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ABSTRACT 

As a part of the course in applied physics I have clone a traineeship at lEF, a joined research 
institute of the Université Paris-sud and the CNRS (Centre National de la Recherche 
Scientifique). A research institute focussing on semiconductors, magnetic materials and 
nanostructures. 

The ever increasing needs for data starage requires new recording media with higher data 
densities. To postpone a fundamental limit for further increase of the areal density of data on 
magnetical starage media, the so called paramagnetic limit, perpendicular recording is a 
promissing option. Therefore study of magnetisation reversal processes in materials with 
perpendicular anisotropy is of high interest. Measurements of magnetisation reversal based on 
the Extraordinary Hall Effet have the advantage over GMR measurements that there is no 
restrietion on the materials used. 

Objective of this project was first to measure the magnetisation reversal velocity is small 
wires patterned in thin magnetical films with perpendicular anisotropy using the Extraordinary 
Hall Effect (EHE). And seccond to extend the measurement setup for future use at higher 
velocities. At the lEF thin ftlms are made using a sputtering deposition on sapphire substrate. In 
these thin films a wire of 1 fJm width and about 10 J-Lm length is patterned using electronbeam 
lithography. The so produced thin ftlms and wires have an extremely square hysteresis loop, as 
can be measured with measuring the EHE potential. 

The EHE potenrial is measured at two places allang the wire, and since the potenrial is 
dependend on the direction of magnetisation of the ftlm according to the direction of the current 
(the potenrial is linear with the cross-product of the current and the magnetisation vector) the 
magnetisation at bath places allang the wire is measured. The magnetsation will reverse, when an 
external field is applied, in order to allign with this external field. Since the creation of a reversed 
site is very rare and the following extension of such a site is very easy an magnetical reversion 
normally comes from one side of the wire end travels to the other side. With measuring the EHE 
potenrial on two places allang the wire the velocity of the reversal process can be measured. 

I succeeded in measuring the reversal velocity in more than three decades and the related 
constauts are in a good agreement with results of others. Purthermare I have tried to extend the 
measurement into a higher field regime, some recommendations are made but more work is 
needed to make these measurements successful. 
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INTRODUCTION 

Part of the course in applied physics at the Technische Universiteit Eindhoven is an external 
traineeship. Tagether with Bert Koopmans from the group Physics of Nano structures a four
month traineeship at the université Paris-Sud is organized. Claude Chappert of the department 
IEP functioned as a contact person and organized a position at his group. During this traineeship 
I have been woricing on an experimental setup for measuring the magnetization reversal 
dynamics in thin ftlms. 

INSTITUTE D'ELECTRONIQUE FONDAMENTALE 

The Institute of Fundamental Electtonics (IEP) is a joined research unit of the CNRS 
(Centre National de la Recherche Scientifique) and the Université Paris-Sud XI, and is situated at 
the Orsay sciencific centre. It is under the management of the Engineering Sciences Department 
of the CNRS. The research carried out at the IEP focuses on IV-IV semiconductor materials, 
magnetic materials, nano structures, microsystems, optoelectronics, micro-electtonic 
components, conception of integrated circuits and computer architecture. These research 
activities are carried out within the framework of six research departments with the support of 
the technica! and administrative services. 

The IEP has at its disposal technological facilities, the CEETAM (Centre for the study and 
teaching of advanced techniques of microelectronics), which plays a support role in research, 
ensures initia! and continuous training and carries out work at the request of outside research 
laboratories or companies. 

IEP permanent staff includes approximately 40 CNRS researchers, 44 teaching researchers 
and 38 engineers, teehoidans and administrative personnel. The lEF has 60 Ph.D. students and 
80 student trainees each year. 

MAGNETISM 

The development of information technology requires ever increasing data starage capacities 
with ever-higher data areal-densities and faster access times. The primary mass starage media for 
computers have been for decade's magnecic thin films. Since the first hard disk drive in 1960, the 
area! density has always been exponenrially increasing. %ile pessimistic assumptions are 
regularly issued on the impossibility to continue this rapid growth, the development of magneto 
resistive (MR) read heads in 1991 resulted in a sharp increase in the area! density growth rate 
from about 30% a year to 60%. This rate was even pushed up to 120% by the introduetion of 
spin-valve heads in 1999. However, it becomes evident that the present magneric starage 
technology will meet fundamental problems within the next years. 

