scan area reveals an oscillating signal corresponding
to the pitch of the bits. In the presence of a magnetic field, the magnetization
of individual bits is qualitatively determined. The switch field of individual
bits is found to be in the range of 0-10 mT. This is in agreement with the
measurement of the magnetization with a SQUID magnetometer of the full
layer.

In magnetic random access memory (MRAM), a magnetic tunnel junction
is used to store binary data. Structured magnetic multilayers used for the
development of MRAM, with a lateral size of 1x1 pm, are investigated by
MFM. At remanence, the magnetization of the individual bits has a random
orientation, and the magnetic state of the bits is easily influenced by the
stray field of the magnetic tip. At a non-zero applied field (30 mT) the
structures are found to be almost uniformly in-plane magnetized.

Spin injection into semiconductors needs control of the magnetization direc-
tion of two ferromagnetic (CoFe) strip-like electrodes deposited on top of
a semiconductor structure. With MFM, the magnetic switch field of struc-
tured magnetic strips is determined as a function of the width of the strips,
and is typically in the range of 10-20 mT. Whereas single domain models
are not able to correctly describe these fields, a quantitative agreement is
found with micromagnetic simulations (OOMMF).
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Chapter 1

General Introduction

The goal of this thesis is to demonstrate the application of magnetic force
microscopy (MFM) imaging on magnetic nanostructures, and the implemen-
tation of an external magnetic field.

The interest in nanotechnology is motivated by the future prospects of novel
applications for society. At present, there is increasing research interest
in the field of “magneto electronics”, where nanostructures are integrated
in novel devices such as magnetic random access memories (MRAM). For
the study of magnetic nanodevices, imaging of magnetic domains is indis-
pensable in most cases and should be combined with other techniques for
characterizations of structure, morphology, and magnetic properties.

Particularly significant for the ability to characterize nanostructures was
the invention of scanning probe microscopy. Atomic force microscopes offer
depth resolution and can be used as mechanical microprobes. Scanning
tunneling microscopes can even provide imaging and manipulation at the
atomic scale. Magnetic force microscopes open new possibilities to explore
the ordering of magnetic structures on a microscopic level.

In this chapter a general introduction is presented. First, section 1.1 presents
an introduction to the importance of miniaturization. Some technologically
important nanostructures are treated in section 1.2. Next, in section 1.3
magnetic characterization techniques used for investigations of individual
nanostructures are discussed. In section 1.4, the importance of MFM as a
characterization technique for the development of magnetic nanostructures
is treated. Finally, in section 1.5 the motivation and outlook for this thesis
are presented.
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1.1 Miniaturization

There are may reasons why the quest for smaller objects, machines and
computers continues. Miniaturization means better use of materials, less
waist and lower power consumption and thus lower costs, but it can also
lead to new application area’s and even to new material properties. Fig. 1.1
gives an overview of the scale of miniaturization.
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Figure 1.1: Miniaturization: From the length of men to the size of atoms.

Macroscopic material properties can change dramatically by the down scal-
ing of size. Examples of such changes are: change in conductance in metals,
change in magnetic coercivity, and change in mechanical properties. In
1959 Richard Feynman gave some remarkable statements in his talk titled:
“There is plenty of room at the bottom; an invitation to enter a new field
of physics”'. He stated: “The magnetic properties on a very small scale are
not the same as on a large scale; there is the “domain” problem involved. A
big magnet made of millions of domains can only be made on a small scale
with one domain”. This relates to the problems that arise by miniaturiza-
tion of magnetic devices, magnetic domains can change the behavior of the
macroscopic properties. the magnetic properties may change as the dimen-
sions are scaled down to some magnetic characteristic length scale. He also
mentioned that the analysis of physical, chemical and biological structures
is made easy when “all one would have to do would be to look at it and see
where the atoms are”. Thus imaging techniques make investigation of, for
example magnetic domain structure, relative simple if the domains can be
seen.

!The transcript of the talk Richard Feynman gave on in 1959 at the annual meet-
ing of the American Physical Society at the California Institute of Technology (Cal-
tech) was first published in the February 1960 issue of Caltech’s Engineering and
Science, which owns the copyright. It has been made available on the web at
http://www.zyvex.com/nanotech /feynman.html
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1.2 Technology overview

The ongoing miniaturization in layered metallic thin films of nanometer
thickness has led to the discovery in 1986 of antiferromagnetic exchange
coupling in magnetic multilayer structures [1, 2|, and the discovery of the
giant magnetoresistance (GMR) effect [3, 4, 5] in 1988. Since then, the
interest in nanostructured magnetic materials has increased enormously.

A GMR device consists of two ferromagnetic layers, separated by an thin
non-magnetic layer. The GMR effect is the change in resistance of a device
when the magnetization of the layers is switched from a parallel to an anti-
parallel alignment (see Fig. 1.2). The resistance is minimal when the two
magnetic layers have parallel magnetization, and if the magnetization is
anti-parallel the resistance is maximal.

FM NM FM

High R LowR

Figure 1.2: A GMR device consists of a non-magnetic layer (NM), sandwiched
between two ferromagnetic layers (FM). The resistance (R) of a GMR device de-
pends on the relative magnetization (indicated with the arrows) of the ferromagnetic
layers.

Magnetic tunnel junctions (MTJ’s) [6, 7] are another important develop-
ment, discovered in 1995. A MTJ consists of two ferromagnetic layers sep-
arated by a thin insulator. When a bias voltage is applied over the MTJ, a
tunnel current flows through the insulator. This current is spin dependent.
This means the current is dependent on the relative orientation of the mag-
netization of the ferromagnetic layers, resulting in a (high) low resistance
when the layers are (anti)parallel aligned as can be seen in Fig. 1.3. This is
known as the tunnel magnetoresistance (TMR) effect. The large change in
resistance in GMR and MTJ structures has increased the ability to use such
structures for applications as magnetic sensors [8]. GMR structures have al-
ready found their way into commercially available read-heads for hard disks
[9].

Especially MTJ’s are extremely attractive for application as magnetic ran-
dom access memory (MRAM) [10, 11]. A typical MRAM cell consists of
a MTJ sandwiched between two electrodes, the so called “word” and “bit”
lines. In Fig. 1.4 an array of MRAM cells can be seen. Each MTJ can



4 General Introduction

FM

Insulator [ T
diap
FM

Figure 1.3: Schematic overview of a magnetic tunnel junction (MTJ). A thin in-
sulator is sandwiched between two ferromagnetic (FM) layers which are connected
to two electrodes. The arrows in the (FM) layers indicate the magnetization direc-
tion. The tunnel current of a MTJ-device s dependent on the orientation of the
magnetization. When applying a bias voltage across the structure, an anti-parallel
orientation (left) leads to a high resistive state, and thus a low current (I1ap) while
a parallel orientation (right) results in a low resistance, and high current (Ip).

have two states: parallel or anti-parallel. These two states correspond to
the binary states (1 and 0) of the memory. To read out the memory cell, the
orientation of the two magnetic layers has to be determined. This is done
by sending a small electric current directly through the memory cell. When
the orientation of the layers is parallel, the resistance of the memory cell is
smaller than when they are not parallel. To write a memory cell, current is
send through the corresponding word and bit lines. This current generates
a magnetic field, which is used to change the direction of the magnetization.

Bit-line Word-line

Figure 1.4: A simplified MRAM structure made of MTJ-elements. A MTJ is
sandwiched between the word and bit lines used to read and write the cell.

Making use of the magnetic hysteresis of the MTJ, information can be re-
tained even without electric power. This makes slow boot times of comput-
ers part of history. MRAM combines several properties of different memory
types. It has the non-volatility of Flash, without the high voltage require-
ment and with a much higher read speed and storage density [12]. The
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lifetime of MRAM is much longer than Flash. The read and write speeds
are comparable to SRAM and the density to DRAM. The first MRAM’s are
demonstrated already [10], and will be ready for production in a few years.

Ordered arrays of magnetic nanostructures are particularly interesting to
study because both the individual and collective behavior of the elements
can be observed. In arrays, the individual elements may still have small
differences, either due to the fabrication process or different grain struc-
tures, resulting in different edge roughness or other kinds of random defects.
The interaction between the individual elements can also play an important
role. Technologically, they are important for development of applications as
MRAM, patterned recording media, magnetic switches, etc. Development
of MRAM with higher bit densities need several issues related to fabrication,
structure and functionality to be addressed. Scaling of MTJ’s below lateral
sizes of 100 nm requires sufficient control of the thickness and uniformity of
the layers. As the lateral dimensions decrease the current density to switch
the element will increase, while the thermal stability decreases. Thus, good
control over the magnetic switching field is required and will stimulate new
fundamental research on these issues.

1.3 Characterization techniques

It is important from a fundamental as well as an application point of view to
understand and control the magnetic behavior (e.g. the magnetic switching
field) of small magnetic elements. This requires techniques to characterize
the magnetic properties. The magnetic properties such as the hysteresis loop
can be characterized by standard techniques. However, it is more important
to characterize the individual behavior of the nanostructures.

Generally, the magnetic behavior of magnetic specimens can be character-
ized by techniques like vibration sample magnetometery (VSM), supercon-
ducting quantum interference device magnetometers (SQUID), and magneto-
optical Kerr effect (MOKE). However, these techniques lack nanometer res-
olution. As an example the magnetic moment of a 100x100 nm Co dot
of 10 nm thickness is 1.4-107'® Am?, which is far below the sensitivity of
1078-10719 Am? from a typical SQUID magnetometer. There are, however,
some techniques which allow the investigation of the magnetic properties of
individual elements. These techniques include:

e Electron based microscopies (EM), like scanning electron microscopy
with polarization analysis (SEMPA) and Lorentz microscopy (LM),
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e Magneto-optical microscopies, as MOKE microscopy,

e Scanning probe microscopies, like spin polarized scanning tunneling
microscopy (SP-STM), and magnetic force microscopy (MFM).

SEMPA SEMPA collects the spin polarized secondary electrons emitted
by a magnetic sample [13]. The secondary electrons have magnetic moments
which are parallel to the magnetization direction at the point of their origin
(the magnetization of the sample). A magnetic image can be generated by
measurement of the spin polarization at each point as a focused electron
beam is scanned over the sample. SEMPA has a high spatial resolution
(10 nm) which is determined by the beam width and it directly detects
the sample magnetization. The major limitation of using SEMPA is sample
preparation, as the experiment must be performed in ultra high vacuum con-
ditions on a clean conducting surface to avoid loss of the secondary electron
polarization by scattering.

Lorentz microscopy In Lorentz microscopy (LM), a high-energy electron
beam is incident on a thin magnetic sample. The magnetic contrast is
derived from the deflection of the electrons due to the Lorentz force (Fj, =
gev X B) upon passing through the magnetization in the sample. The unique
features of LM are high resolution (10-20 nm), high contrast, and a direct
measurement of the magnetization vector. However, the disadvantages of
this technique are that it requires very special sample preparation (very flat
and transparent for electrons), and it is difficult to apply magnetic fields to
the sample as this changes the electron beam trajectory.

Magneto-optical microscopy Magneto-optical microscopy is based on
the rotation of the plane of polarization of linearly polarized light upon
reflection from (Kerr), or transmission through (Faraday) a magnetic sam-
ple. The contrast in the image is directly related to the magnitude and
direction of the magnetization. Typically magneto-optical images can be
generated by conventional optics, or by scanning a focused laser spot across
the sample. MO-microscopes use light for imaging and are thus limited in
resolution to the wavelength of the light used (for visible light this is a few
hundred nanometers), or in the case of a focused laser spot, on the size of
the spot. The small penetration depth of light, and topographic sensitivity
of the Kerr imaging mode requires samples that have optically flat, damage
free surfaces.
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Scanning probe microscopy The third class of magnetic microscopes
include the scanning probe techniques. They are highly attractive because
they inherently allow for simultaneous recording of sample topography and
magnetic-domain images with high lateral resolution. Highest lateral resolu-
tions in magnetic microscopy is currently obtained with spin-polarized STM
(14]. Like all other techniques, spin-polarized STM has its limitations too.
Problems are working in UHV, the need for a clean sample surface, and the
superposition of magnetic and topography effects in the STM images can-
not easily be differentiated [15]. Among magnetic scanning near-field mi-
croscopies, magnetic force microscopy (MFM)[16] is the most widely used.
MFM records the magnetostatic force or force gradient between a magnetic
sample and a magnetic tip. The principle of MFM will be presented later.
The advantage of this technique is that it does not need special sample
preparation, and can work in ambient conditions with a spatial resolution
down to 10 nm. However, it is not easy to separate the magnetic contrast
from other background forces. The interpretation of the observed magnetic
contrast is not straightforward since MFM does not directly measure the
magnetization distribution but rather the stray field.

1.4 Magnetic force microscopy

Magnetic force microscope (MFM) has recently become one of the most
used methods in the research and development of magnetic nanodevices.
The main strength of MFM in comparison with other magnetic imaging
methods is that the measurements can, in principle, be performed under
ambient conditions with no surface preparation necessary. It is possible to
apply external magnetic fields during the measurement, so the field depen-
dence of domain structures and magnetic reversal processes can be observed.
A useful feature of MFM is that the magnetic structure can be seen even
through relative thick non-magnetic insulating capping layers, because it de-
tects the stray field of the sample rather than the magnetization. A major
drawback of the MFM is that the complicated interaction between the mag-
netic probe and the sample makes quantitative interpretation of the MFM
images difficult.

In magnetic force microscopy (MFM) a magnetic tip, attached to a flexible
cantilever, is scanned above the sample surface as is displayed in Figure 1.5.
The interaction between the sample and the tip is detected. The magnetic
interaction provides information about the magnetization of the sample.
The interaction range of the magnetic force is much larger than the inter-
action range of the atomic forces, so the interaction of the magnetic stray
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Magnetic layer

Cantilever path

= Ll — 11

Magnetic sample

Figure 1.5: Principle operation of MFM. A small tip, coated with magnetic mater-
tal, is scanned over a sample. The tip is deflected by the sample magnetization. The
deflection depends on the relative orientation of the tip and sample magnetization.

field is measured at greater distance from the sample. The stray field and
magnetization are, in general, related in a complex way. One problem that
MFM must address is the separation of topographic and magnetic image
contrast. To solve this, magnetic force microscopy is usually performed in
“lift mode”, in which a topographic image and a magnetic image (at a con-
stant tip-sample distance) are acquired over the same area. Lift mode is not
an analytical mode, but a measurement approach that allows imaging of
long range interactions while minimizing the influence of topography. Mea-
surements are taken in two passes across each scan line. In the first pass,
topographical data is taken. The tip is then raised to the lift scan height and
a second scan is performed, while maintaining a constant separation between
tip and local surface topography (see Figure 1.6). Long range (magnetic)
interactions are detected during this second pass. Using lift mode, topo-
graphical features are virtually absent from the image with the long range
forces.

Figure 1.6: Principle of the two pass method. The magnetic interaction is sep-
arated from the topography by making two passes. In the first pass the topography
s detected, and the second pass is performed at a constant height Ah, above the
sample.
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1.5 Motivation and thesis outlook

In the physics of nanostructures group? a Solver PATH AFM/MFM of NT-
MDT 3 is acquired. With this microscope it is possible to perform magnetic
force microscopy experiments. Implementation of an external magnetic field
was necessary, because with the standard setup it was not possible to per-
form in-field measurements. In this thesis, not only the implementation
of the magnetic field is discussed, but also focuses on a number of MFM
measurements on nanostructured magnetic materials.

The report is divided into the following chapters. Chapter 2 will focus on
the theory behind atomic force microscopy and magnetic force microscopy
in particular. Chapter 3 describes the apparatus used. The components of
an AFM/MFM will be discussed and some key features will be highlighted.
Additionally, the implementation of an external magnetic field is explained,
and some first results of in-field MFM measurements are presented. In chap-
ter 4, magnetic force microscopy is used to study nanostructured magnetic
devices. First, structured samples used in the development of magnetic
read only memory (MROM) are investigated. These samples consist of a
patterned substrate covered with a full magnetic (CoFe) layer. The mag-
netic stray field of this layer is detected and influenced with an external
applied field. It will be shown that the stray field of individual bits can
be detected with MFM. The magnetic state of the bits at non-zero applied
magnetic fields seems to follow an easy and hard axis behavior, depending
on the direction of the applied field. Next, multilayer structures intended
for MRAM implementation are investigated. The magnetization of the in-
dividual bits is visualized, and it is seen that a non-uniform orientation is
obtained for low fields, whereas the bit uniformly magnetizes for larger fields.
In many cases the MFM tip influences the magnetization of the bits. For
the research of all electrical spin-injection into semiconductors the magnetic
switching field of small magnetic (CoFe) strips is determined as a function of
the width of the strips. It found that the magnetic switch field of the strips
is inversely proportional to the square of the width. Finally in chapter 5 the
main conclusions of this work are presented.

2The Physics of nanostructures group is a research group of the department of applied
physics at the Eindhoven Unversity of Technology
3Website: http://www.ntmdt.com
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Chapter 2

Magnetic force microscopy

In this chapter the theory of magnetic force microscopy (MFM) is described.
Magnetic force microscopy is a special mode of operation of the scanning
force microscope (SFM). This special mode is realized by employing suit-
able (magnetic) probes and utilizing their specific properties. In MFM, a
magnetic probe is brought close to a sample and interacts with the magnetic
stray field near the surface.

First, in section 2.1 a general introduction to scanning force microscopy
(SFM) is presented. The forces present in SFM are explained in section 2.1.1
and several operating modes are introduced in section 2.1.2. Next, magnetic
force microscopy (MFM) is treated in section 2.2. In section 2.2.1 the general
tip-sample interaction is explained, and in section 2.2.2 the response of a
simplified tip model is presented. Finally, the resolution of SFM and MFM
is discussed in section 2.3.

2.1 Scanning Force Microscopy

The discovery of the scanning tunneling microscope (STM) [17] has led to the
development of a variety of other scanning probe microscopes. All scanning
probe microscopes are based on the same technique: raster scanning a tip
over a surface. One of the most successful microscopes is the scanning force
microscope [18].

