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T e cove  p ct es

•  Top-left: Relative Stiffness Atomic Force microscopy
(RSAFM) image showing stiffness variations among TiN
inclusions in an Al2O3 matrix. The scanned area is 20 × 20
µm2.

•  Top-right: Ferroelectric domains in a grain of a PZT thin
film, imaged with AFM using electric field excitation of the
piezoelectric film. The scanned area is 600 × 600 nm2.

•  Bottom-left: MFM image of the magnetic poles of a single
domain magnetite particle having a magnetic moment of
~10-14 emu. The scanned area is 250 × 250 nm2.

•  Bottom-right: AFM image of magnetic field induced,
dynamic surface variations arising from magnetostrictive
effects, showing ~35 nm wide domain walls in Co dots. The
scanned area is 1 × 1 µm2.
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…in memory of my parents

“Victory usually goes to those green enough to underestimate the
monumental hurdles they are facing”

Richard Feynman
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Abstract
This thesis deals with developing suitable modifications of Scanning Probe Microscopy (SPM) for
investigations of functional properties of materials. In order to make it possible to investigate a
number of properties of various functional systems using SPM the following new techniques have
been developed:

•  A magnetic force microscope (MFM) having capability of both dc- and ac-mode detection.

•  A method to extract switching field distributions from series of MFM images.

•  A novel technique for magnetic microscopy using a non-magnetic probe to investigate the
magnetostrictive response of ferromagnetic materials, capable of 1 nm resolution.

•  A technique to determine the magnetostriction at low external fields using AFM.

•  A technique for AFM studies of ferroelectric domains using the inverse piezoelectric effect of
ferroelectric materials.

•  A technique for studying the relative stiffness distribution in composite materials using AFM.

•  Scanning friction microscopy.

•  Methods for determining the structure of nanoindents.

 Using the techniques highlighted above, we have studied functional materials of current interest
from both technological and basic research points of view. Some of the materials and the main
results obtained are:

•  The role of magnetism arising from chains of nano-sized magnetite particles bio-mineralized in
magneto-tactic bacteria is a topic of growing interest today. We use MFM techniques to
investigate magnetic flux reversal phenomena in such chains. It is found that:

1. The coercivity of the chains is dependent on their length in a manner consistent with the
fanning mode as a mechanism of flux reversal for up to 7 or 8 particles, longer chains appears
to reverse in sufficiently large external fields by a thermally activated, cascade-like reversal
process.

2. Additionally, the coercivity for a chain depends on the position of the chain relative to other
chains, i.e. the chains are pinning each other magnetostatically.

It is noteworthy that from our MFM measurements on single magnetosomes of 50 nm we have
detected magnetic moments as small as 3.1·10-14 emu. Such detection is not possible by any other
technique known today.

•  Evaluation of magnetostrictive properties of small structures is extremely important and relevant
to information storage media and read/write heads, in particular, as storage densities beyond 30
gigabytes is pursued. In this thesis a study of domain wall width of submicron man-made Co dots
is presented with a newly developed magnetostrictive imaging technique. Domain wall width of
~35 nm have been observed in magnetic dots of 250 nm diameter. Additionally, we found that
due to magnetostatic coupling the dots influence the neighboring domains to align
ferromagnetically. The studies presented herein are the first such to be reported in literature.

•  From an investigation of epitaxially grown ferroelectric PbZr
0.65

Ti
0.35

O
3
 (PZT) thin films the

existence of ordered polydomain configurations in grains larger than 200 nm are demonstrated.

•  For an understanding of the interaction between the components of composite materials the
relative stiffness was determined for a composite material consisting of TiN inclusions in an
Al

2
O

3
 matrix. This would be a new approach to study the local mechanical properties of future

nano-composite materials.

•  Preliminary investigations of the structure of nanoindents on a variety of materials demonstrate
potentially rich possibilities to study the hardness at various depths in advanced nanostructured
materials.
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1. Introduction 
Since the invention of the first Scanning Tunneling Microscope (STM) in 

1981 (G. Binnig and H. Rohrer)1 and the Atomic Force Microscope (AFM) in 1986 
(G. Binnig et al.)2, there have been both intensive and extensive developments taking 
place in this area, with modifications suitable for new and novel applications. There is 
a continuous growth in the number of new types of instruments sharing important 
features with STM and AFM, which are comprehensively referred to as Scanning 
Probe Microscopes (SPM’s). Among these are: scanning ion conductance microscope 
(SICM)3, where a micropipette filled with an ionic solution is used to probe ion 
conduction channels in biological systems; magnetic force microscope (MFM)4,5 
which is essentially an AFM operating in non-contact and with a magnetic tip, 
enabling it to probe the magnetic properties of a surface; tunneling stabilized magnetic 
force microscope (TSMFM)6,7, which is a version of MFM based on STM, where the 
rigid STM-tip is substituted with a flexible magnetic probe that gives response to 
fringing magnetic fields; scanning near-field optical microscope (SNOM)8, which 
overcome the resolution limit arising from optical diffraction (for visible light ~0.2 
µm) in standard (i.e. far-field) optical microscopy, by scanning an optical probe with 
an aperture of about 10 nm near, or in contact with, the surface, while sampling the 
signal measured by a photo-multiplier; charge force microscope (CFM)9,10, where the 
interaction between surface charges and an image charge induced in the tip is utilized 
by an AFM operating in non-contact, to image the spatial distribution of charges on a 
surface. In table 1 the parameters of measurements and the lateral resolution of a 
selection of currently used microscopes are listed. 

Table 1. Microscopic techniques. 
Instrument Acronym Measurement parameter Lateral resolution 

Scanning tunneling 
microscope 

STM electron tunneling current < 0.2 nm 

Atomic force microscope AFM surface force/force gradient < 0.2 nm 

Charge force microscope CFM electrostatic force < 200 nm 

Magnetic force microscope MFM magnetic force < 100 nm 

Tunneling stabilized magnetic 
force microscope 

TSMFM magnetic force < 200 nm 

Scanning near-field optical 
microscope 

SNOM near-field optical reflection < 25 nm 

Scanning ion conductance 
microscope 

SICM ion current < 100 nm  

Transmission electron 
microscope 

TEM transmitted electrons < 0.2 nm 

Scanning electron microscope SEM scattered electrons < 100 nm 

Field ion microscope FIM emitted ions < 0.2 nm 

Phase contrast microscope PCM phase difference of light < 100 nm 

Optical microscope OM optical reflection < 1000 nm 
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1.1. Novel applications of Scanning Probe Microscopy. 
The main reason for the great success of SPM is to be found in its unsurpassed 

resolution in three dimensions, combined with its relative simplicity and ease of use. 
This makes SPM very well adaptable for a multidisciplinary approach in the study of 
new materials. In Figure 1.1 SPM is compared with other microscopic techniques used 
today: transmission electron microscope (TEM), scanning electron microscope 
(SEM), optical microscope (OM), field ion microscope (FIM), phase contrast 
microscope (PCM)11. It is worth noting that SPM unlike most other microscopes gives 
unique information along the additional third dimension, namely the vertical- or z-
direction. 

 

Figure 1.1. A comparison between SPM and some other microscopic techniques. OM: 
optical microscope, PCM: phase contrast microscope, TEM: transmission electron 
microscope, SEM: scanning electron microscope, FIM: field ion microscope. (From 

ref. 12.) 

This thesis is mostly about using SPM to investigate the functional properties 
of a selected variety of materials, from nano to bulk, magnetic, ferroelectric and 
composite materials. 

Most of the work described in this thesis has been carried out using a modified 
“Personal SPM” from Burleigh Instruments inc. This instrument has both AFM (ARIS 
- 3300) and STM (ARIS - 3400) scanning heads. We have modified it for “tapping” 
mode operation as well as incorporating both dc and ac mode magnetic force 
microscopy, for investigation of local magnetostrictive and ferroelectric properties. 
The techniques developed have been adopted to investigate mechanical properties like 
mechanical stiffness distribution and friction. 

For the MFM work presented in chapter 4, concerning magnetization reversal 
in chains of magnetite particles, a D3000 Nanoscope from Digital Instruments inc. 
was used. 
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2. Fundamentals of Scanning Probe Microscopy 

2.1. Introduction 
The principle by which all scanning probe microscopes function is that by 

letting a fine tip closely follow the surface of a sample, the interaction between tip and 
sample is used to map the sample surface. A primary difference between the different 
types of scanning probe microscopes is the property of the sample surface being 
investigated, e.g. surface topography, friction, charge distribution or magnetism. 
These differences are coupled with the nature of the tip, and tip-sample interaction 
along with appropriate sample excitations. The resolution obtainable is dependent on 
the accuracy by which the tip follows the sample surface. This means that an exact 
positioning of the tip is extremely important. Piezoelectric actuator tubes are used to 
position the specimen under the tip. The tubes used for this are capable of positioning 
tip and specimen to within a few Angstroms or less. The crucial point is how to 
determine the correct position in the vertical direction. This, and what property of the 
sample they are designed to detect, is what distinguishes between different scanning 
probe microscopes. 

2.2. Scanning Tunneling Microscopy - theory, technique, methods 

2.2.1. Principles of operation 
The general principles are well established by now and at least three text-

books are available of late. The physics of operation of a scanning tunneling 
microscopy (STM) involves the tunneling of electrons across the gap separating a 
sharp metal tip from the sample to be imaged. When the tip and sample are close 
enough (only a few Angstroms) the electron clouds of their respective atoms will 
overlap, making it possible for electrons to quantum-tunnel between the tip and the 
sample. If a bias voltage, Vt, is supplied between tip and sample there will be a net 
flow of electrons, giving a tunneling-current, It, (Figure 2.1) given by: 

I
V
S

et
t S∝ −( .025 )1 φ

 Equation 2.1 

Where Vt is the bias voltage, S the tip-sample separation and φ the average 
work function of the two materials. Thus the tunneling current depends exponentially 
on the separation, and so a small change in distance between the tip and the sample 
gives a large change in the tunneling current. The fact that a current flows between the 
tip and the sample means that non-conducting samples have to be coated with a thin 
metal film. 
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Figure 2.1. The principle of STM. The bias voltage, Vt, applied between tip and 
sample causes a net tunneling current, It, if the distance between tip and sample is 
small enough to let the wave functions of the atoms in the tip and sample overlap. 

2.2.2. STM-tip fabrication 
In principle any conductive, mechanically stiff material is desirable to make an 

STM-tip, as long as has the proper rigidity and does not corrode. Usually either 
Tungsten (W) or Platinum-Iridium alloy (Pt-Ir) is used. We use mainly Pt-Ir-tips as 
they are easy to fabricate (one may simply cut a Pt-Ir-wire with pliers to create a sharp 
edge) and resistant to oxidation. 

2.2.3. Modes of operation: constant current, constant height 
There are two approaches to investigate the surface topography of a specimen 

by STM:  

1) The constant current mode: Here the tunneling current is kept constant 
as the tip is scanned over the sample. The tip-sample distance is changed so as to 
maintain a constant current, thereby keeping the separation constant (see Figure 
2.2a). The voltage over the piezo-tube required to raise and lower the sample gives 
the height value of each point; this enables us to use the microscope to map a 
surface.  

2) An alternative method is to not move the sample up and down, but 
instead use the variations in tunneling current as the distance between the tip and 
sample changes, and thus let the size of the tunneling current in each image point 
be a measurement of the height, thereby giving a profile of the sample. This is 
called constant height mode and is usually used for atomically flat surfaces only. 
This mode is outlined in Figure 2.2b. 
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(a)  (b)  

Figure 2.2. The different modes of operation of STM. Constant current in (a) and 
constant height in (b). 

The height values which were determined at each point during scanning is 
turned into an image by translating the height value measured at each point into a 
certain degree of contrast on a grayscale. Usually white represents the highest points 
and black the lowest (Figure 2.3). Alternatively each point can be given a color in a 
pre-selected color spectrum, where the different colors correspond to different heights. 
The colors can be chosen freely to enhance the structures depicted. 

 

Figure 2.3. Atoms at a graphite surface, scanned in constant height mode. Note that 
the unit of the z-axis is picoAmperes. Whiter color represents larger tunneling current 

and thereby smaller tip-sample distance. 
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2.3. Atomic Force Microscopy - theory, technique, methods 

2.3.1. Basic principles 
In atomic force microscopy (AFM) a fine tip at the end of a flexible cantilever 

is brought in contact with, or near, the surface to be imaged. Forces acting between the 
tip and the surface will cause a bending of the cantilever proportional to the resultant 
force. By detecting the size of the bending the force may be measured. 

The force measured by the AFM is composed of all the attractive and repulsive 
forces acting between the tip and the sample. So which are these forces? This is very 
difficult to answer as it depends very much on the material of the tip and the sample 
respectively. Generally speaking the forces can be divided into long range and short-
range forces. When scanning in contact with the sample surface the short-range forces 
dominate, in particular the repulsive forces due to quantum mechanical exclusion. At 
larger distance from the surface the long range forces will dominate, e.g. van der 
Waals forces, capillary forces (due to the water layer always coating all surfaces in 
air), magnetic forces or electrostatic forces. As the short range forces acting when 
scanning in contact with the surface are localized mainly to the very apex of the tip (in 
the ideal case to a single outermost atom) while the long range forces are integrated 
over all of the tip, scanning in contact gives higher resolution. Figure 2.4 sketches a 
representation of the long range (attractive) and short range (repulsive) forces acting 
between tip and sample as a function of the separation distance, together with a force 
response curve which is the superposition of these forces. 

 

Figure 2.4. Force response curve, the superposition of the attractive and repulsive 
forces acting between tip and sample plotted as functions of distance from the sample 

surface. (From ref. 13) 

In order to let the sharp AFM-tip follow the surface while being in contact, but 
without removing or displacing atoms, the force by which the tip is acting on the 
surface must be of the same order as the forces holding the atoms to their positions. 
The deflection, ∆z, of the cantilever is proportional to the force, F, acting on the tip; 
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F=-k ∆z. Where k is the spring constant of the cantilever. If a deflection, ∆z, 
comparable to the interatomic distance in the material can be detected, than only k 
remains to be chosen properly. This may be done by considering a simple model to 
describe matter where the atoms are thought of as being attached to each other by 
springs. In crystals at a given temperature the atoms of mass, m ≈ 10-25 kg, are 
vibrating with a frequency, ν, typically 1013 Hz or higher, which implies that these 
imaginary springs would have a spring constant, k, given by k=ν2m, of the order of 10 
N/m. Thus, in an AFM using a cantilever with a spring constant less than 10 N/m, the 
atoms at the surface will not be removed nor displaced. Fabricating a cantilever with 
such a spring constant is not too difficult; as a matter of fact a thin household 
aluminum foil of a few millimeters length will have a spring constant of about 1 N/m. 
Today, however, most cantilever are fabricated with integrated tips from silicon, 
silicon oxide or silicon nitride using silicon device technology. Thereby making it 
possible to fabricate cantilevers of extremely small dimensions (typically around 400 
µm × 40 µm × 2 µm) and exhibiting force constants around 0.1 N/m. 

2.3.2. Basic technical description 
The topography of the sample influences the forces acting on the tip and thus 

also the deflection of the cantilever. The deflection of the cantilever can be monitored 
in different ways but the most common technique is the so-called “optical lever” 
which is depicted in Figure 2.5. A laser beam is reflected by the end of the cantilever 
into a segmented light-detector, which detects the deflection of the laser spot and thus 
monitors the forces acting on the tip. 

 

Figure 2.5. The principle of AFM. The forces acting between tip and sample are 
monitored by detecting the deflection of the cantilever. 
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2.3.3. Methods: constant force, constant height, lateral force 
As in STM there are different approaches to investigate the surface of a sample 

by AFM. The three most common when scanning in contact are:  

1. Constant force mode; here the feedback is used to make the piezotube position the 
sample in the z-direction in such a way that the cantilever is not deflected. The 
voltage over the piezotube giving the position in the vertical direction in each 
point of the scan then gives the height of each point.  

2. Constant height mode makes use of scanning with a minimal feedback and let the 
size of the deflections of the cantilever give values to make an image.  