Today's magnetic media are granular thin-ftlms containing magnetic grains partially exchange 
decoupled. Although MR and GMR have increased the head sensitivity, the area! density increase 
requires ever-smaller bit sizes. Reducing the bit size requires that the grain size reduces, which is 
limited by the super paramagnetic limit. 

4 



It is possible to postpone the paramagnetic limit by increasing the anisotropy of the materiaL 
A promising salution is perpendicular recording, in which the media is magnetized perpendicular 
to the surface of the disk. Therefore study of magnetization reversal processes in matenals with 
perpendicular magnetic anisotropy is crucial for the development of future recording media. A lot 
of work has been clone on the dynamics of magnetization reversal. Standard magneto resistance 
measurements such as GMR can be used to track fast magnetization reversal processes. However 
such techniques require to use GMR like structures, which put some severe eenstrains on the 
choice of matenals and studies. Measurements based on the Extraordinary Hall Effect have the 
unique potenrial to follow magnetization dynamics of single film matenals with perpendicular 
anisotropy. 

A further step in areal density increase for magnetic starage media is the use of patterned 
media. Each bit could be stared as a well-defined mono domain stat within a nanostructured 
media. During my traineeship I have clone measurements on the domain wall propagation in thin 
nano-patterned ftlms using the Extraordinary Hall Effect (EHE) as the measurement technique 
an also extended the EHE technique to measure domain wall propagation at higher veloei ties. 

OBJECTIVE 

My work wasbasedon previous work clone at the lEF on the velocity measurements of one
dimensional Bloch Domain Walls in patterned ultra thin Co films with perpendicular 
magnetization axis. The measurement metbod used and the theoretica} concepts had been 
defined, and an experimentalset-up had been developed to explore the low speed regime of the 
domain wall propagation. The final objective is defined as: 

• To extend the setup to enlarge the range veloeities at which measurements can be 
clone, using the electranies as available on the existing setup; 

• To measure the domain wall velocity in an ultra thin Pt/Co/Pt wire in the thermally 
activated Oow field) regime as function of applied field in a as wide as possible range 
of fields; 

• To explore the viseaus (high field) regime and make recommendations for future 
measurements using a micro coil and digital oscilloscope. 

THEORY 

In this chapter the theory of magnetization reversal is explained. In the first paragraph the 
reason for perpendicular anisotropy in our ftlms is given. Thereafter, using this perpendicular 
anisotropy, the existence and creation of domains is explained. A model for the thermal 
dependency of the velocity of a domain wall is presented and explained in the third paragraph. In 
the last paragraph the Extraordinary Hall Effect is given and the use of this effect for the 
detection of a domain wall is explained. 
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PERPENDICULAR ANISOTROPY 

The magnetism of transition metals like Co is due to the spin-polarization of the 3d
electrons; the orientation of the spin-polarization direction of the itinerant conduction electrans 
determines the macroscopie magnetization vector field. Our high quality sputtered 
Pt(4nm)/Co(1nm)/Pt(3nm) tri-layer structures epitaxially grown on sapphire substrate have a 
high perpendicular interface contribution to the magneto crystalline anisotropy, which is strong 
enough to out balance the shape anisotropy due to dipolar interactions (always trying to keep the 
magnetization in the film plane), and thus induces a perpendicular easy magnetization axis up to 
1.8-2 nm Co thickness. 

DOMAINS 

As discussed before, Pt/Co ftlms showastrong perpendicular anisotropy. That means, if the 
ftlm is in the xy-plane, that the magnetization can only be in either the +z or -z direction. If there 
are two regions within one sample one having the magnetization in the upward direction and one 
in the downward direction, there must be a interface between the two regions in which the 
magnetization rotates from up to down. This interface is called Domain Wall. In such ultra thin 
ftlms, domain walls appear as one-dimensional objects rnaving in a two dimensional space. 

Pt/Co/Pt thin ftlms with perpendicular anisotropy are model systems to study magnetization 
reversal dynamics. Reversal is dominated by rapid DW propagation, following rare nucleation 
events. Precisely, when starring with magnetization saturated in the upward direction (+Hs), the 
application of an opposed magnetic field -HN (nucleation field) leads to the nucleation of a small 
region (around 20nm) with the magnetization in the downward direction. Thereafter, the 
magnetization reversal takes place by rapid domain wall motion leading to an abrupt transition in 
the hysteresis loop. The field Hp at which the DW propagates is called the propagation field and 
is much smaller than the nucleation field. The exact value of the nucleation field depends strongly 
on the intrinsic defects of the ftlm. 

