Eindhoven University of Technology

BACHELOR
Quantitative magnetic force microscopy
determining the magnetic moment of a MFM tip using microscale current rings

Jongen, J.C.B.
Award date:
2008

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain

Eindhoven University of Technology
Department of Applied Physics
Group Physics of Nanostructures (FNA)

Quantitative Magnetic Force
Microscopy:
Determining the magnetie moment of a MFM tip
using mieraseale current rings
J.C.B. Jongen
July, 2008

Report of a traineeship (April 2008 - July 2008) carried out at the Eindhoven University of Technology
in the group Physics of Nanostructures (FNA)
Supervisors:
M. Beljaars, B.Sc.
R. Lavrijsen, M.Sc.
prof.dr.ir. H.J.M. Swagten

Abstract
Magnetic Force Microscopy (MFM) is a sensitive and relatively inexpensive
technique to image (sub)micron magnetic structures. The technique can be
applied under ambient conditions and no special sample preparation is necessary. MFM uses a nanoscaled tip that interacts with the perpendicular
component of the magnetic stray field emanating from a sample. Either the
first or the second derivative of this stray field can be imaged with MFM.
Due to lack of knowledge of the MFM tip, only a qualitative interpretation
of MFM images is possible. For a quantitative interpretation, the magnetic
moment m of the MFM tip needs to be known. The magnetic moment
is generally unknown because it is difficult to measure with conventional
methods. In this report, the shape and dimensions of the MFM tip are
determined using Scanning Electron Microscopy (SEM). Using SEM and
an Electron Dispersive X-ray (EDX) detector, the tips magnetic coating is
found to be 40 nm thick cobalt-chromium.
To determine the magnetic moment of the tip, two possible methods are
introduced. One method is called the 'induced current method', in which
the MFM tip is vibrated in the center of conductive ring. The stray field
emanating from the MFM tip has been simulated using the obtained information about the MFM tip mentioned above. A typical maximum induced
current of 0.4 nA is estimated. The optimal ring radius is found to be 65 nm.
Sputtering a conductive layer and subsequent milling of material with a Focused Ion Beam (FIB) will be used as fabrication method for the rings. Due
to the limited resolution of the fabrication method, it is not possible to
fabricate rings with such a small inner radius and desired properties. Next
to this, the found current will be difficult to measure. For these reasons it
is chosen to focus on another method to determine the magnetic moment,
called the 'send current method', in which a known magnetic field is created
in a mieraseale ring by sending a current. The magnetic moment of the tip
can be determined by the influence of the magnetic field on the MFM image.
This method was successfully applied in recent literature.
Magnetic effects are observed in the MFM images while sending a current.
The current was not flowing through the ring itself, which made it not possibie to determine the tips magnetic moment. Current rings that are able
to conduct higher currents are necessary. Next to this, topographic features
are visible in the MFM images. These topographic influences are noticeable even at relatively high second pass heights. It is concluded that the
topographic influence is not caused by a magnetic interaction, but by the
operation of the MFM setup itself.
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Chapter 1

Introduetion
The ever continuing quest for miniaturization of electronk devices, in for
example data storage, has been going on since Moore formulated his famous
law. Because of this miniaturization, electronk devices become more compact and can store more data. This means, amongst many other advantages,
that more songs can be stared on a smaller iPod.
To continue this miniaturization, research in physical effects on a smaller
length scale is important. To facilitate this research, a new type of microscopes with a better resolution was needed. One of these new microscopie techniques is Magnetic Force Microscopy (MFM) 1 . MFM can image
magnetic properties of a sample with a typical lateral resolution of 50-100
nanometers under ambient conditions. This resolution can be improved by
using for example a sharper tip or by measuring in vacuum 2 . Nowadays
MFM is one of the most frequently employed methad for magnetic imaging
in research and development of magnetic nanodevices. It can for example
be used to image the magnetic bits on a hard disk. A MFM scan of a
piece of hard disk is shown in figure 1.1. In figure 1.1(a) a topographic
scan is shown, where diagonal scratches, made by the movement of the hard
disk head, can be seen. During the topographic scan, the samearea is also
scanned for magnetic properties with MFM. The obtained MFM image is
shown in figure 1.1(b). Now it is possible to actually see the magnetic bits
on the hard disk. In this figure, the magnetic bits are ordered in separate
tracks, logically running in the same direction as the scratches made by the
hard disk head.
1

The MFM is a member of the Scanning Probe Microscopy (SPM) family. The first of
these microscopes was introduced in 1981 by inventors G. Binnig and H. Rohrer[1].
2
A MFM device from the Swiss company N arroscan is even capable of achieving a
resolution of up to 10 nm. Website: http:/ /www.nanoscan.ch
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(a) 12 x 12 p,m topographic image

(b) 12 x 12 p,m MFM image

Figure 1.1: MFM scan of a piece of hard disk

There are some alternatives 3 to the MFM technique, but they are in general
very costly and some require Ultra High Vacuum (UHV) conditions. The
MFM technique herein contrary, is relatively inexpensive and the imaging
can be performed under ambient conditions with no special sample preparation necessary.
Using the MFM it is possible to visualize magnetic properties. The MFM
images, as in figure l.l(b) can be interpreted qualitatively, but are not trivia! to understand. The white and dark areas do not directly represent local
magnetic poles. They do give information about the changing gradient of
the magnetic stray field emanating from the surface of the sample. Images
like this can give more insight in the spatial distribution of the magnetization in the sample. The quantitative interpretation of MFM images is
more difficult however. For the quantitative interpretation of MFM images,
first of all it is important to know more about the MFM tip. The basic
concept of MFM is shown in figure 1.2. The magnetic moment of the tip,
pointing upwards in the figure, interacts with the stray field emanating from
the sample surface. The interaction strongly depends on the shape and the
magnetic moment of the tip.
Determining the magnetic moment of the MFM tip would make MFM an
even more powerful magnetic imaging tool. lt is then possible to measure
the strength of the stray field and for example determine the quality of the
magnetic structure.
In this intemship the shape of the MFM tip and its composition are deter3

Alternative techniques are for example: the Scanning Electron Microscopy with Polarization Analysis (SEMPA), Lorentz Microscopy (LM) and Spin Polarized Scanning
Thnneling Microscopy (SP-STM).

2

Figure 1.2: Basic concept of MFM. The magnetic moment of the tip interacts

with the stray field emanating from the sample. Adapted from [2].

mined using Scanning Electron Microscopy (SEM) and Energy-Dispersive
X-ray (EDX) spectroscopy respectively. The magnetic moment can be determined using a mieraseale current ring. This has successfully been done
before [3 , 4]. The current ring produces a tunable magnetic field by sending
a current through it. After scanning the ring it is now possible to correlate
the MFM signal to the known stray field. This method will be referred to
as the 'send current method'.
Another (not yet proven) idea to determine the magnetic moment is to
vibrate the MFM tip in the ring and measure the induced voltage or current. To take into account the influence of the ring dimensions by means of
the rings resistance, it is chosen to investigate the possibility of measuring
an induced current . The magnetic flux from the MFM tip will induce an
alternating current in the ring when the tip is vibrated. Measuring this
current will give a measure for the tips magnetic moment. For the rest of
the report this methad is referred to as the 'induced current method'. In
section 4.1 the feasibility of this methad is investigated.

This report
To determine the magnetic moment of a MFM tip, mieraseale current rings
have been made. In chapter two the AFM/MFM principle and theory are
given as well as the theory for the interaction between the current rings
and the MFM tip. In chapter three the MFM setup itself and the Dual
Beam System (DBS) used in making the rings, are described. In chapter
four simulations and measuring results are given. From the simulations it
is found which ring dimensions will be optima! and whether the induction
current is measurable. Conclusions and outlook are given in chapter five.
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Chapter 2

Theory
Scanning Force Microscopy (SFM) is a generic term for scanning techniques
where the interaction force between a tip and a sample is measured. Well
known and used SFM methods are Atomie Force Microscopy (AFM) and
Magnetic Force Microscopy (MFM). In this chapter the principle of AFM
and MFM is explained. Insection 2.3.1 it is mathematically deduced why
the MFM technique is sensitive to changes in the gradient of the magnetic
stray field. The last section treats the theory about the induced current
methad and the send current method.

2.1

Atomie Force Microscopy

With AFM, high resolution images of the surface topography can be made.
AFM is a purely force sensitive technique, capable of achieving atomie resolution. The basic principle of the AFM is shown in figure 2.1.
t=l
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t=2
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sample surface
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Figure 2.1: Basic principle of AFM. The tip follows the surface and the cantilever
is bend.

An atomically sharp tip is moved over the surface. The tip is attached to
a cantilever. The cantilever can be seen as a silicon springboard of a few
hundred microns long. At the end of this cantilever there is a sharp tip 1 .
The tip is movedover the surface where it will follow the topography. Thus,
depending on the surface topography, the tip will move up or down, causing
the cantilever to bend, as can be seen in figure 2.1. This deflection of the
1

The dimensions of the tip are investigated inSection 4.1.1.
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cantilever can be detected using a laser beam. A laser beam is targeted on
the backside of the cantilever and is reflected onto a position-sensitive photodiode. This is schematically shown in figure 2.2. The measure of deflection
of the cantilever can now be derived from the signal of the photodiode. The
tip is moved over the sample. Mapping the deflection of the cantilever gives
a topographic image of the sample surface.
The cantilever is attached to a piëzo-electric element. With the piezoelement, tip-sample distance corrections can be made. If the piëzo-element
is set to vibrate, it is possible to make the cantilever and tip vibrate at an
adjustable frequency.