3. Lateral force mode: Additionally, if the light detector have four segments, 
dividing it both vertically and horizontally, sideways twisting of the cantilever due 
to lateral forces may be used for building the image. 
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3. Magnetic Force Microscopy 

3.1. Introduction 
Magnetic Force Microscopy (MFM) have since its first development14,15 found 

many applications, both in fundamental research and in industry, particularly in the 
information storage industry. The main advantages of MFM compared to other ways 
of imaging magnetic structures are; high resolution (10 nm has been reported16), 
insensitivity to non-magnetic surface coatings, and simple sample preparation. 
Reviews of the principles and methods of MFM can be found in the papers by E. D. 
Dahlberg and J.-G. Zhu17, Hartman et al.18 and Grütter et al.19, a comparison with 
other techniques for imaging magnetic microstructures is given in a review by E. D. 
Dahlberg and R. Proksch20, and a review of the latest development in MFM by R. 
Proksch21. 

In this chapter the principles of MFM will be described. In addition, two 
variants of MFM, which has been developed for a commercially available AFM, the 
ARIS-3300 from Burleigh inc. are described. 

3.2. Principles of MFM 
In Magnetic Force Microscopy an AFM-tip coated with a magnetic material is 

used, making it possible to detect magnetic fields adjacent to a sample. It is necessary 
to keep the tip at such a distance from the sample that the long range magnetic forces 
are larger, or at least as large, as the short range contact forces normally utilized in 
atomic force microscopy.  

The tips used for MFM are usually normal AFM tips with a thin coating of a 
magnetic material, usually a magnetic recording material such as CoCr. The material 
used for coating the tip has to be optimized for the sample under investigation, 
normally a high coercivity material is chosen to avoid changes of the magnetic state of 
the tip during scanning. Simultaneously, the stray field from the tip has to be small 
enough not to affect the sample, yet large enough to yield a large enough force to 
detect. A simple model for MFM is shown in Figure 3.1, here the tip and cantilever 
system is seen as a magnet attached at the end of a spring, the forces between the tip 
(magnet) and the poles at the surface attracts or repulses the tip. The tip is usually 
magnetized perpendicularly to the sample surface, giving larger forces at the tip where 
the stray field from the sample is perpendicular to the surfaces, such as at the bit 
transitions in a hard-disc as shown in Figure 3.1. Magnetizing the tip in parallel to the 
surface gives, in the case of a hard-disc, contrast between the opposite magnetizing 
directions of the bits (See Figure 3.1.). Magnetizing the tip perpendicularly to the 
surface is usually better as this gives a more localized stray field from the tip, and 
thereby higher resolution. 
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Figure 3.1. A simple model for MFM: The tip and cantilever system is seen as a 
magnet attached at the end of a spring, the forces between the tip (magnet) and the 
poles at the surface attracts or repulses the tip. A tip magnetized perpendicularly to 

the sample surface, gives larger forces at the tip where the stray field from the sample 
is perpendicular to the surfaces, such as at the bit transitions in a hard-disc. 

Magnetizing the tip in parallel to the surface gives, in the case of a hard-disc, contrast 
between the opposite magnetizing directions of the bits. 

If an MFM-tip magnetized perpendicularly to the sample surface is 
approximated by a simple dipole with moment, mz, along the z-direction 
(perpendicular to the surfaces) the force, F, acting along the z-direction between the 
MFM-tip and the sample is given by: 

F =m z(Hz )
∂Hz
∂z

  Equation 3.1 

where 
∂Hz
∂z

 is the derivative of the z-component of the stray field from the sample at 

the location of the dipole, by which the magnetic volume of the tip is approximated. 

3.2.1. ac detection 
To increase the sensitivity of detection of the comparatively weak magnetic 

forces, the tip can be oscillated at or near its resonant frequency. The magnetic forces 
acting on the tip will shift the resonant frequency, thus causing a shift of the amplitude 
as well as the phase of the tip oscillation, as is shown in figure 3.2a and figure 3.2b 
respectively. 
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   (a) 

 
  (b) 

 

figure 3.2. Diagram showing the shift in amplitude (a) and phase (b) at fixed driving 
frequency. (From reference 22) 

Note that for amplitude detection the largest shift in amplitude for a given shift 
in resonant frequency occurs at the slope of the resonance peak, while for phase 
detection the largest shift in phase for a given shift in resonant frequency occurs at the 
resonance frequency. 

3.2.1.1. Amplitude Detection 
For amplitude detection, the magnetic force gradient causes a change, ∆A, in 

the amplitude of oscillation of the cantilever: 

∆A =
∂A
∂ω ωmax

′=F z
2k

  Equation 3.2 

where 
∂A
∂ω ωmax  

is the experimentally determined slope of the resonance curve, i.e. the 

slope of the amplitude as a function of drive frequency ω (See figure 3.2a) measured 
at the drive frequency ωmax (for which the slope of the amplitude curve has a 

maximum). ′=F z  is the gradient of the magnetic force. The factor 
′=F z

2k  
 is the shift in the 



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

13

resonance frequency of the cantilever, and k is the measured spring constant of the 
cantilever. 

If we treat the cantilever tip as a simple point dipole oriented and vibrated 
along the axis perpendicular to the sample plane, the magnetic force gradient is: 

′=F =m z(Hz )
∂ 2 Hz

∂z2   Equation 3.3 

where mz is the dipole moment of the tip and 
∂ 2 Hz

∂z2  is the second derivative of the z 

component of the magnetic field at the location of the point dipole. 
The detected changes in amplitude can also be used as a feedback signal to 

modulate the distance between tip and sample, thus trying to keep the amplitude 
constant, and using the piezo positioning voltage for the MFM image. 

3.2.1.2. Phase Detection 
For phase detection too, the gradient of the magnetic force, ′=F z  is used, but 

here the shift of the phase, ∆φ, relative to the phase of the driving frequency is 
detected. The phase-shift, ∆φ, is given by: 

∆φ =
∂φ
∂ω ωmax

′=F z
2k

  Equation 3.4 

where 
∂φ
∂ω ωmax  

is the experimentally determined slope of the phase curve, i.e. the 

slope of the phase as a function of drive frequency ω (See figure 3.2b) measured at the 
drive frequency ωmax (for which the slope of the phase curve has a maximum). 

An additional mode of operating an MFM is to use the phase shift as a 
feedback signal, modulating the driving frequency in order to maintain a constant 
phase shift. This mode of operation is actually often the most sensitive, and is the 
mode used for most of the MFM work presented in this thesis. 

3.2.1.3. Tapping-LiftMode 
For the MFM work on chains of magnetite particles presented in chapter 4 of 

this thesis, a D3000 from Digital Instruments was used. This instrument utilizes a 
detection scheme called Tapping-LiftMode, where each line in the image is scanned 
twice, as shown in Figure 3.3. First the sample topology along the scan line is detected 
and recorded, then, a second scan line is made, where the magnetic force gradients are 
detected at an adjustable height above the previously recorded line. 
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Figure 3.3. Tapping-LiftMode: Each line in the image is scanned twice. First the 
sample topology along the scan line is detected and recorded, then a second scan line 

is made, where the magnetic force gradients are detected at an adjustable height 
above the previously recorded line. 

3.3. Interpreting MFM images 
The property of the sample detected in MFM is the stray field from the sample 

or spatial derivatives of the stray field. MFM is thus essentially a pole detecting 
device, sensitive to the divergence of the magnetization; divM in bulk samples and 
M⋅⋅⋅⋅n. at surfaces, where n is the surface normal. As samples with different domain 
structure may have identical stray fields one cannot uniquely determine the domain 
structure of a sample from MFM images alone, additional information about the 
sample is required in order to do that. For example, in the case of a hard-disc, as 
shown in Figure 3.1, one knows that the magnetization should be directed in the plane 
and along the short side of the bit. Another example of a well known magnetic 
structure is the nanoscale magnetite particles discussed in chapter 4. The sizes of the 
particles are in a range allowing only single domain or even superparamagnetic 
particles. The magnetic dots described in chapter 5 are more challenging, and 
additional information is necessary to determine their domain structure. 

3.4. Modifications of a commercial AFM for MFM 

3.4.1. MFM by a non-contact dc-method 
In our first variant, which we call non-contact dc23, the feedback is disabled 

and the tip withdrawn from the surface far enough for the attractive forces of the 
surface to let go of the tip. The tip is then moved as close as possible to the surface 
without again being captured by the attractive forces of the surface, this is most easily 
done during scanning. As the tip is thus scanned at a constant height above the surface 
it will be repelled or attracted by the magnetic fields from the sample and the resulting 
deflection of the cantilever is detected and turned into an image of the magnetic 
domains in the sample as is shown in Figure 3.4a, where the perpendicular domains in 
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an iron-garnet thin film has been imaged, and in Figure 3.4b, showing the bits on a 
hard-disc.  

(a)  (b)  

Figure 3.4. MFM image of (a) bits on a hard-disc (bit transition period is 4 µm) and 
(b) perpendicular domains in an iron-garnet film, using the non-contact dc method. 

Note that the units of the Z-axis are nanonewtons. 

3.4.1.1. Technical Details 
To disable the feedback the “feedback disable input” (connector J5) has to be 

shorted, it is not necessary to supply a 5 V dc-voltage as it says in the manual24. To 
control the motion of the MFM-tip relative to the sample in the Z-direction a voltage 
has to be applied to the “Z-axis modulation input” (connector J1). This input signal 
has to be a low noise, stable dc-voltage that can be smoothly varied between +10 V 
and -10 V. A very simple variable dc-voltage supply was constructed using one fixed 
and one variable resistor in a voltage divider as outlined in Figure 3.5. As power 
source we used batteries as they give a true dc-voltage. 

 

Figure 3.5. dc-voltage supply for Z-axis modulation 

3.4.2. MFM by an ac-method 
In our second method for doing Magnetic Force Microscopy (MFM), the tip is 

oscillated as close as possible to the surface without making contact with the surface. 
Thus, the ac detection scheme described in paragraph 3.2.1 is used. To detect the 
amplitude changes we take the signal from the light detector (see paragraph 2.3.2) and 
feed it into a lock-in amplifier set to work as an ac voltmeter. The output signal of the 
lock-in amplifier is thus proportional to the amplitude of the oscillating tip. The signal 
is then inverted, this is because in normal mode an increased force will give a larger 
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signal while in the oscillating mode an increased force will give a decrease in 
amplitude and thus a smaller signal. The inverted signal is fed into the feedback of the 
AFM and used in the normal way to control the position of the sample. 

Additionally the interaction of the magnetic field of the sample with that of the 
tip will cause a phase change of the oscillation, as described in paragraph 3.2.1.2, 
detecting this phase change by a second lock-in amplifier will thus enable us to make 
an image of the magnetic domains in the sample. A block diagram of the ac-method 
MFM system is shown in Figure 3.6. 

 

Figure 3.6. Block diagram of the ac-method MFM system 
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3.4.2.1. Modes of operation: constant amplitude mode, constant height 
mode, phase mode. 

The MFM image can, in analog with the contact AFM mode, be made of the 
piezo-voltages needed to keep the amplitude of the oscillations constant in every 
image point, we call this the constant amplitude mode (see Figure 3.7a and Figure 
3.7b), or, of the changes in amplitude due to variations in the magnetic field while 
scanning at a constant height. Furthermore one can use the feedback to control the 
position of the sample relative the tip, but use the change in phase of the oscillatory 
signal from the light detector to build the image, this we call the phase mode, the 
MFM images of a hard-disc and an iron-garnet thin film in Figure 3.8 a and b 
respectively are made using this method. 

(a) (b)  

Figure 3.7. MFM image of (a) a hard-disc and (b) an iron-garnet film, made by using 
the constant amplitude mode. 

(a) (b)  

Figure 3.8. MFM image of (a) a hard-disc and (b) an iron-garnet film, made by 
detecting the phase change of the oscillations. Note that the units of the z-axis are 

arbitrary. 

3.4.2.2. Technical details. 

3.4.2.2.1. Tip oscillation. 
The tip is oscillated by a piezoelectric bimorph attached to the cantilever 

carrier as shown in Figure 3.9. The piezoelectric bimorph consists of three metal 
layers and two lead zirconate titanate (PZT) layers. The top and bottom metal layers 
are used as electrodes while the middle layer (which may also be used as an electrode 
in other applications) acts as a slip-plane between the PZT layers. The two 
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piezoelectric layers are poled in opposite directions in order that an ac-voltage applied 
between the top and bottom electrodes of the bimorph will cause it to bend up and 
down as shown in Figure 3.10. The piezoelectric bimorph was fixed to the probe 
mount using “loctite” glue. The cantilever carrier was glued onto the bimorph with 
conductive silver-paint, to make it possible to put a bias between the tip and the 
sample. Wires were soldered to the top and bottom electrodes. 

 

Figure 3.9. Sketch of the arrangement for tip-oscillation. 

 

Figure 3.10. Piezoelectric bimorph. 

3.4.2.2.2. Modifications of the scanning head. 
The ac signal from the light detector was taken as close in the circuitry as 

possible to the light detector, i.e. from a testing point (TP7) in the circuit of the 
scanning head. This point was connected to a BNC-connector labeled “monitor” as it 
is used to monitor the ac signal by an oscilloscope as well as for connection to the 
lock-in amplifier and inverter (Figure 3.6). The converted signal, now a dc signal, is 
fed back into the scanning head via a BNC-connector labeled “external input”. In 
order to simplify operation the external input was connected to a switch to facilitate 
switching between “contact” (dc)- and “tapping” (ac)-mode. 
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3.4.2.2.3. The inverter. 
The inverter was constructed using a standard “OP-27GP” integrated circuit 

operational amplifier, in Figure 3.11 the schematic of the inverter is shown. 

 

Figure 3.11. Circuit of the inverter. 

3.4.2.2.4. Modifications for phase change detection. 

To turn the detection of phase change of the oscillation into an image, a BNC-
connector labeled “external input”, mounted in the electronic controller was connected 
via a switch to the wire in the “computer-controller interface”-cable that supply the 
“force” values to the computer. In principle, any signal can be used as input to this 
connection, thus opening up for new SPM detection schemes. 



Nanoscale studies of functional materials using Scanning Probe Microscopy 

 
 

20



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

21

 
 

 
 
 
 
 
 

Part II Selected Functional Properties of Novel Systems 
 
 

4. Magnetic Force Microscopy study of the Magnetization Reversal of 
Chains of Nanoscale Magnetic Particles Bio-Mineralized by 
Magnetotactic Bacteria 
5. Magnetostrictive Response using Atomic Force Microscopy - 
Magnetostrictive Dilation Measurement and Magnetic Structure Imaging 
6. Imaging Ferroelectric Domains using Atomic Force Microscopy 
7. Atomic Force Microscopy for studying mechanicalproperties of 
materials 
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4. Magnetic Force Microscopy study of the Magnetization 
Reversal of Chains of Nanoscale Magnetic Particles Bio-
Mineralized by Magnetotactic Bacteria 

4.1. Introduction 
The effects of magnetostatic interactions on the dynamic characteristics of 

single domain magnetic particles are important to understand from both a pure and an 
applied viewpoint. The question of how ensembles of superparamagnetic or single 
domain particles interact during reversal of magnetization is still not answered after 
50 years since the pioneering works by Stoner and Wohlfarth. In our work we have 
used magnetic force microscopy (MFM) in an external magnetic field to study how 
chains of magnetite particles bio-mineralized by magnetotactic bacteria reverses its 
magnetization.  

In 1975 magnetotactic bacteria (Figure 4.1) were discovered by R. P. 
Blakemore25. It was found that these bacteria have a chain of magnetic particles, so 
called magnetosomes. Subsequent studies showed that the magnetosomes consisted of 
single crystal magnetite particles of a very narrow size distribution. After the first 
discovery, many species of the magnetotactic bacteria were found, in some cases with 
magnetic particles consisting of greigite (Fe3S4) rather than magnetite (Fe3O4). The 
size of the particles is for most species near the size of a single domain particle of the 
material. This fact makes the particles bio-mineralized by magnetotactic bacteria very 
interesting as a model system for studying arrays of single domain particles. In 
particular, the question of how a chain of single domain particles reverses its 
magnetization remains unanswered. 