BLOCH DOMAIN 

The configuration of the domain wall in such ultra thin films results from the competition 
between magnetic anisotropy (perpendicular easy axis), dipolar shape anisotropy (in plane easy 
direction) and exchange interaction (which tries to keep the spins parallel). If the domain wall 
width (transition length from one domain to the other) is large enough compared to the film 
thickness, one can show that the wall can be approximated as a Bloch wall (6). The rotation of 
the magnetization vector in such domain walls is in plane of the domain wall, Figure 1, This in 
contrast to the magnetically charged Neél-wall. Moreover, in our films the dipolar and magneto 
crystalline contributions can be included in a single effective anisotropy constant Kerr. 
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Figure 1 The rotation of the magnetization in a Bloch-like domain wal/ with wa/1-width ~- Because 
magnetic charges within the domain wal/ would increase the magneto static energy unfavourab!J, rotation 
of the magnetization vector takes place in the plane parallel to the domain wal!. 

The thickness of a domain wall can be calculated by evaluating the energy in the domain wall. 
The exchange energy decreases with the wall thickness while the anisotropy energy increases. The 
equilibrium state of a domain wall would be the one with the least amount of energy stared in it. 
This can be found with variaring the domain wall energy: 

(1.1) 

With, E the total energy density, Eex the energy density caused by the exchange effect, EK the 
energy density originating from magnetical anisotropy, A the exchange coupling constant, e the 
angle between the magnetisation vector and the normal to the plane, y the distance from the 
centre of the domain wall and l<eff the effective anisotropy constant. This is only an 
approximation since at any point in the wall the expression for the effective anisotropy constant 
also contains the shape anisotropy and is only valid for ftlm thicknesses much smaller than the 
wall width. Variation of the wall-energy gives an expression for the rotation of the magnetization
vector through the Bloch-wall: 

(1.2) 

Most of the rotation occurs in a region of width ~. equation (1.3), which is defined as the 
wall-width. With substituting the salution for e in equation (1.1) and integrating over the full 
wall-width one obtains the energy per unit area cr: 

cr =4·JA·K eff (1.3) 
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DOMAIN NUCLEATION AND PROPAGATION 

Two mechanisms contribute to the magnetization reversal: domain nucleation, aften made 
easier at defects, and wall motion, on the contrary impeded by the defects (29). The magnetic 
aftereffect is also evidenced to be a consequence of the dynamics of nucleation and domain wall 
propagation (10). Due to this dynamica! behavior, the coercive field He is also dependent to the 
field sweep rate. A theoretica! model developed by Fatuzzo for magnetization reversal in 
ferroelectric crystals suggests that bath the nucleation rate and the domain wall propagation 
velocity are thermally activated and strongly dependent on H (19). The relation for the wall 
velocity at low applied field is given in equation (1.4) below: 

2M V 
__ s _P(H-H) 

V= Vo ·e kT P (1.4) 

where Vp the Barkhausen volume, Hp the intrinsic propagation field (Hp corresponds to the 
transition between the thermally activated and viseaus regimes), vo the velocity prefactor, Ms the 
saturation magnetization, T the temperature and k the Boltzman constant is. Vp represents the 
Barkhausen volume, i.e. the volume reversed during the elemental Barkhausen jumps of the wall 
through blocking defects during its propagation. The expression Ep=2MsVpHp is the activation 
energy in zero field. Such linear dependenee of the energy activation on field H is usually found 
for a 1D or 2D domain wall propagating in a medium with low density of pinning defects. 

The energy harrier to domain wall motion is highly correlated with intrinsic defects such as 
boundaries between crystallites and atomie steps separating flat atomie surfaces. At T=OK the 
domain walls are locally pinned by these defects until a critica! field Ho is reached (when the 
pinning is equal to the Zeeman force due to the magnetic field pressure). At finite temperature, 
the domain walls can move even for field lower than He by thermally activated processes. The 
motion occurs locally by jumps between pinned states separated by finite harriers. 

A limitation of the Fatuzzo theory comes from the assumption that there are only two 
activation energies, Ep and En. In fact the energies are due to surface roughness and interface 
sharpness distributed around a mean or effective value of Ep and En. Pommier et al suggest a 
Lorentzian distribution for these activation energies. 