Figure 2.2: The laserbeam is deflected on the backside of the cantilever, making
it possible to measure the cantilever deflection. Adapted from [5].

2.1.1

Interaction force domains

There are a lot of different farces responsible for the tip-sample interaction.
These farces are a damping force, electrastatic farces, capillary farces, the
van der Waals force and Coulomb farces. More information about these
farces can be found in [2, 6]. The resulting force determines which way the
cantilever is bend. The deviation of the tip height above the sample b.z,
caused by a force F is given by Hooke's law:

F = kb.z,

(2.1)

where k is the spring constant of the cantilever.
The different force domains that can be distinguished, depending on the
tip-sample distance, are shown in figure 2.3. In this figure it can be seen
that the tip is either in the repulsive or the attractive force domain. Very
close to the sample surface, close-range repulsive Coulomb farces are dominant. Far away from the sample, long-range attractive van der Waals farces
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are dominant.
Force

semicontact

repulsive
force

1non-contact

·~·I

I
1tip-sample
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attractive
force
contact
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Figure 2.3: A typical force-distance curve, showing the force domains and contact
regions. Adapted from [7].

Corresponding to the different force domains, a specific scanning method is
selected by setting the tip-sample distance. These scanning methods are the
contact, non-contact and semi-contact method. They are further explained
below.

Contact method
For the contact method, the tip stays in the repulsive force domain (see figure 2.3). These repulsive forcescan become large, which can cause damage
to soft samples, due to a 'scratching' effect. An advantage is the high spatial
resolution that can be achieved with this scanning method.

Non-contact method
In figure 2.3, the region for this method is to the right of the semi-contact
region. In the non-contact method, the tip does not 'touch' the surface,
meaning that it stays in the attractive domain of the potential curve. This
way the surface will not be damaged by scanning. The downside is that the
spatial resolution of this method is lower than in the contact method.

Semi-contact method
This method is also called 'tapping method'. In the semi-contact method,
the contact and non-contact method are combined. Meaning that the tip
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will only shortly approach and touch the sample at each point. Thereby
achieving the same spatial resolution as in the contact method, without the
risk of darnaging the sample. This method has the advantages of both the
beforementioned methods and is in general the most frequently used AFM
method.

2.1.2

Scanning modes AFM

There are many modes in which the AFM can be operated. These modes are
related to the way the system reacts to the measured interaction with the
sample. The selection of a specific mode depends on the properties of the
sample2 and the forcesof interest. The scanning modescan be separated in
two main modes: the constant-interaction mode and the variable-interaction
mode. The variable-interaction mode can further be divided in two main
modes: the static mode and the variable mode. The modes mentioned above
will now be described.

Variable-interaction mode
In this mode the tip travels above the surface and will be deflected by interaction forces with the sample. For instance, if the surface gets higher, the
tip will come in the repulsive force region and the tip is pushed upwards.
The deflection of the cantilever now gives a measure for the topography of
the sample surface.
The downside of this mode is that only smooth surfaces can be scanned,
to avoid the risk of collisions.

Constant-interaction mode
As the name of the mode already implies, the tip-sample interaction is kept
constant in this mode. This can be dorre in a static mode, or in a dynamic
mode where the cantilever is vibrated. These two modes are discussed below.

Static constant-interaction mode:
In statie, or DC-mode the cantilever deflection is kept constant. The deflection of the cantilever is monitored during the measurement. Now every
deviation of the cantilever deflection is counteracted by using the deflection
of the cantilever as a feedback signal for the piëzo-element. The piëzoelement controls the height of the tip above the surface. Now using the
2

Contact modes for example could damage samples that are too soft.
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feedback signal, the piëzo-element adjusts the tip-sample distance until the
interaction force reaches its previous value. In the case that there is no
hysteresis, this means that the cantilever will return to its initial deflection.

If the sample can be assumed homogenously, then in this mode, the tip
will exactly follow the sample surface topography at a constant tip-sample
distance. In other words, the tip has the same height above the surface in
each point, since then the interaction force will be the same.

Dynamic mode:
In the dynamic, or AC-mode, the cantilever is vibrated near its resonance
frequency (D ~wo). The vibration is caused by a vertical movement of the
piëzo-element at a set frequency. A change of the interaction force will have
an effect on the vibration motion of the cantilever. Topographic forces for
example can now act as damping forces. Differences in the vibration motion
can be monitored with the laser signal. When there are forces interacting
with the tip, a frequency shift, or an amplitude difference in the cantilever
vibration can be detected. This difference is used as a feedback signal for
the piëzo-element, which adjusts the tip-sample distance to counteract for
the change. The cantilever will return to its initial vibration motion.
The constant-interaction mode is slower than the variable-interaction mode
because of the feedback loop. It takes time for the piëzo-element to adjust
the tip-sample distance in each point. This is an effect that becomes important for high scanning speeds.

Mode used in this internship
For this intemship the AC constant-interaction tapping mode is used for
all the topographic imaging. This mode gives the best resolution, without
risking collisions or frictional damage to the sample.

2.2

Magnetic Force Microscopy

The imaging of magnetic structures on a nanometer scale is becoming more
and more important. For various purposes, like high-density starage media,
it is important to investigate the spatial distribution of magnetic properties. Using MFM the first and second derivative of the magnetic stray field
of the sample can be imaged. These images give more insight in the local
magnetization. The principle of MFM is very much like that of AFM, only
a magnetic tip has to be used. This tip, generally referred to as a MFM tip,
8

can be seen as an AFM tip coated with a magnetic materiaL The MFM tip
has a different resonance frequency than an AFM tip, as is shown in section
3.1.1. The resonance frequency of the MFM tip is optimized to measure
magnetic interaction forces.
MFM uses a second pass technique. This means that every scan line is
scanned twice. In the first pass the topography of the sample surface is
scanned. The tip is now in the repulsive Coulomb force domain. Magnetic
forces on the MFM tip can be neglected, sirree the Coulomb forces will be
much larger than the magnetic forces. For the second pass, an altitude offset
.6Z above the sample surface is used. This offset is typically in the range
of 10-200 nm. The principle of the second pass technique is schematically
shown in figure 2.4. lnfiuences on the tip-sample interaction due to topography are now canceled, sirree the tip has the same altitude above the surface
in each point. The idea is that the MFM tip is now only sensitive to magnetic forces. An example of a MFM scan can be found in figure 1.1. Under
ambient conditions a typicallateral resolution of 50-100 nm can be achieved
with MFM.
,. ...
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Figure 2.4: Schematically representation of the second pass technique. During
the first pass, the surface topography is measured. During the second pass, the
surface is retraced with an altitude offset. Adapted from [7].

2.3

MFM theory

In all MFM modes, a tip coated with magnetic material, interacts with the
magnetic stray field of the sample. In the static MFM mode, the MFM
tip is moved over the sample during the second trace and the cantilever
bending is mapped. In this mode, the interaction force between the tip and
the sample is directly measured. This is the same principle as in the AFM
variable-interaction mode. Another option is to use the dynamic/ AC MFM
9

mode. In this mode the tip is vibrated above the sample and the change
in vibration is mapped. Insteadof measuring the interaction force directly,
the derivative of the interaction force is measured. This means that in this
mode an image of the second derivative of the sample stray field is obtained.
Because of the higher sensitivity of this specific MFM mode, this mode is
chosen for the MFM measurements in this report.
In the next section the theory about the AC MFM mode is treated. The
goal of this sectionis to explain why the MFM tip is sensitive for the second
derivative of the magnetic stray field. For this section, [1, 2, 8] have been
used as main references, which are also recommended for further details.

2.3.1

Dynamic mode theory

In the dynamic MFM mode, the feedback signal is turned off. The cantilever
is sinusoidally excited by the piëzo-element, causing it to vibrate near the
cantilever resonance frequency n ~ wo, where n is the piëzo drive frequency
and wo is the resonance frequency of the cantilever. This frequency range is
indicated by the thicker line in figure 2.5. In this range, the frequency curve
can be linearly approximated. This means that a change in the resonance
frequency causes a proportional change of the vibration amplitude.

amplitude

frequency

Figure 2.5: Near the resonance frequency, the frequency curve can be linearly
approximated.

The resonance frequency of the cantilever depends on its spring constant k
and its effective mass m, and is given by:

wo=/f

(2.2)

Magnetic interaction forces will change the resonance frequency of the cantilever. This way the cantilever will vibrate at an amplitude A and a phase
10

shift <P with respect to the piëzo driving vibration: (Ao and D). It is possibie to keep the amplitude and phase of the cantilever vibration constant, by
using another feedback signal. In this case, only the resonance frequency of
the cantilever will change when there is a difference of the interaction force.
The new resonance frequency can be determined in each point. This procedure takes a lot of time, therefore aften another approach is taken. In this
other approach, no feedback signal is used, leaving the cantilever vibrating
freely. Then the phase shift <fy, with respect to the piëzo driving vibration,
is mapped. The phase shift essentially contains the same information for
MFM imaging as the new resonance frequenci.
A MFM scan produces two images. The first image (first pass) is a topographic surface scan. When mapping the phase shift, the second image
(second pass) visualizes the measured phase shift. The second image is
usually referred to as the MFM image and contains information about the
second derivative of the magnetic stray field. From this MFM image insight
in the spatial distribution of magnetization is gained.
There are multiple farces acting on the cantilever: damping farces, the
piëzo-element driving force, interaction farces and a 'restoring force' 4 . The
cantilever can now be described as a rnass-spring system. Using Newton's
second law, we can write:

mz + rn;;o i+ kz =

Aakcos (Dt) +Fint,

(2.3)

where z is the cantilever deflection, Fint the tip sample interaction force
and Q the quality factor. The quality factor is a measure for how well the
system retains its energy. A high quality factor 5 causes damping farces to
have little effect. The quality factor depends on the resonance frequency by: 6