 
Figure 4.1. TEM (a) and AFM (b) images of magnetotactic bacteria. Note the chain of 
magnetosomes in the TEM image. (TEM from: R. P. Blakemore, Ann. Rev. Microbiol. 

36, (1982), 217-238.) 

4.1.1. Magnetotactic Bacteria 
Magnetotactic bacteria can be found in lakes and marshes all over the world. 

What they have in common is the ability to bio-mineralize magnetic particles, which 
orients the bacteria in the earth magnetic field. As the earth magnetic field in most 
parts of the world is at a large angle with the horizon, this means that the bacteria are 
limited to an up-down motion (see Figure 4.2) rather than the random walk usually 
performed by bacteria. As the optimal living conditions for bacteria in water is usually 
found at a certain depth, an up-down mode of motion is preferable. 
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Figure 4.2. The magnetotactic bacteria are oriented in the earth magnetic field, which 

limits their motion to be essentially up-down. 

4.1.2. Magnetosomes 
The shape and composition of the magnetic particles bio-mineralized by the 

magnetotactic bacteria, the so-called magnetosomes, varies with the species. For the 
Aquaspirillum magnetotacticum of strain MS-1, which we have used; they consist of 
magnetite (Fe3O4) particles, ideally shaped as octahedral prisms of {111} faces 
truncated by {100} faces26. The size distribution is very narrow around 40 to 50 nm 
(Figure 4.3). Usually the bacteria have a chain of 10 to 20 particles (Figure 4.1), 
preferentially aligned with the [111] direction parallel to the long axis of the chain. As 
the easy axes of magnetization are the [111] directions27, the chain of magnetosomes 
in the bacteria obtains a maximum magnetic moment. 

Magnetite is a ferrimagnet with cubic inverse spinel crystal structure. The 
anisotropy constant28, K1, of magnetite is roughly -1.3⋅105 ergs/cm3, and the saturation 
magnetization, Ms, about 480 emu/cm3. The size of the magnetosomes of around 40-
50 nm indicates that they are at the lower end of the size range calculated29 for single 
domain particles. In fact, since our observations have yielded ambiguous results for 
single magnetosomes, except at relatively large applied fields (>150 Oe), one may 
conclude that they are superparamagnetic at the temperature and timescale of our 
experiments. 

 
Figure 4.3. An ideal magnetosome consisting of a single crystal magnetite octahedral 

prism of {111} faces truncated by {100} faces. The width is about 50 nm. 
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4.2. Experimental Details 
Extracted magnetosome chains were deposited on cleaved mica and left to dry 

in a magnetic field in order to self assemble into chains oriented along the field, as 
shown in Figure 4.4.  

N

S

  
Figure 4.4. The deposition of magnetite particles in a magnetic field, and the resulting 

chains of particles as imaged using AFM. (Scan area 20×20 µm2.) 

The magnetosome chains were imaged by MFM in the Tapping-Lift mode, 
using a D3000 Nanoscope from Digital Instruments, to simultaneously image the 
topography of the chains and the magnetic fields above them. Figure 4.5 shows how 
the MFM images can be understood considering the chain of magnetosomes as a chain 
of magnetic dipoles. The stray field in the z-direction (perpendicular to the sample 
surface) calculated for such a chain of dipoles is shown. This field interacts with the 
magnetic moment of the MFM-tip, attracting the tip at one pole and repulsing it at the 
other pole, thus yielding the MFM images shown. Magnetic force microscopy is 
described in more detail in chapter 3. 

 
Figure 4.5. The MFM images can understood considering the chain of magnetosomes 
as a chain of magnetic dipoles. The curve in the picture shows the stray field in the z-
direction (perpendicular to the sample surface) calculated for such a chain of dipoles. 

This field interacts with the magnetic moment of the MFM-tip yielding the MFM 
images shown. 
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Three chains composed of 35 to 83 magnetosomes, as the one shown in Figure 
4.6, was imaged in a varied applied field. The applied magnetic field was produced 
using either an electromagnet or a pair of permanent magnets set up in such a way that 
the distance between the magnets could be varied. The field strength at the sample 
position was measured using a Hall probe as shown in Figure 4.7. 

 
Figure 4.6. AFM (a) and MFM (b) images of a magnetosome chain. 

 
Figure 4.7. The experimental set up. The applied magnetic field was produced using 

either an electromagnet or two adjustable permanent magnets. The field strength was 
measured using a Hall probe. 

The magnetization of the chain was first saturated in an applied field of about 
1 kOe, saturation was confirmed by the MFM image showing all moments pointing in 
the same direction. The applied field was then decreased to 0 Oe and then stepwise 
increased in the opposite direction until the MFM image showed the moment of all 
particles in the chain were reversed, the field was then stepwise decreased to 0 again 
and then stepwise increased until the moment of all particles in the chain were 
reversed again, finally the field was stepwise decreased to zero again, thus completing 
the hysteresis loop for the chain. Figure 4.8 depicts the procedure described above. 
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Figure 4.8. The process of making a hysteresis loop with MFM pictures. The 

hysteresis loop in the background is made for an ensemble of magnetite (Fe3O4) 
particles bio-mineralized by magnetotactic bacteria, using an alternating gradient 

force magnetometer (AGFM). 

After the initial study, the MFM-tip was used to cut the chain shown in Figure 
4.9 into smaller pieces. The resulting shorter chains (Figure 4.10) were studied the 
same way as the original chain. Figure 4.11 shows the cutting process. 

 
Figure 4.9. A magnetosome chain consisting of 83 particles. a) AFM image showing 
the topography of the sample. b) MFM image showing the magnetic structure of the 

sample. 

 
Figure 4.10. The same magnetosome chain as in Figure 4.9 after being segmented 

into smaller pieces using the MFM-tip. a) AFM image showing the topography of the 
sample. b) MFM image showing the magnetic structure of the sample. 
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Figure 4.11. Cutting the magnetosome chain using the MFM tip as a nano-tool. 

4.3. Determining the Local Switching Field Distributions 
The processes of magnetization, magnetization reversal and magnetization 

relaxation are of central interest in the study of magnetic materials. These processes 
can be studied by determining the switching field distribution (SFD). Magnetic force 
microscopy (MFM) enables us to study these processes with nanometer spatial 
resolution. In our studies we have determined the SFD’s using series of MFM images. 

In studying magnetization processes using MFM one is faced with the problem 
that the property of the sample detected by the MFM, and thus giving the contrast in 
the MFM image, is not the magnetization of the sample but rather the divergence of 
the magnetization. However, having two MFM images obtained at different applied 
magnetic fields, and thus with different magnetization of the sample, one may assume 
that the difference between those images is proportional to the difference in 
magnetization of the imaged part of the sample at the two different fields applied. If 
one makes a series of MFM images at different fields it is thus possible to follow the 
change in magnetization as a function of the applied field, i.e. determining the SFD. 

In order to determine the switching field distribution the consecutive images 
taken during a measurement were subtracted from each other (Figure 4.12). The 
images resulting from the subtraction were then quantified by making histograms 
(Figure 4.13) showing the number of image-points as a function of the contrast, which 
is proportional to the divergence of the magnetization, for each image. A histogram 
made for a “difference-image”, having more image-points at the tails of the histogram 
thus represents a large change in magnetization, since large changes between images 
result in more image-points having high contrast, i.e. many image-points at the ends of 
the color scale (i.e. black or white rather than gray). 

 
Figure 4.12. Subtraction of two consecutive MFM images, made at 100.0 and 127.4 
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Oe respectively, resulting in a “difference-image” where the features of the image 
represent the amount of change in magnetization between the two MFM images. 

These images are over an area of 2.5×5 µm2. 

 

   
Figure 4.13 Histograms for the number of image-points having a certain value in a 

difference-image resulting from the subtraction of two consecutive MFM images. (a) 
for a small change in magnetization, and b) for a large change in magnetization. 

To convert a series of images taken during a hysteresis loop into a switching 
field distribution (SFD) we used an algorithm taking the sum of the number of image-
points, given by the histogram for each “difference-image”, multiplied by an index 
value taken from the histogram and depending on the amount of change the image-
point represent. In the case of an histogram having 256 values centered around 128 the 
following algorithm was used: 

Σ abs(n-128)⋅x   Equation 4.1 

Where n is the index value running from 0 to 255 and x is the number of image points 
having this value. Examples of SFD’s made this way for the chain of particles shown 
in Figure 4.9 are shown in Figure 4.14. Note that the SFD in Figure 4.14a has several 
peaks, this is because the chain of particles shown in Figure 4.9 consists of several 
segments each having its own distinct switching field. The SFD in Figure 4.14b is 
only for the segment encircled in Figure 4.15, which shows only two well-defined 
switching fields. The SFD in Figure 4.14b was made by digitally masking the segment 
encircled in Figure 4.15 and computing the SFD for only the unmasked part, thus a 
local SFD has been determined for that segment. 
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Figure 4.14. Switching Field Distribution for (a) the chain of magnetite particles 
shown in Figure 4.9, and (b) for the chain segment encircled in Figure 4.15. 
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Figure 4.15. AFM and MFM images showing the chain segment (encircled) for which 

the SFD in Figure 4.14b was calculated. 

Before subtracting the images we digitally compensated for any thermal drift 
that may have occurred. This is particularly important if an electromagnet is used to 
produce the magnetic field, as inevitably heat will be produced due to the electric 
current through the coil. 

4.4. Experimental Results 
It was found that the segments of the chains often behaved as if they were 

more or less independent of each other. The measurements of the hysteresis loops for 
the magnetosome chains were made as a function of the number of magnetosomes in 
the chain-segments. 

Isolated magnetosomes are octahedrals of dimension 40-50 nm on a side. The 
first question that arises is that of thermal stability of the magnetic state for a 
magnetite particle of this size. The magnetocrystalline anisotropy constant, K1, of 
magnetite is roughly -1.3⋅105 ergs/cm3. For thermal stability or to assure us that the 
individual magnetosomes are not superparamagnetic on a time scale of 100 sec, 
K1Vol/12⋅kB⋅T should be on the order30 of 25. In the case of the magnetosomes, this 
ratio is about 13-26. There are a number of approximations or assumptions which go 
into the calculation of this ratio, including an intrinsic attempt frequency for the 
magnetization reversal, (taken as 109 sec-1 by Cullity and others) and that the entire 
volume of each magnetosome is perfect, i.e., there are no surface irregularities. Also 
our MFM images are taken on a time scale of 5 minutes, longer than the 100 sec. 
criteria used above. All of these factors raise some doubt as to the stability of 
individual magnetosomes. This fact is born out in our measurements. We often find 
ambiguous results for the state of individual magnetosomes except for the largest 
applied magnetic fields, above about 150 Oe. This neglects the effect of the field 
produced by the MFM imaging tip. Figure 4.16 shows an AFM (a) and an MFM (b) 
image of a isolated magnetosome imaged in an applied field of ~150 Oe. Both images 
show some broadening due to the relatively large tip radius of the MFM tip. It is 
noteworthy that this demonstrates the capability of MFM to detect magnetic moments 
as small as the 3.1⋅10-14 emu calculated for a single magnetosome of 50 nm width. 
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Figure 4.16. AFM (a) and MFM (b) images of an isolated magnetosome. 

More consistent results are obtained when imaging chains containing two or 
more magnetosomes. Of special interest is the two-magnetosome chain. Assuming 
from the above single magnetosome result that we can neglect the anisotropy energy, 
the lowest energy state corresponds to the magnetosomes aligned parallel to each 
other in a direction along their centers. We imaged some magnetosome pairs where 
the lowest energy state appeared to be an antiferromagnetic alignment with the 
moments roughly perpendicular to the line connecting their centers. This could be due 
to a slight irregularity in the shape or crystal structure of one or both of the particles, 
their relative orientations, or their orientation with the applied field. An example of 
this behavior is given in Figure 4.17. In (a) of this figure the two magnetosomes are 
imaged with a positive field of 125.3 Oe and their moment is accordingly aligned. 
They have switched to the opposite orientation in a negative applied field of –125.8 
Oe as shown in (c) of this figure. In (b) of this figure is a near zero field (25.1 Oe) 
image which shows the two magnetosomes to have opposite magnetization. 

125.3 Oe

 

25.1 Oe

 

-125.8 Oe

 
Figure 4.17. MFM images of a two-magnetosome chain imaged at applied fields of; 
(a) 125.3 Oe, showing the moments of the magnetosomes to be aligned, (b) 25.1 Oe, 
with the magnetosomes having opposite magnetization, and (c) -125.8 Oe, now with 

the magnetization of the magnetosomes reversed and once again aligned. 

Using the analysis developed in paragraph 4.3, we have determined the 
coercivity of various segments of three magnetosome chains. After measurements of 
the full chains, one of them was segmented with the MFM tip and the coercivities of 
the separated segments re-measured. For longer chain segments of three or more 
magnetosomes the coercivity increases with the number of particles in a manner 
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consistent with both the coherent rotation31 and fanning32 models up to 7 or 8 
particles. For longer chains the coercivity slowly decreases, which may indicate a 
transition to a mode of magnetization reversal similar to domain wall motion but here 
the magnetosomes reverse one after the other in a cascade-like manner. In Figure 4.18 
is shown the coercivity as a function of number of particles for the same chain 
segments before and after cutting the chain apart using the MFM tip. In this plot we 
have normalized the coercivities with respect to the small lonely chain seen at the top 
of Figure 4.9 and Figure 4.10, which is presumed to be unaltered by the cutting 
procedure. Additionally, we plotted the coercivities given by the fanning model and 
the coercivities given for a simple model for a domain-wall-like reversal where the 
reversal is assumed to occur when the dipole field from the neighboring particles in 
the chain equals the applied field. 
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Figure 4.18. The coercivity, Hc (Oe), plotted against the number of magnetosomes in 

the segments of the chains shown in Figure 4.9 and Figure 4.10. For both the 
coherent rotation and the fanning models, there should be a monotonic increase in the 

coercivity starting with a steep slope and flattening out or saturating at relatively 
short length. For the experimental data this appear to be true for up to 7 or 8 
particles, for longer chain segments, however the coercivity decreases. The 

coercivities given by the fanning model are also shown. Additionally, the coercivities 
given by a simple model for a domain-wall-like reversal are plotted. Note that the 

crossover between the two models is between 7 and 8 particles. 
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4.5. Micromagnetic Computation 
To further investigate this reversal mechanism a computational model of 

thermally activated magnetization reversal was used. This model takes into account, 
not only the magnetostatic interaction due to dipole field from the particles, but also 
the exchange interaction, anisotropy, thermal effects and, of course the applied field. 
The model is based on the Landau-Lifshitz-Gilbert equation of motion, into which the 
thermal effect is included by adding a random field. Basically the total reduced 
effective field from all sources acting on particle i, hi

eff, is given by the sum; 

hi
eff  = hi

th + hi
ex + hi

mag + hi
ani + hi

app Equation 4.2 

where hi
th is the reduced effective stochastic fluctuation field, i.e. the thermal field. hi

ex 
is the reduced exchange field, which in our case is neglected as it should only be 
included if the distance between the particles is very small compared to the particle 
diameter. hi

mag is the reduced magnetostatic interaction field, i.e. the dipole-dipole 
interaction with all other particles in the chain. hi

ani is the reduced anisotropy field and 
hi

app the reduced applied field. More details on the model can be found elsewhere33,34.  
The input parameters to the model are the saturation magnetization of 

magnetite, Ms = 480 emu/cm3, the anisotropy constant, K1, of magnetite, -1.3⋅105 
ergs/cm3, the temperature, here chosen to be 300 K, and finally the geometry of the set 
of particles, which we choose to be a single array of spherical particles with 50 nm 
diameter and a center to center distance of 60 nm, as was determined from our 
experimental data. 