The Barkhausen volume V p is also found to be distributed over a certain range of values, 
Kirilyuk et al. (23) used a square distribution over a small range of volumes to explain the 
temperature dependenee of the domain wall propagation. With this volume dis tribution he could 
also explain the fractillity and jaggedness of the spin-reversed domains. 

At fields higher than He domain wall propagation is completely stopped by intrinsic defects 
and the velocity v of a straight domain wall is simply proportional to the field (36). To take into 
account the blocking effect of defects one usually introduces a propagation field Ho below which 
the domain wall cannot be moved, and the velocity becomes: 

(1.5) 

where Jl the DW mobility is. In this regime, the viseaus regime, the DW velocity can reach a 
few m/ s. Although many studies have been devoted to the dynamica! properties of domain walls 
in continuous magnetic films, only a few ones concern pattemed structures (3),(4). The influence 
of geometry (shape, size) and defects introduced by the patterning processes could modify the 
dynamics of domain wall motion. 
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EXTRAORDINARY HALL EFFECT (EHE) 

In thln ferromagnetic ftlms the Hall Effect camprises a so-called "Extraordinary" component 
proportional to the average perpendicular component of the magnetization: 

(1.6) 

with jx meaning the current through the wire, Ro the Ordinary Hall resistivity, Bz the field 
perpendicular to the ftlm plane, Mz the magnetization of the ferromagnetic film in the ( easy-) 
direction perpendicular to the film plane and Re the Extraordinary Hall resistivity. The latter, the 
Extraordinary Hall resistivity, can be much higher than the Ordinary resistivity, Ro. For bulk 
material it has been established, bath experimentally and theoretically, that the extraordinary 
effect is originating from skew scattering and side jump of the rnaving charge carriers. But for 
ferromagnetic multilayers and granular mixtures additional parameters, as interface roughness and 
layer thickness, seem to affect the phenomenon (21). 

In the ftlms under investigation, Co/Pt multilayers, the value of Re is experimentally proven 
to be constant and much higher than the Ordinary-resistivity (6) which makes the Extraordinary 
Hall Effect (EHE) the ideal tooi for measuring the magnetization reversal. 

EXPERIMENTALSETUP 

The domain wall velocity is measured in ultra thin Pt/ Co wires, the production of the thln 
ftlms using sputtering deposition and the patterning of the wire using electron beam lithography 
is explained in the first paragraph. Thereafter, the setup explanation is divided in two parts; the 
first part deals with the thermally activated regime using the existing setup with only some slight 
modifications. The setup for viseaus measurements is explained in the second part; here the 
setup is modified more dramatically. For faster data acquisition a digital oscilloscope is 
introduced and for a faster rising magnetic field a micro coil is used. 

THE SAMPLES 

The samples used in our experiments are Hall-cross structures of 0.5, 1, and 2 J..l.ffi stripe 
widths, patterned from high quality sputtered Pt(4nm)/Co(10Á)/Pt(3nm) trilayer structures 
epitaxially grown on (0001) oriented sapphire substrates. These trilayers were grown using a fully 
automated sputtering deposition machine (Alcatel A610). This technique allows rapid fabrication 
of high quality samples with in particwar excellent flatness and uniformity. Extensive research 
work on ultra thln Pt/Co/Pt ftlm growth had been clone at the Institute d'Electronique 
Fondamentale towards an optimisation of thln layer deposition by sputtering to obtain very high 
quality samples (1),(2). 

To control the surface roughness the surface topography of the sample has been measured 
using Atomie Force Microscopy (AFM) (3),(4). An averaged grain size of 30-40 nm was deduced 
from the sparial frequency of the roughness fluctuations. A peak-to-peak roughness of around 
6A is measured on distances as long as 1 J..Lm. This corresponds to an rms-roughness of around 
2A. See Figure 2 for an AFM image of a 1 x 1 J..l.ffi area of a sample. 
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Figure 2 AFM image of a 1 X f11m area of the Pt suiface of a Pt/ Co(f nm)/ Pt sandwich. 

In these films a double Hall cross as shown in Figure 3 is patterned using optical- and 
electron beam-lithography. The optical lithography is to fabricate the micron size Au cantacts 
while electron beam lithography is used for defining the Hall cross itself. Using this high
resalution electron beam setup one can create cross patterns down to SOnm stripe widths. 