Q-

mwo

'Y

(2.4)

'

where 1 is the damping factor.
3

Determining the resonance frequency is necessary for quantitative research to the
tip-sample interaction forces, see [1], p21.
4
This restoring force works against the bending of the cantilever by Hooke's law, see:
equation 2.1
5
Higher Q factors can be achieved in Ultra High Vacuum (UHV) conditions.
6
The quality factor can also bedescribed by Q =
where fo is the tip's resonance
frequency and llfo the full bandwidth at 0.707 of the maximum amplitude, see [9], p21.

i7ö,
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Shift in resonance frequency
Approximating the interaction force by a Taylor series, gives:

(2.5)
where again z is the cantilever deflection and zo is the oscillator equilibrium
position. Around the equilibrium position, the first (zeroth order) term on
the right si de of the equation is zero. Also the last (second and higher order)
term can be neglected. Substituting this approximation for the interaction
force in equation 2.3, the equation of motion becomes:

mz + m~o i+ (k- ~~) z = Aokcos (Ot)

(2.6)

For the MFM technique, the interaction force during the second pass is assumed to have only a magnetic character, meaning that Fint= Fm. Taking
this into account and comparing equation 2.6 with equation 2.3, it can be
seen that the spring constant k has changed under the influence of the magnetic force to:

k'

= k-

[)Fm

(2.7)

[)z

When this new spring constant is substituted in equation 2.2, the resonance
frequency changes, according to:

w'

~ lf!. ~ woJl- i)F1Öz

(2.8)

For small force gradients (relative to k), the shift in resonance frequency is
given by:
~w =

w' -wo

~

8Fm
-Wo
--.
2k

oz

So an attractive force EF!:zm > 0 will decrease the resonance frequency.
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(2.9)

Phase shift
The steady state solution of equation 2.3, without an interaction force, is: 7

z(t) =A cos (nt + <P),
A=

Aow6
(w6- n2)2

J

<P = arctan

(2.10a)

+ w~~2'

won
)
Q n2 -wo2
(

.

(2.10b)

(2.10c)

Without a magnetic tip-sample interaction the phase shift is~' since n >=:::!Wo.
A magnetic force gradient will cause the resonance frequency to change as
in equation 2.8, resulting in a new phase of:
1
1
k
</J = arctan Q Fm/

a

az

(2.11)

Approximating this new phase with a Taylor expansion gives:
</J' ,. . ,_

Q 8Fm

7r

""'2-kfu'

(2.12)

So the magnetic force gradient leads to a phase shift of:
b.</J = </J' _

~~
2

_

Q 8Fm.
k

az

(2.13)

As can beseen in equation 2.13, the quality factor Q can have a significant
influence on the sensitivity of the measurement.

2.3.2

Interaction gradient stray field

When the MFM tip approaches the sample, the tip-sample magnetic interaction energy in SI units, is given by:
E = -J..lo

J

Mtip · HsampledV.

(2.14)

tip

The gradient of this energy is the force acting on the tip, namely:
F

= -\lE = J..lo'V(M · H).

(2.15)

This equation is valid for an arbitrary tip magnetization. The exact magnetization of the MFM tip is mostly unknown. In order to estimate the tip
7

For deriving these formulas, remember that Q also changes slightly because of the
new resonance frequency.
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magnetization a point-probe model is often used. In this model it is assumed
that the tip is infinitesimal small and has a magnetic monopole moment q
and a magnetic dipole moment m. The monopole moment has no physical
meaning, but is probably necessary in the model as a correction for assuming
that the tip is infinitesimal small. A discussion about the monopole moment
can be found at the end of section 2.4.2.
Using the point-probe model, the force on the tip can be written as:
F

= P,o (q + m ·V') H.

Substituting equation 2.16 into Hooke's law F
written as: 8

= kf:j.z,

(2.16)
the defiection can be

(2.17)
where the summation over i and j is taken over the spatial coordinates x,y,z.
The phase shift in equation 2.13, which depends on the derivative of the interaction force by can now be written as:

This formula is simplified by assuming that the cantilever is parallel to the
sample (ficantilever = z), leading to: 9
(2.19)
Now it can beseen that the MFM tip, when the point-probe model is used,
is sensitive to the first and second derivative of the magnetic stray field. The
monopole term in formula 2.19 is discussed insection 2.4.2.

2.4

Detection methods

In this section the theory of the rings for the induced current method and
the send current method is discussed. First the induced current method is
8
9

Formula is adapted from [2].
It has been found by [3, 4] that mx and my can be neglected compared to mz.
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treated, where the rings are used as 'piek-up' coils for the magnetic stray
field of the MFM tip. Secondly the theory of the send current method is
explained.

2.4.1

lnduced current metbod

In the induced current method, the MFM tip is vibrated in the center of
the ring. The vibration causes a magnetic flux change through the ring.
According to Faraday's law, a voltage will be induced in the ring. When
the circuit is closed, this induced voltage will cause a current to flow. The
magnitude of this current depends on the resistance of the ring. This resistance can be calculated by:

p2ns
Rring =

wh ,

(2.20)

where p is the resistivity of the material the rings are made of, s the ring
radius, w the width of the ring and h the height of the ring. The induced
voltage is given by:
(2.21)
where <P is the magnetic flux, B the perpendicular magnetic field from the
MFM tip at the ring, and A the area inside the ring. The induced current
can now be calculated using Ohm's law:
I

_ Uind
ind- Rring.

(2.22)

Computer simulations have been performed to estimate this induced current. The theory for these simulations is discussed below. The simulation
results can be found in section 4.1.

Computer simulations
In the simulations, the MFM tip moves sinusoidally above the ring, with a
certain amplitude À., an oscillation frequency w and an altitude offset z0 . A
3D-matrix Hz, with information about the magnetic stray field emanating
from the MFM tip is used. This matrix is obtained from simulations which
are treated in section 4.1. Each element of the matrix contains the value for
the magnetic stray field in the z-direction, at a certain spatial coordinate.
Only the z-component of the field is of interest, since this is the component
responsible fortheflux change through the ring. Equation 2.21 canthen be
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rewritten as:

U= -A a(f.-l;tHz).

(2.23)

Now the time derivative of Hz can be found by:
(2.24)
The sinusoidal movement of the tip is described by:

z(t) =zo+ À.cos(wt).

(2.25)

Using equation (2.24) and the time derivative of equation 2.25, equation
(2.23) can be written as:

8Hz
U= 1-loA az (z) wA sin 1r (wt),

(2.26)

where 8!/zz is obtained by numerically differentiating the matrix Hz in the
z-direction. The induced current can be calculated using Ohm's law.

2.4.2

Send current method

The magnetic field produced by the current rings can be described using
the Biot-Savart law. The field at a height zo above the center of the ring is
given by [7]:
(2.27)
Hx = Hy = 0,

Hz( zo) = /-lo

R2
2 (R 2 + z6)

;
3 2

I,

(2.28)

where R is the radius of the ring and I the current in the ring. The fields in
the x- and y-direction are zero due to symmetry. The derivatives of the
perpendicular field are:

8Hz
z
I
- _ -1-lo-3R2
az 2
(R2 + z6)5/2 '

(2.29)

3
[4z 2 - R 2] I
-R2
/-lo2
(R2 + z6) 7/2 .

(2.30)

8_2H
_z -

8z2 -

Using the equations (2.27) to (2.30) the expression for the phase difference
(2.19) can now be rewritten to:
(2.31)
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The measured phase differences in the ring center can be plotted against the
send current. This data can be fitted using equation 2.31 to find values for
q and m.
The monopole moment q in equation 2.31 is a result of using the pointprobe model described in section 2.3.2. The monopole moment has no real
physical meaning. Formula 2.31, including the monopole moment, is used by
[3] to fit their measured phase shifts for different currents. It has been shown
by [4] that fitting the results without the monopole moment does not give
a qualitative fit. How the tip-sample interaction described by the monopole
term should be interpreted and whether the MFM tip, in dynamic MFM
mode, is sensitive to the first derivative of the stray field, remains unclear.
More experiments have to be done to further investigate this interaction.
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Chapter 3

Experimental setup
3.1

SFM setup

The Scanning Force Microscopy (SFM) device used for the Atomie Force
Microscopy (AFM) and Magnetic Force Microscopy (MFM) scans, is the
Solver P47H Pro of the Russian company NT-MDT 1 , which is shown in figure 3.1. The setup is placed on an anti-vibration table, on top of a heavy
stone table. This way distortions due to fl.oor vibrations can be minimized

[6].
At the heart of the setup is the SFM head. The head contains the cantilever
with tip, attached to the piëzo-element, the laser and the photodiode, which
are treated insection 2.1. The SFM head is placed on top of an automated
approach stage. The sample is placed on the stage. Landing the tip on the
sample is clone automatically by the software. The stage brings the sample
closer to the tip until a certain value of the feedback signal, the set point,
is reached [6].
The head contains a mirror which enables a top view of the cantilever and
the surface of the sample close to the tip. The image is obtained using an
optical microscope and is then displayed on a TV screen. Now the tip can
be easily manoeuvered to the desired location on the sample.
The scanner is operated at room temperature under ambient conditions.
A protective hood can be placed over the SFM head to reduce distortions
due to air vibrations. lt is nevertheless very important to minimize any
noise. Talking loudly for example can distart a scan drastically. Next to
minimizing the air vibrations, the hood also provides a possibility to adjust
properties of the atmosphere. It is for example possible to change the air in
the hood for nitrogen, this way the humidity in the hood can be reduced.
1

Website: http: / /www.ntmdt.com
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This can be important when a water film is on the sample surface. When
this water film is too thick, it can pull the tip towards the sample surface
by capillary forces.
The software programmes that are used are NOVA and SMENA. NOVA
is a more graphical and user friendly program. SMENA has more customizable scan settings. One of these settings is to average multiple measurements
per scan point. This averaging option is very important because a lot of the
noise cancels out, giving a much clearer signal. So, for high resolution MFM
images, it is recommended to use the SMENA program.

camera

microscope

Figure 3.1: Photograph of the SFM setup with an enlarged view of the head.