In Figure 4.19 is shown the experimentally determined coercivities together 
with the coercivities calculated using the fanning model as well as the cascade-like 
reversal described in paragraph 4.4, and the micromagnetic computation described 
above. Figure 4.20 shows a hysteresis loop calculated using our micromagnetic 
method. As can be seen the loop is very square, just as was indicated by our 
experimental results. Note also that the loop is not perfectly symmetric, probably an 
effect of the randomness introduced by the thermal field. As soon as the thermal field 
is large enough to start a reversal the whole chain of particles reverse at once at a 
discrete field value. This is indicative of a cascade-like reversal as described above. 
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Figure 4.19. Coercivity as a function of the number of particles in a chain of 

magnetite particles. Experimental data obtained from MFM studies is compared to 
the fanning model as well as the cascade-like reversal and the micromagnetic 

computation described above. Note that the coercivities given by the cascade-like 
reversal as well as by the micromagnetic calculations are lower compared to those 

given by the fanning model for chains consisting of more than 7 or 8 particles, which 
is the same number of particles for which the coercivities found experimentally start 

to decrease. 
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Figure 4.20. A hysteresis loop calculated using the micromagnetic model. Note that 
the switching fields are not symmetric about zero. The switching occurs at a single 

discreet strength of the applied magnetic field (HK = 2K/Ms). 
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4.6. Interaction Between Chain Segments 
It appears that independent of the measurements on the segmented or 

unsegmented magnetosome chain that the highest coercivities occur in the middle of 
the original magnetosome chain. This appears to be a result of magnetostatic 
interaction between neighboring chains. To test this idea we calculated the field at 
each chain-segment from the two neighboring chain-segments, both as the dipole field 
acting at the center of the chain-segment (see for example Cullity, p. 614) and as the 
monopole field emanating from the end particle of the neighboring chains acting on 
the end particles of the chain-segment. In the case of the dipole-field the magnetic 
moment of a chain-segment is simply the magnetic moment of a single magnetosome, 
ca 1.1⋅10-14 emu, here approximated by a magnetite sphere of 35 nm diameter, 
multiplied by the number of magnetosomes in the chain-segment. The field from a 
monopole, Hm is given by Hm = Nm/ld2, where N is the number of magnetosomes, m 
the magnetic moment of a single magnetosome, l the length of the chain and d the 
distance between the ends of the neighboring chains. The ratio N/l was determined to 
be 1/60 nm-1, giving Hm = 1.8⋅10-9/d2 Oe, i.e. depending only on the distance, d. We 
found that for the unsegmented chain the monopole field gave a good agreement with 
the coercivity (Figure 4.21a and b) while for the segmented chain the dipole field gave 
a better correspondence (Figure 4.21c and d).  
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Figure 4.21. Comparison between the coercivity, Hc, as a function of position (from 

left to right in Figure 4.9 and Figure 4.10) and, (a) for the unsegmented chain (Figure 
4.9) with the monopole field from the end magnetosome of the nearest neighboring 

chain-segments, and (b) for the segmented chain (Figure 4.10) with the dipole field of 
the nearest neighboring chain-segments. 
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4.7. Conclusions 
In conclusion, we have measured the coercive field of isolated chains of 

magnetite octahedral shaped particles with an approximate size of 40-50 nm bio-
mineralized by magnetotactic bacteria. We show that it is possible to calculate 
Switching Field Distributions (SFD’s) for series of images obtained by Magnetic 
Force Microscopy of single magnetic domain particles. Consistent with our 
experimental results, we find the individual particles to have a very low coercivity and 
may be close, as expected, to being superparamagnetic on the time scales of 
measurement. The longer chain-segments of magnetosomes appear to reverse 
magnetization in a manner consistent with a fanning model for a chain of spheres for 
up to 7 or 8 particles, longer chains can be modeled both by a simple cascade-like 
reversal model and, with higher accuracy, by using micromagnetic calculations. 

Additionally we found that the coercivity of the chain-segments depend on 
their position relative to their neighbors. This dependence seems to originate from 
magnetostatic interactions between the chain-segments. 
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5. Magnetostrictive Response using Atomic Force 
Microscopy - Magnetostrictive Dilation Measurement and 
Magnetic Structure Imaging 

5.1. Introduction 
Two new methods to locally measure magnetostrictive response using atomic 

force microscopy (AFM) have been developed. In the first, AFM is used to directly 
measure the magnetostrictive dilation of both nanostructured and bulk ferromagnetic 
samples. The measurement can be localized to within an area of approximately 100 
nm. Thus single magnetic dots or particles of such dimensions can be measured. In the 
second, the local magnetostrictive response is used to image the magnetic structure of 
small magnetic objects, i.e. the magnetic domains. The lateral resolution is the same 
as for normal AFM, i.e. on the order of 1 nm or less. A relative measurement of the 
magnetostrictive response with this spatial resolution can thus be performed. 

In paragraph 5.3 the measurement of local magnetostriction, dl/l, is described. 
In paragraph 5.4 is described how imaging the magnetostrictive response of a sample 
can be used to gain information on the magnetic domain structure of the sample. 

5.2. Samples 
In future media for magnetic storage, patterned media with magnetic entities of 

submicron size are expected to play an important role. As interactions between bits in 
a patterned media will be fundamentally different from those in a continuous media, a 
further understanding of the domain structure, as well as the interactions between 
neighboring dots are of utmost importance35. Naturally, it is also of a fundamental 
interest to explore in more detail the properties of such small magnetic entities.  

The samples of principal interest for our investigations of the magnetostriction 
consist of ferromagnetic “dots” fabricated by electron-beam lithography and lift-off 
technique36,37. The process is depicted in Figure 5.1. 
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Figure 5.1.  (a) Writing the designed pattern using an SEM. (b) Development of the 

PMMA. (c) Growth of the Co layer. (d) Lift-off. (From ref. 36) 

For testing our measurements of the magnetostrictive dilation using AFM we 
used polycrystalline Co and Ni bulk samples. The samples were cylindrical with 5 mm 
diameter and 1 to 2 mm height, one surface was highly polished to facilitate the AFM 
measurements. 

In addition to the ferromagnetic dots, the local magnetostrictive response used 
to image the magnetic structure, was tested on various magnetic thin films. 

5.3. Measuring the Local Magnetostrictive Dilation using AFM 
Magnetostriction is in itself a very useful functional property with great 

potential for many applications, e.g. actuators and sensors. In the designing of 
specialized magnetic components in novel applications, an understanding of local 
magnetic response and variation in the geometrical dimensions due to 
magnetostrictive effects could be important. Scanning probe techniques has been used 
both to measure the magnetostrictive deformations38,39,40,41 and to image the 
deformations due to magnetostriction in a material42. 
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5.3.1. Magnetostriction Review 
Before going into the details of our new method for measuring the 

magnetostriction of nanoscale magnetic entities, the commonly used methods for 
measuring magnetostriction are reviewed.  

For bulk materials three main types of techniques are used to measure 
magnetostriction: 

• = The resistance strain gauge method. A strain gauge is a small sheet of paper or 
polymer on which a serpentine wire or foil resistance is cemented. The strain 
of the sample causes a relative change in the resistance of the serpentine wire, 
which is proportional to the fractional change in length of the sample. This 
method is the most frequently used for massive samples but cannot be applied 
to thin films. 

• = The capacitance method. The sample is fixed to one plate of a condenser. 
When the sample is strained by a magnetic field, its change in length modifies 
the capacity of the condenser. 

• = The inductance method. The sample is rigidly fixed to a coil in a strong radial 
field. The movement of the coil induced by magnetostriction causes the 
apparition of a voltage at the end of the coil.  

For thin films the method mostly used is: 
• = The cantilever beam method. In this method a magnetic thin film deposited on 

a substrate is fixed in one end, forming a cantilevered beam. The magnetic thin 
film cause a bending of the substrate when subjected to a magnetic field, and 
thus a deflection of the free end. The deflection is usually measured using 
capacitive plates43 or optical methods, but also other methods, such as using a 
nano-indentation system has been reported44. 

Other methods for determining the magnetostriction of thin films are: 
• = Strain Modulated Ferromagnetic Resonance. The strain dependence of the 

ferromagnetic resonance line is measured45. 
• = Strain dependence of spin polarized secondary electrons. The surface 

magnetoelastic coupling is determined by monitoring how spin polarized 
secondary electrons depend on the strain46. 

• = Strain dependence of Magneto-optic Kerr effect. In this method the 
dependence of the magneto-optic Kerr effect on strain is measured47. 

• = SPM based methods. Holden et al.48 used AFM to detect the surface 
deformations in Terfenol-D crystals. From the data thus obtained they 
calculated the magnetostrictive constant. In addition, the magnetostrictive 
dilation of thin wire samples has been measured using STM by both Brizzolara 
et al.49 and Costa et al.50 

5.3.2. Experimental details 
The crucial modification in our AFM in order to measure the 

magnetostrictively induced deformations involves the introduction of a suitable coil 
positioned around the sample holder to produce a magnetic field at the sample surface. 
In Figure 5.2 is shown a coil mounted to produce a field normal to the sample surface. 
In addition to this configuration, a turn-able pair of coils in a Helmholtz-like 
configuration is used to apply a field at various angles in the plane of the sample 
surface. 
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Figure 5.2. The experimental set up. To manifest the local magnetostrictive properties 
of a Co dot a coil positioned around the sample holder produces a magnetic field of a 

up to ~30 Oersted. (Note that the figure is not to scale.) 

To measure the magnitude of the magnetostrictive deformations a low 
frequency (typically around 10 Hz) square wave signal of up to 200 mA was applied 
to the coil, thus producing a quasi-static magnetic field of up to 34 Oersted. In this 
case, the frequency is below the sampling frequency of the AFM, and hence the 
magnetostrictive deformations will show up directly in the topographic image. As the 
deformations are on the order of a few Angstroms they are easily hidden by the much 
larger surface roughness of the sample. To overcome this problem the tip was scanned 
over a very small area, typically 5 by 5 nm2. The exact size of the scanned area is 
actually not important as long as it is small enough to be without macroscopic surface 
roughness. In that case, since essentially all surfaces are atomically smooth at a local 
level, deformations of a few Angstroms are easily detected. It is useful to point out 
that the resolution of our AFM in the z-direction is about 0.1 Å. In Figure 5.3 a typical 
image obtained this way is shown. Notice that this image do not show the real surface 
topography, but rather how the height of the sample surface varies in time as the 
applied field is switched between positive and negative values. A histogram showing 
the number of points versus their height value clearly shows that the image consists of 
two levels corresponding to the values, which the applied magnetic field was switched 
between. From the distance between the two peaks in the histogram the size of the 
magnetostrictive deformation can be determined. 

 
Figure 5.3. A typical image showing the magnitude of the magnetostrictive 

deformations. Note that the image shows the deformations as they vary in time, not 
the real surface topography. A histogram over the surface height values is also 

shown. The distance between the two peaks in the histogram gives the magnitude of 
the deformation normal to the surface. 
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5.3.3. Results 
To test our measurement technique we first measured the magnetostriction of 

Cobalt and Nickel bulk samples. The results are shown in Figure 5.4. The values of 
around 10-5 are in good agreement with what would be expected for the range of field 
available. It should be noted that as the method measure the local magnetostriction the 
local magnetic state at the point of measurement may affect the result.  

The measurements of the magnitude of the magnetostrictive response of the 
dots were made by placing the tip in the center of a dot and then measure the response 
as described above. The result is shown in Figure 5.5, where the response of Co and 
Ni dots are plotted versus the applied magnetic field. As expected the magnitude of 
the response increase with increasing field. Interestingly, the magnetostriction is found 
to be 3 to 4 orders of magnitude larger than the corresponding bulk values. Some 
restraint has to be put on these values as we have found that there is a background 
signal on the order of 10-3. However if the value of the background is subtracted the 
magnetostriction remains abnormally large. The origin of this large background signal 
remains to be investigated, and is being pursued. 

  

Co Ni 
Figure 5.4. Magnetostriction, dl/l, measured on nickel and cobalt bulk samples using 
AFM. The order of magnitude of the magnetostriction of cobalt and nickel reported in 

the literature, in this range of field, is around 10-5. 

  
Co Ni 

Figure 5.5. Magnetostriction, dl/l, measured on Co and Ni dots using AFM. The dots 
are about 40 nm thick and their diameter ranges between 100 nm and 350 nm. The 
magnitude of the magnetostriction in these measurements remains to be determined 

since the background signal of the measurement is of the same order of magnitude as 
the measurements. 
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5.4. Detecting the Distribution of Magnetostrictive response using 
AFM 

There are nowadays a variety of microscopic techniques with submicron 
resolution for detecting the magnetic structure of a material, e.g. magnetic force 
microscopy (MFM)51,52,53, Lorentz microscopy54,55, Foucault microscopy56, electron 
holography57,58, scanning electron microscopy with polarization analysis 
(SEMPA)59,60,61 and magneto-optic microscopy62. 

The first choice for many applications is MFM, due to its simple sample 
preparation, high spatial resolution and high sensitivity to small magnetic moments. 
There are however some drawbacks to MFM, most noteworthy, the fact that as the 
MFM tip is magnetic it may alter the magnetic structure of the sample under 
investigation, leading to erroneous images. The way to get around this problem is to 
make sure that the tip and sample have different coercive fields. However, using a 
non-magnetic tip would be advantageous  

In this paragraph we will describe a new method to study the distribution of 
magnetostrictive response of magnetic entities at a low dimension using atomic force 
microscopy (AFM). Additionally, we show how this response can be used to image 
domains and domain walls in these magnetic entities with a resolution of about 1 nm, 
using a non-magnetic tip. 

5.4.1. Theory 
Due to spin-orbit coupling, the formation of magnetic domains in 

ferromagnetic materials below the Curie temperature leads to spontaneous 
magnetostriction within the domains63. Within a domain the magnetization is 
saturated, and, if we neglect forced magnetostriction, also the magnetostriction will be 
saturated within the domain. Thus there is a domain dependent deformation of the 
material. The mechanism is illustrated in Figure 5.6a. This effect is very small in most 
materials, it was, however, recently shown42 using AFM for Terfenol-D, which has 
extremely large magnetostriction (~10-3). 

The application of a magnetic field will try to align the magnetic moments 
with the applied field, thereby also changing the magnetostrictive deformation of the 
material. How large the field induced deformation is, depends on the strength of the 
applied field, the magnetostrictive coefficient, λ, and also on the angle between the 
direction of the magnetic moments and the applied field. If the direction of the 
magnetic moments is parallel to the applied field the change in deformation will be 
minimal as the magnetostriction is already saturated. If, on the other hand, the 
direction of the magnetic moments is at an angle to the applied field the change in 
deformation will increase, as the torque due to the applied magnetic field on the 
magnetic moments in the material then increases. Thus, if an ac magnetic field is 
applied, the amplitude of the magnetostrictive response will depend on the domain 
configuration, as shown in Figure 5.6b. 
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Figure 5.6. (a) Domain dependent deformation of a ferromagnetic material seen 

sideways. Note that the deformation is highly exaggerated. (b) Expected amplitude 
variation of the magnetostrictive response of the domains shown in (a) in the direction 

of an ac magnetic field applied perpendicular to the surface of the material. 

5.4.2. Experimental details 
To measure the magnetostrictive response using an AFM the experimental set-

up shown in Figure 5.7 was used. The crucial modification in our AFM involves the 
introduction of a suitable coil near the sample to produce a magnetic field 
perpendicularly or horizontally to the sample surface (Figure 5.2). To image the 
distribution of the magnetostrictive response an ac magnetic field having an amplitude 
of a few Oersted at a frequency around ω = 30 kHz was applied to the sample. Due to 
magnetostriction the sample surface then oscillates at a frequency 2ω. This frequency 
gives a large signal as it is near the resonance frequency of the cantilever-sample 
system. Operating the AFM in the contact mode the AFM-tip will then follow the 
local oscillations of the sample. Since the frequency 2ω is well above the sampling 
frequency of the AFM, the topographic image (detecting the feed-back) will show 
only the average deformation, which is essentially the same as the topography of the 
sample. Using a lock-in amplifier to detect the amplitude of the 2ω oscillations of the 
AFM-tip, the local distribution of the magnetostrictive response, and thus the domain 
configuration, can be found. 