The principle of the operation of a scanning force microscope is schematically
shown in Fig. 2.1. A sharp tip mounted on a flexible cantilever is scanned



12 Magnetic force microscopy

Figure 2.1: Schematic representation of a scanning force microscope (SFM). Note
that the sizes of the tip and the cantilever are strongly enlarged with respect to
other sizes. A sharp tip mounted on a flexible cantilever scans the sample, thereby
mapping the interaction between tip and sample. The tip-sample interaction bends
the cantilever, and results in a displacement of the laser beam on the photodetector

(PD).

over a sample. The interaction force acting on the tip cause a measurable
change in the state of the cantilever, such as a deflection. To form an
image, the interaction is mapped as a function of position. All kind of
forces between cantilever and surface can be measured, like the van der
Waals force [19], the magnetic force and the electrostatic force [20, 21, 22].
Because of the vast number of SFM techniques, only the relevant part of
SEFM is presented. For a more detailed discussion on SFM it is advised to
read other literature [23].

2.1.1 Interaction Forces

In general, the interaction between the force sensor and the sample is the
sum of the capillary, van der Waals, electric and magnetic forces, which
are compensated by elasticity forces resulting from the cantilever bending.
These forces have different distance dependencies [24], which is indicated
in Fig. 2.2. In vacuum, there are short-range quantum mechanical forces
(acting on a sub-nm scale), and van der Waals, electrostatic, and magnetic
forces with a longer range (up to 1 um). In ambient conditions, meniscus
forces formed by water layers on tip and sample can also be present. These
forces will be treated here in some detail since some of them can influence
the MFM measurements.
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Figure 2.2: Different forces acting on a tip and the distance region where they
dominate the signal. Adapted from [25].

Film Damping

Film damping is only encountered by oscillating cantilevers. A damping film
is developed when the oscillating cantilever approaches the surface within
10 microns. At this distance air is compressed between the probe and the
surface in each “down stroke” of the cantilever. The opposite happens in
the “up stroke”, a partial vacuum is formed. This pumping effect dampens
the cantilever oscillation, and may lead to false identification of the surface.
If the boundary is passed, this damping disappears.

Electrostatic forces

Next to magnetic forces, which will be treated later, electrostatic forces are
the most important influence on the tip above 10 nm distance. When the
tip and the sample are both conductive and have an electrostatic potential
difference (V' # 0), electrostatic forces are important. If the distance d
between a flat surface and a spherical tip with radius R, is small compared
to R, the electrostatic force [26] is approximately given by:

_ WGQRVQ

By
1 d

(2.1)
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where € is the permittivity of free space and V is the voltage between
tip and sample. Electrostatic forces can be avoided by taking appropriate
measures for grounding.

Capillary forces

Under ambient conditions, a film of several nanometer thickness, containing
mostly water, covers all surfaces. This film is attracted by the tip due
to van der Waals forces. If the water film is thick enough, molecules will
migrate under the tip, reducing the effective tip to sample separation. When
the tip penetrates the water a meniscus will be formed, as can be seen in
Fig. 2.3. The tip is strongly pulled towards the sample surface by capillary
forces. This force can lead to destruction of the tip or the sample surface.
Operating in vacuum or in dry air conditions can prevent this problem.

MENISCUS

Figure 2.3: The capillary force. The water layer on the sample wets the cantilever
surface (represented as a sphere) because the water-cantilever contact is energeti-
cally advantageous as compared to the water-air contact.

Van der Waals force

Below 10nm tip-sample distance the influence of the van der Waals force
increases. The van der Waals force arises from fluctuations in the electric
dipole moment of atoms and their mutual polarization. Although van der
Waals forces between atoms act on a short range (the van der Waals force
at short distances decays as F o< z~7), summation of the individual force of
each atom of the tip with each atom of the sample results in a long-range
tip-sample interaction. The van der Waals force strongly depends on the
shape of the interacting bodies. In a simple approximation for a geometry
(sphere-plane) that resembles the tip-surface interface, that is, a sphere of



Scanning Force Microscopy 15

radius R at a distance z from a surface, the force dependence [27] is:

HR
F=_——. 2.2
6 22 ( )
When the distance z is small compared to the radius R. H is the material-
dependent Hamaker constant. For a spherical tip the force decays quadrat-

ically with distance.

Potential
4
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repulsive
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tip - sample
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attractive
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-~ ~ without capillary force correction
~—— with capillary force correction

Figure 2.4: A typical force-distance curve. The tip-sample interaction as a func-
tion of tip-sample distance. The regions of the scanning modes can be seen. Also
the correction for the capillary forces is shown.

Fig. 2.4 shows a typical force-distance curve. Upon approach of the tip
towards the sample, the negative attractive forces, for example, the van der
Waals forces, increase until a maximum is reached. From this point the
repulsive forces, caused by the coulomb repulsion, will start to dominate
upon further approach.

Two regions are labeled in Fig. 2.4: 1) the contact region; and 2) the non-
contact region. In the contact region, the cantilever is held less than a
few angstroms from the sample surface, and the interatomic force between
the cantilever and the sample is repulsive. In the non-contact regime, the
cantilever is held several nanometers from the sample surface and the inter-
atomic force between the cantilever and sample is attractive (largely a result
of the long-range Van der Waals interactions).

Quantum mechanical forces

Quantum mechanical forces become important in a region below 1 nm dis-
tance. Their short decay length causes only a few atoms at the very end of
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the tip to contribute to the interaction. There is also a quantum mechanical
force which might be interesting for magnetic imaging: the exchange force.
Detecting it would give the possibility of true atomic resolution in magnetic
force imaging. It obviously requires ultra clean and ultra flat surfaces under
UHV conditions, which means that the study of technologically attractive
materials like magnetic recording media will be more complicated.

2.1.2 Operating modes

There are two principal operating modes for an AFM: constant-interaction
mode and variable-interaction mode. In variable-interaction mode, the scan-

| CANTILEVER DEFLECTION | CANTILEVER DEFLECTION

Figure 2.5: The main operating mode of a SFM:(Left) Variable-interaction mode.
The scanner is kept at a constant height during scanning. Therefore, the deflec-
tion (proportional to the interaction force) changes with lateral position. (Right)
Constant-interaction mode. The scanner height is changed to keep the interaction
(and deflection) constant.

ner travels in a horizontal plane above the sample and the deflection changes
with the variation in interaction force, depending on the topography and
other local properties (see Fig. 2.5). The force measured at each loca-
tion constitutes the data set, i.e., the topographic image. This mode is
fast because the scanner does not have to move up and down. However,
only smooth surfaces can be imaged where there is no risk of collisions. In
constant-interaction mode (see Fig. 2.5), the AFM uses a feedback loop to
keep the deflection, and thus the interaction force, constant by adjusting
the height of the scanner at each point. In this case the vertical motion of
the scanner constitutes the data set. Most surface measurements in AFM
are performed in constant-interaction mode: irregular surfaces can be im-
aged with high precision, but the measurement takes a longer time than in
variable-interaction mode, because the response time of the feedback system
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determines the maximum scan rate.

The constant-interaction mode can be further divided in two distinct modes:
static (DC) and dynamic (AC) modes.

Static mode

In static mode the vertical displacement of the scanner is used as the imaging
signal. The force acting on the tip is measured through the static deflection
of the cantilever. According to Hookes law the displacement Az (see Fig. 2.6)
of the cantilever is proportional to the exerted force F":

F=k-Az, (2.3)

where k is the spring constant of the cantilever. The detected force compo-
nent Fy is given by:
Fg=n-F, (2.4)

where 7 is the unit vector normal to the plane of the cantilever.

Figure 2.6: representation of the deflection of a cantilever by Az. The unit vector
normal to the plane of the cantilever is indicated by 7.

The deflection is monitored during the measurement, and any change is
instantly followed by a vertical adjustment of the scanner in order to main-
tain a preset deflection value. The resulting image is a map of constant
interaction, which should represent the surface topography.

Static mode measurements can take place in vacuum, ambient or liquid en-
vironments. In ambient conditions a thin film of water is present on the
sample, and a meniscus will form (section 2.1.1). The meniscus implies an
attractive force that shows a dependence with distance. All the attractive
forces combined create a frictional force as the tip scans the sample. Fric-
tional forces may distort image features, and even blunt the tip or cause
damage to the sample. Therefore, careful control is necessary and the static
mode is most suitable to image hard surfaces.
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Dynamic mode

In dynamic mode the cantilever is mounted on a piezo-electric element that
vibrates at a fixed frequency () close to the resonance frequency (€2 = wy)
of the cantilever. The resonance frequency is given by:

wo = \/g (2.5)

where m is the effective mass of the spring. When the tip approaches the
sample, tip-sample interactions cause a change in the resonance frequency
(and consequently also in the amplitude and phase) of the cantilever. AC
detection methods are used to measure these changes, thus providing a feed-
back signal that allows the tip-sample interaction to be held constant. A
schematic overview of the dynamic mode setup is displayed in Fig. 2.7.

Sample

Figure 2.7: Overview of the system. The cantilever is attached to a piezo-electric
element vibrating at a frequency Q. A feedback system keeps the interaction con-
stant.

AC detection mode was initially meant to be a non-contact mode [19, 28]. In
this case the tip keeps a distance of about 5-15 nm above the sample surface,
in order to stay separated from the liquid layer. Topographic information is
obtained from the weaker van der Waals forces (and other long range forces)
acting between the tip and the sample. The magnitude of the long-range
forces are normally substantially lower than the short-range forces, as can
be seen in Figure 2.4.

Later, AC detection mode was used very successfully at a closer distance
range in ambient conditions involving repulsive tip-sample interactions. This
so-called “tapping mode” is a method to achieve high resolution without
inducing destructive frictional forces. The oscillation amplitude is typically
larger than 20 nm in free air. The oscillating tip is lowered towards the
sample surface until an intermittent contact is established, where the tip
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only touches the surface at the bottom of the oscillation. When the tip
passes over a hill in the surface, the cantilever has less room to oscillate and
the amplitude of oscillation decreases. Conversely, when the tip passes over
a valley, the cantilever has more room to oscillate. Tapping mode prevents
the tip from sticking to the surface and causing damage, because when the
tip contacts the surface it has sufficient oscillation amplitude to overcome
the tip-sample adhesion forces.

The cantilever can be represented as a mass-spring system, as can be seen
in Fig. 2.8. If a cantilever is excited sinusoidally at its clamped end, with

—-Spring

Cantilever
s —T'p—v"_/

VAV,

Sample

Figure 2.8: Similarity between a mass spring system (left) and a cantilever (right).
Both consists of a mass (tip) on a spring {cantilever).

frequency €2 and amplitude Ag, the tip will oscillate with a certain amplitude
A, exhibiting a phase shift ¢ with respect to the driving signal. The equation
of motion for this cantilever is:

muwy

Q

where z is the cantilever deflection, z = dz/dt, 3 = d?z/dt?, and m the
mass of the cantilever. The quality factor @) is determined by the resonance
frequency (wp) from equation (2.5) and the damping factor (-y) according to:

Q=

mz +

z + kz = Apkcos(§2t), (2.6)

muwo
ot
The quality factor ranges from below 100 for liquids, air or other gasses to

more than 10° in UHV conditions. Equation (2.6) gives the steady state
solution:

(2.7)

2(t) = Acos(Qt + ¢), (2.8a)
2
A= R (2.8b)
\/ (wg — Q2)2 4
Q
¢ = arctanasgo_—wg), (2.8¢)

where ¢ is the phase lag with respect to the driving force. A consequence
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Figure 2.9: Amplitude curve for differ- Figure 2.10: Phase shift ¢ between
ent values of damping factor: v, /wy=0, driving force and oscillations depending
Y2/wo = 0.2, ¥3/wo = 0.4, va/wo = 0.8. on driving frequency.

of damping is the qualitative change in the resonance curve shape. Figures
(2.9) and (2.10) show the amplitude and phase shift for some characteristic
values of damping.

The above result is derived for free oscillations. Under the influence of a tip-
surface interaction an extra force Fiy(2) affects the motion of the cantilever.
The total force F on the cantilever includes the driving force (Agcos(€2t)) and
an extra interaction force Fin(z). The interaction force can be approximated
by a Taylor series:

oF
Fint = F(20) + 5 (z — 20) + O(2?) (2.9)
z |,
around the oscillator equilibrium position zg, which can be determined from

Hooke’s law 2.3 by:

70 = 2, (2.10)

Substituting Z(t) = z(t) — 20, and taking (2.10) into account, the new equa-
tion of motion becomes:

. OF
mwg - ( o2

mz+———2z+ EE

0 ) Z = Agcos(Qt). (2.11)

Under the influence of a force gradient, the cantilever behaves like it has a

modified spring constant:
oF
k‘eﬁ = k - E, (212)
where k is the natural spring constant and dF/9z is the derivative of the
interaction force relative to the perpendicular coordinate 2. This change in
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effective spring constant also changes the resonant frequency of the tip by

[k |k — OF [k | /
L i: k 1_8F/8z:w0 l_BF/é?z’
m m m k k
(2.13)
where wg is the resonant frequency in the absence of a force gradient. An
attractive interaction with 0F/0z > 0 will effectively make the cantilever
spring softer, so that its resonance frequency will decrease. If F/0z is small
relative to k the change in resonant frequency becomes:
wo OF

szw—woz—ﬁa. (2.14)

A shift in resonant frequency (Aw) will result in a change in oscillation
amplitude (A) and phase shift (¢) according to (2.8). If the cantilever is
oscillated at its resonant frequency 2 = wp, the phase shift is @« = 7/2. In
case there is a force gradient present, the new phase shift is obtained by
substitution of (2.13) in (2.8¢) and becomes:

¢ = arctan——~. (2.15)
Q%
A Taylor expansion of (2.15) gives
- ™ QOF

The additional phase shift due to a force gradient 0F/9z can be expressed
as:

— & WQ_QG_F
Ap=¢- == (2.17)

In Figure 2.11 the phase shift (A¢) due to a resonant frequency shift (Aw)

@ F>0
bd F'=0
F'<0
n/2 \ -
CAe &‘..
b o o o Q

Figure 2.11: Phase shift (A¢) due to a resonant frequency shift (Aw), for different
values of force gradient F' = 0F /0z.

is shown. Note that an attractive interaction (0F/0z > 0) leads to a neg-
ative phase shift (dark contrast in the image), while a repulsive interaction
(0F/0z < 0) gives a positive phase shift (bright contrast).
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2.2 Magnetic force microscopy

Scanning force microscopy on magnetic samples with a magnetic tip is
known as magnetic force microscopy (MFM). One of the first magnetic force
microscopy (MFM) images were measurements of forces from a magnetic
recording head [29]. Thereafter images were made of structures in magnetic
materials, which were believed to be domain walls [30, 31]. Soon, images of
thermomagnetically written domains [32] followed. This proved that MFM
was able to image technologically important data storage materials. Re-
cently, the use of MFM has grown rapidly, because it is the only technique
that is able to produce high resolution images without special sample prepa-
ration or special measurement conditions. Images can even be made when
the sample is protected by a special capping layer.

To gain insight in the magnitude of forces involved in MFM, the force be-
tween two magnetic particles can be calculated. One particle (with dipole
moment mq) represents the tip, the other (ms2) the sample. The force
between the two dipole particles separated a distance r = |r1 — 72/ is [30]:

F=My (3(7"1 ‘T)(mz-T) my- mz) _

4n rd r3 (2.18)

If the dipoles point in the z-direction and r is also in the z-direction, the
force F' can be expressed as
3uomima

F,=- 21
? 224 (2.19)
and the force derivative 9F/0z is:

OF _ 6ugmims (2.20)

0z Tz°
For two cobalt particles with a diameter of 10 nm and corresponding mag-
netic moment m = 7.6 - 1071%Am?, separated 10 nm (center to center), the
resulting force is F' = 3.4-107!! N and the force gradient F/0z = 1.4-1072
Nm~!. From section 2.3 it follows that these magnitudes are easily detected
by MFM.

The interpretation of images acquired with magnetic force microscopy re-
quires knowledge about the magnetostatic interaction between tip and sam-
ple. In the following section a more detailed description of the magnetic
interactions measured with MFM is presented. This will provide a basis for
interpreting the images obtained. In section 2.2.1 the general theory de-
scribing the magnetostatic interaction between an arbitrary tip and sample
is presented. Because of the complexity of the general theory, simplifications
are usually made. In section 2.2.2 the tip magnetization is replaced by a
simple model, and some representative patterns are presented.
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2.2.1 Magnetic Interaction

The principle of operation of magnetic force microscopy is the same as scan-
ning force microscopy in section 2.1. Both static and dynamic detection
modes can be applied, but mainly the dynamic mode is used due to the bet-
ter sensitivity. The force derivative 0F/0z from equation (2.12) can origi-
nate from a wide range of sources, including van der Waals forces, damping,
capillary forces, or electrostatic tip-sample interactions (section 2.1.1). How-
ever, MFM is based on the forces that arise from the magnetostatic coupling
between tip and sample. This coupling depends on the internal magnetic
structure of the tip, which greatly complicates the mechanism of contrast
formation. In this section the force gradient from equation (2.17) is related
to the magnetic stray field of the sample.

z Tﬂ
CANTILEVER
| .
Xy T P
STRAY FIELD
TN - /"“\ ——— e
/s —~——, /,"‘\ N - ~\\ TN,
NN 7NN
‘/ f N/ N 7 ~\
Nt/ X 4 #) 1
SAMPLE

Figure 2.12: Basic concept of magnetic force microscopy. A magnetic tip attached
to a flezible cantilever is used to delect the magnetic stray field of a sample.

Figure 2.12 illustrates the basic concept of magnetic force microscopy. A
magnetic tip with magnetization M;, interacts with a magnetic stray field
(H sample) emanating from a sample. The energy of the tip exposed to this
stray field is (see also [24]):

E= —/LO/Mtz‘p - H sqmpiedV. (2.21)
tip
The force acting on the tip is given by the gradient of the energy:

F=-VE =y / V(M ip - H gampie)dV. (2.22)
tip
The integration is performed over the whole magnetic volume of the tip.