3.1.1

AFM and MFM Tips

The AFM tips used for the topographic measurements are of the type
NSGlO, from NT-MDT. The MFM tips used for the MFM imaging are
of the type PPP-MFMR-10, from Nanosensors. Some charaderistics for the
tips provided by the manufacturers are given in table 3.1.
Table 3.1: Some characteristics of the used AFM and MFM tips

Type
AFM
MFM

Tip height
(nm)
10- 15
10- 15

Guaranteed tip radius
(nm)

Resonance frequency
(kHz)

< 50

190- 325
45- 115

Force constant
(N/m)
5.5- 22.5
0.5 - 9.5

For the MFM tip it is also given that the tip has a hard magnetic coating
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(coercivity ~~ · 103 A/m). The magnetization of the coating is 300 kA/m.
The tips magnetic moment is estimated at m ~ w- 16 A-m 2 .
The MFM tip is given a preferential magnetization in the z-direction, by
shortly holding a small magnet (0.3 T) above the tip end befare scanning.

3.1.2

~rtifacts

There are certain artifacts which have to betaken into account while analyzing scan images. A more extensive description about probe and scanner
artifacts can be found in [6]. There are a set of rules that minimize the
infiuence of artifacts. The most important of these rules are:
- The tip curvature has to be small compared to the structures that are
to be imaged.
- The scanning speed must not be set too high. For the used SFM setup,
a scanning frequency of 0.5 Hz or lessis considered as a good scanning
frequency.
- Keep the scan area limited and at the center of the range. This is
necessary due to the curved way the cantilever is moved by the piëzoelement. Scanning a large area for example will give a certain background in the image.
In the MFM scans another artifact has been found. For MFM a certain
tip-sample distance is necessary to make sure that topographic features do
not infiuence the MFM phase image. For the performed MFM scans it can
beseen that topographic features infiuence the phase image even for much
larger than typical tip-sample distances. This artifact is further discussed
in chapters four and five.

3.2

Dual Beam System

The FEl Novalab 600i Dual Beam System (DBS) is shown in figure 3.2(a).
The DBS is very recently purchased through a NanoNed investment. The
device is equipped with an electron column and anion column. The electron
column produces and electron beam, which is used for Scanning Electron
Microscopy (SEM). In the ion column, ions are created, accelerated and focused into a beam, generally referred to as a Focused Ion Beam (FIB). How
the columns are positioned in the DBS is schematically shown in figure 3.3.
The two beams can operate simultaneously on the same area. The same
feature can thus be investigated using either of the beams. The beams are
focused onto the sample by electrastatic or magnetic lenses. Because of this
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focusing, the sample can be very accurately targeted. The principle of the
SEM and the FIB are briefiy explained below. For more information the
reader is referred to [10]. In the semiconductor industry the Dual Beam
Systems are very commonly used for inspecting integrated circuits, sirree a
cross-section can be visualized. The layers of the chip can then be checked
at this cross-section.
SEM can produce images of a sample by scanning it with a high-energy
electron beam. By targeting the sample with high energetic electrons, electrous are generated in the sample. These generated electrous are emitted by
the sample and can be detected. By following the scan area with an electron
detector an image of the sample can be acquired.

(a) Overview of the DBS

(b) View of the inside of the
vacuum chamber, the stage on
the left is moved to the right under the columns

Figure 3.2: Photographs of the FEl Novalab 600i DBS.

The principle of the FIB is very much like that of SEM. The difference is
that instead of using electrons, gallium2 ions are used. There are two main
differences of using ions in comparison to the electrons. First the charge
of the ions is oppositely to that of the electrons. The ions are positively
charged. Second, the ions deliver more energy close to the surface. For the
used DBS, the electrous and ionscan both be accelerated to an energy of 30
keV. The ions however have a larger mass than the electrous and will collide
with the sample molecules closer to the surface. Electrous can penetrate the
2
Gallium is commonly chosen as element for the source, for practical reasons. Gallium
has a low melting temperature. lt is therefore relatively easy to make a gallium liquid

metal ion source.
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sample deeper before colliding and losing their energy. The energy delivered
by the ions is thus more concentrated near the surface of the sample than
the energy delivered by the electrons. This makes the ion beam suited for
applications as milling and depositing, which are explained below. A downsideis that the ion beam is very destructive for the sample while imaging.

_

~

electron column

•

ion column

•

gas injection system (GIS)

vacuum chamber
Figure 3.3: Schematic view of the DBS.

There are many applications for the DBS. The used methods for this internship are analysis, depositing and milling. These methods are described
below.
Analysis can be made by imaging the surface of the sample with SEM. Dimension measurements of a feature that is imaged can then be made.
SEM imaging is less destructive for the sample than imaging with the
FIB. The FIB can be used for analysis by milling a cross-section of a
sample. This cross-section can be viewed using SEM to investigate the
different layers of the sample. This approach is used in section 4.1.1
to analyze the thickness of the magnetic coating of the MFM tip.
Another analysis option of the DBS is the Energy Dispersive X-ray
(EDX) detector. By irradiating the sample with high energetic electrons, the atoms in the sample are excited. When these atoms relax
again, they emit X-rays with a definite energy. An element can emit
only certain X-ray energies, corresponding to the difference between
two energy levels. These X-rays are detected by the EDX detector.
From the detected X-ray energies it can be determined which elements
are present in the sample and in which concentration.
When a selected area is scanned, then for each scanning point, a histogram for the detected X-ray energies is obtained. Per X-ray energy
a spatial mapping of the quantity that the specific X-ray is detected
can be made. Such a spatial mapping can be made for each element
and will be referred to as a 'detection image' for the specific element.
The image visualizes the local concentrations of the element for the
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scanned area. This method is used in section 4.1.1 to determine the
composition of the magnetic coating of the MFM tip. For more information about EDX analysis, the reader is referred to [10].

Depositions of (conductive) materials can be made using the FIB. Such
a depositions is called anIon Beam Induced Deposition (IBID). The
atoms of the desired material are incorporated in the molecules of a
precursor gas. This precursor gas is released above the surface trough a
Gas Injection System (GIS) needle. Simultaneously scanning the area
with ions makes the gas split in a volatile and a non-volatile part. The
non-volatile part, containing mostly atoms of the selected material,
will now stay on the surface, forming a deposition.
Milling of surface material with the FIB can be done by scanning the
surface with a high ion current. The energy delivered to the sample
by the FIB is more concentrated near the surface than by SEM, as
explained before. As a result of this higher energy concentration, it is
possible to mill material with the FIB. By means of a patterning engine
it becomes possible to mill arbitrary shapes. A lateral resolution of up
to tens of nanometers can be achieved for milling.

3.3

Chip fabrication and conneetion

The rings are made on a chip so that they can be contacted. On the chip are
macro contacts which are connected to the rings by 'leads'. The substrate of
the chip is preferred to be as insulating as possible to reduce any leakage currents. Therefore silicon with a 3 J-Lm silicon oxide layer is chosen as substrate.

3.3.1

Chip fabrication

On the chip are four , 105 J-Lm by 105 J-Lm, squares where the rings can be
fabricated. Such a square is shown in figure 3.4(a). Per square there are ten
leads which are each connected to a macro contact. Two of the leads can
be used for grounding purposes. Four rings per square can be connected by
the leads. In the figure an example of where a ring can be fabricated and
connected by the leads is drawn.
The leads and the macro contacts are made first. They are made by using Ultra Violet (UV)-lithography, sputtering, development and a lift-off
technique. First aresist layer is spin-coated on the substrate, which is then
selectively exposed with UV light. A negative resist is used, therefore only
the areas where the macro contacts and the leads should come are not exposed. In the development step the exposed resist is hardened and the not
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exposed resist is removed. Then the substrate is sputtered with a conductive
material, in this case gold. A lift-off removes the remaining resist and also
the gold on top of the resist. Now only the leads and contacts are left on
the substrate.

3.3.2

Chip conneetion

The chip is placed on a chip carrier. The macro contacts on the chip are
connected to the contacts of the chip carrier by wire bonding. The chip
carrier is then placed in a chip carrier socket. Conneetion wires are soldered
to the chip carrier socket. The wires are connected toa breadboard to make
switching between rings easy. The setup is shown in figure 3.4(b).

lead for
grounding

lead to
conneet a ring

silicon oxide

(a) SEM image of a square with leads on the chip, an
example ring is drawn in white

breadboard
chip
chip carrier
chip carrier
socket
printed circuit
board
(b) Set up to conneet the rings
Figure 3.4: Images of the chip(setup).
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3.4

Rings

The resistance of the rings is an important factor. A lower resistance of the
ring means a higher induction current for the induced current method. For
the send current method a lower resistance means that a higher current can
be send and thus a stronger magnetic field can be produced.
The resistance of the ring is influenced by the material of the ring and
its dimensions. The dimensions for the ring are shown in figure 3.5(a). The
resistance depends on the width (w), the height (h) and radius (s) of the
ring. If a ring radius for the induced current method is given in this report,
the given radius is an inner radius. The radius of rings for the send current
method is measured from the center of the ring to the center of its conductive path, as shown in figure 3.5(b).