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

43

Lock-in amplif ier Coil

AFM Cont roller
Comput er

Funct ion generat or

Oscilloscope

Light -det ect or

AFM-scanner

Laser

 
Figure 5.7. A block scheme of the experimental set up. A function generator feeds the 

coil, producing an ac magnetic field of 1-30 Oersted. The signal from the light-
detector is detected using a lock-in amplifier, and the output of the lock-in amplifier is 

used to make the AFM image of the magnetostrictive response. 

5.4.3. Results 
The sample studied consists of elliptical Co dots with the long axis in the 

range of 100-350 nm on a Si substrate. They were prepared by electron-beam 
lithography and lift-off technique64,65, as described in paragraph 5.2.  

In Figure 5.8 is shown a single Co dot in an area with dots with long axis 150 
nm and short axis 100 nm, in a square lattice with a spacing of 600 nm between the 
dots. The topographic as well as the amplitude and phase shift images are shown. The 
contrast in these images gives somewhat different information: In the amplitude image 
black corresponds to low amplitude and the brighter the area, the higher the 
amplitude. In the phase shift image, black and white areas correspond to phase shift in 
different directions. The amplitude image in Figure 5.8b can thus be interpreted as 
showing two areas with magnetization perpendicular to the surface separated by a 
narrow region of in-plane magnetization. From the phase shift image in Figure 5.8c it 
can be concluded that these regions have different directions of magnetostrictive 
response and thus different directions of magnetization. The bright line in the images 
thus corresponds to a 180° domain wall. In Figure 5.8d an MFM image of a Co dot in 
the same area is shown for comparison. Note that this image is a magnification of a 
larger scan, and that the resolution is lower than the resolution of magnetostrictive 
response images. 
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Figure 5.8. (a) Topographic AFM image of a Co dot with long axis 150 nm and short 
axis 100 nm on a square lattice with 600 nm period. (b) AFM image of the amplitude 

of the magnetostrictive response, the bright lines show the domain walls. (c) AFM 
image of the phase shift of the magnetostrictive response. (d) MFM image of a Co dot 

in the same area. All micrographs are over an area of 600 ×600 nm2. 

In Figure 5.9a is shown a topographic image of Co dots with 350 nm long axis 
and 250 nm short axis in a triangular lattice with 400 nm period, a line profile over 
one dot show the thickness of 20 nm. The amplitude of the magnetostrictive response 
of the same dots is shown in Figure 5.9b, the domain wall is seen as a dark line 
parallel to the long axis of the dot. The fact that the domain walls of all dots are 
parallel suggests a strong magnetostatic coupling between the dots. The line profile 
over the domain wall show that the width of the domain wall at half maximum is 35 
nm, which is in reasonable agreement with the calculated value66 for the width of a 
domain wall in Co, ~15 nm. Figure 5.9c shows an MFM image of the dots. The MFM 
tip was magnetized perpendicularly to the sample surface. As MFM show the 
magnetic poles as dark or light spots, this image shows that each dot has two north 
poles and two south poles, note that a dark spot in a dot always has light spots closest 
in the nearest neighboring dots, suggesting a magnetostatic alignment of the domains 
in the dots. An interpretation of the domain configuration as concluded from the MFM 
and magnetostrictive images is shown in Figure 5.9d. Every dot appears to have two 
anti-parallel domains with a 180° domain wall aligned with the long axis of the dot. 
The domains in neighboring dots appear to be aligned with their moments in the same 
direction. 
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Figure 5.9. (a) Topographic AFM image of Co dots with long axis 350 nm, short axis 
250 nm and thickness 20 nm on a triangular lattice with 400 nm period. A line profile 
over one dot as marked by a line in the AFM image shows the thickness of the dot. (b) 
AFM image of the amplitude of the magnetostrictive response, the dark line shows the 

domain wall. A line profile across a domain wall  (marked with  a white line in the 
image) shows that the width of the domain wall is 35 nm. (c) MFM image showing 

two north and two south poles in each dot. Note the alignment of the north and south 
poles of neighboring dots. (d) A schematic domain structure as concluded from the 
MFM image and the AFM image of the magnetostrictive response. All micrographs 

are over an area of 1×1 µm2. 
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Apart from the Co dots also Pd/(Pt/Co/Pt) multilayer thin films, yttrium-iron 
garnet thin films and hard-discs with patterns of magnetic bits were investigated. Due 
to the small magnetostrictive coefficient of yttrium-iron garnet thin films and hard-
discs, and the range of fields available, the magnetostrictive response was, however, to 
small for any reliable conclusions. The Pd/(Pt/Co/Pt) multilayer thin films, which 
have high coercivity (~5 kOe) and strong perpendicular anisotropy, yielded images 
which agreed with MFM images of the same material, as is shown in Figure 5.10. In 
(a) of this figure is shown a topographic AFM image while in (b) is shown the AFM 
image of the amplitude of the magnetostrictive response of the same area. It appears 
from this image that the larger grains have multiple magnetic domains, while the 
smaller grains either are single domain or have a vortex type domain. In (d) is shown 
an MFM image of the same sample, and in (d) the corresponding topographic image 
of the same area. Note that the low resolution of the MFM image makes it impossible 
to tell about the magnetic state of individual grains, it is only possible to tell that there 
is some domain structure. 

  

  
Figure 5.10. (a) Topographic , and (b) magnetostrictive response AFM images of the 
same area. (c) Topography ,and (d) simultaneously taken MFM image, from the same 

sample as the images in (a) and (b). 
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5.4.4. Discussion 
It is worth noting that the technique of using the magnetostrictive response as 

described in this chapter, yield higher resolution compared to MFM as the interaction 
between tip and sample will be dominated by the contact force acting at the very apex 
of the tip, whereas in MFM, where the tip is usually more than 20 nm away from the 
sample, the magnetic force is integrated over all the magnetic material of the tip, 
resulting in an averaging of the magnetic states over an area of the sample67. As AFM 
is capable of atomic spatial resolution, the described method using the 
magnetostrictive response, implies a general promise of magnetic imaging with 
atomic lateral resolution. 

Similar work, using magnetostrictive response to study the properties of read-
write heads using AFM, was recently reported68. 

5.5. Conclusions 
In conclusion, we have shown that the magnitude of magnetostrictive response 

can be studied using atomic force microscopy. We have used this technique to 
measure the magnetostriction of Co and Ni dots on a Si substrate. The magnitude of 
the response was about three orders of magnitude higher than for the corresponding 
bulk materials. In addition, we have shown that the distribution of magnetostrictive 
response can be used to study domains and domain walls using atomic force 
microscopy. We have used this technique to observe the domain configuration of Co 
dots on a Si substrate. 
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6. Imaging Ferroelectric Domains using Atomic Force 
Microscopy 

6.1. Introduction 

Ferroelectric materials have found many useful applications as non-volatile 
memories69, pyroelectric detectors70, microactuators etc. In particular, ferroelectric 
thin films of lead zirconate titanate (PZT) have been shown to possess high potential 
for various applications71. Reviews of the deposition techniques and applications of 
ferroelectric thin films can be found in the theses of C. Björmander72 and S.-M. Koo73. 

For the further miniaturization of ferroelectric devices, a deeper understanding 
of the materials properties on a nanoscale will be useful. In particular, the properties 
associated with the reliability of devices needs improvement, these include: Fatigue, 
the gradual decay of the polarization with repeated switching of the polarization 
direction. Imprint, the tendency of ferroelectric capacitors to prefer one state over the 
other if it is kept in a state for an extended period. AFM is found to be a useful tool to 
study the properties of ferroelectric materials at a nanoscale, for the topological 
structure, as well as the ferroelectric domain structure. 

6.2. Ferroelectric Materials 
A brief introduction to ferroelectric materials will be given here, with some 

emphasis on subjects of interest for the description of the method for imaging 
ferroelectric domains using AFM given in paragraph 6.4. Much more thorough 
introductions to ferroelectric materials, their properties, applications etc. can be found, 
for example, in the books by Yuhuan Xu74, and I. S. Zheludev75, respectively. 

The defining property of ferroelectric materials is that, in a certain temperature 
and pressure range, they can exhibit a spontaneous polarization. Additionally, their 
polarization may be reoriented by applying an electric field, leaving the material with 
a remanent polarization at zero electric field. The physical reason for this property is 
the lack of symmetry in the crystallographic structure of the unit cell, as shown in 
Figure 6.1. The shift of the position of the ions within the unit cell is caused by 
localization of charges at the ions. To minimize the electrostatic energy due to the 
nearby charges, negative and positive charges are displaced, this will however cause 
an increase in energy due to the displacement of the atoms from their equilibrium 
positions in the lattice, a new equilibrium state will be reached were the total energy 
of the lattice is minimal. Since ferroelectric crystals have a unique polar axis along 
which the polarization is directed there are two possible equilibrium states (See Figure 
6.1.), this implies that the polarization can be switched between two antiparallel 
directions by the application of an electric field. Since some energy wall has to be 
overcome to switch the polarization direction the dependence of the polarization, P, 
on the electric field, E, applied is hysteretic. A typical hysteresis loop for a 
ferroelectric material is shown in Figure 6.2, the important parameters of the 
hysteresis loop; remanent polarization, Pr, coercive field, Ec, and saturation 
polarization, Ps, are shown in the figure. Obviously, if the polarization of a real 
sample only had two possible states the hysteresis loop would be square, the reason 
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why it is not so is the existence of a domain structure, which will be discussed in 
paragraph 6.2.1. 

 
Figure 6.1. The ions in the cell are shifted, thus creating an electric dipole which 

result in the crystal having a spontaneous polarization. An electric field can reorient 
the dipole. After applying an electric field  the crystal will retain a remanent 

polarization. The crystal thus has an electric “memory”, illustrated here by ‘1’ and 
‘0’ for the two opposite polarization directions. For the Pb(Zr,Ti)O3 system shown 

here, the cell is deformed  from cubic to tetragonal . (From ref..76.) 

 
Figure 6.2. A typical hysteresis loop for a ferroelectric material. The remanent 

polarization, Pr, coercive field, Ec, and saturation polarization, Ps, are shown. Note 
that the saturation polarization is found by following the extrapolation of the linear 

segment AB to the polarization axis. (From ref. 74)  

Associated with the polarization of ferroelectric materials is a change in the 
shape of the material, i.e. the material is strained. This is the inverse piezoelectric 
effect. Actually, there are materials that are piezoelectric but not ferroelectric. The 
inverse piezoelectric effect is used for the imaging of ferroelectric domains using 
AFM, which is described in paragraph 6.4. Below the Curie-temperature the material 
become ferroelectric and the strain cause the unit cell to deform from its cubic, 
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symmetric, and paraelectric rather than ferroelectric state, to a less symmetric state. 
Figure 6.3 shows the deformed states of the different phases inserted in the phase 
diagram of the Pb(Zr,Ti)O3 system, which is one of the technologically most useful 
ferroelectric materials.  

 
Figure 6.3. Phase diagram of the Pb(Zr,Ti)O3 system with the associated, deformed 

cells. In the tetragonal phase c/a is about 1.02. In the rhombohedral phase α is 
approximately 15°. 

6.2.1. Ferroelectric Domains 
It has already been mentioned that a ferroelectric material does not normally 

have a uniform polarization throughout, but rather consists of regions with different 
polarization directions, i.e. domains. A domain is thus a volume of the material having 
uniform polarization. A ferroelectric crystal splits into domains because such splitting 
lowers the free energy by reducing the electrostatic energy of the spontaneous 
polarization charges. However, a crystal cannot split into an infinite number of 
domains as a definite energy is required for the formation of domain walls. The 
splitting of a crystal into domains is stopped when the energy gained by reducing the 
electrostatic energy equals the energy lost by forming domain walls. Since the 
polarization of a ferroelectric crystal is intimately connected to the lattice structure, 
the domain structure depends on the crystal structure, as shown in Figure 6.4. The 
dependence of the domain structure on the crystal structure give a high anisotropy, 
which leads to very thin domain walls, about the scale of a few lattice parameters. 
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Figure 6.4. Domain structure of a ferroelectric material. The picture shows 180° 

domains at a microscopic (a) and a macroscopic (b) level. (From ref. 74) 

6.2.2. Applications of Ferroelectric Materials 
Beside the above-mentioned properties of ferroelectric materials, the 

polarization of ferroelectric materials often depends on; the temperature - the so-called 
pyroelectric effect, and on the illumination - i.e. the electro-optic effect. In addition, 
ferroelectrics often have high dielectric permittivity. The various properties of 
ferroelectric materials have been used for numerous applications. For example the 
inverse piezoelectric is used in microactuators, the remanent polarization is used in 
the memory cells of non-volatile random access memories (RAM), the pyroelectric 
effect in infra-red (IR) sensors, the electro-optic effect in thermal IR switches, and the 
high dielectric permittivity in the memory cells of ordinary RAM’s, as shown in 
Figure 6.5. 

 
Figure 6.5. Some applications of ferroelectric materials and the associated materials 

properties. 
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6.3. Samples 
Commercially available bulk samples of lead titanate (PbTiO3) and lead 

zirconate titanate (PbZr0.65Ti0.35O3), as well as PbZr0.65Ti0.35O3 (PZT) thin films has 
been studied.  

The films were deposited using pulsed laser deposition (PLD). As a bottom 
electrode layer and template for the PZT films of 400 nm thickness, a 100 nm thick 
layer of La0.5Sr0.5CoO3 (LSCO) was used. The heterostructure of PZT/LSCO was 
fabricated on MgO (100) single crystal substrates. A pattern of Pt top electrodes was 
deposited on the PZT film. The PLD technique is briefly described in Figure 6.6. 
More details on the preparation of the heterostructures and the properties of PZT films 
can be found elsewhere77. These PZT thin films78 exhibit values of d33 up to 200 
pm/V. Moreover, a strong relaxation of the piezoelectric response has been observed 
with increasing frequencies in the range 1 kHz – 300 kHz, while in the same 
frequency range the dielectric constant remained almost independent of frequency. 
The underlying mechanism of the difference in the dielectric and electromechanical 
responses was ascribed to the peculiarities of the polarization switching and possible 
partial clamping of the electrically induced strain79. To confirm such a mechanism, 
knowledge of the domain configuration and of the switching processes (at the domain 
level) in the film would be of importance. 

 

Figure 6.6. Pulsed laser deposition (PLD). A rotatable target is irradiated by a pulsed 
laser beam. The plume thereby generated is ejected towards the substrate, which is 

mounted on a substrate holder that can be heated to a maximum of 1000 ˚C.  
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6.4. Detecting the Domain Configuration using AFM 

The simplest way to detect the domain configuration in ferroelectric materials 
is to detect the piezoelectric corrugation, or “puckering”, associated with the 
ferroelectric domains. These can be directly observed using AFM. Naturally, this 
method has mainly been applied on bulk samples, where the inverse piezoelectric 
effect gives sizable deformations. Observation by AFM of ferroelectric domains 
through their piezoelectric deformations has been reported for crystal guanidinium 
aluminum hexahydrate (GASH)80, as well as single crystal lead titanate (PbTiO3)81. 

In Figure 6.7a is shown the piezoelectric corrugations due to the domains in 
polycrystalline lead titanate (PbTiO3). The period and height of the corrugations can 
be determined from a line scan across the domains as shown in Figure 6.7b. The 
period of the domains were about 100 nm while the height of the corrugation, were 1-
3 nm.  