Pt/Co/Pt Hall cross 
/ 

Figure 3 The double Hall-cross as patterned intheultra thin Pt/ Co/Pt films. 

As opticallithography, electron-beam lithography is also based on structural modification of 
an exposed resist, which then becomes soluble in a specific solvent. lnstead of photons, electrans 
are used to change the resist properties. The wavelength of such electrans with energy of 30 - 40 
keV is of the order of lA; thus blurring due to diffraction can be neglected. The resolution limit 
of electron-beam lithography results from secondary electrans coming out of the sample on an 
area much larger then the diameter of the focused incident electron beam, futthermare the 
diffuse scattering of the focused electrans after penetraring the resist also limits the resolution. 
The resist used here is a positive resist (PMMA). The exposed sample is then dipped in a MIBK 
(MethyllsoButyKetanol)-solution, which solves the exposed areas. 

The patterning of our Halldevicesis made along the following process. First the Pt/Co/Pt is 
deposited. Then optical lithography is used in a lift off process to deposit 300 nm thick Au 
contact pads. Then the Hall cross pattern is insulated in the PMMA layer using electron-beam 
lithography. After removing the soluble resist, an Al layer is deposited by evaporation on top of 
the sample. After a lift-off process, the remaining Al serves as an etch mask for the following ion 
beam milling process. · 
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Similarly to the sputtering process used for deposition, accelerated Ar+ - ions hit the surface 
of the sample and etch away the unprotected surface material. Only the Pt/Co/Pt layer under the 
Al mask and the thick Cr-Au-contacts remain. After removing the remaining aluminium (in a 
phosphoric acid solution) the final Hall cross pattem conneered with the gold cantacts is 
obtained, Figure 4 shows an example of such a cross pattern. 

Figure 4 Scanning Electron microscope image of a double Hall cross pattem in an ultra thin Pt/ Co/ Pt 
sandwich. Sample IP01053B. 

Por measuring the domain wall velocity in an ultra thin Pt/ Co wire one needs a wire as 
presenred in Figure 4. Since these wires are very small and very thin they are very sensitive to 
currents, a current higher than 0,1 mA could destray the sample. These kinds of currents are 
easily produced by ele.ctrostatic discharges when manipulating the samples, at power on/ off of 
one of the conneered devices or by Jack of the grounding of the sample holder. 

Despite cautious handling all three samples of the first series where destroyed in a short time 
span. The probable reason for this is the newly introduced matrix-switch in the setup, used 
befare in the past but not recently with similar samples. Possibly this switch produces a 
destroying current while it is switching on and off. Although this explanation is not completely 
satisfying (the switch was used befare without any problems (6)), the switch was then taken out 
of the setup and further switching was clone manually. 

In Figure 5 an image of one of the samples from the first series is given, after it was 
destroyed. With a carefullook one can see the two disconnections just befare and just after the 
first and the second cross. 
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Figure 5 Electron microscope image of sample IP01053Bf afterit were destroyed, clear!J visible is the gap 
in the wire at two places. 

During the etching of the second senes of samples, some problems raised. In Figure 6 

sample IP2038A 2J.!m is shown, the dark crackly island shape shoals outside the Hall-pattem are 
left parts of the Co/Pt layer. Measurements on this sample were tried but proven to be 
impossible since the noise generated is much larger than the EHE signal ever could be. 

Figure 6 Sample IP2038A, with a wire widlh of 211m. Due to a nol satisjjing elching step lhe Co/ PI 
layer is nol complele!J removed, which is visible as lhe crack!J is lands everywhere on lhe sample. 

Since all three structures are processed in one batch one would expect the same problems for 
the other two. In Figure 7 and Figure 8 the other two samples are presented. It is clearly visible 
that, albeit they are cleaner than the flrst one, those two samples indeed also have Co/Pt left on 
their surface. Measurements were tried but proven to be not possible. 
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Figure 7 Sample IP2038B, with a wire width of 

1!lm. Although it is cleaner than the p revious 
sample there are stillsome shoals visible. 

Figure 8 Sample IP2038C, with a wm width of 
0,5!lm. 

The last series of samples is in fact one sample contatrung three structures, not double 
crosses as befare but triple crosses. The third cross in each structure is for use in future 
experiments. In the experiments presented here only the first two Qeftmost two) are used. 
Because there was not enough time left measurements are only clone on one of the three 

structures, the one presented in Figure 9, with 2Jlm wide crosses. 