(a) Ring dimensions: width (w), height
(h) , radius (s)

(b) Definition of
ring radius

Figure 3.5: Graphical representation of the dimensions of the rings
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Chapter 4

Results
This chapter is divided in two sections. First the feasibility of the induced
current method is investigated. Optimal ring dimensions for this method
are found. Such a ring will be difficult to fabricate using the Focus Ion
Beam (FIB), therefore the focus in the rest of this chapter will be on the
send current method.

4.1

lnvestigating the induced current method

The shape of a Magnetic Force Microscopy (MFM) tip and the composition
and thickness of its magnetic coating are analyzed using the Dual Beam
System (DBS). This information is used to simulate the magnetic stray field
emanating from the MFM tip. Using the calculated stray field the optimal
dimensions for the ring are estimated. For an optimized ring, the induced
current is calculated.

4.1.1

SEM/EDX analysis of MFM tip

A MFM tip is placed in the DBS and viewed using SEM. The MFM tip will
be permanently damaged during analysis, therefore it is chosen to analyze a
used MFM tip. An image of the cantilever on the mounting block is shown
in figure 4.l(a). From a top zoom of the tip, shown in figure 4.l(b), it becomes apparent that the MFM tip has a rhombohedron shape. By viewing
the tip from the side as in figure 4.2(a), the tips specific dimensions can be
measured. The shown MFM tip has some damage at the tip end (see figure
4.2(b)). The tip radius is much larger than the tip radius specified by the
supplier ( <50 nm). This damage is probably caused by MFM scans with
the tip.
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(a) An overview of the cantilever (b) Top view of the MFM tip where
and tip attached to the mounting the tips rhombohedron shape can
block
be seen
Figure 4.1: SEM images of cantilever on mounting block and MFM tip

(a) Side view of MFM tip

(b) Zoom at the top of the tip

Figure 4.2: SEM images to measure the dimensions of the MFM tip

To analyze the thickness of the magnetic coating, the top part of the tip is
milled. The result is shown in tigure 4.3(a) . When zoomingin on the end of
the tip, the magnetic coating can be distinguished from the inside of the tip
due to a contrast difference, which can beseen in tigure 4.3(b). The dark
triangle represents the inner material of the tip and the thick grey boarder
around the triangle represents the cross-section of the magnetic coating.
The thickness of the magnetic coating can now be measured. The magnetic
coating is approximately 40 nm thick, as can be seen from the measurement
bars in the image.
The composition of the magnetic coating is analyzed using the Energy Dispersive X-ray (EDX) detector. The principle of this analysis method is
explained in section 3.2. The results of the EDX scans, of the tip with
the top milled, are shown in tigure 4.4. Figure 4.4(a) gives a SEM image
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(a) A view after milling the top (b) SEM image of cross-section of
part of the tip
the top of the MFM tip
Figure 4.3: SEM images to analyze the thickness and material of the magnetic
coating of the MFM tip.

of the scanned area. The other figures are intensity maps of the detected
elements 1 . The brighter the image, the higher the density of the element
at that location. In figure 4.4(b) it can be seen that the interior of the
tip consists of silicon. Figures 4.4( d) and 4.4( e) show that the tips exterior contains cobalt and chromium. There is not much chromium present
in the coating, which results in a noisy image. Noother magnetic elements
are detected. Thus it can be assumed that the MFM tip has a 40 nm thick
co balt-chromium (CoCr) magnetic coating. Co balt is a known ferromagnetic
metal and adding chromium gives the magnetic layer a higher coercivity[ll] .
In figure 4.4( c) it can be seen that there is aluminium on the front side
of the tip (right side of the images in figure 4.4). It is not clear why the
aluminium is there. Perhaps the aluminium prevents the CoCr-layer from
oxidizing. The oxygen detection image shown in figure 4.4(f) however does
not support this explanation. In the figure it can be seen that the oxygen
concentration on the backside of the MFM tip is lower than on the front
side. If the purpose of the aluminium would indeed be to prevent the CoCrlayer from oxidizing, a lower oxygen concentration is expected on the front
side. Another possible explanation is that as a side-effect of coating the
backside of the cantilever with aluminium for a better laser reflection, some
aluminium is also deposited on the front of the tip.

4.1.2

Simulation magnetic stray field of a MFM tip

To simulate the stray field, a 40 nm thick cobalt coating, as found in the
previous section, is assumed for the MFM tip. The found rhombohedron
1

The images are a visualization for the detection of one spectralline of an element.
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(a) SEM image

(b) Silicon

(c) Aluminium

(e) Chromium

(f) Oxygen

(d) Cobalt

Figure 4.4: Images of EDX scan for the detected elements.

shape is modeled as a prism with a triangle at each end. This shape is
shown in figure 4.5.

Figure 4.5: 3D representation of simulated MFM tip, the arrows represent the
tips magnetic stray field. Dimensions of the bottorn and top (tip end) triangles
(base, height) are respectively (500 nm, 200 nm) and (100 nm, 90 nm).

In the manual of the LLG simulation program2 there is a graph that shows
the stray field strength of a MFM tip as a function of distance from the tip .
The geometry of the modeled tip is shown in figure 4.6(a). The corresponding field strength graph is shown in figure 4.6(b). The field strengths are
calculated fora tip with a cabalt coating of 10 nm thick. This is camparabie
to the dimensions of the tip that will be simulated. In the graph it can be
seen that at a distance of 140 nm, the strength of the stray field emanating
from the tip has dropped to approximately one tenth of its initial value.
2

The LLG Micromagnetics Simulator program, developed by M.R. Scheinfein is used
to simulate the stray field of the MFM tip.
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(a) Midplane slice of the simulated MFM tip, the sicles of the
cube are 200 nm

(b) Field strength of MFM tip as a function of
position away from the tip

Figure 4.6: Graphics relating to MFM tip stray field simulations in the manual
of the LLG simulation program, adapted from [12].

To limit the number of calculations necessary for the simulation, the stray
field will only be simulated up toa distance of 140 nm from the tip. Also the
height of the MFM tip has been limited in the simulation. In figure 4.6(b) it
can be seen that at 500 nm distance from the tip the magnetic stray field is
negligible. Therefore only the last 500 nm of the end of the MFM tip is used
to simulate the stray field. Any contributions from the magnetic coating
located further than the simulated part are neglected. The simulated MFM
tip as shown in figure 4.5 is thus 500 nm high. In the x- and y-direction,
the field is simulated till a distance of approximately 250 nm.
A three dimensional simulation of the magnetic stray field emanating from
a MFM tip has been performed3 . Only the field in the z-direction has been
simulated, since this is the component that will cause flux changes through
the ring and thus is of interest for the current induced method, as explained
in section 2.4.1. The result of the simulation is a three dimensional matrix
Hz. Each element of the matrix contains the value for the magnetic stray
field in the z-direction, at a certain spatial coordinate. The matrix is graphically represented in figure 4. 7.
The obtained matrix Hz is used in equation 2.26 to determine the induced
voltage in the ring. Thus, the matrix will be used as input for the magnetic
flux in simulations for the induced current.
3

Simulation was carried out by R. Paesen, using the simulation program LLG .
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4.7(a)
Figure 4. 7: Graphical representation of simulated magnetic stray field in the
z-direction, emanating from the MFM tip. Values for the field strength are in
Oersted.

4.1.3

lnduced current

As explained in section 2.4.1, a current can be induced by vibrating the
MFM tip in the center of a current ring. This is schematically shown in
figure 4.8. In this section performed simulations for the induced current are
discussed.

Figure 4.8: Schematically representation of a MFM tip vibrating in the center of
a current ring.

To simulate the induced current, the resistance of the ring has to be estimated. The resistance for a few copper rings with typical dimensions have
been calculated using formula 2.20. Next an estimated resistance for the
golden leads and conneetion wires is added, which is estimated to be 16.5 n.
The calculated resistances for the rings, including this correction for the
leads and wires, are given in table 4.1. The used resistivity for the rings
is p = 1. 7 · w- 8 nm, which is the typical bulk resistivity for copper. Also
for two types of fabricated copper rings, the measured resistances are given .
(These rings are fabricated for the send current method using the method
that will be explained in section 4.2.1.) The measured resistance also in-
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cludes the leads on the chip and conneetion wires. The noted values are an
average for the measured rings. Their resistances were much higher than
calculated. Possible explanations for the higher resistance will be given in
section 4.2.2.
Table 4.1: Simulated and measured resistance of rings

Radius
(ttm)
1
2.4
2.5
5

Width
(ttm)
0.2
0.2
0.8
0.8

Calculated resistance

Measured resistance

(n)

(n)

72
91

36

174
198
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To gain insight in how the induced current depends on the ring dimensions
and tip oscillation amplitude A, as defined in section 3.4, various simulations have been performed. For given variables, an oscillation period of the
tip is simulated. Such a period is shown in figure 4.9(a). The absolute
maximum current is used as indication to determine which variabie values
are optimal. A higher current is easier to measure. Thus a variabie value
that gives the highest current is considered optimal. To sweep a variable,
the maximum induced current during a period is saved for each value of
the variable. Sweeping one variable, thus gives a graph of the maximum
induced current as a function of the variable. Such a graph is shown in
figure 4.9(b). The figure is obtained by sweeping the oscillation amplitude.
In other words: in the figure, the dependency of the maximum current on
the oscillation amplitude is shown.
lx 10-•o
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(a) lnduced current for one asciilation current, 8 = 65 nm, h = 40 nm, w = 200 nm,
Ä =zo= 30 nm

(nm)

(b) Maximum current against asciilation
amplitude, 8 = 200 nm, h = 40 nm, w =
40nm

Figure 4.9: Simulation results to investigate the induced current.