The size of the deformations, can be related to the grain size. The height, h, 
can be approximated to h ≈ 2dEdd33 , where for lead titanate d33 = 56⋅pm/V, Ed ≈ 107 
V/m and d ≈ 10-6 m is taken as the diameter of the grain as estimated from our AFM 
images. This gives that the height should be ca 1 nm, which is confirmed by our 
measurements. 
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Figure 6.7. (a) AFM image revealing the domain structure in lead titanate. Note that 
the grain in the middle does not show any domain structure, this is probably so 

because the c-axis of this grain is horizontal. (b) A line scan over the domains, as 
marked with a black line in (a), reveal their dimensions. The period is around 100 nm 

while the height is about 1-2 nm. 
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A method to detect the domains using AFM, which gives higher sensitivity 
and simultaneously avoids the risk of confusing piezoelectrically induced surface 
roughness with other topological features, is to apply an ac voltage between a bottom 
electrode and the grounded Au-coated AFM-tip, as shown in Figure 6.8. Due to the 
electromechanical coupling the material will deform. That deformation is detected 
using contact mode AFM combined with lock-in amplification as described in many 
recent publications82. The amplitude of the ac voltage used for the excitation, about 2 
V, should not exceed the coercive field of the film. The frequency of the ac voltage is 
kept around 30 kHz, well above the sampling frequency of the AFM, but still below 
the resonance frequency of the tip-sample system. The electromechanical response of 
the film is registered by means of a lock-in amplifier following both the amplitude and 
the phase of the material oscillations at the main frequency, ω, as well as at the second 
harmonic, 2ω. According to a widely accepted approach82 the response of the sample 
measured at the main frequency, ω, is related to the inverse piezoelectric effect. The 
phase shift of the response at ω characterizes the sign of the piezoelectric coefficient, 
while the amplitude is related to the magnitude of the piezoelectric coefficient. The 
response measured at 2ω is connected with electrostriction and characterizes the 
distribution of dielectric permittivity in the film. Examples of AFM images showing 
the domain structure obtained using this method are given in Figure 6.11, Figure 6.12, 
Figure 6.16, and Figure 6.17. 

 

Figure 6.8. To detect the domains using AFM, an ac voltage is applied between a 
bottom electrode and the grounded Au-coated AFM-tip. Due to the electromechanical 
coupling the material will deform in a manner reflecting the domain structure of the 

material. 

An alternative method, which has been described by E. Colla et al.83 is to place 
an isolating AFM tip on a top electrode and apply an ac voltage between the top and 
bottom electrodes, as shown in Figure 6.9. The main advantage of this method is the 
better control over the electric field applied over the ferroelectric material. In contrast, 
when the ac voltage is applied between the AFM-tip and the bottom electrode, due to 
the shape of the AFM-tip, the exact size and distribution of the electric field is 
unknown. The main disadvantage of this method is the lower lateral resolution 
compared to the previously described method. Examples of AFM images obtained 
using this method is given in Figure 6.10. 
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Figure 6.9. The ferroelectric domains are detected using an isolating AFM tip placed 
on a top electrode and applying an ac voltage between the top and bottom electrodes.  

a)  b)  

c)  d)  

Figure 6.10. AFM images over an area of 500 by 500 nm of as deposited 
Pt/PZT/LSCO/MgO: (a) topography; (b) amplitude of 1ω response; (c) phase of 1ω 

response; (d) amplitude of 2ω response. The position of the encircled grain is slightly 
different from image to image due to thermal drift. 
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6.4.1. Results 

6.4.1.1. Bulk samples 
The domain structure of polycrystalline lead titanate (PbTiO3) and lead 

zirconate titanate (PbZr0.65Ti0.35O3) bulk samples were investigated. The sample 
surfaces were highly polished. Figure 6.7 shows the typical corrugations associated 
with the ferroelectric domains in polycrystalline lead titanate (PbTiO3). In Figure 6.11 
both the topology (a) and the electromechanical response (b) are shown for the same 
material. It is noteworthy how some areas show a larger response. In this context it 
should be remarked that for polycrystalline bulk samples the electromechanical 
response detected may be the added response of many grains. For polycrystalline lead 
zirconate titanate (PbZr0.65Ti0.35O3) bulk samples the corrugations associated with the 
ferroelectric domains were not seen in the topographic AFM image, as shown in 
Figure 6.12a, while in the AFM image of the electromechanical response they are 
shown quite clearly, as shown in Figure 6.12b, and Figure 6.12c, showing the 
amplitude and the phase of the electromechanical response, respectively. 

  
Figure 6.11. Ferroelectric domains in polycrystalline lead titanate (PbTiO3). In (a) a 

topographic AFM image, and in (b) an AFM image of the phase of the 
electromechanical response. 

   
Figure 6.12. Polycrystalline lead zirconate titanate (PbZr0.65Ti0.35O3) bulk sample. 

Topographic AFM image (a), as well as AFM images of the electromechanical 
response (1ω) showing the amplitude  (b), and phase (c). 
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To confirm the ferroelectric nature of the corrugations shown in the AFM 
images an electric field was applied locally by applying a voltage between the tip and 
the sample holder, which was in electrical contact with the bottom of the sample. 
Applying a voltage of 50 V for 15 seconds to the tip while it was positioned over a 
grain in a polycrystalline lead titanate (PbTiO3) bulk sample of 0.5 mm thickness, 
shown in Figure 6.13a resulted in the widening and elongation of some domains at the 
cost of others, as shown in Figure 6.13b. Note that the neighboring grains do not 
appear to be affected. In Figure 6.14 is shown topographic AFM images of a grain in 
the same sample; (a) before experiments, (b) after applying 100 V to the tip positioned 
in the center of the grain, and (c) after applying 100 V of opposite polarity. Note that 
independent of the polarity of the applied voltage an expansion of the grain is 
detected. This is expected as both a widening and an elongation of the domains with 
polarization parallel to the applied field is anticipated.  

  
Figure 6.13. Polycrystalline lead titanate (PbTiO3).(a) a topographic AFM image, 

and (b) a topographic AFM image showing the widening of the ferroelectric domains 
after applying 50 V between the tip and a bottom electrode for 15 s . Note how the 

domains in the left part of the grain has become both wider and higher. 
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Figure 6.14. Topographic AFM images of a polycrystalline lead titanate (PbTiO3) 

bulk sample. (a) before experiments, (b) after applying 100 V to the tip positioned in 
the center of the grain, and (c) after applying 100 V of opposite polarity. 

6.4.1.2. Thin film samples 
Topographic AFM studies of the pulsed laser deposited films of rhombohedral 

PbZr0.65Ti0.35O3 (PZT 65/35) described in paragraph 6.3 showed the films surfaces to 
have nearly square grains, with the lateral dimensions in the range 200 nm – 300 nm. 
Smaller grains were also observed between the larger ones. A topographic AFM 
image of the PZT thin film is shown in Figure 6.15a. From this image the height 
profile shown in Figure 6.15b was measured for one of the large grains as marked in 
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Figure 6.15a. The difference in height between the edges and the center of the big 
grains is determined to be on average 15 nm.  

 

Figure 6.15. Topographic AFM image of a pulsed laser deposited film of 
rhombohedral (PbZr0.65Ti0.35O3). The depressions in the center of the square grains 

were on average 15 nm deep. 

The studies of the as deposited film showed the following: In the images of 2ω 
response (Figure 6.16b) the central parts of the grains remain at the same level all over 
the scanned area, while the grain boundaries are rather well defined. Such marked 
grain boundaries have been observed in the 2ω response before10. This was 
explained10 to arise from the disturbed perovskite structure at the grain boundaries 
with respect to the centers. The uniform distribution of the amplitude of 2ω response 
in the grains reveals a corresponding uniform distribution of the dielectric permittivity 
along the [001] direction in the grains. The uniform distribution of the electrostriction 
could also be a characteristic of the uniform mechanical conditions in the film, i.e. the 
grains were not clamped. The darker areas in the centers of the large grains (Figure 
6.16b) are in agreement with the difference in height between the centers and the 
edges detected in the topographical images (Figure 6.16a).  

In contrast to the 2ω response, both the phase and the amplitude of the 
piezoelectric response at ω are not found to be uniform (Figure 6.16c and Figure 
6.16d). Due to the uniform distribution of the dielectric permittivity along the [001] 
direction and the mechanical conditions in the film, the phase shift of ω response 
could be ascribed to the local difference in the orientation of polarization. The 
amplitude of the ω response has been related to the value of the effective piezoelectric 
coefficient depending on both polarization and dielectric permittivity in a complex 
manner2. However, in highly oriented films, the amplitude distribution could be 
ascribed to the different values of polarization projection. Thus, the as deposited films 
in our studies clearly possessed a random distribution of polarization. 
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Figure 6.16. AFM images of a pulsed laser deposited film of rhombohedral 
(PbZr0.65Ti0.35O3). (a) topography; (b) amplitude of 2ω response; (c) phase of ω 
response; (d) amplitude of ω response. The scanned area is 1200 nm × 1200 nm. 

Dashed white lines represent grain boundaries. 

A more detailed analysis of the piezoresponse and a comparison with the 
surface morphology shows a correlation between the domain configuration and the 
microstructure of the film. Smaller grains contained single domains, with their 
dimensions limited by the grain boundaries. The piezoresponse of large grains (≥ 200 
nm) reveals ordered polydomain configuration in the grain. The images of such a grain 
are presented in Figure 6.17. Both the phase and the amplitude of the piezoresponse of 
the grain are found to contain four different ordered (with respect to the grain 
boundaries) regions. We relate dark and light areas in the phase shift in Figure 6.17a 
to opposite directions of polarization with respect to the [001] direction.  

The domain origin in these observed regions was shown by switching the 
polarization. A series of dc pulses of 500 ms in duration and with the amplitude of 15 
V was applied to the bottom electrode of the film, while the grounded tip was 
positioned at the center of the grain. The piezoresponse of the grain after applying the 
series of pulses of opposite polarity is represented in Figure 6.17b and in Figure 6.17c. 
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The change in the phase of the response of four different regions can be easily seen in 
Figure 6.17. The switching of polarization was followed by the polarization retention: 
the grain gained its initial domain configuration approximately 4 hours later (Figure 
6.17d). These observations confirm that the larger grains indeed have an ordered 
polydomain configuration. 

 

Figure 6.17. Phase of 1ω response of a large grain: (a) as deposited; (b) after 
applying 5 dc pulses of 15 V; (c) after applying 5 dc pulses of –15V; (d) 4 hours later 

after (c). The scanned area is 600 nm × 600 nm. 

An ordered polydomain configuration could be expected in the large grains 
considering the crystal orientation in the film. For [001] oriented rhombohedral PZT 
films the spontaneous polarization is directed along <111> crystallographic directions. 
In the grain, which was aligned along the (001) substrate surface, the domains with 
{100} twin boundaries and opposite directions of polarization, e. g. [111] and [11 1] 
could also be aligned along (001) and occupy the opposite corners of the grain. A 
theoretical analysis84 of the formation of the domains with {100} boundaries in 
rhombohedral ferroelectric thin films suggests, that the (001) surface of the domain 
pair – or multidomain pattern – could not be flat, but rather alternating in a 
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“puckered” fashion. The depression in the center of the large grains observed in our 
experiments is in agreement with a formation of the domains with {100} twin 
boundaries and with a “puckered” top surface. Figure 6.18 shows simplified domain 
structures, in (a) one that would result in the “puckered” surface and in (b) one that 
would give the piezoelectric response observed using AFM. The arrows indicate the 
polarization directions. 

 

( a)

 

( b)

 

Figure 6.18. Simplified domain structures for a square grain. (a) satisfies the 
observed “puckering” , while (b) would give the observed piezoelectric response. The 
lower parts of the pictures  show the corresponding projections of the polarization at 

the surface. 

In Figure 6.19 is shown the results of an experimental “writing” of an area of 
the PZT thin film surface. By applying a voltage of 20 V while scanning over an area 
of 600 nm by 600 nm the area was polarized, thus it is possible to “write” an area 
using AFM. Figure 6.19a shows the resulting polarized area, which is slightly larger 
than the scanned area of 600 nm by 600 nm. Moving 200 nm downwards and again 
scanning over an area of 600 nm by 600 nm, but now applying a voltage of -20 V, the 
upper half of the scanned area, which was previously “written” was now “erased”, 
while the lower half polarized in the opposite direction resulting in an area “written” 
in the opposite direction of the previous one, as shown in Figure 6.19b. 



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

63

  
Figure 6.19. (a) amplitude AFM images of the piezoelectric response after an area of 
600 × 600 nm2 was “written” with a voltage of 20 V. (b) amplitude AFM images of 
the piezoelectric response after an area of 600 × 600 nm2 about 200 nm below the 
previously “written” area was “written” with a voltage of -20 V. Both images are 

over an area of 3 × 3 µm2. 

6.5. Conclusions 
It is found that AFM is a useful tool for studying the domain structure of both 

ferroelectric bulk and thin film samples. In addition, it is shown that AFM can be used 
to polarize a region of the film, i.e. to “write” an area. This may be useful for future 
data storage applications. 
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7. Atomic Force Microscopy for studying mechanical 
properties of materials 

7.1. Introduction 
An AFM can be used for studying a number of mechanical properties of 

materials at a very localized, nanometric scale. The simplest way is obviously to use 
the AFM to study the effect of various mechanical tests, such as indentations for 
hardness measurement, fracture surfaces, wear etc. Simple as it may be, the additional 
information possible to gain through AFM studies is quite significant. This is mainly 
due to the fact that AFM, unlike most other microscopies, gives information in three 
dimensions. As an example, Figure 7.1 shows an AFM image of an indentation in an 
aluminum thin film. The AFM image gives additional information about the way the 
material deforms during the indentation. 

Besides imaging the effects of various mechanical tests, AFM can also be used 
as a probe to study various mechanical properties85,86,87,88,89, perhaps most noteworthy, 
friction and hardness. Instrumentation-wise, one may separate two modes: 

• = Force spectroscopy: The AFM tip is held in a laterally fixed position while 
being scanned vertically. Depending on the separation between tip and sample, 
or indentation of the tip into the sample, a number of material properties can 
be measured (Figure 7.2). 

• = Two-dimensional distribution of mechanical properties: Scanning laterally, 
material properties variations over an area can be probed, often with 
nanometer spatial resolution. 
These two methods can of course also be combined into one90. In this chapter, 

some ways to use AFM to study mechanical properties of materials are described. 
Additionally, implementations of the techniques for our equipment are described 

 
Figure 7.1. AFM image of an indentation in an aluminum thin film.  
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7.2. Force Spectroscopy 
As the AFM tip approaches a sample surface the tip will be attracted or 

repulsed depending on which force is dominant. The cantilever will thus bend 
downwards or upwards as the bending is proportional to the force, F = -k ⋅ ∆z, acting 
on the tip. If the cantilever deflection is plotted versus the separation or indentation 
one obtains a force curve such as the one shown in Figure 7.2. From such a force 
curve, information about the materials properties can be derived91,92,93,94. In the lower 
left quadrant the typical behavior just before and after contact between the tip and 
sample is shown. In this region there are attractive forces acting between the tip and 
sample. Note that the forces are not equal for the approach and the retraction of the 
tip. The most interesting region from the mechanical properties point of view is 
without doubt the upper right quadrant; here the tip starts to penetrate into the sample, 
i.e. making an indentation. Information about the elastic and plastic deformation of the 
sample can be derived from the curve much in the same way as for the usual hardness 
measurement of a material by indentation. 

 
Figure 7.2. A typical force curve showing the regions from which information about 

the different properties of the sample can be derived. (Figure from N. Burnham – 
private communication) 

7.3. Relative stiffness mapping using Atomic Force Microscopy 
To study the relative stiffness at the surface of a composite sample (e.g. 

nitrides dispersed in soft semi metallic matrix) at a nanometer scale using AFM, a 
technique utilizing high frequency excitation of the sample surface is used. A 
piezoelectric actuator vibrates the sample (See Figure 7.3) at an amplitude of a few 
nanometers at frequencies higher then the tip-sample resonance frequency. Due to the 
inertia of the AFM tip, the tip will not follow the motion of the sample surface, but 
elastically indent the surface. How much the surface is indented depends on the 
stiffness of the sample, if the tip is scanned over the surface while the sample is 
excited, the response of the tip, as detected using a lock-in amplifier, will depend on 
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the local stiffness, thus a relative stiffness mapping is achieved. This permits one to 
determine the sample’s stiffness properties for samples ranging from compliant (e.g. 
polymers) to stiff (e.g. metals or ceramics). What is measured is the “contact stiffness” 
between the tip and sample, which can be related to the elastic modulus of the 
sample95,96. Figure 7.4 show (a) normal topology and (b) the relative stiffness map 
over an area of 20×20 µm2, over a composite surface containing TiN inclusions in an 
Al2O3 matrix. The excitation is applied normal to the sample surface at 32.1 kHz.  