Simplified models for the tip geometry and its magnetic structure are often
used in order to make such calculations feasible.

The sample stray field H 4y is given by the gradient of a magnetostatic
potential [33]:
Hsample(r) = —V¢S(T), (2'23)
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where the magnetostatic potential ¢s(r) created by a ferromagnetic sample
with magnetization vector field M(r’) is [34):

¢s(r) - ( / S M. (r’) 'd23,+ V'MS(T')d%'), (2.24)

T 4r |r — 7’| v, |r—7']

with s’ an outward normal vector from the sample surface. The first integral
is the integral over the sample surface S;. This covers all surface charges
created by magnetization components perpendicular to the surface. The
second integral covers all volume charges in the sample volume V.

The sample stray field (equation (2.23)) can be substituted in equation (2.22)
to calculate the interaction force F'. In dynamic mode (section 2.1.2), the tip
is oscillated at its resonance frequency with an amplitude small compared
to the tip-sample distance, and the force derivative is detected. The force
gradient in the direction normal to the plane of the cantilever (see Fig. 2.6)
can be written as:

— =n-V(a F) (2.25)

Similar to AFM( see section 2.1.2), the detected force gradient (2.25) gives
rise to a phase shift (Eq. 2.17). Fig. 2.13 shows an MFM image from a
phase shift measurement obtained with our MFM. The sample is a standard
hard disk sample that is used to check that the microscope is correctly
configurated to image magnetic materials. The topography (a) is relative
flat, and a small magnetic signal can be observed in the topography. In
the MFM image (b) magnetic bits can be identified by the black/white
contrast. The bits are arranged in tracks, separated by regions without
magnetic contrast.

2.2.2 Modelling tip response

Equation (2.21) and (2.22) are valid for arbitrary tip magnetization (My;p).
Unfortunately, the magnetization of the tip is generally unknown. There-
fore, simplified models are used to replace the real tip magnetization with
an appropriate approximation. The most used model is the point-probe ap-
proximation (Figure 2.14). This model assumes that the effective monopole
(¢) and dipole (m) moments resulting from a multipole expansion [33] of
equation (2.21) are projected in a fictitious tip of infinitesimal size. The
unknown magnetic moments (g,m) as well as the effective tip-sample sep-
aration (h) are treated as free parameters to be fitted to the experimental
data. The force on the tip in the sample stray field (in the absence of
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(a) ; (b)

Figure 2.13: MFM scan of a hard disk sample. Scan size is 10x10 pm. (a)
The topography. The magnetic signal emanating from the bits can also be seen.
(b) Tracks of magnetic bits can be seen indicated by the black and white contrast.
Regions without magnetic contrast separate the tracks.

I SAMPLE l

Figure 2.14: Representation of the point-probe model. The MFM tip is replaced
by a fictitious tip of infinitesimal size, with an effective monopole q and dipole m
at height h above the sample.

currents (V x H = 0)) is given by:

F = po(g+m-V)H. (2.26)

From Hooke’s law (Eq 2.3), the resulting deflection can be described by:
OH;
Az = ﬂzni qHHij—x? (2.27)

where the summation over i and j is taken over the spatial coordinates z,y,z.
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The phase shift according to equation (2.17) then becomes:

1

3
8mk 8 62
+; (6_xia_zj * mkm) Hk(r)} . (2.28)

#0Q o dg 0
Ag = T;;nﬂ% [(a +q51'_i> H;j(r)

From equation 2.28 it becomes clear that the signal is not only proportional
to the second derivative of the stray field, but also to the first derivatives
and to the field components themselves.

By considering some special cases, equations (2.27) and (2.28) can be con-
siderably simplified. For example, if it is assumed that the cantilever is
parallel to the sample (in Fig. 2.12: fi = 2), then:

_ ko, OHg 0H, 0H,
ABg= . (mgc—aﬁZ +my_6z +mz_0z ) (2.29)
A= M( 0’H, BH, N 82Hz) 590
Tk Mgz Mg Mg (2:30)

This shows that the component of the stray field which is measured depends
on the orientation of the tip moment (e.g. m, couples to H,). In Fig. 2.15
the typical stray field (H,) and second derivative (0?H,/0z%) can be seen
for perpendicular and in-plane magnetization patterns.

S
.

T

—T=T1=] OTTT ]

Figure 2.15: The magnetic stray field (H.) and second derivative (0°H,/0z°)
above perpendicular and in-plane magnetized patterns.
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The point-probe approximation gives satisfactory results in many cases, but
a more realistic approach can be achieved with extended charge models.
An example is the pseudodomain model [34], in which the unknown mag-
netization vector field near the tip apex is modeled by a homogeneously
magnetized prolate spheroid of suitable dimensions. The magnitude and di-
mensions of the magnetization of the ellipsoidal domain are both completely
rigid. The magnetic response of the probe outside this hypothetical domain
is neglected. This model allows interpretation of most results obtained with
bulk probes.

SAMPLE |

Figure 2.16: Eztended charge model. The MFM tip is approrimated by a pyramid
with different magnetization vectors on different facets.

For probes with different geometry, for example those where the magnetic
region is confined to a thin layer (Fig. 2.16), other models have been de-
veloped. As a practical situation consider longitudinal magnetic recording
media, where the magnetization is parallel to the sample surface. MFM
detects the magnetic stray field produced by such a magnetized medium.
Fig. 2.17 shows an MFM measurement (a) and the calculated MFM response
(b) of 5 um long bits [35]. In this particular case, the tip was modeled as
a uniformly magnetized truncated cone with a spherical end. The magnetic
transition geometry and the stray field configuration (H, and H,) are shown
in (c).

These special cases treated above are only approximations which are not
completely valid for actual tips. A realistic simulation generally requires the
integration over the entire tip volume as in equation 2.22. A limitation in
the use of MFM is that the magnetic configuration of the tip is rarely known
in detail. The general theory of contrast formation still holds, but MFM can
generally not be performed in a quantitative way, in the sense that a stray
field would be detected in absolute units. Furthermore, because MFM is
sensitive to the strength and polarity of near-surface stray fields (according
to equation 2.28) produced by ferromagnetic samples, rather than to the
magnetization itself, the magnetization cannot be determined uniquely, since
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Figure 2.17: (a) Constant force derivative contour, measured on a 5 — pm bit
sample. (b) Corresponding model of magnetic force derivative. (c) Typical variation
of Hy and H, above the medium. Adapted from [35]

there may be an infinite number of magnetization patterns yielding the same
stray field [36]. MFM can supply information which, when combined with
other techniques, may in principle allow a complete determination of the
magnetization [37].

2.3 Resolution

A SFM generates three-dimensional images, therefore two types of resolution
need to be distinguished: lateral and vertical. This will be discussed in some
detail below.

Vertical resolution

For DC detection methods, the minimum force that can be detected depends
on the sensitivity of the detection system and on the spring constant. The
sensitivity of the detection system is usually in the order of 102 nm [16].
The spring constant k is in the order of 1 Nm™!. According to Hooke’s law
(2.3), this leads to a minimum detectable force of Fy;, = 10711 N.
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In AC detection methods, vertical resolution is limited both by noise from
the detection system and by thermal fluctuations of the cantilever. Damping
systems can be employed to minimize mechanical vibrations, which leaves
thermal noise as the main source. For cantilevers with a spring constant k&,
the RMS amplitude can be derived from the equipartition theorem [38]:

1

1
5 ([Az)") = kBT (2.31a)

or:  4/((Az)?) =4/ % (2.31b)

where T is the temperature and kp the Boltzmann constant. Therefore,
at room temperature the thermal vibration amplitude for a typical spring
constant of k =1 Nm™! is 0.6 A. The minimal detectable force gradient at
room temperature is in the order of 107* — 107° Nm~1 [19].

It is instructive to compare the minimum detectable force gradient of the AC
technique to the minimum detectable force measured with the DC technique.
Assuming a inverse square force law (F ~ —2z72) from equation (2.2), the
force and force gradient are related by:
zOF
F(z)|==-— 2.32
F)l =22 (232

For a typical tip separation of 10 — 100 nm and a force gradient of 1074 —
10~° Nm™!, the minimal detectable force is 5- 1013 N. This force would
deflect a static cantilever with a spring constant of 1 Nm~! by 5- 10~ nm,
which is usually not detectable by the detection system. So AC detection
techniques offer a significant advantage in detection sensitivity for long-range
forces.

Lateral resolution of AFM

Lateral resolution in AFM depends on tip size and shape, tip-surface separa-
tion, and interaction force. Besides that, distinction has to be made between
the resolution of periodic structures and of single objects. High resolution
usually means that the system is capable of separating two closely spaced
objects. Detecting one single small object has to do with sensitivity. Reso-
lution can therefore be defined as the minimum spacing between two objects
that can still be observed. Two-dimensional crystals have been observed [39]
with atomic resolution as can be seen in Fig. 2.18, but atomic defects or
single atoms are rarely imaged with the AFM. When it comes to resolving
single objects, the tip radius is the limiting factor. The finite tip size is
responsible for the often observed broadening effects in SFM images, where
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lateral dimensions of single objects tend to be overestimated. In constant
interaction mode atomic scale resolution can be resolved [40]. For other ma-
terials it was only possible to show the unit-cell periodicity. Demonstration
of atomic scale resolution is shown by the observation of surface defects.

(o) 10 ) ~20R

{c) 104 {d) 104

Figure 2.18: Atomic resolution of different samples: (a)graphite, (b) molybdenum
disulfite, and (c) boron nitride. (d)Boron nitride imaged with a bad tip, showing a
distorted image. Adapted from [39].

Lateral resolution of MFM

The theoretical lateral resolution limit for MFM measurements in ambient
conditions is around 5 — 10 nm [41]. There are some publications of MFM
studies approaching this limit [42, 43], but standard MFM resolution is
typically in the order of 50 — 100 nm [35]. The lateral resolution achieved
with MFM, depends on the properties of the tip as well as on the properties
of the stray field distribution. For a point dipole tip, and a point dipole
object on the sample, the width of the measured signal will be finite and in
the order of the tip-surface separation [35]. High spatial resolution is thus
obtained by operating the tip close to the sample surface. The minimal
tip-sample separation is determined by several experimental limitations:

e For dynamic detection modes, a minimum oscillation amplitude in the
range of 1 — 10 nm is typically required. The tip-sample distance has
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to be larger than this amplitude.

o If the force derivative becomes too large at small tip-sample distances,
the system can become unstable. Stiffer cantilevers allow operation
at smaller distances, at the cost of reduced sensitivity (eq. 2.17 and
eq. 2.28).

e The stray field of the tip can disturb the sample magnetization, es-
pecially when the distance becomes small, preventing non-destructive
MFM operation. An example of this phenomenon can be seen in para-
graph 4.3.
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Chapter 3

Setup

@

APPROACH STAGE

ANTI-VIBRATION TABLE

Figure 3.1: The setup used for the measurements in this thesis. The main com-
ponent is the scanner head. The sample is placed on the approach stage, which is
situated on an anti-vibration table. A camera monitors the tip and sample.

The experiments in this thesis were performed with a Solver PATH from
NT-MDT!, operated at room-temperature under ambient conditions. The
complete setup can be seen in Fig. 3.1. The setup consists of a scanning
probe microscope (the head), mounted on an automated approach stage.
To reduce external vibrations, the approach stage is placed on an active

!Website: http://www.ntmdt.com
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anti-vibration table. The microscope is connected to an electronic unit,
which itself is connected to a computer, controlling all measurements. In
this project, an electromagnet is made to perform measurements in the
presence of an external magnetic field. A camera is placed above the setup to
monitor the sample and cantilever. The design and operation of atomic force
microscopes is well described in literature [44, 45, 46]. The basic components
and components relevant for the performed experiments will be discussed
here.

3.1 The microscope

The main component of the setup is the scanning probe microscope, more
precisely, an atomic force microscope capable of magnetic force microscopy.
The microscope used is a Solver PATH from NT-MDT. The Solver P47TH
is versatile, it is designed for qualitative and quantitative measurements of
surface characteristics, for example measurements in controlled gas environ-
ment, along with sample heating up to 300 °C.
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Figure 3.2: The main components of a scanning probe microscope. The distance
between a sharp tip and the sample is measured by the optical detection system
(laser and photodetector (PD)). The feedback system (FB) controls this distance by
driving a piezo element. The feedback signal is imaged on a PC.

The core of a scanning force microscope is a flexible cantilever, with a tip
mounted on its end, as is schematically represented in Fig. 3.2. During the
measurement the deflection signal of this cantilever is used to determine
the interaction between the tip and the sample. The AFM uses an optical
system to detect the state of the cantilever. A laser is focused at the back
of the cantilever and the reflected laser beam is detected with a position
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sensitive photodetector (PSD). The photodetector measures the difference
in light intensities on its quadrants. The output signal of the photodetector
is used as a feedback signal. If the interaction is distance dependent, the
feedback signal can be used to measure and control the tip-surface distance
by driving a piezo electric element. The feedback system maintains the
tip at a constant deflection (to obtain height information) or at a constant
height above the sample (to obtain force information). As the tip is raster
scanned over the sample, the topography is measured. Except for research
of topography of a surface, scanning probe microscopes allow the study of
various surface properties: mechanical, electric, magnetic, optical and many
others.

3.2 Tip-sample positioning

The used scanning force microscope has the ability to change the relative
tip-sample positioning by several means. Two screws are used to change
the sample position parallel to the tip, and a driving mechanism moves the
sample closer or further away from the tip, with micrometer-scale precision.
A piezo-tube scanner is used for positioning of the cantilever with respect
to the sample with nanometer-scale precision. During scanning, the non-
linearities of the tube scanner are compensated. To simplify the description
of the tip-sample positioning, it is assumed that only the tip moves, and the
sample is on a fixed position.
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Figure 3.3: A typical scan pattern. Indicated is the coordinate system and scanner
motion during data acquisition. Different step sizes can be selected for the z- and
y-direction. The step size and the number of steps determine the scan size.

Scanning is done in a raster pattern. The tip scans the first line, and moves
back. It then steps in the perpendicular (in-plane) direction to the second
scan line, scans it and moves back, then to the third line, and so on. (see
Fig. 3.3). While the tip is moving across a scan line, the image data is
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recorded at equally spaced intervals. The spacing between the data points
is called the step size. The step size is determined by the full scan size and
the number of data points per line. Data is collected in only one direction,
commonly called the fast scan direction. The perpendicular direction, in
which the scanner steps from line to line, is called the slow scan direction.
A coordinate system can be defined as shown in Fig. 3.3. According to
this definition, the fast scan direction in this instrument is usually the x-
direction.

The tip-sample distance and movement of the tip in the plane of a sample
have to be controlled with high accuracy. This is done with piezo-electric
scanning elements. Piezo-electric materials change their sizes in an external
electric field. A tubular piezo-electric element as used in most scanning
probe microscopes is shown in Fig. 3.4.
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Figure 3.4: A tubular piezo scanner, consisting of 4 indwidual outer electrodes
and 1 inner electrode. On the right the individual electrodes are shown in top view.
Adapted from [47].

Under the influence of a potential difference V' between the inner and outer
electrodes, the tube changes its size [47]. The lengthening of the piezo tube
is given by:

Az = dLl?OV, (3.1)

where d is the perpendicular piezo-electric coefficient, defined by the type
of ceramic materials of the tube. The length of the tube in the undeformed
state is lp, and t is the thickness of the tube wall. Thus, at the same
applied voltage V, the lengthening of a longer or thinner tube will be more.
The external electrode is divided into different sections. Applying a voltage
on opposite sections of the z or y electrodes with respect to the internal
electrode, reduces or increases the length of that part of the tube. This
leads to bending of the tube in the corresponding direction.

The P47H scanner consists of 2 different diameter tubes, one of which is
inserted into the other as can be seen in figure 3.5. The lower end of the
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large tube is attached to the SPM head, and the upper end attached to the
smaller diameter tube. The lower end of the latter is fixed to the cantilever.
The smaller diameter piezo-electric tube scans in the plane parallel to the
sample surface (z,y), and the larger diameter tube moves the cantilever
perpendicular to the surface (z-direction). The maximum scanning area
with this setup is 50 micrometer.

Figure 3.5: The piezo scanner used in the P47H. The larger diameter tube controls
the height of the cantilever, whereas the smaller diameter tube controls the lateral
position. The dimensions of the cantilever are exaggerated for clarity.

3.2.1 Positioning artifacts

Piezo-electric elements are used because they are capable of moving the
probe for very small distances. However, the piezo-electric elements move in
a nonlinear motion and exhibit hysteresis effects. The shape and position of
the piezo-electric scanner relative to the sample can create artifacts in the
images.
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Figure 3.6: Schematic diagram of voltage change and corresponding shift in scan-
ner position. The solid line corresponds to the applied voltage, and the dashed line
shows the reaction of the scanner on the change of the voltage.
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Figure 3.7: Scan of a step profile, affected by the creep effect. The gray area is the
actual step profile. The black line is the voltage that has to be applied to the piezo
to keep the tip in contact with the sample.

A drawback of piezo-elements is the creep delay of a reaction on the change
of the control voltage. A time diagram of the voltage change and the corre-
sponding shift in position of the scanner is schematically shown in Fig. 3.6.
The response of the scanner (dashed line) is delayed with respect to a step
in the voltage (solid line). To examine the effects of creep in the z direction,
consider a sample consisting of a step in the z-direction, as shown in Fig. 3.7.
As the tip moves up the step (indicated in gray), the scanner contracts im-
mediately with a voltage corresponding to the full step height (the black
line). However, the scanner continues to contract slowly due to creep. To
keep the tip in contact with the sample, a SPM has to apply a voltage in
the other direction, counteracting the creep. When the tip moves down the
step, the same process occurs, but in the opposite direction.

Figure 3.8: MFM scan of a track pattern from a hard disk sample. The scan
size 15 11x 5 pm. Two rows of bits can be seen, with a spacing in-between. At the
beginning of the scan, in the bottom of the image, the creep effect is visible by the
distorted bits.