For simulations to investigate the dependency of the induced current on the
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asciilation amplitude, the height offset zo in equation 2.25 is set equal to the
asciilation amplitude Ä (This is dorre for practical reasons, sirree the tip then
does not go 'through' the ring). A typical asciilation amplitude for MFM is
10-30 nm. The maximum asciilation amplitude that can be simulated is 70
nm, sirree the height of the simulated stray field is 140 nm and the simulated
tip has to be able to move 70 nm up and down. In the graph it can be seen
that a larger amplitude results in a larger induced current. There are two
counteracting mechanisms responsible for the change of the induced current
when varying the asciilation amplitude. These mechanisms are explained
below:

- The asciilation frequency is kept constant at 75 kHz, while the movement of the tip gets larger. This means that the time derivative of
the magnetic flux wiil increase. As a result a higher current wiil be
induced.
- The counteracting mechanism is that the tip will move slower near the
ring, as aresult of its sinusoidal movement. The fastest movement of
the tip wiil occur further away from the ring.
The curve seems to be flatterring for larger amplitudes. From this simulation
it can not be said wether there is an optimum for the amplitude. Therefore
the stray field further away from the tip has to be calculated to be able to
simulate the induced current for a larger amplitude. In each case, if there
is an optimal asciilation amplitude, it will be much larger than the typical
amplitude. The maximal typical amplitude of 30 nm is chosen as optimal.
The induced current as a function of ring width till 60 nm has been simulated. The result is shown in figure 4.10(a). A linear relation can be seen.
When the width of the ring is increased, the resistance decreases resulting
in a higher induced current. This is the same as varying the height of the
ring. For practical reasans the ring can not be very high and wide, but to
optimize the induced current it is optimal to make the ring as high and wide
as possible.
A simulation has been performed to find the optimal ring radius for inducing a current. A smaller ring and thus a smaller resistance, does not
necessarily mean a higher induction current. Reducing the ring radius, reduces the area A in equation 2.21 and thus reduces the induced current. It
was found that a relative small ring radius maximized the induced current.
This is probably because the field is concentrated at the tip end. A graph
of the simulation in the optimal radius range is given in figure 4.10(b). The
jagged edges of the line is aresult of interpolation. The stray field was simulated with varying distances between the layers. To get a smooth matrix Hz
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with layer distances of 1 nm, the layers had to be interpolated. When Hz
is differentiated numerically as explained in section 2.4.1 the effects of the
interpolation can beseen as 'steps' in the graph. These steps are responsible
for the jagged edges in the first part of the graph in figure 4.10(b). There
are two local maxima in the graph. The dip in between is caused by a dip
in the simulated stray field. This is probably caused by the fact that the
ring size gets comparable with the size of the end of the simulated tip. A
ring with a larger radius is easier to fabricate, thus for practical reasans the
second maxima at 65 nm is chosen as the optimal radius.
curr•nt dependenee on ringwidth
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Figure 4.10: Simulation results to investigate the induced current method.

Condusion

The induced current has been simulated for a ring with the found optimal
radius. For the height and width of the ring, respectively 40 nm and 200
nm are chosen, which are considered practical for fabrication. The used
ring dimensions are given in table 4.2. Using these parameters, the induced
current is simulated for one oscillation period. The result is given in figure
4.9(a). The maximum current is approximately 0.4 nA. Measuring currents
of this magnitude will be difficult, but perhaps it is possible using a picoampere meter. A better approach could be to measure the induced voltage
using a lock-in amplifier. To estimate the magnitude of this voltage other
simulations have to be performed, which is given as an outlook in chapter
five. With the fabrication methad for the rings at hand (milling using the
Focused Ion Beam (FIB)), it is extremely difficult to fabricate rings with
the desired properties and an inner radius of 65 nm. For this reason and the
estimated small current, it is chosen for this intemship to focus on the send
current method, since this methad is already successfully used by [3, 4]. The
results for this methad are treated in the next section.
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Table 4.2: Optimal ring dimensions and other important parameters concerning
the induced current simulation

Radius
s
(nm)

Width
w
(nm)

Height
h
(nm)

Amplitude
A= zo
(nm)

Frequency
(kHz)

po- 8 nm)

(nA)

65

200

40

30

75

1.7

0.4

4.2

f

Bulk resistivity

Current

Pcopper

Send current methad

Fabrication methods for the rings are discussed, and two fabrication methocis are investigated. MFM scans of fabricated rings are performed while
currents are send.

Literature
The articles [3, 4] have been used as a guide for this method. In these articles
the measured phase shift in the current rings were fitted using equation 2.31.
For the experimental results, the magnetic monopole and dipole moments in
this equation were found by fitting to be: q = 0.28 A-mand m = 3.8 ·10- 12
A·m 2 . The phase shift is stated to be better observable using current rings
with a radius of 2.5 /-Lm than with smaller ones. Golden current rings of
200 nm wide and 120 nm high were made by e-beam lithography. Currents
up to 5 mA were sent through the rings. This gave a phase shift of 1 degree
inside the ring compared to outside the ring. Below 0.2 mA no MFM signal
but only noise was observed. Typical MFM images of the rings that were
obtained are shown in figure A.2 in the Appendix. MFM images like these
are expected forthesend current method. When no current is send, a MFM
image that contains only noise is expected. Dependent on the polarity and
magnitude of the current, the area inside the ring is expected to give a light
or dark contrast compared to the the rest of the image. The measured phase
shift in the center of the ring can be plotted against the send current as explained in section 2.4.2.
The typical parameters given above for the rings and currents, are used
as a guide for this method. First it is investigated how to fabricate the rings.
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4.2.1

Fabrication methods for the current rings

There are multiple methods possible to fabricate the rings. Two methods to produce the best conductive rings are probably Ultra Violet (UV)lithography and electron (e)-beam lithography. How conductive structures
can be made using UV-lithography was explained in section 3.3.1. UVlithography is not well suited to fabricate the rings, since for UV-lithography
an expensive mask has to be made for each type of structure. Several rings
with different dimensions will be investigated, making this method very
costly and inflexible. The principle of e-beam lithography is the same as for
UV-lithography, only the desired shapes are 'written' on the resist using an
electron beam insteadof UV light. The e-beam lithography is not available
at the time of writing. There are two other, inexpensive and flexible methods to produce the rings using the FIB. One option is to deposit conductive
material in the form of a ring on an insulating substrate using Ion Beam
lnduced Depositions (IBID), as described in section 3.2. The other option
is to sputter a conductive layer on an insulating substrate and selectively
mill material, leaving only the desired structure.
lt is possible to make platina depositions with the DBS. The typical resistivity of platina depositions is specified by the supplier to be (1000 2000) · 10- 8 0·m. The resistivity of sputtered platina is much lower. Therefore the resistance of rings fabricated using the milling method is expected
to be much lower than for rings fabricated using the deposition method. The
milling method is for this reason preferred. However, the deposition method
makes it possible to fabricate the rings accurately and directly. No preparation steps as with the milling method, like development and sputtering,
are necessary. Because both methods have important advantages, they are
both further investigated.

The substrate of the chip is also very important. As explained in section
3.3.2, the substrate has to be as insulating as possible. The possibilities of
using glass or silicon with a 3 J-Lm silicon-oxide layer as substrate were investigated for the deposition and milling method. The glass gave problems
with milling and depositing. Because the glass is so insulating, local charging occurred while milling or depositing. As aresult of this charging, the ion
beam was deflected, making it very difficult if not impossible to deposit or
mill a well-defined structure. The silicon-oxide did not give such problems.
Therefore the silicon with a 3 J-Lm silicon-oxide layer is chosen as substrate.
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Depositions versus milling
To investigate the conductivity of structures made with these methods,
squares of 50 J-Lm by 50 J-Lm are made with both methods. The conductivity
of the structures is then investigated using a four-point probe. Platina (Pt)
is chosen as material to compare the two methods since the possibilities to
sputter platina (for the milling method) and deposit platina (IBID) are both
available in the FNA group.

Depositions
Platina depositions of squares with different thickness are made. An overview
of these squares is shown in figure 4.11(a). To check which ion current is
most suitable to make the depositions, a deposition for each available current
has been made. The time for each deposition has been set at 600 seconds.
The height of the depositions is measured using Atomie Force Microscopy
(AFM). The FIBs software predictions for the deposition heights and the
measured heights for the different currents are plotted in figure 4.12(a). For
the lower currents there is a reasonable agreement, but for the higher currents there is a strong difference. To make well defined depositions a lower
current has to be used.

(a) SEM image of Pt depositions with increasing heights

(b) AFM image of a corner of a milled
square

Figure 4.11: Image of the deposited squares and an image where the circumference of a square is milled.

The software assumes that there is a linear relation between the ion current
and the deposition height. This is in reality not the case. Actually there is a
competition between the deposition effect and the milling effect. When the
ion current is set too high, there is not enough gas flux coming in anymore
to keep depositing. The milling effect then takes over. A part of the ions
does not decompose the precursor gas molecules, but is actually milling part

of the deposition. When depositing at ion currents higher than 6.5 nA, the

height of the depositions is expected to decrease again. To check this, a
deposition has been made with an ion current of 9.3 nA. The result is shown
in figure 4.12(b). This strange looking deposition is created because the Gas
Injection System (GIS) needie is delivering the gas from the bottorn right
corner. In this corner there is enough gas to form a deposition. On the
edges of the milling area there is also some material deposited. Because of
a lower beam intensity at the edges, here the deposition effect takes over.

I•

EsUmate height
~~
• AFM measured helght
l_:_Linear fit

1000

•

.