Sample Holder

V
 Bot tom elect rode

PZT
 Top elect rode

Sample

 
Figure 7.3. Experimental set-up for relative stiffness mapping using AFM: A 

piezoelectric actuator attached to an AFM sample holder excites the sample, due to 
the inertia of the AFM tip, the tip elastically indents the surface. Scanning over the 
surface while the sample is excited, a relative stiffness mapping is achieved. (Note 

that the figure is not to scale.) 

  

Figure 7.4. Relative stiffness mapping over a composite (TiN in Al2O3) surface by 
exciting the composite sample normal to its surface at 32.1 kHz. The scanned AFM 
images show (a) normal topology and (b) the “stiffness mapping” over the surface 
containing TiN inclusions in an Al2O3 matrix (Note: TiN inclusions appear as dark 

areas). All micrographs are over an area of 20×20 µm2. (Sample courtesy of P. 
Pettersson and M. Nygren, Inorganic Chemistry, Stockholm University.) 

The above techniques will be useful in developing new methods using AFM to 
detect the strength of composites, as well as interaction between the grains in hard 
nanophase materials. 
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7.4. Scanning Friction Microscopy 
When the tip is scanned over a sample surface the cantilever will not only bend 

upwards or downwards due to forces normal to the average plane of the sample, but it 
will also twist torsionally due to friction and topology of the sample pressing the tip 
sideways. If the torsional bending of the tip is detected and the effect of sample 
topology is compensated for, the local friction of the sample can be imaged. This is 
also referred to as lateral force microscopy. Figure 7.5 shows two frictional images of 
the same thiolipid monolayer on mica97; in the left image the tip is scanned from left 
to right while in the right image from right to left. As can be seen in the images the 
same areas have different colors for the opposite scanning directions. These images 
show that the friction of the surface is different in the two different directions.  

 
Figure 7.5. AFM friction images of a thiolipid monolayer on mica. In the left image 

the tip is scanned from left to right whereas in the right image the tip is scanned from 
right to left, showing that the friction is different for the opposite scanning directions. 

(Figure from reference 97) 

7.4.1. Implementation of Scanning Friction Microscopy 
To detect the torsional bending of the cantilever due to friction (and 

topography) of the sample as the tip is scanned over a surface, the difference between 
the left and right parts of the light-detector outputs of the AFM is monitored. There is 
a BNC output (J7) at the rear panel of the controller for monitoring the friction, 
however, it is low pass filtered making it useless for ac-mode. Therefore an additional 
BNC output connected to test point 8 has been made from the AFM head where the 
friction signal can be monitored. 
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7.5. AFM Characterization of Nanoindents 
The basic principle of nanoindentation is to make a mechanical impression 

with an ultra-low load into the sample. The indenting probe itself is usually a diamond 
tip with a Berkovich geometry (three-sided pyramidal diamond with an angle of 65.3° 
to the base). The indentation procedure is performed by a loading step with a 
constantly increased load, until a defined maximum value is reached, and a subsequent 
unloading step to achieve again partial or complete relaxation. 

For each measurement, the applied load versus the corresponding displacement 
of the indenter tip is continuously recorded. From these data the hardness of the 
sample material can be found as a value inversely proportional to the indention depth, 
and the elastic properties can be calculated from the curvature of the load-
displacement curve of the unloading step. The nanoindent presented here were made 
using a NANO INDENTER  II, from Nano Instruments, Inc.98 . 

7.5.1. Typical Indents 
The result of the indentation measurement is a function of load, W, and 

displacement, h. In Figure 7.6, typical indentation curves, the shape of the surface 
after tip removal and the remaining impression patterns are shown for ideal elastic, 
perfectly plastic and elastic-plastic materials. For an ideal elastic material the sample 
deforms elastically according to Hooke’s law, and recovers completely after 
unloading. For a rigid, perfectly plastic sample, deformation takes place when the 
yield stress is reached. There is no elastic recovery during unloading. For an elastic-
plastic solid, first elastic deformation takes place, and then the material deforms 
plastically. The elastic part of the deformation is recovered after removing the 
indention load, but the plastic deformation still leaves an impression with a curved 
pattern.  

Metals usually show mainly plastic deformation behavior, whereas ceramics 
and many other materials show elastic-plastic behavior.  

 
Figure 7.6. Deformation mechanisms for different materials. 
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Among other parameters, the two most important results of a load-
displacement curve (as shown in Figure 7.6) are hardness and Young’s modulus of 
elasticity. 

The hardness of the sample can be defined as a ratio between load and 
projected area of the indentation. Thus, the Berkovich hardness HB of a material can 
be calculated out of the indentation measurement by: 

HB =
Wmax

A
  Equation 7.1 

where Wmax is the maximum indentation load and A is the projected area of the 
indentation that can be found at the peak load. The projected area of the indentation 
can in principle be calculated for a known indenter tip geometry from the 
displacement depth, hc, which is the contact depth under consideration of a non-ideal 
shape of the indenter tip. For a perfect Berkovich indenter the projected area of the 
indentation is given by: 

A(hc)=24.5⋅ hc
2  Equation 7.2 

However, the true area of the indentation depends not only on the indenter tip 
but also on the tested material. For thin films, where one often cannot avoid influences 
from the substrate, this may be even more important99. In Figure 7.7 are shown two 
typical responses of the sample; 1) pile-up, where the contact area is increased, and 2) 
sink-in where the contact area decreases. Thus it is very important to find the true 
contact area in order to get the right value for the hardness. AFM is in the following 
sections shown to be an excellent tool for finding the true contact area. 

 
Figure 7.7. A schematic representation of pile-up and sink-in effects during 

indentation. 
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7.5.2. Samples 
Three samples were tested: 1) An aluminum thin film, 2) Lithographically 

fabricated aluminum micro-stripes of about 400 nm thickness and 1-2 µm width, and 
3) the cross-sectional surface of an optical fiber embedded in a matrix. 

7.5.3. Results 
The true contact area of a nanoindent can be found using a simple geometrical 

model as shown in Figure 7.8. The contact area is the sum of three areas of triangles 
such as ABC in Figure 7.8. From the AFM images the length of the lines AC, BE and 
DE can be determined with high accuracy. The area of triangle ABC, AABC, is given 
by: 

AABC = (AC⋅DB)/2 = (AC⋅(BE2+DE2)1/2)/2  Equation 7.3 

The projected area of the indentation, A, can of course also be found using the 
geometrical model shown in Figure 7.8. it is simply: 

A = (AC⋅DF)/2  Equation 7.4 

Note that the line AC can sometimes be curved, this is often the case when 
sink-in effects occur. This does not affect the calculation, however, measuring the 
length of the line AC in the AFM image is slightly more complicated. 

A

B

C

D
E

F

 
Figure 7.8. Geometrical model of a nanoindent. 

A typical example of pile-up is found in Figure 7.9, showing an AFM image of 
an indent in an Al thin film. Analyzing the AFM image as described above the true 
contact area was found to be 1.08 µm2, and the projected area of the indentation was 
found to be 0.88 µm2. The indent depth was found to be 135 nm, which for a perfect 
Berkovich indenter, would give a projected area of the indentation of 0.45 µm2. 
However, it should be noted that the indent depth determined using AFM is usually 
not the same as the displacement depth, as some elastic recovery usually occurs. 
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Figure 7.9. AFM image of an indent in an Al thin film showing typical pile-up. The 
insert shows a line profile over the indent. The indentation depth is 135 nm, the 

projected area of the indentation is 0.88 µm2 and the true contact area 1.08 µm2, as 
found from the AFM image. 

Figure 7.10 shows an AFM image of a nanoindent in the cross-sectional 
surface of an optical fiber embedded in a matrix. This image shows a typical example 
of sink-in. From the AFM image the true contact area was determined to be 0.25 µm2, 
and the projected area of the indentation was found to be 0.20 µm2. The indent depth 
was found to be 60 nm, which for a perfect Berkovich indenter would give a projected 
area of the indentation of 0.09 µm2. 
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Figure 7.10. AFM image of an indent in the cross-sectional surface of an optical fiber 
embedded in a matrix showing typical sink-in. The insert shows a line profile over the 
indent. The indentation depth is 60 nm , the projected area of the indentation is 0.20 

µm2and the true contact area 0.25 µm2, as found from the AFM image. 

Besides being a tool for determining the true indenter contact area AFM 
instantly displays the surface morphology. As an example Figure 7.11 shows an indent 
made in an Al thin film. The AFM image shows that the size of the indent is 
comparable to the grain size of the film. 
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Figure 7.11. AFM image of an indentation in an aluminum thin film. Note that the size 

of the indent is comparable to the grain size of the film 

Reaching the limits of nanoindentation, Figure 7.12 shows a nanoindent in a 
lithographically fabricated aluminum micro-stripe of 450 nm thickness and 1.5 µm 
width. Obviously the indent is too large to give any valid hardness data. 

 
Figure 7.12. AFM image of a nanoindent in a lithographically fabricated aluminum 

micro-stripe of 450 nm thickness and 1.5 µm width. 
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7.5.4. Discussion 
Nanoindentation is a widely used technique for measuring mechanical 

properties at very small length scales. Hardness and elastic modulus can be 
determined from indentations as shallow as 20 nm. It is shown that AFM can be used 
to evaluate the nanoindents, thus gathering further knowledge of the mechanical 
properties. However, for nanostructured materials with typical length scales < 100 nm, 
even shallower contacts may be required in order to avoid influences from the 
substrate. To achieve this an AFM based system could be useful. Such a system would 
have the additional advantage of being capable of three-dimensional imaging of the 
indent immediately after the indentation. 

7.6. Conclusions 
It is shown that AFM can be used to acquire a wealth of information about the 

mechanical properties of a wide range of materials. 
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8. Thesis Highlights – A Summary 
In this thesis the development, implementation and first results of some 

methods for investigating the functional properties of a wide range of materials using 
scanning probe microscopy (SPM) have been described. The highlights of the thesis 
can be summarized as follows: 

• = Design and development of a magnetic force microscope (MFM) having 
capability of  both dc- and ac-mode detection. 

• = Investigations of magnetization reversal in chains of 50 nm, magnetite 
particles bio-mineralized by magneto-tactic bacteria, using MFM in an applied 
magnetic field.  

• = Development of a method to extract switching field distributions from series 
of MFM images. 

• = Development of a novel technique for magnetic microscopy using the 
magnetostrictive response of ferromagnetic materials, capable of 1 nm 
resolution using a non-magnetic probe. Results on samples patterned with 
magnetic dots were presented. 

• = Development of the measurement of magnetostriction using AFM. 
• = Implementation and first results of a technique for AFM studies of 

ferroelectric domains using the inverse piezoelectric effect of ferroelectric 
materials. 

• = Development, implementation and first results of a method for studying the 
relative stiffness of composite materials using AFM. 

• = Implementation of scanning friction microscopy. 
• = Investigations of nanoindents on various materials demonstrate the potentially 

rich possibilities to study the hardness at various depths in advanced 
nanostructured materials. 
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9. Future Perspectives 
The development of new ways to investigate functional properties of materials 

opens up for many new, exciting studies. Here follows some ideas for how these new 
methods can be used. 

9.1. Domain and domain wall imaging of submicron magnetic dots 
“Magnetic domains are the elements of the microstructure of magnetic 

materials that link the basic physical properties of a material with its macroscopic 
properties and applications” (A. Hubert and A. Schäfer). The understanding of domain 
structure and domain wall widths is at the very heart of understanding ferromagnetic 
materials. This is particularly true in submicron ferromagnetic entities, where domain 
effects that averages out in bulk materials become important. The magneto-
microscopic technique that we have developed gives an opportunity to study the 
domain structures and particularly domain wall widths with unprecedented resolution 
and simplicity of sample preparation. We can use this technique to study domain 
structure, both statically and during magnetization reversal, as well as domain wall 
widths for magnetic dots of various material, shape, size and configuration. The 
resolution achieved using our recently developed method is on the order of 1 nm, 
which should be compared to MFM, that has a resolution on the order of 20 nm. The 
reason for the large difference in resolution is that in our method the tip is in contact 
with the sample while MFM is a non-contact method. The resolution achievable using 
our method is thus essentially limited only by the sharpness of the tip. (Note that 
atomic resolution has been demonstrated using AFM.) In MFM on the other hand, as 
the force acting between the sample and the tip is integrated over all the magnetic 
material of the tip, resolution will depend both on the total size of the tip and, very 
crucially, on the distance between tip and sample. 

Additionally, a disadvantage with MFM is that the magnetic tip always to 
some extent disturbs the domain structure of the sample. This is avoided using our 
method, as the tip used is non-magnetic. Still, complementary investigations using 
MFM would be very useful. 

Having this method with the above-mentioned advantages we are thus in an 
advantageous position to gather information on the detailed structure of magnetic 
domains.  

9.1.1. Expected milestones of research: 
1. Improving our technique by extending the range of applicable fields to make it 

possible to study a wider range of magnetic samples, e.g. magnetic nanotubes. 
2. Systematic studies of how the domain structures of various patterned samples 

depend on the size and configuration of the magnetic entities. 
3. Study of the dependence of domain wall width on the size, and shape of the 

magnetic dots for Fe, Ni and Co. Assuming that crystal anisotropy and exchange 
energy is the same for all dots of a given material this will also tell us about the 
shape anisotropy energy of the dots. 

4. Applying an external magnetic field to study the details of magnetization reversal 
in the dots, and how this depends on the size and configuration of the dots. 
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5. Fabrication and study of patterns of ferromagnetic dots in combination with other 
functional materials. 

9.2. Magnetostriction of Magnetic Dots 
The large values for magnetostriction found for ferromagnetic dots need 

further investigations. Not only is this an interesting, and possibly useful, property. 
Learning more about the magnetostriction of the dots would help in a more solid 
understanding of the mechanisms involved in the magnetostrictive magnetic imaging 
technique we have developed. In this context it may be useful to study the mechanical 
properties of the dots using nanoindentation, this may shed some light on the stress 
and strain of the dots, which may be related to the magnetostrictive properties. 

9.2.1. Expected milestones of research: 
1. Systematic study of how the magnetostriction of various patterned samples depend 

on the size, configuration and material of the magnetic dots. 
2. Systematic studies of how the mechanical properties of the dots of various 

patterned samples depend on the size, configuration and material of the magnetic 
dots. 

9.3. Magnetostrictive information storage using AFM 
The magnetostrictive effect works two ways; 1) if a magnetic field is applied, 

magnetizing a magnetic entity, that entity can change shape, and 2) if pressure is 
applied to a magnetic entity, changing its shape, the entity’s magnetization can be 
altered (Figure 9.1). Utilizing this principle bits can be written in a patterned magnetic 
media consisting of single domain dots by pressing at a dot with the AFM tip. If 
sufficient pressure is applied, the dot will change shape and, consequently, direction 
of magnetization. The bits can then be read either magnetically, or, as “0” and “1” bits 
have different height, in a CD player. Note that for magnetic reading the 
magnetization directions of “0” and “1” bits will be perpendicular rather than 
antiparallel as in conventional magnetic recording (Figure 9.2). 

M
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Figure 9.1. The magnetostrictive effect. 
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Figure 9.2. A schematic outline of a magnetostrictive media. 

9.3.1. Expected milestones of research: 
1. Investigation of the magnetostrictive effect in patterned magnetic media using 

AFM 
2. Development of an optimized patterned media - material as well as size of the dots 

are probably crucial. 

9.4. Relative Stiffness determination using AFM 
The technique developed for studying the relative stiffness using AFM has 

many interesting applications. In particular hard nanophase particulate materials are of 
great interest for these studies. It would also be useful to relate the results of such 
measurements with nanoindentation measurements. 

9.4.1. Expected milestones of research: 
1. Study how the relative stiffness is distributed on the surface of hard nanophase 

particulate materials, particularly the properties at, and near, grain boundaries are 
of great interest. 