The creep of the piezo element results in the appearance of geometrical
distortions in images due to this effect. This effect is especially noticeable
when the scanner is moved to a reference point in the initial stage of the
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scanning. Fig. 3.8 shows a MFM measurement of a track pattern from a
hard disk sample made with our MFM. To move the scanner to its start
position an abrupt change in voltage is applied, and creep will distort the
start of the image causing a straight object to appear curved in an image.
Usually, this distortion is prevented by restarting the measurement after
several scan lines are measured.

Another drawback of piezo elements is hysteresis. Suppose, the voltage is
gradually increased to some finite value, and then decreased back to zero.
If the length of the piezo is plotted as a function of the applied voltage, the
descending curve does not retrace the ascending curve, it follows a different
path, as shown in Fig. 3.9. This leads to a situation where the piezo appears
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Figure 3.9: Hysteresis of the piezo-tube. The length of the piezo is different (e
and c) at the same voltage Vy, depending on the hysteresis.

in different positions (e) and (c), with the same voltage V), depending on
the direction of movement. As mentioned earlier, data are usually collected
in one direction to minimize errors caused by scanner hysteresis. Fig. 3.9
shows that data collected in the return direction would be shifted slightly,
distorting the measurement grid as shown earlier in Fig. 3.3.

Hysteresis in the direction perpendicular to the plane of the sample (z)
causes erroneous step height profiles. It is clear from Fig. 3.9 that if the
scanner is going up a step in the z-direction, a certain voltage is required
to allow the scanner to contract. But going down the same step will extend
the scanner, and extension takes more voltage than contraction for the same
displacement as is clear from Fig. 3.9. When the SPM image is represented
by the voltage applied to the scanner, a profile of the image would look like
Fig. 3.10, where the step in the sample is represented by the gray area, and
the applied voltage by the black line. Going up the step requires less voltage
(Vi — Vp) than going down (Vi — V).
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Figure 3.10: Image of step profile (gray) on a sample. When going up the step the
voltage (black line) increases from Vi to Vi, back down the step the voltage reduces
to Vi, because of hysteresis.

The Solver P47H travels a maximum of 50 ym in the z and y directions, as
well as 5 pm in the z direction. Note that the end of the scanner, where the
cantilever is attached, moves in a curved plane. Non-linear motion of the
piezo electric elements causes the probe to move in a curved motion over
the surface. Especially for larger scan sizes, deviations from a perfect plane
occur, as can be seen in Fig. 3.11, where a calibration sample is imaged with
our Solver P47H. This sample consists of equidistant structures of 1.5 pm.
This curvature (commonly called bow) can be removed from the image with
the aid of computer software.

Figure 3.11: An AFM scan made with our Solver P4/7TH of a calibration sample
consisting of 1.5% 1.5 um squares spaced 1.5 um apart. The scan size is 14X 14 pum.
Note that the z-scale is exaggerated, the height of the squares is only 20 nm.

3.3 Probes

A crucial part of the scanning force microscope is the probe. The probe
consists of a sharp tip mounted on a flexible cantilever. Fig. 3.12? shows an

2The images are made with a Philips XL 30 SEM, located at the multi-scale lab of the
Computational and Experimental Mechanics (CEM) group of the department of mechan-
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image of a cantilever. One end of the cantilever is fixed on the silicon base,
while on the other end the tip is located. On the right side of Fig. 3.12 a
zoom at the end of the tip can be seen.

Figure 3.12: Scanning electron microscopy images of a typical cantilever (left).
At the left side of the cantilever, the large base can be seen and on the right side
the tip. A zoom of the tip can be seen in the right image.

Most cantilevers are microfabricated from silicon or silicon-nitride, using
lithographic techniques. Batch fabrication ensures that large numbers of
almost identical cantilevers are available with the same spring constant and
resonant frequency. Usually, the back side of the cantilever is coated with
aluminum to obtain sufficient reflection for the deflection detection.

3.3.1 Atomic force microscopy cantilevers

In general, an AFM probe should meet two requirements for optimum per-
formance:

1. The cantilever should be sensitive to small forces i.e. large deflection
for a small force. According to Hooke’s law (equation (2.3)), it is
desirable to have a low spring constant to perform sensitive force mea-
surements. Thus soft cantilevers have better sensitivity, but are more
susceptible to being snapped into the sample when the force (gradi-
ent) exceeds the cantilever spring constant (see eq. 2.12). For AFM,
imaging forces are typically in the range of 0.1 to 100 nN. Therefore,
the spring constant k of the cantilever should be small. For example,
if Kk =1 Nm™!, then a force of 0.1 nN will deflect the cantilever by
0.1 nm according to Hooke’s law (Eq. 2.3), which can be detected with
the optical detection technique (Section 3.4).

ical engineering from the Eindhoven University of Technology.
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2. The cantilever should be insensitive to external vibrations. Vibra-
tions such as movements of a building or table generally have low
frequencies in the 1-100 Hz range. Coupling to the cantilever is less
effective when it has a high resonance frequency, far away from the
excitation frequency. A high resonance frequency also results in a
fast response during scanning, and therefore, a high imaging speed.
A maximum resonance frequency (eq. (2.5)) and minimal vibrational
sensitivity (eq. (2.31)) is obtained for a large spring constant.

The spring constant k of a cantilever shaped as a rectangular bar [23] is:

B Ewd®

k= TR (32)

where w, d and [ are the width, thickness and length of the cantilever,
respectively, and E is Young’s modulus of the cantilever material (for Si: E
= 1.25-10'" Nm~2). The free resonance frequency of the same cantilever is:

|E d
=0.1624 | — = 5.5
wo = 01624/ =75, (3.3)

where p is the density of the material (for Si: p = 2.3 - 10% kgm~3). The
ratio wo/k is: :

wo il

? — 0-648EW.
The two requirements above (small spring constant k, and high resonance
frequency wp) are achieved at a high ratio wyp/k. This requirement is fulfilled
by minimizing the cantilever dimensions, e.g. by making it relatively long
(large 1) and slender (small d). For a cantilever with typical length of 100
pm, and thickness of 1 pum, the spring constant is according to eq. (3.2) in
the order of 0.1-1 Nm~!. With these dimensions cantilevers with resonant
frequencies in the order of 10-100 kHz are obtained.

(3.4)

3.3.2 Magnetic force microscopy cantilevers

The force sensor plays an important role in the quality of MFM measure-
ments. The MFM sensor consists of a magnetic tip, mounted on a cantilever.
Previously, sensors have been made from fine, electrochemically etched, fer-
romagnetic wires, usually of cobalt or nickel [29, 35]. Nowadays, AFM can-
tilevers with integrated sharp tips are coated with a thin layer of magnetic
material. Magnetic thin film tips have the advantage of having a reduced
stray field as compared to bulk wire tips [48]. Another advantage of thin
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film tips is that their magnetic properties can be controlled by choosing
the appropriate coating material [49, 48, 50]. Due to coating of the tips,
a pattern of magnetic domains will form, which reduces the effective mag-
netic moment of the tip. The exact domain structure is not known, and can
change during MFM measurements.

In this thesis, probes produced by Nanosensors® (type MFMR) were gen-
erally used. The specifications are summarized in Table 3.1. Figure 3.13
shows a scanning electron microscope image of a similar type of probe, with
indications of the various dimensions. The integrated tips are 10 — 15um
high and have a typical tip radius < 50 nm.

Cantilever thickness d 3 pm
Mean width w 28 pm
Length [ 225 pm
Spring constant k 2.8 Nm~!
Resonance frequency wg | 75 kHz

Table 3.1: Specifications of MFMR probes, as provided by Nanosensors.

Length

e

e
Thickness

Figure 3.13: SEM image of a cantilever from Nanosensors, with indications of
the various dimensions.

The force sensors are coated with a thin ferromagnetic film to make them
magnetically active. Different coatings are used. Standard Nanosensors
cantilevers have an approximately 40 nm thick cobalt alloy coating on the
tip side. The coating is characterized by a coercivity of approximately
2.4 - 10* A/m (corresponding to 30 mT) and a magnetic moment of ap-
proximately 5-107% Am?. The tips are magnetized, approximately in the

3VVVVVV. nanosensors.com
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direction perpendicular to the cantilever axis by placing a permanent mag-
net near the tip end, before the tip is used.

Some special requirements are needed for the magnetic tip:

1. The spatial resolution is related to the magnetized part of the probe
exposed to the sample stray field (Eq. 2.22). Therefore, to improve res-
olution it is necessary to reduce the effective magnetic volume. Ideally
the effective volume would consist of a small single domain ferromag-
netic particle located at the tip apex. So-called supertips have been
developed based on this idea [34].

2. A strong signal produced by a small effective volume requires the total
magnetic moment to be large. Material with high saturation magne-
tization (like CoFe) should be used to limit the required volume.

3. The magnetic anisotropy and coercivity of the tip should be large to
minimize the influence of the stray field of the sample on the tip.

It is clear that not all above requirements can be satisfied together. For
example, there is a trade-off between a small magnetic tip volume and a
large total moment. Three parameters can be varied in this optimization:
the shape of the non-magnetic tip, the material of the magnetic coating, and
the thickness of the coating. Imaging in the presence of external magnetic
fields requires tips either having coercivity far beyond that of the sample (so
that the applied field does not affect the tip), or far below it (so that the
tip moment is always aligned with applied field).

To control the magnetic moment of the probe, standard AFM tips from NT-
MDT are coated with magnetic material. Sputter deposition of magnetic
material on the tip is performed with CARUSO®. Different materials at var-
ious thicknesses can be used to tune the magnetic moment. Cantilevers are
coated by sputter deposition with approximately 40 nm CoFe. A protective
layer of 5 nm Ta is applied to protect the magnetic layer from oxidation.

Fig. 3.14 shows two MFM scans of a hard disk sample. The coated AFM
tip shows a maximum phase shift of 0.3 degrees, whereas the Nanosensors
MFM tip shows a maximum phase shift of 6 degrees. From this result, it
seems possible to fabricate MFM tips by coating standard AFM tips, but the
signal is much smaller than Nanosensors MFM tips. Possible improvements
in signal could be obtained by deposition of a thicker layer of magnetic
material to enlarge the total magnetic moment. However, this will possibly

“CARUSO is a computer controlled sputter coater available at the group FNA.
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Figure 3.14: MFM images of Hard disk bits. (a) Tip coated with CoFe at FNA.
A mazimum phase shift of 0.8 degrees is seen. (b) The Nanosensors tip is coated
with Co and has a mazimum phase shift of 6 degrees.

reduce the spatial resolution because the tip radius will increase. The details
of the phase shift and spatial resolution of home-made MFM tips, will be
further investigated in future experiments. In this thesis, the Nanosensors
MFM tips are used to perform the measurements.

3.3.3 Probe artifacts

Images from AFM or MFM measurements are always a convolution of the
tip and sample geometry. The size, shape and sharpness of the tip play an
important role in image formation. The tip should have a small aspect ratio
(ratio of width to length) to resolve small features. The measured size of
surface features (e.g. particles) is larger than their real size when the radius
of the tip is too large (Fig. 3.15 A). The side of the probe will cause the
width (Ag) of an object to look broader (A,,), whereas the height of the
feature is usually correct. In the same way, features in the surface (Fig. 3.15
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B), like holes (with width wg) can appear too small (wy,,). Moreover, the
depth is not correctly measured (Fig. 3.15 C) because, due to the width of
the tip with respect to the sample features, the tip reaches a depth h,, from
the top of the structures instead of hg. It is still possible to measure the
width of features or the pitch of repeating objects with this tip. Features
on the surface much smaller than the tip reflect the shape of the tip rather
than their own geometry. If the tip is much smaller then the features to be
measured, the probe artifacts will be minimal and the images will be relative
accurate.

WVER\ /i \Y- =
i A N\
C S A

Figure 3.15: Convolution of tip and sample. (A) The size (Ag) of sample features
appears larger (A,,) if scanned with a large tip. (B) Holes with width wq, appear
to have a smaller width w,,. (C) The depth hq is not correctly measured (instead
hm is measured).

A contaminated or broken tip can have its own geometry superimposed on
the surface topography. This creates images that do not reflect the sample
surface or features correctly. Fig. 3.16 (left) shows a SEM® image of a
contaminated tip. Comparison of this tip with the tip in Fig. 3.12 clearly
shows contamination on the left side of this tip (indicated with the dashed
line). Also the tip in Fig. 3.12 is much sharper. On the right an AFM
scan can be seen, made with a contaminated tip, of gold particles deposited
on sapphire. The inset shows the same sample (but at a different lateral
position) imaged with a fresh tip. In the inset the gold particles appear as
small round particles. In the main image, the gold particles appear as small
spheres with a larger sphere around it.

3.4 Detection system

As the tip scans the sample, the cantilever bends while the tip moves up
and down with the topography of the surface. Several different methods for
detecting the cantilever deflection can be used.

®Philips XL 30 SEM, located at TU/e.
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Figure 3.16: A SEM image of a contaminated tip (left). The dashed line indicates
the large contamination. On the right is a measurement with a contaminated tip
of a sapphire sample covered with gold particles. The gold particles are not imaged
correctly; they appear as small spheres, with a larger sphere around it, but shifted
down in position. This is indicated by the dashed circles in the top right corner of
the image. The inset shows a measurement with a fresh tip, where the gold particles
appear as small spheres. Scan sizes of both images are 3x 3 pum.

In the early scanning force microscopes, electron tunneling between the back
of the AFM cantilever and an STM tip located behind the AFM cantilever,
was used to detect the cantilever deflection [18]. The disadvantage of using
a tunneling sensor is that the cantilever has to be conducting and needs a
smooth surface to form a good junction. The tunneling current is extremely
sensitive to the surface conditions of the cantilever. The surface roughness
on the rear side of the cantilever may influence the measurements when the
focus point of the STM tip on the cantilever changes. Cantilever deflection
is restricted in tunneling detection, unless a servo system has to be used to
follow the cantilever.

Most scanning force microscopes nowadays use an optical detection system
to detect the deflection of the cantilever. Optical detection has several ad-
vantages over tunneling detection. It is more reliable because the cantilever
does not have to be conducting and a good tunnel junction is not needed.
The cantilever does not experience a noticeable force from the optical de-
tection system, and the cantilever has a large dynamic range compared to
tunneling. With optical detection, a semiconductor laser (in the case of
the Solver P47H: A = 670nm, P = 0.9mW) is focused on the end of the
cantilever. The reflected signal is detected with a four-quadrant photode-
tector (PSD) as can be seen in figure 3.17. As the tip scans the surface of
a sample, moving up and down with the surface topography, each angular
displacement of the tip is amplified in the movement of the reflected laser
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Figure 3.17: Optical detection of a bend of the cantilever. The reflected laserbeam
is detected with a position sensitive photodetector (PSD). Adapted from [47].

beam. The optical system can detect angular deflection of the cantilever to
an accuracy of less than 10™* degree [51], giving a vertical resolution of 0.05
nm.

Deflection of the cantilever results in a shift of the laser spot with respect
to the segments (1,2,3,4) of the photodiode, which, in its turn, results in
changes of electrical signals arriving from those segments. Signals are pre-
processed (amplified, appended and deducted) and three signals arrive at
the output of the detection system:

AveEr = (1 + 2) - (3 + 4), (3.5&)
Apar = (1+4)—(2+3), (3.5b)
YrASEr = 1424344, (3.5¢)

The Aygg signal is the difference between the upper and lower halves of
the photodiode, and is proportional to the vertical cantilever deviation.
The Apar signal is proportional to the lateral cantilever deviation, and
the X p4seRr signal is proportional to the total intensity of the laser light
falling on the photodiode. The output of the photodetector is used by the
feedback system to maintain the probe system at a constant signal. An op-
tical tracking system ensures that the laser spot does not move with respect
to the cantilever during scanning.

3.5 External magnetic field

One of the goals of the present study is to perform MFM measurements de-
pendent on an external magnetic field. For this purpose, a new sample stage
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Figure 3.18: Design of the electromagnet. On the left a schematic overview of
the electromagnet is presented. The outer dimensions of the yoke are 5x5 cm, and
the gap width is 1 ¢cm. .The right image shows a photo of the electromagnet. The
sample is mounted at the center of the air gap.

is designed for the Solver PA7TH microscope. Fig. 3.18(a) shows a schematic
illustration of the stage. Fig. 3.18(b) provides a photo of the real stage. The
magnetic field is generated by a two small cylindrical electromagnets (coils),
which are placed on either side of the sample. By using a yoke, which pen-
etrates the coils, the magnetic flux is efficiently guided to the poles, where
a gap of 1 cm is used to position the sample. The poles are made remov-
able to change the width of the air gap. The magnetic field is measured
with a calibrated hall probe, placed between the poles. The maximum con-
tinuous applied field is 120 mT at an air gap of 1 cm. Adjustment of the
field strength is performed by changing the voltage from the attached power
supply. It is easy to change polarity of the electromagnet i.e. both positive
and negative magnetic fields can be applied to a sample. The control of the
applied field strength can be improved by controlling and monitoring the
applied magnetic field with a computer.

YIG

To illustrate the successful implementation of the new sample stage, mea-
surements on an Yttrium Iron garnet (YIG) are performed. YIG is supposed
to be divided into perpendicular magnetized domains, as seen in Fig. 3.19.
The transition between two domains, in which the magnetization has differ-
ent directions, is called a domain wall. Within the wall, the magnetization
direction rotates from that in one domain to that in the other domain.
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Figure 3.19: Schematic representation of the domain pattern in a YIG sample.
Scan size is 30x 30 pm.

Without applied magnetic field the distribution of the domains is random,
but the magnetization of the entire sample is approximately zero. Applica-
tion of an external magnetic field will change the domain pattern. Fig. 3.20
shows the expected behavior of two oppositely magnetized domains for per-
pendicular and in-plane applied fields, neglecting interactions of the domain
wall with the applied field.
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Figure 3.20: Side view of two magnetic domains. The arrows indicate the magne-
tization direction of the domains. (a) Situation at zero applied field when the width
of both domains is equal. (b) At a perpendicular applied magnetic field the width of
the domain with the same magnetization direction as the applied field will increase
at the cost of the width of the opposite directed domain. (¢) An in-plane magnetic
field will cause the magnetization to rotate in the direction of the applied field.