Figure 9 One of the three structures on sample IP02039A with a wire of 2!lm width. A lf measurements 

are done on this structure on!J. The distance between the ftrst two crosses is 20!lm. 

HYSTERESIS 

First, in order to k.now the approximate nucleation field and the voltages of EHE 
corresponding to upward respectively downward magnetization, a hysteresis loop is recorded. In 
Figure 10 this hysteresis loop is plotted. Clearly visible is the large offset in voltage, which is 
different for each cross. Also it can be seen that one of the two crosses is reversed, caused by a 
large negative offset. For this measurement the signals of both crosses are in-phase, although it is 
not yet necessary. 
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Figure 10 Hysteresis loop of sample IP02039A measured independent!J on the ftrst and the second Hall 
crosses. 

MEASUREMENT IN THE THERMALLY ACTIVATED REGIME 

In the thermally activated regime the velocity of the domain wall is exponentially dependent 
on the applied field. In this paragraph first the modified electtonic setup for measuring the 
Extraordinary Hall Effect is discussed. Than the electramagnet and the modification in the 
opera ti on in order to get a faster rising field is explained. Thereafter the exact way of registering a 
domain wall passing one of the crosses is explained and finally the algoritrn for measuring and 
acquisition is showed. 

ELECTRONIC SETUP 

A small AC current is injected in the Pt/Co wire with a high-resalution universa! power 
source, the HP3245A. As this souree is grounded, to prevent for short-circuit the voltage on both 
Hall crosses must be measured with a floating device. The pre-amplifiers in transfarmer mode 
take care for this. In transfarmer mode the amplification is 1000x for the spectrum SOmHz until 
1OOkHz. These ultra low noise preamplifiers genera te a noise as small as O, I Sn V/ Jij;. After pre

amplification, the signalis detected using a SR830 Phase-Lock Amplifier (PLA), and is stared in 
its intemal memory. The magnet used for saturation and domain wall nucleation and propagation 
is a big water-caoled electromagnet, fed by an also water-caoled current source. The maximum 
available field using this magnet is 1 Tesla. The rise time for the used field of several hundred 
Oersteds is approximately 0,5 seconds. 
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Figure 11 The low noise measurement setup of the lEF for measuring moving domain wa/Is in nano 
stroctures. A computer controls all elements of the setup, measurements are complete(y automated using a 
National Instruments inteiface and the programming language Lab View. The alignment ofthe sample, 

plane of the sample. 

ELECTROMAGNET 

The field generared hy the electramagnet has a fmite rise time. This rise time is huild up of a 
rise time of the power souree of 10 A/ s and a time constant 't for the iron of the magnet itself to 
he magnetized. The electramagnet can he modeled hy a first order causa! system as shown in 
Figure 12. 

a)t~ 
I 

t 

I . 

b) I / 
-k'~ 

I . 
Figure 12 a) The response field when the current through the coils make a step, the electromagnet shows to 

be a ftrst order system. b) When the input of a ftrst order causa/ system is integrated the response is also 
integrated. 

The response to a step in the current through the coils of the electramagnet is given by a 
simple fust order differential equation: 

(1.7) 

But the power souree is not ahle to produce a step shape current, instead it produces a 
current linearly increasing with time. According to the manual of the souree this current is rising 
with 10 A/s. Now the time dependent field of the electramagnet can he calculated using the 
causality of the system, equation (1.8). 
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(1.8) 

This knowledge can now be used to generate a fast rising magnetic field with the 
electramagnet by applying a current as presented in Figure 13. 

lnjected current in 
units of 
magnatiefield 

"-

Figure 13 The current it!fected in the efectromagnet in order to get a field-rise time as short as possibfe and 
the field response as cafculated with (1.8) 

This way of applying a magnetic field is used in the program set_fast_field.Vl. In Figure 14 
the rise time of the electramagnet with the old control is compared to the produced field with the 
new control-program. The fields produced in this way have rise times of about 0,5 seconds 
(depending on the required field), which is about 5 times faster than the conventional methad 
used before. 
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Figure 14 The magnetica/ field produced with the e/ectromagnet in case the controf is done with 
set_jast_H. VI (b/ack squares) and in case of the simple controf set_H. VI {grry diamonds). Cfear!J 
visib/e is the great improvement of dH/ dt. 