2. Relating the results of the above measurements with nanoindentation 
measurements. 

9.5. Ferroelectric Dots 
The technique for making sub-micron ferromagnetic dots could be applied also 

to ferroelectric materials. The methods for studying domain structures in ferroelectrics 
using AFM are the ideal instrument for investigating the properties of such 
ferroelectric dots. 

9.5.1. Expected milestones of research: 
1. Systematic study of how the domain structures of various patterned samples 

depends on the size and configuration of the ferroelectric dots. 
2. Applying an external electric field to study the details of polarization reversal in 

the dots, and how this depends on the size and configuration of the dots. 



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

79

References 
                                                 
1 G. Binnig and H. Rohrer, Helvetica Physica Acta, 55, 726 (1982). 
2 G. Binnig, C. F. Quate and Ch. Gerber, Physical Review Letters, 56, 930 (1986). 
3 P. K. Hansma, B. Drake, O. Marti, S. A. C. Goud, C. B. Prater, Science, 243, 641 (1989). 
4 Y. Martin, D. Rugar, H. K. Wickramasinghe, Applied Physics Letters, 52, 244 (1988). 
5 E. Dan Dahlberg, Jian-Gang Zhu, Physics Today, 48, 34, (1995). 
6 J. Moreland, P. Rice, Journal of Applied Physics, 70, 520 (1991). 
7 J. Nogués, Ph.D. thesis, Royal Institute of Technology, Stockholm, Sweden (1993). 
8 D. W. Pohl, W. Denk, M. Lanz, Applied Physics Letters, 44, 651 (1984). 
9 J. E. Stern, B. D. Terris, H. J. Mamin, D. Rugar, Applied Physics Letters, 53, 2717 (1988). 
10 B. D. Terris, J. E. Stern, D. Rugar, H. J. Mamin, Physical Review Letters, 63, 2669 (1989). 
11 P. E. J. Flewitt, R. K. Wild, “Physical methods for materials characterisation”, Institute of physics 
publishing, Bristol and Philadelphia. 
12 Y. Kuk, P. J. Silverman. Review of Scientific Instruments, 60, 165 (1989). 
13 Burleigh instruments, Inc., “Personal atomic force microscope operating manual”, Fishers, NY, USA 
(1994). 
14 Y. Martin and H. K. Wickramasinghe, Appl. Phys. Lett. 50, 1455 (1987). 
15 P. Grütter, E. Meyer, H. Heinzelmann, L. Rosenthaler, H.-R. Hidber, and H.-J. Güntherodt, J. Vac. 
Sci. Technol, A 6, 279 (1988). 
16 P. Grütter, T. Jung, H. Heinzelmann, A. Wadas, E. Meyer, H.-R. Hidber and H.-J. Güntherodt, J. 
Appl. Phys., 67, 1437 (1990). 
17 E. Dan Dahlberg, Jian-Gang Zhu, Physics Today, April 1995. 
18 U. Hartmann, T. Göddenhenrich, and C. Heiden, J. Magn. Magn. Mater., 101, 263 (1991). 
19 P. Grütter, H. J. Mamin, and D. Rugar, in Scanning Tunneling Microscopy, Vol. II, ed. by H.-J. 
Güntherodt and R. Wiesendanger, (Springer, Berlin, Heidelberg, New York, 1992) p. 845-853. 
20 E. D. Dahlberg and R. Proksch, J. Magn. Magn. Mater., 200, 720 (1999). 
21 R. Proksch, Curr. Op. Solid State Mater. Sci., 4, 231 (1999). 
22 Digital Instruments, Multimode™ SPM Instruction Manual. 
23 C. D. Wright, Burleigh Applications, 5, (1996). 
24 Burleigh instruments, Inc., “Personal atomic force microscope operating manual”, Fishers, NY, USA 
(1994). 
25 R. P. Blakemore. Science, 190, 377 (1975). 
26 S. Mann, R. B. Frankel and R. P. Blakemore. Nature 310, 405 (1984). 
27 S. K. Banerjee and B. M. Moskowitz. Magnetite biomineralization and magnetoreception in 
organisms, Chapt. 2, Eds. J. L. Kirschvink, D. S. Jones and B. J. Macfadden, Plenum Publ. Corp., 1985. 
28 E. J. Fletcher and W. O’Reilly, Proc. Phys. Soc. London Solid State Phys., 7, 171 (1974). 
29 R. F. Butler and S. K. Banerjee. J. of Geophysical Research 80, 4049 (1975). 
30 B. D. Cullity, Introduction to Magnetic Materials, Addison-Wesley Publishing Company, Reading, 
Massachusetts, 1972. (See p.413.) 
31 I. S. Jacobs and C. P. Bean, Physical Review, 100, 1060 (1955). 
32 E. C. Stoner and E. P. Wohlfarth, Philosophical Transactions of the Royal Society, A-240, 599 
(1948). 
33 J. D. Hannay, N. S. Walmsley and R. W. Chantrell, Journal of Magnetism and Magnetic Materials, in 
press. 
34 R. W. Chantrell, J. D. Hannay, M. Wongsam, T. Schrefl and H-J. Richter, IEEE Transactions on 
Magnetics, 34, 1998, 1839-1844. 
35 C. A. Ross, Henry I. Smith, T. Savas, M. Scattenburg, M. Farhoud, M. Hwang, M. Walsh, M. C. 
Abraham, R. J. Ram, J. Vac. Sci. Technol. B 17, 3168 (1999). 
36 J. I. Martin, Y. Jaccard, A. Hoffman, J. Nogues, J. M. George, J. L. Vincent and I. K. Schuller, J. 
Appl. Phys. 84, 411 (1998). 
37 J. I. Martin, M. Velez, J. Nogues and I. K. Schuller, Phys. Rev. Lett. 79, 1929 (1997). 
38 J. L. Costa, J. Nogues and K. V. Rao, Appl. Phys. Lett. 66, 3374 (1995). 
39 R. A. Brizzolara and R. J. Colton, J. Magn. Magn. Mater. 88, 343 (1990). 
40 J. H. Wandass, J. S. Murday and R. J. Colton, Sensors and Actuators, 19, 211 (1989). 
41 M. R. Freeman and G. Nunes, Jr., Appl. Phys. Lett. 63, 1200 (1993). 
42 A. P. Holden, D. G. Lord and P. J. Grundy, J. Appl. Phys. 69, 6070 (1996). 
43 M. Weber, R. Koch, and K. H. Rieder, Phys. Rev. Lett. 70, 1166 (1994). 



Nanoscale studies of functional materials using Scanning Probe Microscopy 

 
 

80

                                                                                                                                            
44 T. Shima and H. Fujimori, IEEE Trans. Magn. 35, 3832 (1999). 
45 H. Szymczak, J. Appl. Phys. 81, 5411 (1997). 
46 S. W. Sun and R. C. O’Handley, Phys. Rev. Lett. 66, 2798 (1991). 
47 O. Song, C. A. Ballentine, and R. C. O’Handley, Appl. Phys. Lett. 64, 2593 (1994). 
48 A. P. Holden, D. G. Lord and P. J. Grundy, J. Appl. Phys. 69, 6070 (1996). 
49 R. A. Brizzolara and R. J. Colton, J. Magn. Magn. Mater. 88, 343 (1990). 
50 J. L. Costa, J. Nogues and K. V. Rao, Appl. Phys. Lett. 66, 3374 (1995). 
51 Y. Martin and H. K. Wickramasinghe, Appl. Phys. Lett. 50, 1455 (1987). 
52 P. Grütter, E. Meyer, H. Heinzelmann, L. Rosenthaler, H.-R. Hidber and H.-J. Güntherodt, J. Vac. 
Sci. Technol, 279 (1988). 
53 E. D. Dahlberg and Jian-Gang Zhu, Physics Today, 34 - 40, April 1995. 
54 S. McVitie and J. N. Chapman, IEEE Trans. Magn., 24, 1778, (1988). 
55 C. Salling, S. Schultz, I. McFayden and M. Ozaki, IEEE Trans. Magn., 27, 5184, (1991). 
56 J. N. Chapman, S. McVitie and S. J. Hefferman, J. Appl. Phys. 79, 6078 (1991). 
57 A. Tonomura, Adv. Phys. 41, 59 (1992) 
58 R. E. Dunin-Borkowski, M. R. McCartney, B. Kardynal and D. J. Smith, J. Appl. Phys. 84, 374 
(1998). 
59 J. Unguris, D. T. Pierce, A. Galejs, and R. J. Celotta, Phys. Rev. Lett. 49, 72 (1982). 
60 J. Unguris, G. G. Hembree, R. J. Celotta, and D. T. Pierce, J. Appl. Phys. 61, 4307 (1987). 
61 H. P. Oepen and J. Kirschner, Scanning Microscopy 5, 1 (1991). 
62 J. M. Florczak and E. D. Dahlberg, J. Appl. Phys. 67, 7520 (1990). 
63 D. Jiles, Introduction to magnetism and Magnetic Materials (Chapman & Hall, London, 1995). 
64 J. I. Martin, Y. Jaccard, A. Hoffman, J. Nogues, J. M. George, J. L. Vincent and I. K. Schuller, J. 
Appl. Phys. 84, 411 (1998). 
65 J. I. Martin, M. Velez, J. Nogues and I. K. Schuller, Phys. Rev. Lett. 79, 1929 (1997). 
66 B. A. Lilley, Phil. Mag. 41, 792, (1950). 
67 R. B. Proksch, T. E. Schäffer, B. M. Moskowitz, E. D. Dahlberg, D. A. Bazylinski and R. B. Frankel, 
Appl. Phys. Lett. 66, 3374 (1995). (See fig. 3) 
68 R. Berger, F. Krause, A. Dietzel, J. Fompeyrine, J. W. Seo and J.-P. Locquet, Appl. Phys. Lett. 76, 
616 (2000). 
69 O. Auciello, J. F. Scott, and R. Ramesh, Physics Today, July 1998. 
70 C. Björmander, K. Sreenivas, A. M. Grishin, and K. V. Rao, Appl. Phys. Lett. 67, 58 (1995). 
71 See e.g. R. Ramesh (ed.) Thin film ferroelectric materials and devices, Kluwer Academic Publishers, 
Boston (1997) 249 P. 
72 C. Björmander, Ferroelectric Heterostructures by Laser Ablation (Ph.D. thesis, KTH Stockholm, 
1996). 
73 S.-M. Koo, Ferroelectric Thin-Film Multilayers by Pulsed Laser Deposition(Licentiate thesis, KTH 
Stockholm, 1999). 
74 Yuhuan Xu, Ferroelectric Materials and Their Applications (North-Holland, Amsterdam, 1991). 
75 I. S Zheludev, Physics of Crystalline Dielectrics- Volume 1 Crystallography and Spontaneous 
Polarization (Plenum Press, New York-London, 1971) 
76 S.-M. Koo, Ferroelectric Thin-Film Multilayers by Pulsed Laser Deposition (Licentiate thesis, KTH 
Stockholm, 1999). 
77 M. Tyunina, J. Levoska, A. Sternberg, S. Leppävuori, J. Appl. Phys. 84, 6800 (1998). 
78 A. Sternberg et al., J. Korean Phys. Soc. 32, S1365 (1998); M. Tyunina, A. Sternberg, V. Zauls, M. 
Kundzinsh, I. Shorubalko, J. Phys. 8, 183 (1998). 
79 J. F. Li, D. Viehland, C. D. E. Lakeman, D. A. Payne, Ferroelectrics 184, 61 (1996) 
80 O. Kolosov, A. Gruverman, J. Hatano, K. Takahashi and H. Tokumoto, Phys. Rev. Lett. 74, 4309 
(1995). 
81 T. Yamamoto, K. Kawano, M. Saito, and S. Omika, Jpn. J. Appl. Phys. 36, 6145 (1997). 
82 A. Gruverman, O. Auciello, H. Tokumoto, Appl. Phys. Lett. 69, 3191 (1996). T. Hidaka, T. 
Maruyama, M. Saitoh, N. Mikoshiba, M. Shimizu, T. Shiosaki, L. A. Wills, R. Hiskes, S. A. Dicarolis, 
J. Amano, Appl. Phys. Lett. 68, 2358 (1996); A. Gruverman, H. Tokumoto, A. S. Prakash, S. Aggarwal, 
B. Yang, M. Wuttig, R. Ramesh, O. Auciello, T. Venkatesan, Appl. Phys. Lett. 71, 3492 (1997); A. 
Gruverman, S. A. Prakash, S. Aggarwal, R. Ramesh, O. Auciello, H. Tokumoto, Mat. Res. Soc. Symp. 
Proc. 493, 53 (1998); G. Zavala, J. H. Fendler, S. Troiler-McKinstry, J. Appl. Phys. 81, 7480 (1997); 



Jesper Wittborn, PhD Thesis, KTH, 2000 

 
 

81

                                                                                                                                            
T. Tybell, C. H. Ahn, J. M. Triscone, Appl. Phys. Lett. 72, 1454 (1998). K. Franke, J. Besold, W. 
Haessler, C. Seegebarth, Surf. Sci. Lett. 302, L283 (1994) 
83 E. L. Colla, S. Hong, D. V. Taylor, A. K. Tagantsev, and N. Setter, Appl. Phys. Lett. 72, 2763 
(1998). 
84 S. K. Streiffert, C. B. Parker, A. E. Romanov, M. J. Lefevre, L. Zhao, J. S. Speck, W. Pompe, C. M. 
Foster, G. R. Bai, J. Appl. Phys. 83, 2742 (1998) 
85 M. Welland, Physics World, 7, 32 (1994). 
86 A. Sasaki, A. Katsumata, F. Iwata and H. Aoyama, Appl. Phys. Lett., 64, 124 (1994). 
87 K. Yamanaka and H. Ogiso, Appl. Phys. Lett., 64, 178 (1994). 
88 R. W. Carpick, D. F. Ogletree and M. Salmeron, Appl. Phys. Lett., 70, 1548 (1996). 
89 A. Buldum, S. Ciraci and I. P. Batra, Phys. Rev. B, 57, 2468 (1998). 
90 D. R. Baselt and J. D. Baldeschwieler, J. Appl. Phys. 76, 33 (1994),. 
91 N. A. Burnham, A. J. Kulik, F. Oulevey, C. Mayencourt, D. Gourdon, E. Dupas and G. Gremaud, in 
“Micro/Nanotribolgy and its Applications”, B. Bhushan ed., NATO ASI Series Vol. 330, Kluwer 
Academic Publishers, Netherlands. 
92 N. A. Burnham, R. J. Colton and H. M. Pollock, Nanotechnology, 4, 64 (1993). 
93 B. Pittenger, D. J. Cook, C. R. Slaughterbeck and S. C. Fain, Jr., J. Vac. Sci. Technol. A 16, 1832 
(1998). 
94 J. D. Kiely and J. E. Houston, Phys. Rev. B, 57, 12588 (1998). 
95 N. A. Burnham, A. J. Kulik, G. Gremaud, P.-J. Gallo and F. Oulevey, J. Vac. Sci. Technol. B 14, 794 
(1996). 
96 F. Oulevey, N. A. Burnham, A. J. Kulik, P.-J. Gallo, G. Gremaud and W. Benoit, J. de Physique III. 
6, 731 (1996). 
97 M. Liley, D. Gourdon, D. Stamou, U. Meseth, T. M. Fischer, C. Lautz, H. Stahlberg, H. Vogel, N. A. 
Burnham and C. Duschl, Science, 280, 273 (1998). 
98 Operation Instruction NANO INDENTER  II, Nano Instruments Inc., 1996. 
99 T. Y. Tsui and G. M. Pharr, J. Mater. Res. 14, 292 (1999). 


	Cover
	Abstract
	Acknowledgments
	Contents
	Summary
	Part II: Scanning probe microscopy - basic features
	1: Introduction
	2: Fundamentals of scanning probe microscopy
	3: Magnetic force microscopy

	Part II: Selected funcrional properties of novel systems
	4: Magnetic force microscopy studr of ...
	5: Magnetostrictive response using atomic ...
	6: Imaging ferroelectric domains using ...
	7: Atomic force microscopy for studying

	8: Thesis highlights
	9: Future perspectives
	References