At zero applied field (Fig. 3.20(a)) the width of both domains is equal, and
the magnetization direction is perpendicular to the sample surface. Ap-
plication of a perpendicular magnetic field (b) will affect the width of the
domains. Domains where the magnetization is in the same direction as the
applied field are energetically favorable (the width will increase) with re-
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spect to domains where the magnetization is opposite to the applied field
direction (the width will decrease). A field applied in-plane to the sample
surface (c) will influence the directions of the magnetization in the domains
(the magnetization will rotate in the direction of the applied field), but the
width of the domains will not be affected. This effect is expected to be small
and not noticeable with MFM. However, an in-plane applied magnetic field
will have effect on the domain walls. Rotation of the magnetization direc-
tion in the domain wall, will result in an in-plane magnetization component.
The applied magnetic field will induce a torque on the domain wall, which
will try to align the domain wall with the applied field direction, as can be
seen in Fig. 3.21.
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Figure 3.21: Two magnetic domains, separated by a domain wall. The arrows in-
dicate the magnetization direction. (a) At zero applied field direction of the domain
wall is random. (b) An in-plane magnetic field will cause the domain wall align
with the direction of the applied field.

MFM measurements on YIG are shown in Fig. 3.22, (a) shows the topogra-
phy, and (b)—(f) show MFM images. The surface is relative flat except for
some contamination (white spots), which is probably dust. An MFM scan
made at zero applied field is shown in (b), where a random orientation of the
magnetic domains can be seen. The black/white contrast seen in the vicinity
of the domain wall (see the indicated area in Fig. 3.22(b)) is in agreement
with the expected contrast discussed in paragraph 2.2.2. Application of an
in-plane magnetic field indicated in (c),(e) and (f), show a changed direc-
tion of the domains as expected due to the effect of the applied field on the
domain wall. The width of the domains is also changed. This can be due
to the fact that our applied field is not uniform in-plane of the sample, but
also has a small component perpendicular to the sample surface. The width
of several domains is indicated in the figure. Defining the width ratio as
the width of the wide domain divided by the width of the narrow domain, a
ratio of approximately 2.0 is found at a field of —10 mT (e) and a ratio of 3.0
at -20 mT (f). From this, it seems that the ratio depends on the magnitude
of the applied field, as expected for the increasing perpendicular component
of the magnetic field.

The direction of the domains, at an applied field of +20 mT in (c), is not
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Figure 3.22: MFM image of YIG garnet. (a) Topography, and (b) trough (f)
MFM scans at applied fields indicated in the figures. Scan sizes are 30x 30 um.
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the same as at an applied field of —20 mT, in (f). The angle between the
magnetic field direction and the domain wall direction in (c) is approximately
55°, whereas the angle in (f) is approximately 23°. This can be explained
by a n in-plane contribution to the anisotropy of the sample.

Although the interpretation of these first MFM images of YIG is still rather
underdeveloped, and probably requires more detailed experiments for a vari-
able field under several angles with the sample, it is clearly demonstrated
that the presence of the implemented magnetic field can be monitored in
these MFM images. Other restilts on the field-dependence of MFM will be
postponed for the following chapter, focusing on structured samples in the
field of spintronics.
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Chapter 4

MFM on structured
magnetic samples

This chapter will discuss the results of the measurements that have been
performed on magnetic samples with the MFM setup described in the pre-
vious chapter. The goal of these measurements is to show the usefulness of
magnetic force microscopy at studying small magnetic elements. This will
be done on the basis of three technologically interesting subjects:

e Magnetic read only memory (MROM),
e Magnetic random access memory (MRAM),

¢ Spin injection and detection in semiconductors (GaAs).

Measurements are performed on samples containing small structured ele-
ments. First, it will be shown that magnetic domain imaging is possible
with MFM for these particular structures. Next, MFM imaging in the
presence of an external field is used to show the influence of the field on
the magnetization. Especially for the spin injection devices, magnetization
switching is investigated as a function of the width of the structures. For
this study, a theoretical background is required to understand the physics of
magnetization reversal in some detail. An introduction to this area follows
in section 4.1, followed by the actual experimental results in the subsequent
paragraphs.
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4.1 Magnetization switching

There are several models that describe switching of magnetization of small
magnetic elements. The magnetization can be determined by minimizing
the total free energy [52]. Starting from an ellipsoidal particle with uniazial
anisotropy, the total free energy density

Ei=FEe; + Ex+ Eqg+ Eyy, (4.1)

is composed of exchange, anisotropy, demagnetizing and magnetostatic en-
ergy, respectively. In a first order approximation, E; depends only on the
angle ¢ between the magnetization, M, and the easy axis. The equilibrium
position for ¢ follows from a minimization of F; with respect to ¢. Above
a critical size, the energy can be minimized by forming multiple domains
in which the magnetic moments are aligned. Below this critical size the
particles remain in a single domain state. In the absence of domain bound-
aries, changes of magnetization cannot proceed by boundary displacement,
but must proceed by rotation of the magnetic moment. The most common
magnetization reversal models in the single-domain state are the Stoner-
Wohlfarth (SW) model 53] and the curling (C) model [52], as shown in Fig.
4.1. These models will be further explained below.

(a)

Figure 4.1: The two different magnetization reversal models for an ellipsoid, de-
fined in cylindrical coordinates (r,0,z). (a) The SW-model, all magnetic moments
remain parallel. (b) The C-model, the magnetic moments reduce the demagnetizing
field in the hard azis direction.
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4.1.1 SW-model

In the Stoner-Wohlfarth model, the magnetization is considered constant in
magnitude, and all the magnetic moments remain parallel to each other (see
Fig. 4.1). Therefore, the SW-model is characterized by a constant exchange
energy.

‘D

Figure 4.2: Definition of the geometry in the switching models. Elliptical particle
(with length | and diameter D) with easy azis as the z-azis of a Cartesian coordinate
system. The applied magnetic field is at an angle o with the easy azis, and the
magnetization vector with an angle ¢.

Consider an ellipsoid particle with easy axis taken as the z-axis in a cylin-
drical coordinate system. The rotation takes place in the (r, z)-plane, and is
described by the rotation angle ¢ (see Fig. 4.2). In the absence of an applied
field, the magnetic moments tend to align along the easy axis. During the re-
versal process, the demagnetization energy increases, because the magnetic
moments rotate away from the easy axis, thereby increasing the magnetiza-
tion component along the hard axis. In the SW-model, the demagnetizing
field components are

Hyy=—N,M,sing, Hg, = —NM;cos ¢, (4.2)

with the demagnetization factors N and N| for magnetization perpendic-
ular and parallel to the easy axis. The demagnetization factors depend only
on the geometry of the ellipsoid, and are defined in Appendix A. The total
energy density (apart from constant terms) is now given by:

E, = Ksin?¢ + %,U/ONJ_MSZ sin® ¢ + %,uoN”MS2 cos® ¢ — puoH M, cos(a — @),

(4.3)
where « is the angle between the easy axis and the applied field H, and
K the crystallographic anisotropy (here assumed to be of uniaxial nature).
Starting in the situation where the magnetization is saturated along the easy
axis, ¢ = 0, the field H is applied parallel to the easy axis with angle a =7
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(opposite to M). Variation of the energy leads to the following equilibrium
condition:

1
K sin2¢ + 5quf(N L — Nj)sin2¢ — poHM;sin¢ = 0. (4.4)

Equation 4.4 has a trivial solution ¢ = 0 for |H| < H,, as indicated in Fig.
4.3, where H, is given by:

2K
Hi=——1+ (N, — Ny} M. 4.5

The switch field, Hg, increases linear with increasing crystallographic an-
isotropy, K, and depends on the geometry by the demagnetization factors
N, and N|. At |H| = H; the magnetization switches to the opposite direc-
tion, ¢ = 7, see Fig. 4.3.

[Hi<H,, 6=, ¢=0
14 e —
H Hs
§E 04
=
-1
[HI>H,, 8=n. ¢=n
T T T T T
2 -1 o] 1 2
H/H

Figure 4.3: SW magnetization curve. At |H| = H, the magnetization switches

from¢d=0to p=rm.

4.1.2 C-model

In the ideal curling model, neighboring moments are not necessarily aligned.
This allows for configurations with a vanishing demagnetizing field along
the hard axis, as in Fig. 4.1(b). For an ellipsoid defined in cylindrical
coordinates (r, 6, z), the angle between the spin direction and the easy axis
is independent of z and 6, and is a function of r alone [52]. In the curling
mode only exchange, crystallographic and magnetostatic energies have to be
considered. The switching field is found to be [54]:

2K 84¢% 1
= - NyM _—
ST mobt, T St LML DT

(4.6)
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where A is the exchange stiffness constant, and D is the diameter of the
ellipsoid (see Fig. 4.2). The parameter ¢> is a monotonically decreasing
function of the aspect ratio, m = [/D. The function g is plotted in [55]
in the form k = ¢?/n. For aspect ratios of m = 20 (which is typical for
the structures used in this thesis), the value of k = 1.1 (¢ = 1.84). The
last term in eq. 4.6 results from the exchange energy of the inhomogeneous
magnetization which decreases with 1/D?. Equation 4.6 is only valid for
positive values of H;. Negative values of H have no physical significance as
the switch field is zero in this case [52].

At small diameters the switch field of the C-model exceeds that of the SW-
model due to the 1/D? term. Since the smallest switching field always
governs the reversal, the SW-model determines the magnetization reversal at
small diameters. Above a critical diameter, Dy, the SW-model is replaced
with the C-model. Comparison of eq. (4.5) and eq. (4.6) then gives

Dot = —4| . 4.
et Mg\ poNL ( 7)

For typical material parameters for Co (M; =1.4-10% A/m, and A =30- 10712 J/m),
and a structure with m = [/D = 20, which gives N| ~ %, and g = 1.84, the

critical diameter is found to be D¢¢ = 26 nm, above which the C model is
dominant.

4.1.3 Domain formation

The single domain state as discussed in the previous paragraph is stable
up to a critical diameter, Dgp. As the size of the particle increases, the
demagnetizing energy Fy also increases (which depends on the width of the
particle, see eq. 4.2). Formation of multiple domains (see Fig. 4.4) effectively
decreases this width with a factor «, where « is roughly 1/N, and N is the
number of domains formed. Therefore, the energy also reduces by a factor
a. On the other hand, domain formation introduces an extra energy term
due to the formation of a domain wall. Comparison of the energies of the
single domain and the multi-domain magnetization states results in a critical

diameter [54]:
_ 12VAK
Ny(1 - a)puoMZ’

Dsp (4.8)

To estimate the minimal critical diameter, two domains (o = 1/2) are as-
sumed, N = 1072 (m = /D = 20), and for Co: K = 4- 10% J/m3, and
the other parameters as above. The critical diameter for the single domain
state Dgp = 3um.
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Figure 4.4: Domain formation in a ellips. The effective width w, and the stray
field, is reduced by forming multiple domains. Adapted from [54].

In multi-domain systems, domain wall displacement will govern the magne-
tization switching. The simplest case is nucleation of a domain wall (DW) at
one end of the sample and its propagation along the sample. Once a domain
wall is formed, its propagation through the sample is energetically favorable
(it lowers the magnetostatic energy), as long as there are no strong pinning
centers. Recent MFM studies of 1 um wide iron and permalloy (NiFe) wires
seem to indicate that in these wires a complex multi-domain structure is
formed during switching [56, 57]. Generally, it is very difficult to predict
the switching field, but as can be seen in Fig. 4.5, the switching field of
multi-domain configurations is generally lower than in the single domain
state.

Figure 4.5 reviews H, for different models. Starting at very small particle
diameters, the switch field breaks down because the magnetization becomes
unstable when the thermal energy is larger than the anisotropy energy (pro-
portional to the volume of the sample). This is called the superparamagnetic
state, where the magnetic moment behaves paramagnetic, strongly fluctu-
ating in time. In the single domain state, for diameters large enough to
suppress superparamagnetism, the SW model determines switching up to a
critical diameter, Dei. According to eq. 4.5, the magnitude of the SW field
is 2K/poMs+ (N1 — Nj)M;. In this example N) and N} are presumed con-
stant (not dependent on the diameter). Above the critical diameter, Dy,
the C model dominates. For increasing particle diameter, the switch field
approaches 2K /uoM; — NyM; according to eq. 4.6. In the multi-domain
state, when the diameter becomes larger than Dgp (eq. 4.8), the switching
field is lower than in the single domain state, due to magnetization switching
by domain wall displacement.
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Figure 4.5: Review of the swilch field, Hs, as a function of the width of the
particles. Adapted from [5/].

Micromagnetic simulations

To gain more insight into magnetization switching of small magnetic ob-
jects, micromagnetic simulations can be used. The Object Oriented Micro
Magnetic Framework (OOMMF) is a public domain micromagnetics pack-
age, developed at NIST!. Inputs such as the material geometry, the initial
magnetization, and the time evolution of the external magnetic field have
to be supplied. It is also necessary to specify material parameters such as
saturation magnetization, the exchange stiffness, and anisotropy constant.

Figure 4.6: Simulation of a 1x2 um permalloy rectangle, the arrows and gray
scale indicate the magnetization direction.

The sample is divided into a number of small cells. The behavior of the
magnetization is then calculated based on the response of the magnetiza-
tion in each cell to the local field, consisting of the applied field, exchange
interactions with the magnetization in neighboring cells, local anisotropy,
and dipolar interactions. For calculations of quasi-static behavior the low-

!Website: http://math.nist.gov/oommf/
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est energy configuration of the magnetization in a given applied field, or
field range, is calculated. Fig. 4.6 shows an example of an OOMMEF simula-
tion. The magnetization of a 1x2 pum permalloy rectangle (20 nm thick) is
simulated at remanence, after saturation in the long direction. The sample
is divided into cells with dimensions of 20x20x20 nm. It can be seen that
the sample is almost uniformly magnetized to the right (indicated by the
arrows), except for the regions at the edges, here domains are formed where
the magnetization is rotated.
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4.2 MROM

Magnetic read only memory (MROM) combines the advantages of optical
and solid-state storage [58, 59]. Optical storage has the advantage that
the read mechanism and the data carrier are separate devices (e.g. CD or
DVD). The expensive read mechanism can be combined with many cheap
data carriers. Solid-state storage is robust and has high data rates. By
separating the solid-state reader from the information carrier, MROM is
robust, has a high data rate, low power consumption, and a removable data
carrier. In MROM, the data is stored on a (read-only) data carrier, in a

Figure 4.7: Basic concept of MROM. On the left, the data carrier (bottom) and
sensor array (top) are separated. On the right the data carrier and sensor array are
aligned, and close together. The data can be read out by measuring the resistance
of the MTJ sensors. Adapted from [58].

2 dimensional array of bits. The read-out is performed by a reader. This
reader consists of an array of magnetic tunnel junction (MTJ) elements.
The data carrier and reader are placed close together, and aligned, so that
each sensor can read one bit, as can be seen in Fig. 4.7. The magnetization
of the bits on the data carrier determines the resistance of the MTJ sensor.
By measuring the resistance of the MTJ sensor, the data is read out.

In this study, MFM measurements are performed on the data carrier, to
see whether a magnetic field is present above the magnetic bits. This is not
trivial for the data carrier used, since a continuous layer of magnetic material
is deposited on the actual bit pattern (see also 4.2.1). The magnetic stray
field of the bits is crucially important because it determines the resistance
measured by the MTJ sensor. Finally, the effect of an external magnetic
field is studied, for which the magnetization behavior of individual bits has
been estimated. magnetization of the bits is also estimated, and influenced
by applying an external magnetic field.
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4.2.1 Sample properties

The data carrier consists of a glass substrate. Individual bits of 5x1 pym
(length x width) are created in a 1 pum thick resist layer, on top of the glass
substrate. A schematic representation of a bit can be seen in Fig. 4.8. With
sputter deposition a CoFe (CoggFe1p) layer of 200 nm thick is deposited on
the medium. As a result, a continuous CoFe layer is covering the bits as
well as the substrate. During deposition a field is applied parallel along the
long direction of the bits to create a field-induced uniaxial anisotropy.

Figure 4.8: Schematic representation of a bit. A ferromagnetic layer of approz-
imately 200 nm is deposited onto a structured substrate. The height according to
AFM measurements is approzimately 50 nm. Dimensions are not drawn to scale.

In Fig. 4.9, an AFM scan of 6 bits can be seen. The bits are patterned in
a closely packed array with spacings between the bits of 2 ym in the long
direction, and 3 pum in the short direction of the bits. The height according
to the line profile in Fig. 4.9(b) is approximately 50 nm. A lot of artifacts
are present in Fig. 4.9, which is mostly due to dust, by the exposure of the
sample to air. This is of no influence to the MFM measurements because
dust gives, in principle, no magnetic contrast. Why the dust concentrates
around the bits is unknown at present. The dark area around the bits
(and the dip in the line profile at 6.5 pm) indicate that the deposited layer
is thinner around the bits; this is probably caused by a shadowing effect
during deposition.

The magnetic moment of the entire medium is measured with a SQUID
magnetometer. The measured magnetization as a function of the applied
field is displayed in Fig. 4.10. The measurement is done with the magnetic
field applied along the long direction of the bits. From the hysteresis loop
follows a switch field, Hg, between 0 and 5 mT. The increasing magnetization
at larger fields may be due to a misalignment of the applied magnetic field
and the easy axis of the bits. If the magnetic field is at an angle with the
easy axis, the magnetization of the bits will rotate away from the easy axis
after switching.
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Figure 4.9: AFM image of a MROM sample. The image area is 22x8 uym. The
sample consists of a structured resist layer on top of a glass substrate, with a CoFe
layer deposited on top of it. (a) The image shows 6 bits with dimensions 5x 1
umn and a pitch of 7x4 pum. In the image the dimensions and spacings are also
indicated. From the image it is clear that the sample is rather dirty; a lot of artifacts
are present, like the large white spot at the bottom. (b) Line profile at the position
indicated by the dashed line in bit 2. The height is approximately 50 nm.
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Figure 4.10: Hysteresis loop of magnetization of the medium. The measurement
18 done with a SQUID magnetometer at room temperature. Only a relevant portion

of the measured field range is shown. The field direction is parallel to the long azis
of the bits.
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4.2.2 Results and discussion

First, an MFM scan at remanence (zero external field) is made of the bits,
to investigate the magnetic signal emanating from the bits. An MFM image
of 6 bits measured at remanence is shown in Fig. 4.11. No magnetic contrast
can be seen on the bits in the image, which is in contrast with an expected
strong black/white contrast between the two ends of the bit when it is
uniformly magnetized. However, as indicated with the line profile, there is
a small phase difference present. The markers indicate the maximum and
minimum phase over two of the bits. The phase difference is 2.0+0.5 degrees.
The distance between the markers of one bit is 5.2 ym, which corresponds
quite well with the actual lateral dimensions of the bit. From Fig. 4.11 a
complicated domain structure in the continuous film between the bits can
also be seen. It can be concluded that a small magnetic stray field is present
above the bits. However, the continuous film also shows magnetic contrast,
with a phase shift in the same order of magnitude as the signal of the bits.