DETECTION OF A DOMAIN WALL 

When the magnetization direction in one of the crosses changes, the voltage on the 
connectors changes due to the EHE effect. Since the movement of a domain wall through one 
cross is very fast the visible change in voltage is a step, Figure 16a. The domain wall coming from 
one side passes successively the first cross, the wire between the crosses and the second cross. 
The time between detecting the domain wall at the first cross and the detection at the second 
cross is a measure for the velocity of the domain wall. 

Detection of voltage steps on bath crosses is clone with a Phase Loek-Detector, since there is 
only one PLD available the resistance is measured in the farmer setup, see Figure 15 for the 
resistance. The disadvantage of resistance measurement is that the largest part of the signal is 
simply the longitudinal resistance of the wire, causing a high noise level, equation (1.9). 
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Figure 15 The resistance as measured in the former setup gives rise to a high noise level due to the 
longitudal resistance, the graph is extracted from (7). The first (second) step corresponds to the 
propagation of the DW into the first (second) cross. This allows to delermine the DW velociry. 

VR = f·Riong +f·(PHa/11- PHa/12) (1.9) 

A better way for measuring bath Hall crosses simultaneously is using the differential input of 
the PLD, in this input two signals are subtracted from each other befare the actual Phase Loek 
amplifying takes place. Now there is no disturbing longitudinal resistance in the measurement 
anymore. Condition for this way of measuring is that bath signals are in-phase. However, due to 
a high negative offset one of the signals is sametimes negative and has therefore a phase
difference of 180 degrees with the other signa!. In these cases the connections are changed to get 
a positive but reversed signa!, such as depicted in Figure 16b. 

Consiclering the EHE effect only, one expects a perfect symmetrie voltage step around zero 
voltage but in practice the step is superposed on a rather large offset. Two effects probably cause 
this offset. Fitst the Hall crosses are not perfectly symmetrie, one arm of the cross may be shifted 
by a maximum of 200nm. This would results in a bout 20n V at a structure of 50)-lm long with a 
total resistance of 1000. Second, while we are measuring with AC currents of about 600 Hz, 
there may be some capacitive crosstalk between the wires to and from the sample and also 
between the wires on the sample. 
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a) 

b) 

~-kç=~ 
~-~=t=rF 

Figure 16 The EHE voltage step on the second cross is subtracted from the one on the jirst cross which 
results in a pulse during the period the domain wall is in between the two crosses a). Due to high 
a{Ymmetries in the cross there can be such a high negative offset in some samples that the absolute step 
appears to be reversed. The subtraction of both steps results in this case in a stair-shape output, the width 
of the middle stairis a measure for the time the domain wal/ travels between both crosses b). 

PROGRAMS 

The PLD can store the measured values in its internal memory at given times. The HP 
multiplexer, which measures the field, does the same. This feature is used in the new written 
programs for the measurements, which is an advantage to the previous programs where the 
computer itself takes care for the time intervals, and allows increasing the reading speed. 

The probability for nucleation is linear with time and exponenttal to the field, to nucleate a 
domain wall within some seconds one need a rather large field, much larger than the field Ho 
necessary for propagation of an existing domain wall. The time needed for one velocity 
measurement is decreased drastically, especially for the low-field measurements, by using the 
algorithm presented in Figure 17. 
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Saturate 
H=-1000 Oe 

Apply nucleation field 
H=3500e 

Apply field at which one want to 
maasure the OW velocity and 
maasure with high time 
resolution 

Figure 17 The a/gorithm used for preparing a domain wal/ jus! in front of both Hall crosses therelry 
reducing the time needed Jor each measurement. 

MEASUREMENT IN THE VISCOUS REGIME 

In this regime the veloeities are too large to allow using the rather slow Phase Loek Detector, 
therefore a digital oscilloscope is introduced for data acquisirion. The problem is now that the 
EHE signa! is much lower than the noise, as after pre-amplificarion the signa! is at the order of 
1mV. To make such a signa! visible the oscilloscope has an average-mode, in this mode a large 
number of runs is accumulated and averaged. 