•

~·

0

2

4
6
Ion Gurrent (nA)

10

(a) Graph of estimated deposition heights
with IBID and measured heights (with
AFM) against milling current

(b) SEM image of an IBID with an
ion current of 9.3 nA

Figure 4.12: IBID with different ion currents.

Milling
A Pt layer of 20 nm is sputtered on the substrate. Then squares of 50 fLID
by 50 fLID are electrically isolated by milling boundaries of several squares
at 9. 7 pA. An AFM scan of the corner of a square is shown in figure 4.11 (b).
Each square is milled with a different milling time. The depths and widths
of the trenches are measured with AFM. The results are shown in table 4.3.
lt can be seen that despite the significant longer milling time, the trench
depths are not increasing much. The probable cause is that the ion beam
gets out of focus. This is possible since the squares are 50 fLID wide and
0.5 mm separated. Thus for milling structures that are relatively far separated it is important to check at each position, whether the beam is still
focused.
When focussed well, a mill time of 90 seconds at 9. 7 pA is considered to be
appropriate to mill a trench deep enough to electrically isolate the squares.
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Table 4.3: Parameters for the milled squares

(#)

Mill time
(s)

Depth trench
(nm)

Width trench
(nm)

Mill volume
(J-lm3)

1
2
3
4
5

30
60
60
60
90

11.6
35.7
18.2
15.6
20.6

727
400
600
785
692

0.17
0.29
0.22
0.25
0.29

Square no.

Cond uctivities
Using a four-point probe, sheet resistances of the depositions and milled
squares are measured. The result is shown in figure 4.13. For the squares
an average sheet resistance of 14.9 0/square is measured. It seems that the
resistances are not influenced by the depth of the trenches. The sixth measurement is performed in the middle of the sample and can thus beseen as
the measured sheet resistance for an infinite sheet. This resistance is a little
bit lower than that of the squares because currents, necessary to measure
the sheet resistance, are not hindered by any boundaries as in the case of
the squares.
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Figure 4.13: Graphof the measured sheet resistances for the milled squares.

It was not possible to measure the sheet resistance of the depositions with
the four-point probe. This means that the top layer of the depositions is
not conductive enough to perform a proper resistance measurement. This
can probably be attributed to the fact that a lot of other atoms in the precursor gas, mainly carbon, have also have been deposited besides the platina.
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Because it is not certain whether the depositions are conductive enough,
the milling method is chosen to fabricate the current rings. On a chip as
treated in section 3.3.1 rings are milled using a patterning engine. The results are discussed in the next section.

4.2.2

Milling of the current rings

Two chips are fabricated using the method described in section 3.3.1. The
same technique to make the leads and macro contacts is used to sputter a
40 nm conductive layer in the four squares. The two chips will be referred to
as samples A and B. For the first chip, sample A, platina is used as conductive material for the squares. The second chip, sample B, is equipped with
copper squares to make the rings more conductive. This makes it possible
to send higher currents through the rings than when platina is used.
An example of a mill pattem of a typical ring is shown in figure 4.14(a). All
the grey areasin the figure are milled, leaving only the white (conductive)
path connected to the leads. The white areas left and right of the ring are
left unmilled to reduce the milling time. A square on sample B where four
rings have successfully been milled is shown in figure 4.14(b).
golden leads

conductive square
ring

(a) Drawing of areas (in
grey) that are milled in order to fabricate a ring, s =
2.4J.Lm, w = 800 nm

(b) Conductive square on sample B with milled rings

Figure 4.14: Images relating to the milling of the rings.

Measured resistances of the rings on sample B are given in table 4.1. The
measured resistances are larger than the calculated resistances. This is probably caused by the implantation of gallium ions in the conductive material
of the rings. This is a side effect of the fabrication method by milling. Next
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to this, the value for the resistivity used in the calculations is probably too
low. A 40 nm layer of copper probably has a larger resistivity than its bulk
resistivity, which is used in the resistance calculations.

4.2.2.1

MFM scans of sample A

To check correct operation of the MFM setup and the MFM tip, a test scan
has been made of a piece of hard disk. The scan is shown in figure 1.1. In
the magnetic image a magnetic structure can be observed, from which it can
be concluded that it is possible to measure magnetic properties.
On sample A, platina rings with a radius of 2.4 p,m and rings with a radius of 1 p,m are fabricated by milling. The resistances of the rings are
initially measured using a Philips PM2535 multimeter. The average measured resistance is 240 0. This is higher than the calculated resistances
(see table 4.1), but is realistic. A MFM scan has been performed on one of
the rings using the NOVA program. There was nothing to see in the MFM
image. Next a MFM scan has been performed while sending a current of
5 mA. The result is shown in figure 4.15. In the MFM image, the ring is
clearly visible as a dark area. For the expected magnetic interaction also
the area inside the ring should be dark. During the scan lines in between
the arrows in figure 4.15(b), the current is turned off. It can beseen that
when the current is turned off, no ring is visible.
nm

(a) Topographic image

(b) Magnetic image

Figure 4.15: MFM scan where a current of 5 mA is turned off and on again,
which is indicated by the arrows, b.zo = 100.5 nm.

When sending currents of up to 5 mA, the initial applied voltage to send the
current is maintained throughout the entire MFM scan. No changes in the
current are observed, which is an indication that no structural changes are
taking place, due to for example heating. For this reason, sending currents
of up to 5 mA is considered to be safe for the rings.
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To check the effect of reversing the current a MFM scan is made where
the polarity of the current is changed during scanning at about halfway the
scan. The result is shown in figure 4.16 and the current switching point is
indicated in the MFM image by an arrow. Switching the current causes a
contrast switch, as is to be expected. Another scan where the current is
switched is shown in figure A.1 in the Appendix. The obtained MFM images are not in agreement with the images in figure A.2. Within the ring,
features can be seen that are caused by the specific way the milling pattem
is build up. This means that the MFM image is influenced by topographic
features.
nm

(a) Topographic image

(b) MFM image

Figure 4.16: MFM scan where the polarity of the current is switched, which is
indicated by the arrow. (6-zo = 130 nm).

To check whether the contrast will switch when the current polarity is
changed, in another MFM scan, the current is switched from -4 mA to
+4 mA in steps of 1 mA per 25 scan lines4 . The result is shown in figure
4.17. This scan confirms that the MFM image is influenced by topographic
features. Since the expected contrast switch is observed, it seems that the
tip is attracted to or repulsed from the sample when sending a current, depending on the current polarity. But the effect influences the entire image,
not just the area inside the ring. Perhaps the current is not flowing through
the ring itself.
A few of the rings did not conduct any more after the scans. To find a cause
for this, the rings were viewed using SEM. A SEM image of one of the rings
is shown in figure 4.18. It is clear that there is serious damage to the structures. Believing that sending currents of up to 5 mA cannot have caused the
damage, the specifications of the multimeter are checked. lts specifications
showed that it had send a current of 90 mA trough the rings to measure the
resistances. When set to the 'resistance measuring' option, the multimeter
operates as a current souree set at 90 mA. Thus the resistance measurement
4

The MFM scans performed consist of 256 scan lines.
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(a) Topographic image

(b) MFM image

Figure 4.17: MFM scan where the polarity of the current is switched from -4 mA
to +4 mA in steps of 1 mA. (llzo = 130 nm)

of the rings, performed before the MFM scans, has probably caused the observed damage to the structures. The measured resistances were probably
of other conductive paths that had formed on the chip. The currents send
during the MFM scans were possibly send through these alternative paths
and not through the rings themselves. The obtained MFM images have to
be re-evaluated.

Figure 4.18: SEM image of a ring on sample A. The rings and the leads are badly
damaged because a too high current is send.

There are two possible explanations for the observed effects in the MFM
images when the currents were changed. These explanations are discussed
below:
- It might be that the surface is charged as a result of applying a voltage
over two connectors to send a current. Now the tip can be attracted
to, or be repulsed from the surface by electric forces. This interaction
is exploited in Kelvin Probe Force Microscopy (KPFM). To prevent
this effect, the conductive square and the rings that are not scanned
are grounded. The MFM tip is also (standard) grounded.
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- A current through an alternative path close to the ring will exert a
magnetic force on the MFM tip. Depending on the polarity of the
current, the tip will be attracted to, or repulsed from the surface by
magnetic forces. This magnetic force will depend on the magnitude
of the current. Figure 4.17 confirms that this is happening. When
a higher current is send, the average phase shift in the MFM image
becomes larger. Therefore this explanation for the observed effects is
most likely.
Both explanations however do not explain the topographic features that can
be observed in the MFM image. To make sure that other rings will not be
broken by sending too high currents, a maximum safe current is calculated
and checked experimentally. This is treated in the next section.

4.2.2.2

Maximum current

To prevent the destruction of new rings by sending too high currents, a current density calculation for the rings has been clone. A current density J, of
1010 A/m 2 is considered to be safe for copper. No heating of the structure
is then expected. To calculate a safe current, the current density formula is
used: J = ~, where I is the current and A is the area where the current
will flow through (cross-section of the structure). For the area, a rectangle of 40 nm high and 200 nm wide is used (cross-section of a ring with
the smallest used width). The calculation results give that currents of up
to 0.1 mA can be considered to be safe. To accurately send small currents
and safely measure the ring resistances, a Keithley 2400 SoureeMeter is used.
The resistances of the rings on sample B have been measured using the
SoureeMeter as a current souree of lOJ-LA. The measured resistances are
given in table 4.1. For sample B, the maximum send current during MFM
scans is 0.1 mA. Despite using only these lower/safe currents for the rings on
sample B, some rings did notconduct anymore when reconnected, without
any logic cause at hand.
Trying to determine the maximum current experimentally showed that sending a current of 0.3 mA is no problem. The current was sent for fifteen
minutes. During these fifteen minutes the applied voltage and the send current remairred constant. This is an indication that no structural changes
are taking place. However, after this measurement the ring seemed to be
broken. Just like the other rings, this ring also stopped conducting when
connected again for a new measurement. lt has been checked using an oscilloscope that the SoureeMeter does not give a peak current when switched
on or off. When assuming that the structure of the ring and leads does not
change suddenly and should be noticeable in a changing current or voltage, a
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probable explanation is that the structures are damaged by an electrastatic
discharge. This discharge could be caused by touching the connectors when
connecting the rings to the measuring device.
To check the damage to the rings of sample B, the rings are viewed using SEM. The typical detected damage can be seen for one ring in figure
4.19(a). Now it can be concluded that the lack of conductivity is by melting
of the ring itself.