W 4 3
0 24um

Phase [deg]

88 1 - 1 x 1 N 1
0 5 10 15 20

Position [um]

Figure 4.11: (a) MFM image of 6 bits measured at remanence, the scan size is
24x 8 um. The white line indicates the place of the line profile in (b). The markers
indicate the mazimum and minimum phase signal of 2 bits. The horizontal distance
between the markers is 5.2 um.

From this measurement it cannot be concluded that the magnetic field of
the bits can be straightforwardly measured in an MROM device. To further
investigate this, a large area is scanned, which results in the MFM image
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Figure 4.12: MFM scan of a 65x 58 pm bit area at zero magnetic field. The dark
areas are the bits. The J white spots indicate missing bits.

shown in Fig. 4.12. It shows a 65x 58 ym MFM image of the bit pattern. The
bits are visible as the dark contrast areas, as opposed to white contrast of
the bits in Fig. 4.11. This is probably related to the magnetization direction
of the tip. From Fig. 4.12 it becomes clear that 4 bits are missing. These
bits are omitted intentionally from the substrate, to test the resolution of
the MTJ sensor array [58]. Generally, it is seen (as in Fig. 4.11) that the
magnetic contrast is not located within the bits, but rather in the surround-
ing area. To additionally quantify the magnetic contrast seen in this image
two line profiles are made. The vertical profile in Fig. 4.13(a) is measured
from the bottom to the top of the vertical line in Fig. 4.12. The width of the
hills is approximately 2 ym wide, and the valleys are approximately 5 pm
wide. A pitch between the hills of approximately 7 pum is measured. The
horizontal line profile in Fig. 4.13(b) shows a pitch between the valleys of
approximately 4 pum, consisting of a valley width of 1 ym, and a hill width
of 3 um. All dimensions mentioned here correspond to the dimensions of
the bits as can be seen in Fig. 4.9.

In Fig. 4.14 a cross-section of the magnetic field measured (in the long
direction of the bits) with MTJ elements from [58] is shown for comparison.
Note that the magnetic field is negative, this relates to the calibration of
the MTJ resistance. Measurements are performed at 2 um intervals with
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Figure 4.13: Line profiles at the white lines indicated in Fig. 4.12. (a) The
direction of the vertical profile is from the bottom to the top of Fig. 4.12. The hills
have a pitch of approzimately 7 pm, and are approrimately 2 pm wide. The valleys
are approzimately 5 pm wide. (b) The horizontal profile is taken from left to right.

The valleys have a pitch of approzimately 4 ju.

a sensor moving in vertical direction. The magnetic field oscillates with a
period of 7 pm, and although hardly visible, it can be seen that the valleys
are slightly wider than the hills. This is the same result as found by the line
profile of the MFM measurement in Fig. 4.12. The limited resolution in the
data obtained with the MTJ sensor is due to the horizontal width (5 pm)
of the sensor. Therefore the measured signal is integrated over a 5 ym wide
area. To more directly compare this to a line scan measured with MFM,
an average line profile in the vertical direction (integrated over the width
of the entire image) is shown in Fig. 4.15. The area of maximum phase
signal in the average line profile are separated by approximately 7 pum, which
corresponds to the oscillation period of the magnetic field in Fig. 4.14. So
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Figure 4.14: Cross section of the magnetic field measured with an array of MTJ
sensors. The oscillation of the magnetic field has a period of 7 um. Adapted from

[58].

probably the MTJ array does not measure the individual bit magnetization,
but an averaged oscillating signal, which is determined mostly by the pitch

of the bits.
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Figure 4.15: Average line profile in the vertical direction of Fig. 4.12, integrated
over the width of the entire image.

Next, a magnetic field of +20 mT is applied approximately parallel to the
long direction of the bits. Fig. 4.16 shows an MFM scan of 6 bits, and the
line profile across 3 bits. It is clear that there is a large black/white contrast
between the left and right side of two bits. The phase shift at the ends of
the bits is 5.6+0.5 degrees (averaged over all 6 bits). The phase difference
is measured at the markers as indicated for two bits in Fig. 4.16. Also the
domain structure of the film changed. It seems that the complex structure
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observed in Fig. 4.11 has changed to a rather uniform image without mag-
netic contrast, reflecting a continuous magnetization in the region between
the CoFe bits. This becomes especially clear from the top of the image in
Fig. 4.16, far away from the bits. Fig. 4.17 shows the magnetization of the
bits with an applied magnetic field of —20 mT parallel to the long direction
of the bits. The magnetization of the bits is opposite in direction to the
situation at +20 mT.
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Figure 4.16: (a) MFM image of 6 bits measured at an applied field of 20 mT.
From the line profile follows a mazimum phase difference of 5 degrees at a distance
between the markers of 5 um.

In Fig. 4.18, the field was applied perpendicular to the long direction of the
bits. The magnetization of the bits is now perpendicular to the long axis,
even in the situation at zero applied field, although the sharp black/white
contrast is now partially lost. The remanence at zero field is not to be
expected, because from the shape of the bits the magnetization is likely to
be parallel to the long axis. It could be that this is due to the influence of
the continuous film, where a domain structure forms, as can be seen at an
applied field of 0 mT.

Next, a further quantification of the information contained in these MFM im-
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Figure 4.17: MFM Measurements at an applied magnetic field of —20 mT, applied
approzimately parallel to the long direction of the bits.

Figure 4.18: MFM Measurements, the field is applied perpendicular to the long
direction of the bits. The magnitude of the field is indicated. The images are 8x 16
um. More results are presented in Appendiz B.

ages is obtained. According to eq. 2.30, the observed phase shifts are propor-
tional to the second derivative of the sample stray field (A¢ o< 92H,/02?),
where the tip is assumed to be magnetized in the z-direction (perpendicular
to the sample surface). The stray field H can be expressed as the gradient
of a scalar potential, H = —V¢,, (eq. 2.23), where the magnetic scalar
potential is given by eq 2.24. Far from the bit the potential reduces to

m-T
e

(4.9)

where m = [ Mdr? is the total magnetic moment of the bits. Therefore,
the phase shift is proportional to the magnetization, i.e. A¢ ox M.
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To determine a measure for the magnetization, a line profile at the center of
the bits is made. The maximum of the phase signal at one end of the bit and
the minimum value at the other are subtracted, which gives a qualitative
estimate for the magnetization. The distance between the measurement
points (max-min) is 5 pm, this is the length of the bits. In Fig. 4.19 the
magnetization of 6 individual bits is determined according to this method.
The measurements are made at an applied field from +20 to —20 mT. Each
symbol represents one particular bit numbered in Fig. 4.9, and the solid
line represents a fit to the average value of the phase difference. The found
phase difference is scaled to 1 by dividing all the measurements by the largest
found phase difference of 6.8 degrees. This is the phase difference of bit 4
at —20 mT. No measurements are performed in the field range between 0
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Figure 4.19: The determined magnetization of a MROM bit as a function of the
applied field. The applied field was parallel to the long azis of the bit. (1)-(6) are
the measurements for individual bits. The solid line is a guide to the eye only for
decreasing field, the dotted line for increasing fields.

and —10 mT, so the actual switch field is between 0 and —10 mT. This is
in the same range as the switch field found with the SQUID magnetometer.
However, it should be realized that with SQUID the full magnetic layer is
measured, whereas here the magnetic behavior of an individual bit is probed.
From Fig. 4.19 it is clear that at uoH = 20 mT, the magnetization is not yet
saturated. In the field range from 10 to 20 mT an increase in magnetization
is observed, which is in agreement with the fact that the magnetization is
not saturated at poH = 20 mT (Fig. 4.10).
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Figure 4.20: The magnetization of a bit as a function of the applied field. The
applied field was perpendicular to the long axis.

Figure 4.20 shows the magnetization of one bit determined by MFM, where
the applied field is perpendicular to the long axis as in Fig. 4.18. This indeed
resembles a hard-axis loop, where the magnetization linearly increases with
increasing field. A small remanence is visible in Fig. 4.20, which is not
expected for this configuration. This remanence can also be seen in the
MFM images in Fig. 4.18 and appendix B. The reason for a somewhat
lower magnetic moment at +10 mT and 430 mT is not clear from the
measurements, and would require more data points taken at higher fields.

4.2.3 Conclusions

It is shown that the stray field of individual bits can be qualitatively mea-
sured with MFM. At remanence only a small signal is observed, correspond-
ing to a non-zero magnetic field experienced by the tip. The line profile of
a large scan indicates contrast with a period of 7 ym. This is similar to the
actual magnetic field that is detected with an MTJ in an MROM |58, 59).

At a non-zero applied magnetic field, the measured phase shift (which is
proportional to the magnetization) significantly increases. In this way, the
magnetization can be determined qualitatively with MFM by measuring the
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maximum phase difference of individual elements. The magnetization of the
bits for the applied field parallel to the long axis resembles the magneti-
zation of an easy axis loop, as measured by SQUID for the full magnetic
medium. However, MFM data at intermediate fields are required to further
test the hysteresis of individual bits. The situation with the applied mag-
netic field perpendicular to the long axis has a hard-axis behavior with a
small remanence.
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4.3 MRAM

MRAM (magnetic random access memory) technology, based on the use of
magnetic tunnel junctions (MTJs) as memory elements, is a potentially fast
nonvolatile memory technology. In recent years the MRAM technology is
based on arrays of patterned magnetic bits where each bit contains a mag-
netic tunnel junction (MTJ) [6, 60]. In Fig 4.21 a typical MRAM bit can
be seen. It consists of a MTJ sandwiched between a word and a bit line.
The MTJ consists of two ferromagnetic (FM) layers separated by a thin
insulating tunnel barrier. The lower layer is “pinned”, implying that its
magnetic orientation cannot be changed during normal operation, whereas
the magnetic orientation of the upper “free” layer can be changed by the ap-
plication of a sufficiently large magnetic field. The magnetic state of the free
layer is defined as parallel or anti parallel with respect to the magnetically
pinned layer. Challenges for MRAM development include the reduction of
magnetic switching fields, eliminating bit instabilities and scaling down the
lateral dimensions.

Word-line

Figure 4.21: In magnetic random access memory (MRAM) technology an MTJ is
used to store data. Data can be written to the MTJ by sending an electric current
through the word and bit line. The magnetic field produced by the two currents
(indicated by the black circles) triggers the magnetic moment of the free layer to
move to a particular orientation. The stored data can then be read electronically by
measuring the resistance of the cell.

In this section, the magnetic behavior of structured MTJ stacks as observed
by MFM, is described. Also, the change of magnetization with the applica-
tion of external magnetic fields is demonstrated.
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4.3.1 Sample properties

Square MRAM bits (without electrical contacts) are fabricated. This is done
by sputter deposition of the layers onto a substrate. The multilayer consists
of a Si substrate with the following layers grown on top: 5 nm Ta/ 5 nm
CoFe/ 10 nm FeMn/ 3.5 nm CoFe (pinned layer)/ 0.9 nm AlOx/ 15 nm
CoFe (free layer)/ 5 nm Ta. These are then covered with a resist layer, and
successively patterned by electron beam lithography. The sample is then
etched, by which structures with sizes of 1x1 yum are formed. The resulting
MRAM structure is schematically shown in Fig. 4.22.
CoFe (15 nm) (Free)

==
AlOx (0.9 nm)

| —— | CoFe(35nm) (Pinned)

FeMn (10 nm)

Ta (5 nm)

Substrate

Figure 4.22: Schemalic representation of a MRAM bit. The different layers are
indicated in the picture. The arrows indicate the free and pinned magnetic layer.

In Fig. 4.23(a) a scanning electron microscope (SEM?) image of several bits
can be seen. The bits are 1 um square, and have a pitch of 2 ym. The height
of the bits is approximately 41+5 nm, as can be seen by the line profile of
the AFM image in Fig. 4.23(b). This height is consistent with the nominal
height of 44 nm of the total stack. In the AFM image, some distortions can
be seen as bright white spots, in particular at the edges of some elements.
This is probably due to the processing of the sample, some residual resist is
left at the edges of the bits.

4.3.2 Results and discussion

In Fig. 4.24(b—d) MFM measurements of 10x10 um can be seen. The topo-
graphy is shown in Fig. 4.24(a) for clarity. The white spots probably orig-
inates from dust on the sample, or redeposited material as a result from
the etching process. In the absence of a magnetic field an MFM image

2Philips XL 30 SEM, located at TU/e.
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Figure 4.23: (a) Scanning electron image of a sample with MRAM bits measured at
TU/e. The bits are 1x 1 um, and have a pitch of 2 um. (b) AFM image of the same
sample. According to the line profile in (c) the height of the bits is approzimately
41 nm.

(b) clearly shows the non-uniform magnetization distribution in the MRAM
bits by the complex contrast. Also the magnetization reversal induced by
scanning with a magnetic tip, indicated by the horizontal lines on the bits
can be seen. This will be addressed later. All bits are switched to a rather
uniform magnetic state by application of a magnetic field (c) in the hori-
zontal direction. This indicates that the free layer of the bits is rotated,
and the direction of the magnetization of all the bits is parallel to the ap-
plied field. Subsequently, application of a negative magnetic field (d) shows
again that the bits have changed their magnetization direction. However, in
this case the bit indicated by the circle is not switched at —30 mT. Proba-
bly pinning of the magnetization at imperfections requires a larger applied
field for this bit to switch. The bit indicated with the square switches un-
der the influence of the stray field of the tip during scanning. Contrast in
Fig. 4.24(c) and Fig. 4.24(d) is different due to the scanning errors in the
top of Fig. 4.24(c) which suppresses the magnetic contrast. Comparing the
line profiles in Fig. 4.24(e) and (f) shows approximately the same phase shift
for both measurements.

In Fig. 4.25 the magnetization of the entire sample is measured as a function
of the applied field with a SQUID magnetometer at room temperature. Two
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Figure 4.24: A 10x10 pm scan of MRAM bits. (a) Topography. MFM scans at
(b) 0 mT, (c) +80 mT and (d)-30 mT. The circle indicates a bit that is not changed
after applying a negative field. The square indicates a tip-induced switching of a
bit. In (e) and (f) line profiles of the line indicated in (c) and (d) can be seen.
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switches can be seen, at an applied field range of approximately 0-30 mT,
and at a field range of approximately 100-150 mT. Comparison with the
MFM measurement above indicates that the switch of the free magnetic
layer is indeed observed with MFM. However, at zero applied field the MFM
measurements show a complex structure with random orientation of the
magnetization, which cannot be correlated easily with SQUID for a large
collection of bits measured simultaneously.
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Figure 4.25: SQUID measurement at 300 K of the magnetization as a function
of the applied field.

(a) AFM (b) 0 mT (c) 100 mT  (d) 30 mT (e) 0 mT

Figure 4.26: (a) AFM image of an MRAM bit, the image is 1.7x 1.7 um. MFM
image of the same MRAM bit can be seen at an applied field of (b) 0 mT, (c)
100 mT, (d) 30 mT, and (e) 0 mT. The direction of the applied field is indicated
below the images. The arrows in the bit indicate the magnetization direction.

In Fig. 4.26 an individual MRAM bit is shown. In (a), the AFM image of the
1x1 pm bit can be seen, and (b) through (e) show MFM images of the same
bit at applied fields of 0, 100, 30, 0 mT, respectively. The measurements are
performed in this order. The arrow in the bit indicate the magnetization
direction as suggested by the contrast in the image. In figure (b) and (e) the
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magnetization at remanence can be seen, where we like to add that the his-
tory of applied magnetic fields in (b) is not known. By applying a magnetic
field of 100 mT (c), the magnetization of the bit changes its direction, as in-
dicated by the changed black-white direction of the contrast. Measuring the
magnetization after application of the external magnetic field, as seen in (e),
gives approximately the same magnetization direction as in (b). According
to the SQUID measurement, the magnetization direction was expected to
remain approximately in the same direction as in Fig. 4.26(c). The change
in direction can be due to the presence of redeposited magnetic material on
the structure leading to a preferred direction of the magnetization. Fig. 4.27
shows (a) a zoom of the topography, and (b) a 3D representation of the bit
seen in Fig. 4.26(a). The front left corner is clearly higher than the rest of
the bit, which could indicate the presence of redeposited magnetic material
at that corner, and a subsequent preferential direction of the magnetization.
However, it cannot be excluded that the contrast in the AFM image is par-
tially obscured by magnetic tip-sample interactions (see, for example, also
Fig. 2.13). An alternative explanation is related to possible fluctuations in
the AlyO3 barrier thickness. When, at the location of the bit, the Al,O3
is very thin, this could lead to direct coupling to the underlying magnetic
layer that is exchange biased to FeMn. Due to this, the magnetization could
be pinned in a specific direction.

(b)

Figure 4.27: Zoom of the topography of the bit in Fig. 4.26. The front (bottom)
left corner is clearly higher than the rest of the bit. (a) The contrast is focused on
the top of the bit, all the surrounding area appears black. (b) 3D image of the same
area.

At an intermediate field of 30 mT (Fig. 4.26(d)) the magnetization is changed
during the measurement. As the MFM tip was scanned over the bit, the
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Figure 4.28: MFM scan of 10x4 pum, measured at an applied field of 0 mT.
Several bits switch their magnetization under the influence of the stray field of the
tip, indicated with the white arrows.

magnetization suddenly changed. This can be seen by the vertical line in the
center of the bit in. As mentioned, the magnetic state of a bit at remanence
is influenced by the stray field of the MFM tip. In Fig. 4.28 an MFM scan
of several bits can be seen, measured at 0 mT. The white arrows indicate
switching of the magnetization of the bits under the influence of the stray
field of the MFM tip. Fig. 4.29 shows a zoom of a bit, in (a) the magnetiza-
tion switches indicated by the horizontal line. Scanning the same bit again
(b) results in the same magnetic state as in (a) after the switch. Apparently,
the magnetic state of the bit after switching is more stable than the state
before the switch. In follow-up experiments, this can be prevented by using
tips with a smaller magnetic stray field, although in that case, application
of an external field may influence the state of the tip.

(a) (b)

Figure 4.29: Zoom of a bit. (a) The bit switches magnetization direction due to
the influence of the tip. (b) Subsequent scan shows the tip in the same state as after
the switch. Note that the resolution of the images is poor due to the fact that they
are zoomed from a larger scan. Image size is 2.5x 2.5 pm.
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4.3.3 Conclusions

The magnetic microstructure of fabricated MRAM bits is analyzed by MFM.
The magnetic state of the individual bits can be visualized with MFM, and
influenced by application of an external magnetic field. It is seen that in-
dividual bits do not always behave like expected by macroscopic measure-
ments. For example, this can be caused by the influence of redeposited
magnetic material, during the etching process, or coupling with the under-
lying pinned layer. At low field, the magnetic stray field of the tip is large
enough to change the magnetization and a non-uniform distribution of the
magnetic domains is observed. In contrast, MRAM bits reveal an almost
uniform magnetization at applied fields of 30 mT.
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4.4 Structures for spin injection in semiconduc-
tors

Traditional semiconductor devices operate by using electron charge to carry
information. Recently, semiconductor devices based on the control and ma-
nipulation of electron spin were proposed [61, 62, 63]. For such devices it is
necessary to inject a non-equilibrium spin population into the semiconduc-
tor. Spin injection can be achieved from a ferromagnetic metal (FM) into
the semiconductor (SC) by using a tunnel barrier (TB) [64].

FM Electrodes (CoFe)
lator (SiO,)
Tunnel Barrier (AIOx)

Semiconductor (n-GaAs)

Figure 4.30: A schematic representation of a semiconductor based spin valve.
Two CoFe electrodes are placed on a n-GaAs semiconductor, separated by an AloO3
tunnel barrier. Adapted from [65].

The lateral FM/TB/SC/TB/FM structure, as seen in Fig. 4.30, acts as
a spin-valve, since the two ferromagnetic layers can be oriented in a par-
allel orientation, as well as in an anti-parallel orientation (see also sec-
tion 1.2). Application of a bias voltage over the FM electrodes leads to
a spin-dependent current. By designing the FM electrodes to have different
switching fields, their magnetization directions can have either a parallel or
anti-parallel alignment configuration, depending on the external magnetic
field. The switch field can be controlled via shape anisotropy as seen, e.g. in
eq. 4.5 for the SW-model. Electrodes of different width will therefore switch
their magnetization direction at different applied fields. To investigate the
magnetization reversal of the electrodes, the switch field of CoFe strips as
a function of the width is determined in a traineeship project [66]. In this
section, the most important results of that study will be discussed. First,
some properties of the sample are discussed, and the measurements are ex-
plained. Then, the switch field of the CoFe strips is determined using MFM,
and investigated as a function of the width of the strips. A comparison is
made with theoretical models and the results of micromagnetic simulations
are also included.
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4.4.1 Sample properties

The width dependence of the switch field H; is tested with structured CoFe
strips. Strips of approximately 20 um long are patterned by e-beam litho-
graphy in a resist layer on a GaAs substrate. Next, CoFe (CogoFejp) is
deposited, and the resist is removed. The resulting strips are capped with
a thin layer of Ta to prevent oxidation. The width of the strips is varied
between 0.5 and 1.5 pm, and the thickness of different strips varies between
50-100 nm, depending on the width of the strip. The variation in thickness
is a result of the sample preparation. In Fig. 4.31 an AFM image of a strip
with a width of approximately 1 pm can be seen. The edges of the strip are
rough as a result of the fabrication process.

Figure 4.31: AFM image of a CoFe strip with length 20 um, and width 1 um. The
edges of the strip are rough due to the sample preparation. The image is 22X 4 um.

4.4.2 Measurement principle

In Fig. 4.32 a magnetization curve is shown to explain the measurement
principle. At a large applied field, the strip will be saturated as in (A). The
corresponding MFM image (A) indicates the magnetic state of the strip,
which, in this case, is single domain as seen by the large black and white
contrast between the strip ends. This situation will be maintained until a
field |[H| > H, in the direction opposite to M is applied, and the magne-
tization switches to situation (B). In this case, again a sharp contrast is
observed, although now in opposite direction. The switch field, Hy, is found
in an iterative way:

o A large positive field is applied (1), and an MFM scan (all measure-
ments are done in remanence) reveals that the strip is in situation (A).
After each step this large positive field is applied again.

e Application of a negative field and subsequent measurement at zero
field, will show that the strip is switched (2) in situation (B), or re-
mains unswitched (3) and is still in situation (A).
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o If the strip was switched, approximately half of the field (2) is applied
(3), and situation (A) is found back. If the strip was unswitched, a
larger field (2) is applied until situation (B) is found.

e A field between (2) and (3) is applied, and again a MFM scan is
performed to check the state of the strip.

e This process continues, with decreasing step sizes, until the switch
field (4) is found.

Hs

— — ] — — —

2 4 3 1

Figure 4.32: Visualization of the measurement principle on the basis of a standard
hysteresis loop. The switch field Hs is found in an iterative way (1)-(4); further
ezplanation of the measurement principle is given in the text.

To show magnetization switching of the CoFe strips with MFM, Fig. 4.33
shows typical MFM images of the end of a CoFe strip. The images are
zoomed in at the end of a strip to focus on the magnetization switching.
The strip has a width of 1.5 ym. The measurements are not performed
in the order shown in the image, but according to the iterative way above
(see the number in the upper right corner of each image). Note that not all
images have the same size. As long as the contrast at the end is dark, the
strip is not switched, bright contrast means that the strip is switched. From
Fig. 4.33 it is clear that the magnetization of the strip switches between
—11.1 and —11.2 mT.

MFM images, such as those in Fig. 4.33, show that magnetic contrast is
concentrated at the ends of the strips, with white contrast at one end and
dark at the other. The polarity of the magnetization depends on whether
the previously applied field is larger than the switch field (|H| > H,). Al-
though this suggest a single domain state as mentioned before. A special
case can be seen in Fig. 4.34. The two entire strips show a detailed internal
structure probably related to a non-uniform magnetization. Additionally,
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-15.0 -20.6

Figure 4.33: MFM images of a 1.5 um wide CoFe strip, showing switching of the
magnetization between -11.1 and -11.2 mT. The images are zoomed around the end
of the strip, but are not all of the same size. The measurement order is indicated
in the top right corner of each image.

the bottom strip clearly shows a domain wall. This may indicate a more
complex domain structure, which in turn may greatly affect the mechanics
for magnetic switching, including the actual switching field.

Figure 4.34: MFM scan of two strips. The scan size is 23x 10 um. The top strip
has a width of 1.5 um, and the bottom strip is 1.0 um wide. The magnetization of
both strips is opposite, although the field history is not known. It is clear that the
ends of the strips show magnetic contrast, but also an internal structure is visible.
The bottom strip clearly shows a domain wall.

4.4.3 Results and discussion

As indicated above, strips of different width switch at different applied mag-
netic fields. By measuring strips of different widths, the magnetic switch
field H is found as a function of the width of the strips. Fig. 4.35 shows
H, versus the width, for an external field along the long axis of the strips.
These measurements are performed according to the described method in
section 4.4.2. Two series of measurements are shown. The open squares
are performed on as-deposited samples, the full squares are measured after
cleaning of the sample. The sample is cleaned because of dust contamination
with acetone and ethanol in an ultrasonic bath. The magnitude of H, after
additional cleaning is significally higher than before, although the amount
of data for the uncleaned sample is too limited too draw definite conclu-
sions. The enhanced H; is probably due to the formation of oxides during
the cleaning process, which reduced the amount of CoFe in the strips, and
therefore suppresses the effective width. In order to determine the mecha-
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nisms of magnetization switching in CoFe strips, the different magnetization
switching models, as discussed in section 4.1, are now applied.
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Figure 4.35: The swiich field of the CoFe strips as a function of D, the width of
the strip. The open squares are from the measurement of the sample before cleaning
and the solid squares are obtained after cleaning. Above the vertical break, the SW
curve is presented for comparison. The solid line represents the curling model, and
the dotted line represents the switch field according to micromagnetic simulations
performed with OOMMEF. For more details see the text.

The Stoner-Wohlfarth (SW) model (see section 4.1.1) is applied first. Dif-
ferent switch fields of strips with different widths caused by their different
shape anisotropies can be calculated by approximating the strips with el-
lipsoids with known demagnetizing factors, N; and N (see Appendix A).
The demagnetization factors are approximated by those of a slender ellip-
soid, because the length of the strips is larger than the width, which is again
larger than the height. The crystalline anisotropy constant K is assumed to
be negligible, because of the polycrystalline structure of the deposited CoFe
layer. Easy axes are pointing in random directions, which means that there
should be effectively no magnetocrystalline anisotropy in the plane of the
strips.

Substituting the calculated demagnetization coefficients into eq. 4.5 gives
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the switch field according to the SW model:
H, = (NL - N||)MSa (4'10)

as indicated with the dashed line in Fig. 4.35. Calculated switch fields for
strips with different widths were between 10 mT for 1.5 ym wide strips and
250 T for 0.6 um strips. Since the observed fields were all in the range of
10-20 mT, it follows that the reversal of magnetization directions for CoFe
strips does not take place according to the SW model.

Magnetization reversal according to the C model can be determined with
eq. 4.6. With the crystalline anisotropy constant K assumed to be negligible,
the switch field is given by

8Aq? 1
NOMS D%

H =—N||Ms+ (4.11)

Using the appropriate parameters for CoFe: A = 3-107!! J/m and M, =
1.4-10% A/m, Hy is calculated and plotted as the solid curve in Fig. 4.35.

All experimental data points are substantially higher than the C curve.
However, it could be that a serious error is made in estimating the constants
in eq. 4.6. To test the 1/D? dependence, a plot of the data together with
eq. 4.6 is shown in Fig. 4.36. The constants K and A are varied to find the
best fit. The other parameters are: N; = 0, g=1.84, and M = 1.4-10% A/m.
The parameters found for the best fit are: A = 41070 J/m, and K =
5.6-10% J/m3. From Fig. 4.36 it can be concluded that the switching of the
CoFe strips is qualitatively following the Curling model, although at present
no evidence is available to substantiate the large values required for A and
K.

On the basis of micromagnetic simulations (OOMMF), the switch field is
simulated using the appropriate material parameters. The particle is ap-
proximated as an ellipsoid with a length of 20 ym, and variable width. With
OOMMF, the energy minimum is calculated for every step in a specific field
range, leading, as an example, to the magnetization curve of Fig. 4.37 for
a particle with a width of 1400 nm. From these magnetization curves the
switch field is determined for strips of different widths. This leads to the
dotted curve in Fig. 4.35. The switch field found with the simulations is
higher than the switch field found with the measurements, which, given the
uncertainty in the material parameters as well as in the data, is a rather
satisfactory agreement.

As mentioned earlier, the models used above are only valid in a specific
width range. For widths larger than the single domain diameter Dgp, which
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Figure 4.36: The measurements are fitted with eq. 4.6, where N = 0, ¢=1.84,
and M, =1.4-10° A/m. K and A are varied to find the best fit, which results in
A=4-10"1 J/m, and K =5.6-10° J/m>. Only the solid squares are fitted.

is = 3 pm for Co (see section 4.1.3), the strip is expected to be in a multi-
domain state, and switching will occur by domain wall displacement. For
widths smaller than Dgp, the strip is single domain, and switching occurs
by the SW mode or the C mode. The SW mode is dominant for widths
smaller than the critical diameter, D..;, which is estimated as ~ 26 nm
for Co (see section 4.1.2). For the strips used here (600 < D < 1500 nm),
magnetization reversal according to the C model should be expected from
the large difference in the width of the strips compared to the critical di-
ameter (eq. 4.7) of = 26 nm. However, as seen in Fig. 4.34, we have found
strong evidence that the switching takes place via domain wall displace-
ment, and moreover, a detailed internal magnetic configuration is observed
also suggesting a multi-domain situation. Nucleation of domain walls can
decrease the magnetic switch field, but pinning at imperfections in the strip
can increase the switch field. The switch field found with micromagnetic
simulations is higher than the measured switch field. This is probably due
to the fact that the simulations are performed on perfect structures (espe-
cially at the corrugated edges), whereas the real strips all have imperfections
in the structure, where pinning of domain walls can occur.
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Figure 4.37: Magnetization curve of a 20 um long and 1.4 pm wide strip, simu-
lated with OOMMEF. The two simulations shown are representing the positive and
negative saturation magnetization.

4.4.4 Conclusions

Magnetic force microscopy is successfully used to visualize the magnetic
state of structured CoFe strips. The magnetic switch field of the strips can
be determined for individual strips, and it is determined that the switch
field depends on the width of the strips. The measurements are compared
to different models.

Assuming magnetization reversal by SW, a switch field pgHg,=100 mT
for 1.5 pm wide strips is found, which exceeds the measured values by a
factor of 10. This indicates that magnetization reversal does not follow
the SW model. The curling model has an 1/D? dependence of the switch
field according to eq. 4.6. This 1/D? dependence is also found in the
measurements (Fig. 4.36). It can be concluded that the switching of the
CoFe strips is qualitatively following the Curling model. The results for
micromagnetic simulations of the reversal in ellipsoids are in reasonable
quantitative agreement with experimental data on CoFe strips. For strips
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where the width is approximately 0.5-1.5 pm, the simulation show that
the found switching fields are higher than the measurements. However, it
should be noted that the internal magnetic structure seen in th MFM images
(probably related to defects and irregularities at the sample boundaries) is
not included in these simulations, which may in general drastically affect
the magnetization reversal. The correspondence of the simulations with the
data could therefore be fortuitous.
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Chapter 5

Conclusions and outlook

Magnetic force microscopy is a useful tool for observing the magnetic do-
main structure of structured magnetic samples. The theory behind MFM
is presented, and the magnetization of several samples is investigated. A
magnetic stage has been designed to perform MFM measurements in the
presence of an external applied field up to 120 mT. It is possible to visu-
alize magnetic domains and domain walls of structures with a typical size
of 1 um by MFM and to manipulate them with an external magnetic field.
Experiments have been performed on magnetic nanostructured devices to
image magnetic properties on a sub-micrometer scale. The results of these
investigations are summarized here.

e The magnetization of a data carrier intended for the development of
MROM is qualitatively determined. The sample consists of a sub-
strate, structured with bits of 5x1 pum. The full substrate is coated
with a continuous magnetic CoFe film. The height of the bits, mea-
sured with AFM, is found to be approximately 50 nm. It is shown with
MFM that in the remanent state a small magnetic field is present above
the bits. A larger scan area reveals an oscillating signal with a period
of 7 um, corresponding to the measured signal measured with an MTJ
array. By determining the measured phase shift as a function of the
applied field, the magnetic state of individual bits can be determined.
A switch field in the range of 010 mT is found in agreement with a
SQUID measurement performed on the full magnetic layer. The mag-
netic signal above the bits can be improved by increasing the magnetic
stray field emanating from the bits. This can be done by increasing
the height of the bits, or deposition of the CoFe layer under oblique
angles to prevent the formation of a continuous magnetic layer.
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e Structured magnetic multilayers (bits) are investigated for their rele-

vance in the development of MRAM. The bits consists of a substrate
with a 5 nm Ta/ 5 nm CoFe/ 10 nm FeMn/ 3.5 nm CoFe (pinned
layer)/ 0.9 nm AlOx/ 15 nm CoFe (free layer)/ 5 nm Ta stack. With
MFM the top CoFe layer is investigated. At remanence, the magnetic
microstructure is determined. MFM proves to be a valuable tool to
investigate the local properties of single bits, as they do not always
behave like (SQUID) measurements predict. The magnetic state of
several bits is changed during scanning by the influence of the stray
field of the tip. At applied fields of 30 mT, the magnetization is found
to be almost uniform and in the plane of the magnetic layer.

For spin injection into semiconductors, the magnetic field direction of
two ferromagnetic strip-like electrodes needs to be individually con-
trolled. MFM is used to determine the width dependence of the mag-
netic switch field of these magnetic (CoFe) strips. The switch field of
strips with length 20 ym and width between 500-1500 nm is found to
be in the range of 10-20 mT, which enables the magnetic control of a
spin-injection device by choosing 2 strips of different width. The mea-
surements do not correspond to models describing switching in single
domain particles using realistic material parameters. Micromagnetic
simulations with OOMMF are made, and show a similar width depen-
dence of the switch field as the measurements. In future studies, the
simulations can be improved by using the realistic shape of the strips.
To enter the regime of single domain models, the lateral dimensions
of the strips should be reduced, or magnetic material with a smaller
saturation magnetization should be used.
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Appendix A

Demagnetization Factors

The magnetic field inside a magnetized sample tends to demagnetize
the sample and is known as the demagnetizing field H;. In general
the demagnetizing field acts opposite to the magnetization M which
creates it:

H,=-N;M, (A.1)

where N, is the demagnetizing factor, and depends strongly on the
geometry of the sample, but can only be calculated exactly for an
ellipsoid where the magnetization is uniform throughout the sample.
For a general ellipsoid with semi-axis ¢ > b > a, the demagnetization
factors are N., N, and N,, respectively. The demagnetization factors
are related by:

No+Ny+N.=1. (A.2)

The demagnetization factors are given for three different ellipsoids:

e Prolate sphereoid (¢ > a = b). The aspect ratio m, is defined as
m = c/a.

m In (——————m+m)

Nyy=N, = ———— m——m_m
1 7“%%%%)1
m?—1 2v/m? — 1

, (A3)

N.=N; = (A4)
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e Slender ellipsoid (¢ >> a > b).