(a) Damaged ring

(b) Repaired ring with a platina
IBID

Figure 4.19: Broken and repaired current ring of sample B.

4.2.2.3

MFM scans of sample B

The squares on sample B to fabricate the rings have a copper layer, instead
of the platina as on sample A. This is dorre to For the MFM scans of rings
on sample B, the SMENA program is used. Due to the averaging option,
the noise in the MFM image can be reduced considerably. The topographic
features are now even more clearer visible in the MFM image. Sending currents of up to 0.1 mA did not noticeable infiuence the MFM images. No
difference in the MFM images was observed when the current was stopped
or reversed. When the rings unexpectedly stopped conducting as explained
in the section above, they were viewed using SEM. The ciarnages to the rings
as shown in figure 4.19(a) were repaired using platina IBID. Such a repaired
ring is shown in figure 4.19(b). After repairing, the rings were conductive
again. Their resistances are about 1.5 times higher than initially.
To be more sensitive for the desired effect, it is tried to reduce the topographic infiuence. Perhaps it is then possible to see the desired effects
even for small currents. To check for which height the topographic infiuence
would disappear, MFM scans with increasing second pass heights have been
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performed. During these scans no current has been send. The scans are
shown in figure 4.20. It can be seen that the topographic features are visible
even for second pass heights much larger than typically used, which is about
90-100 nm. Even for second pass heights of up to 700 nm, topographic influences are visible in the MFM images.

(a) Topographic image

(b) MFM image, zo = 150 nm

( c) Topographic image

(d) MFM image, zo= 300 nm

·SOO

(f) MFM image, zo= 252 nm

( e) Topographic image

Figure 4.20: MFM images at different second pass heights

MFM scan with AFM tip
When the averaging option inSMENAis set to 400, a topographic influence
of maximal 1 degree is observed in the MFM images.
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To check whether the observed topographic infiuences are caused by a magnetic interaction, a MFM scan is performed using an (nonmagnetic) AFM
tip. The obtained 'MFM' image was the same as for the MFM scans using
the MFM tip. From this it can be concluded that the observed topographic
infiuences are not caused by a magnetic interaction. A MFM scan with the
AFM tip is also made of a height calibration sample. In this image again topographic infiuences can beseen in the 'MFM' image. It can be concluded
that the topographic infiuences are caused by the operation of the MFM
setup itself.
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Chapter 5

Conclusions and outlook
Magnetic Force Microscopy (MFM) is a technique that is commonly used to
visualize magnetic properties of a sample. These images can be interpreted
qualitatively and give insight in the ordering of magnetization in the sample.
This is of great importance for the miniaturization of electronk devices and
research in physical effects on a nano length scale.
Being able to interpret the magnetic images quantitatively would make the
MFM technique an even more powerful magnetic imaging tool. Determination of the magnetic moment of the MFM tip is necessary for such a
quantitative interpretation of MFM images. In this report the theory about
Atomie Force Microscopy (AFM) and MFM is treated. The MFM setup
and Dual Beam System (DBS) are explained. The DBS is used for analysis
and to fabricate mieraseale rings. Two methods to determine the magnetic
moment of a MFM tip using mieraseale current rings are explained and investigated. These methods are called the 'induced current method' and the
'send current method'. The results of investigating these methods and their
outlook are given below.

Induced current method
Using Scanning Electron Microscopy (SEM) it is determined that the MFM
tip has a rhombohedron shape. The end of the MFM tip is milled, after
which the thickness of the magnetic coating can be estimated using SEM.
In the SEM image it can be seen that the magnetic coating is approximately
40 nm thick. Using an Energy Dispersive X-ray (EDX) detector, it is found
that the tip has a cabalt-chromium magnetic coating.
These results are used to model a MFM tip. lt is expected that only the
last 500 nm end of the MFM tip has a major contribution to the sensitiv-
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ity of MFM for magnetic interactions. Therefore only the end of the tip is
modeled. Using a micromagnetic simulation program, the magnetic stray
field emanating from the MFM tip is simulated for a distance up to 140 nm
from the tip end. The simulated stray field is used as input for the magnetic
flux in simulations to investigate the optimal ring dimensions and induced
current.
Using optimal ring dimensions a simulation for the induced current is performed. The induced current is estimated to be in the order of 10-lO A.
Such a small current could be measurable using a picoampere meter capable
of measuring high frequency alternating currents. The optimal ring radius
is estimated to be 65 nm. lt is not possible to fabricate rings with an inner diameter of 65 nm and the desired properties with the used fabrication
method. For this reasou it is chosen for this intemship to focus on the send
current method. This method is already successfully used by [3, 4].
As an outlook for this method, the effect of modeling the whole tip on
the stray field can be investigated. The assumption that only the last 500
nm of the tip determines the sensitivity for magnetic interaction can then
be checked. Also the stray field itself can be simulated for larger distauces
under the tip end. The induced current can be simulated for larger oscillation amplitudes to determine whether there is an optimal oscillation
amplitude. When the stray field is simulated for larger distauces in the xand y-direction, the simulated field matrix Hz will also include backward
flux (magnetic field lines that are going up again). This backward flux gives
a limiting factor for the ring dimensions when simulating the induced voltage. The ring resistance gives this limiting factor for the induced current
model. With a farther simulated stray field in the x- and y-direction, in
stead of looking at the induced current, optimal ring dimensions to measure
the induced voltage can be found. The magnitude of this voltage, which is
measurable using a lock-in amplifier, cau be estimated. A major advancement in the current and voltage simulation model is to take the height of
the ring into account. The top part of the ring will experience a different
magnetic flux than a lower part. Using this correction, an optimal height
for the ring can also be found.

Send current method
For the current send method, the articles [3, 4] have been used as a guide.
Possible fabrication methods for the rings are given. Two fabrication methocis are investigated. These two methods are Ion Beam Induced Deposition
(IBID) or sputtering a conductive layer and subsequent milling of material
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with a Focused Ion Beam (FIB). For the depositions it is found that the
ion current must not be set too high in order to fabricate well defined structures. The advantage of the IBID method is that the rings can be fabricated
accurately and directly, meaning that no special preparatien steps are necessary. Rings fabricated by the milling method are expected to have a higher
conductivity. The resistance of test depositions could not be measured with
a four-point probe. Therefore it is chosen to fabricate the rings using the
sputter and mill method.
MFM scans performed on the rings show an effect as function of the send
current. The observed effect is however not the expected effect which can be
used todetermine the dipole moment of the tip. By viewing the rings with
SEM, it is found that the rings are damaged. The damage is caused by too
high current that was unexpectedly send by a multimeter when measuring
the resistances of the rings. The observed effects in the MFM scans are
explained by the magnetic influence as a consequence of alternative current
paths. Measures are taken to prevent sending too high currents again. A
maximal current that can be considered to be safe for the structures is calculated. Despite these measures, new fabricated rings were also damaged.
The damage is probably caused by static electric discharges when touching
the connectors to conneet the rings. Thus care has to be taken when connecting the rings.
Currents up to 0.1 mA are send through the rings. No alternative current paths are expected. For currents this small, no effects in the MFM
images are detected. Higher currents need to be send to detect the desired
effects in the MFM images. With the fabricated current rings this is not
possible. An outlook for this method is to fabricate current rings that are
able to cope with higher currents. The current rings should be able to conduct a current of 20 mA for at least 10 minutes.
Topographic features are visible in the MFM images for a typical second
pass height offset of 90-100 nm. Scans with larger than typical heights have
been performed. Even at a second pass height of up to 700 nm the topographic features are visible. A MFM scan with an AFM tip gave the same
'MFM' image. It is concluded that the observed influences are not caused
by a magnetic interaction. A MFM scan with an AFM tip is performed fora
height calibration sample. In this 'MFM' image the topographic influence is
also observed. From this it can be concluded that the observed topographic
influences are caused by the eperation of the MFM setup itself. To be able
to quantify the magnetic moment of the MFM tip, more research has to be
clone to identify this artifact. A possible direction is to measure the strength
of the topographic influence for different second pass heights. The distance
dependency of the influence can be calculated and it could be determined
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what is causing the topographic influences in the MFM images.
Insection 2.3.2 the point-probe model for the force on the MFM tip was introduced, which includes a monopole term. This monopole term was briefly
discussed in section 2.4.2. An outlook for this model is to investigate the
relevancy of the magnetic monopole term. A sample could be created that
locally only has a first derivative of the magnetic stray field. If for example
the first derivative of the stray field has no influence on the MFM image,
the monopole term can be set to zero.
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Appendix A

Images

(b) Magnetic image

(a) Topographic image

Figure A.l: MFM scan where the polarity of the current is switched twice during
the last bit of the scan (top).

...
Figure A.2: Typical MFM phase images from rings to be expected. The current
is +5 mA for one image and -5 mA for the other. Adapted from [3].
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