N, — b _ﬁl_)_ln(a4c)+ab(3a+b) (A5)

a+b 2 +b 4c*(a+b)’

a ab 4c ab(a + 3b)
= - —1 A6
Ne a+b 2c2n<a+b>+4c2(a+b)’ (A-6)

v () 1) a

e Oblate sphereoid (¢ = b > a). The aspect ratio m, is defined as

m = c/a.
m2 arcsin ( v mﬁi‘l)
N, = 5 1- , (A.8)
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Figure A.1: Calculated dependence of the demagnetization factors of a prolate
spherotid on its aspect ratio c/a. For ¢/fa > 10, N, = 0.5.

Figure A.1 shows the demagnetization factors of a prolate spheroid on
its aspect ratio (c/a). In the case of a high aspect ratio, the demagne-
tization factor along the hard axis is equal to 0.5, and the demagneti-
zation factor along the easy axis is 0.



Appendix B

MFM Measurements on
MROM sample

All the images in the series explained in section MROM are presented
here.

In Fig. B.1, approximately 4 bits can be seen, indicated by the topog-
raphy. An external magnetic field was applied parallel to the short
direction of the bits, the magnitude of the field (in mT) is indicated
below the images. The magnetization of the bits is perpendicular to
the long axis, even in the situation at zero applied field.

(30) w) (8 )

Figure B.1: Continued at the next page.



104 MFM Measurements on MROM sample

@ @ © (2

(-4) (-8) (-10)

(-30) (Topography)

Figure B.1: MFM with the field applied in the short direction of the bits. The size
of the images is 6.5x 13 um.
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Figure B.2: MFM Measurements of a structured CoFe sample. The external field
1s applied in the long direction of the bits. All images are 24x 12 pm.

Fig. B.2 shows 6 bits where the applied field is parallel to the long
direction of the bits, the magnitude of the applied field (in mT) is
indicated below the images. The magnetization of the bits is uniform
in-plane and parallel to the long axis, except for the situation at zero
applied field, where almost no signal can be seen on the bits.
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Appendix C

AFM/MFM User Guide

In this section, a guide is given to perform AFM or MFM measure-
ments. In this guide step by step instructions are presented. To do the
measurements the user simply has to follow these steps. At the end
of this appendix a quick guide is given for the advanced AFM/MFM
user.

C.1 Initial preparations

Before measurements can start, the microscope and sample have to
be prepared. These preparations apply to all measuring modes. The
sample preparation, cantilever installation and the general setup is de-
scribed.

C.1.1 Sample preparation

Choose a sampleholder (figure C.1a) suitable for your measurements
and attach it to the holder stage. Depending on the measurement
you are preparing you can choose between different sizes and materials
for the sample holder. To mount the sample on the sample holder a
screw or glue can be used. For measurements in the presence of an
external magnetic field, place the appropriate coils and yoke on the
holder stage, and connect the wires. After that, place the holder stage
onto the sample approach module (figure C.1b).
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Figure C.1: a) Different sample holders, the holder stage and a magnetic coil/yoke
setup. b) The sample approach module, The ‘manual approach knob’ is indicated
by ‘A

C.1.2 Cantilever installation

Put the scanner head upside down on the table and set the switch on
the left hand side of the head in the close position (indicated by the
arrow in figure C.2) to install a cantilever in the scanner head. The
spring holding the cantilever is released. If a cantilever is present in
the head, make sure you have a storage container nearby, take a pair
of tweezers and remove the cantilever. Select a cantilever suited for
your measurements (Contact, Non-contact or Magnetic). Place the
cantilever on the right side of the working area (dotted line in the right
zoom of figure C.2), and shift it under the spring. With the cantilever
in the correct place, set the switch on the left hand side back in the
open position.

Figure C.2: The scanner head, on the left the switch, the arrow indicates the
direction in which the spring is released. On the right side a zoom of the cantilever,
the working area is indicated by the dotted region.
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When a magnetic cantilever is installed, hold a small magnet just above
the cantilever to magnetize it.

Place the scanner head back on the approach module, but make sure the
cantilever does not touch the sample. Turn the ‘manual approach knob’
(A in figure C.1) under the sample approach module counterclockwise,
if there is not enough space between the sample and the cantilever.

C.1.3 General setup

Turn on the anti-vibration table, the camera and the TV. Log in on the
computer and start the software with the ‘smena’ icon on the desktop.
Turn on the electronics with the red switch on the front of the unit.
Move the camera above the mirror so that the end of the cantilever can
be seen on the TV.

Figure C.3: The top row of butlons in the smena program. 1: the laser on/off
button. 2: the photodiode button. 3: SPM control block diagram. 4: piézo-extension
indicator bar.

Turn on the laser of the scanner head by pressing button 1 in the top
row buttons of the software (figure C.3). View the photodiode signal
by pressing button 2. With the two ‘laser’ knobs on top of the head
(figure C.4) move the laser so it is pointing on the end of the cantilever,
as seen on the TV screen, and maximize the ‘LASER’ signal from the
photodiode. Preferably the laser signal should be larger then 10. Bear
in mind that the laser has to stay at the end of the cantilever, if it
is turned too far from the end the laser signal will increase, but the
measured deflection will decrease. With the two ‘photodiode’ knobs
center the signal on the photodiode. If the photodiode signal is maxi-
mized and centered, close the window by pressing the ‘ESC’ key on the
keyboard.

Turn the micrometer screws on the sample approach stage to position
the sample under the cantilever. Depending on the sample and the
reflectivity, the sample position can be seen on the monitor if the cam-
era is positioned above the mirror. Turn the manual approach knob
clockwise, while observing the sample-cantilever distance by eye, until
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the distance from the sample to the cantilever is about 1 mm.

Figure C.4: The top of the head. The top two knobs are the laser alignment knobs
and the bottom two are the photodiode adjustments knobs.

C.2 Measuring modes

Make sure the initial preparations from paragraph C.1 are done. This
means that the program must be running and the electronics are turned
on, the cantilever and sample are installed, the preliminary approach
is performed and the laser and photodiode adjustment are completed.
There are two basic measurement modes: Contact Atomic Force Mi-
croscopy (Contact mode) and Semi Contact Atomic Force Microscopy
(Tapping mode). Contact mode is also known as DC-mode, because
the cantilever is not vibrating in contrast to tapping mode, which is
known as AC-mode. Generally tapping mode is used. A special case
is Magnetic Force Microscopy (MFM-mode). MFM-mode will not be
treated separately, but included in contact and semi contact mode.

C.2.1 Contact Atomic Force Microscopy

In Contact mode the tip is in constant contact with the surface so there
is a chance of damaging soft samples. Contact mode is the basis of other
scanning techniques where the tip is in contact with the sample.
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Preparation of ‘SPM Control block diagram’

To set the parameters used during scanning open the ‘SPM control
block diagram’ by pressing button 3 in figure C.3. The ‘SPM control
block diagram’ is divided into three sections, the top section displays
the scan-settings, the middle section the lock-in amplifier settings and
the bottom section is a small oscilloscope (figure C.5).

Figure C.5: SPM control block dia-
gram. The diagram is dwvided into &
parts. In the top part the scan set-
tings are displayed, the middle part dis-
plays the lock-in amplifier settings and
the bottom part is an oscilloscope.

In the top section apply the DFL signal to ‘FB in’ by clicking on the
‘MAG’ button under ‘FB in’ and selecting ‘DFL’. To set the initial DFL
signal to 1.5 nA turn the vertical adjustment knob of the photodiode
(figure C.4). Set ‘Spoint’ to zero by clicking on the value and adjusting
the slider and make sure the ‘FB gain’ value is larger than 1.

MFM: In order to do DC Magnetic Force Microscopy no additional
settings are required. When all these settings have been applied con-
tinue with section ‘C.3 Approaching the sample’ on page 113.
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C.2.2 Semi Contact Atomic Force Microscopy

Operation in Semi contact or Tapping mode is the most commonly used
mode and is the basis of other techniques using modulation modes. In
Tapping mode the cantilever is oscillated at the resonant frequency.
The tip end is just a brief moment of the vibration period in contact
with the surface, in this way there is less chance of damaging the sample
during scanning.

Preparation of SPM Control block diagram

To set the parameters used during scanning open the SPM control
block diagram by pressing button 3 in figure C.3. The SPM control
block diagram is divided into three sections, the scan-settings in the
top section, the lock-in amplifier settings in the middle section and a
small oscilloscope in the bottom section. All settings in this diagram
can be changed by pressing the button or the value and shifting the
slider to the correct value, or by selecting the correct signal.

In the top section make sure the ‘FB in’ signal is set to ‘MAG’ and
the feedback is turned off (Open circuit ‘I’). The lock-in signal must be
‘d’ as indicated in figure C.5. The preliminary amplifier input must be
set to ‘high’ or ‘low’ frequency depending on the used cantilever. High
frequency is used for frequencies higher than 80 kHz.

Set the cantilever resonant frequency by pressing the ‘search’ button
in the top section, the resulting signal-frequency curve is shown on the
oscilloscope and the working frequency will be set to the frequency
with the maximum signal. If there is now resonant frequency found,
check the preliminary amplifier input for ‘high’ or ‘low’ frequency input.
If the signal-frequency curve is broadened (no nice gauss curve), the
voltage is probably too high, lower it by reducing the voltage ‘v’ or
by lowering the multiplication value (0.1,1,10). The initial value of
the ‘MAG’ signal should be around 10, if the ‘MAG’ signal is too low
increase the ‘gain’ of the lock-in amplifier until the desired value is
reached.

In the top section the initial ‘SPoint’ value should be set at approxi-
mately 50% of the initial ‘MAG’ value. Make sure the initial ‘FB gain’
value is larger than 1.
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Figure C.6: The top oscilloscope. The displayed signal is a typical approach signal.
Setpoint should be set to approzimately the level of the arrow. Button 1 can be used
to changed the displayed channel.

MFM: To do AC Magnetic force microscopy, the phase signal has to
be set to 90°. Apply the channel B to the bottom right oscilloscope,
figure C.6, by pressing button 1 and selecting ‘—>B’, and pressing the

‘GO’ button. Go back to the SPM Control Block Diagram, and change
the ‘Phase’ value so the scope readout is approximately 90°.

C.3 Approaching the sample

After all the parameters for the used measuring mode are set, the
approach of the sample to the tip can be performed. The method is
the same for all measuring modes.

Make sure the ‘FB’ signal is displayed on the top right oscilloscope,
figure C.6. If not change the signal by pressing button 1 and select
the ‘FB’ signal. Pressing the GO button will start the oscilloscope.
Using the mouse left button (and the shift key) will change the axis
dimensions by moving the mouse.

Press the ‘mover’ button located in the top left corner of the SPM
control block diagram, to open the approach window, alternatively
press the ‘Apr’ button in the quick access toolbar on the left of the
screen. Move the approach window off the oscilloscopes or the scope
will not display a signal. Make sure the fine button is pressed on the
‘Mover’ or ‘Probe’ tab. Put the ‘Landing’ rate on 19 (contact mode:18)
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by pressing the ‘Rate 20’ button. Pressing the Landing button will

Figure C.7: The approach window. Landing will start the automatic approach
procedure. Forward moves the sample closer to the tip, and backward will remove
the sample from the tip

start the automatic approach to the sample. The automatic approach
is ended with an ‘ok’ signal. The indicator bar at the top of the screen
(4 in figure C.3) should be approximately half extended. In the rare
case that the indicator bar is fully extended or retracted you have to
manually adjust this. See the manual [51] for more information. In
Tapping mode you can check the correct approach by increasing the
FB gain until generation starts as in figure C.8. The correct FB gain
value should be half of this. If no generation occurs the tip is not
reaching the sample.

Figure C.8: A scope window. At three seconds generation starts. Make sure to
measure without generation.
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C.4 Scanning parameters and scanning

After the approach procedure is completed, scanning can begin. The
settings for the scan speed, scan size and scan direction have to be set,
and the signal to be measured has to be selected. If MFM is used, split
the SPM window in two by pressing the ‘«4»’ button in the left bottom
of the screen.

C.4.1 Scan settings

To change the settings used during scanning, open the Scanning para-
meters control window by pressing the folder button in the quick access
menu on the left under ‘Scan’, that is the one just under the red ‘RUN’
button.

Figure C.9: The scanning window. The scan tab displays the scanning parameters.
The spm tab displays the top part of the spm control block diagram and the lock in
tab the middle part. The ===> tab contains settings for the second pass scan.

In the tab ‘SCAN’ make sure the signal ‘A’ is set to ‘Height’ and choose
the scanning direction:

[+Y+] : Quick scan upward, Slow scan from left to right,
[(+X+] : Quick scan from left to right, Slow scan upward,
[-Y+] : Quick scan downward, Slow scan from left to right,
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[-X+] : Quick scan from right to left, Slow scan upward,
[+Y-] : Quick scan upward, Slow scan from right to left,
[+X-] : Quick scan from left to right, Slow scan downward,
[-Y-] : Quick scan downward, Slow scan from right to left,
[-X-] : Quick scan from right to left, Slow scan downward.

To do DC MFM, set the signal of channel B to ‘DFL’ and to do AC
MFM set the signal of channel B to ‘Phasel’. Set the direction of chan-
nel B to ==2=>. Put channel B in the ‘oftf’ position when performing
AFM. Put channels C and D in the ‘off’ position. Select the number
of scan points per scan line (i.e 256 or 512) and change the scan size
by changing the ‘step’ value. If the height of the sample is unknown
begin with a small scan size and gradually make it bigger. Select the
velocity ‘VEL’, so that the frequency is about 1Hz with a scan size of
approximately 5um. Set the ‘Exc Hi’ button in the on position.

To do MFM select the ‘2-nd PASS’ button and then press ‘=1st’.
Change to the ===> tab and set AZ to 2000. In the ‘SPM’ tab
disable the feedback by opening the ‘I’ circuit. Go back to the ‘1-st
PASS’ and change to the ‘SCAN’ tab.

C.4.2 Scanning

To start scanning, press the Run button on the bottom of the Scanning
parameters control window. During scanning the velocity, FBgain,
Setpoint and the scan size area can be adjusted. Increasing the FBgain
can result in better images because the feedback can better track the
system, but too high FBgain can cause the system to become unstable
and generate noise and thus distorted images. In AC mode, decreasing
the Setpoint will cause the tip to tap harder on the sample, but a too
high Setpoint will make the tip loose contact with the surface. In DC
mode, lowering the Setpoint will decrease the force on the sample.

The mouse is not working during scanning but with the cursor left
and right keys highlight the appropriate button and with the up and
down keys change the value, or use the enter key to change the scan
area, restart the scan from the beginning or pause at the current line
(this line will be scanned until you press pause again). The selected
channel output shown on the scope can be changed by switching be-
tween channel A ,B,C,D. The ‘SUBPL-1" button calculates the tilt of
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the sample and subtracts this from the scanning area, this uses quite
some calculating power and can result in image distortion, which can-
not be undone, so use it at your own risk. ‘redraw’ and ‘gamma’ can
be used if the image colors are out of range.

C.5 Saving Data and shutting down the program

After all the scanning is done it is time to save your measurements
and shutdown the equipment. First remove the tip from the sample
by opening the approach window and the ‘Mover’ tab. Before pressing
‘remove’ set the remove distance to at least lmm. To save your data,
go to the File menu and select ‘Save,enter the correct name and path
and press enter. To save images of your measurements choose File,
Export to, PCX/BMP. In the opened window you can change the type
of the image. You can choose to save only the current SPM window,
the entire window or a user defined region.

Shutdown the program by disabling the feedback (press the FB button
in the top row in figure C.3) and turn off the laser with button 1 in
figure C.3. Turn off the electronics (Red switch) and exit the program
by selecting Main, Exit.

PROGRAM BUG: After exiting the software you are stuck with a
blank screen with only a mouse cursor, press ALT-TAB to switch to
windows and close the program manually.

Turn off the rest of the equipment like the TV, camera, anti-vibration
table and everything else used. Don’t forget to update the AFM/MFM
logbook before you leave.
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C.6 A quick guide

A quick guide, for the more experienced AFM users, is presented. The
steps below are to be followed in order to do the measurements.

e Choose a sample holder, fix the sample on it and put it on the
sample approach stage.

e If necessary, place the appropriate coils and yoke on the holder
stage, and connect the wires.

o Install the right cantilever and if it is a magnetic cantilever, mag-
netize it.

e Start the software, turn on the anti-vibration table, the camera,
TV and electronics.

e Maximize laser signal and align the photodiode.

e Align the sample under the cantilever.

e Reduce the distance from the sample to the cantilever to about 1
mm.

e Open the SPM control block diagram.

e Contact Mode: Apply the DFL signal to the FB input, set the
initial DFL signal to 1.5 nA set the setpoint to zero. Make sure
the FB gain value is larger than 1.

e Tapping Mode: Make sure the Mag signal is applied to the FB
input, set the working frequency and set the setpoint to 50% of
the MAG value. Make sure the FB gain value is larger than 1.

e Open the Scanning parameters control window and make sure the
signal A is set to Height. Choose the scanning direction and turn
off channel B,C,D.

e Select the scan size and the velocity.

e MFM: Set channel B to DFL or Phasel and Direction to ==2=>.

Select the ‘2-nd PASS’ button and then press ‘=1st’. Set AZ to

2000 and disable the feedback. Select the ‘1-st PASS’ button and

go back to the ‘SCAN’ tab.

Press ‘Run’ to start scanning.

Optimize the scanning parameters.

After scanning, remove the tip from the sample.

Save and export your data and images.

Disable the feedback, turn off the laser and electronics and exit

the program.

e Turn off the TV, camera and anti-vibration table

e Update the AFM/MFM logbook.