FIELD PULSES 

Because the big electramagnet is not fast enough, even with the set_fast.VI program, another 
salution had to be found. A small coil, 10 turns of copper-wire wound on a 3 mm diameter rod, 
is used. A very high and short current pulse generates a field in this coil. As long as the pulse is 
short enough and the pulse reperirion frequency is not too high it will not heat the coil too much. 
This coil is posirioned directly at the surface of the sample to have the maximum possible field. 
The big electramagnet is still used in these experiments to saturate the magnerizarion and to 
move the domain wall to the starring posirions. 
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MEASUREMENT METHOD 

The setup as sketched in Figure 11 is also used for this measurement. Using the HP universal 
souree a low frequency current of 10Hz is injected in the sample. The souree also generates a 
trigger signal as sketched in Figure 18a. This trigger is used to trigger the pulse generator, which 
therefore generates a pulse at the moment the current through the sample is at its maximum 
value, Figure 18b. Because of the field generated with this pulse, the upward magnetized part 
expands, the domain wall moves from the first cross to the second cross, Figure 18c. The signal 
on the crosses should now increase at the moment the Domain Wall passes the cross, first cross 
1 and thereafter cross 2, Figure 18e. The time difference between the voltage steps of bath 
crosses, Llt, is a measure for the domain wall velocity. 

b) 

c) 

0 0 
Positive 
field 

~ 
Ç:::J 

Negative 
field 

e) Hall1 

t =O.Ss 

t.t 

Figure 18 a) The current and the trigger signa/ as generaled by the H P universa/ source. b) The pulses as 
generaled by the pulse generator, a positive pulse at the trigger of the souree and a negative pulse some 
time later. c) Two stales of magnetization of the cross-cross, the field pulses are in such a way that the 
domain wal/ is brought from a pinned position on the first cross to a pinned position on the second cross. 
d) The field pulse magnified. e) The voltage which is measured on the crosses is lineariJ dependent to the 
current through the wire (which is sinusoidal) and to the magnetization direction, causing a step at the 
passage of the domain wal/. 

COIL CALIBRATION 

The coil is fabricated by winding 10 tums of cupper-wire with a diameter of 0,2mm around a 
plastic care with a diameter of 3mm. The field was measured with a commercial available Hall 
sensor on top of a dummy sample while the coil itself is undemeath this dummy. The sensor was 
feeded with a 9V battery and the signa! is measured with a digital oscilloscope. The current 
through the coil is also measured with the oscilloscope using a series resistance of O,Hl The 
home made pulse generator has an "pulse height-knob" with the pulse heights of 1 until 10 
meaning 0 to approximately 80A, when speaking about pulse height this adjustment-knob is 
mentioned. 

When applying a large current also a large cross-talk occurs, due to capacity and inductance a 
potenrial is build up in the wires surrounding the coil and thus also in the wires of the Hall 
sensor. Therefore the field was successively measured using the Hall sensor fed in bath 
directions. By subtracting bath signals, with the cross-talk in the same direction but the actual 
Hall signal in reversed, the true Hallsignalis obtained, Figure 19. 
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The rise time for the field is also measured, and appears to be a bout 1 Û!ls. A little bit shotter 
for the current through the coil and a little bit langer for the field. This is probably caused by a 
time constant of the Hall sensor, which is unknown. In Figure 21 is the final result of this 
calibration presented. 
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Figure 19 The Hall signa/ at the field measurements 
for cafibrating the milli-coiL a) With the current 
through the Half sensor in one direction, b) with 
the current in the opposite direction and c) the 
field signa! after subtracting the signafs (a-b). 
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Figure 20 The field produced lry a ten turns mil/i coif 
after app!Jing a current of near!J 100 Ampére. 
The rise time was cafcufated for every pulse-height, 
the average time needed to come jrom zero field to 
95% of the final field was 9,95f1s for the current 
and 10,87f1S for the field. 
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Figure 21 The cafibration of the mi/li-coif, currents 
are measured as a potential over a 0, 10. series 
resistance and the fields are measured with a 
commercial Half sensor, both are averaged over a 
long period of about 250f1S where the signa/ had a 
stabie vafue. 



RESULTS 

In the thermally activated regime a complete measurement could he clone and the activation 
volume and propagation field could he calculated. In the viseaus regime only some pilot 
experiments are clone, these are discussed and some future recommendations are made. 

MEASUREMENT IN THE THERMALLY ACTIVATED REGIME 

The velocity of the domaio wall is measured in this regime over three decades using a newly 
written program, which incorporates the complete velocity calculation. With the resulting 
expooenrial velocity-field curve two constauts could he calculated, the activation volume and the 
propagation field. 

VELOCITY MEASUREMENT 

For the velocity measurements the applied field is measured simultaneously with the EHE 
voltages. This is automatically clone for a wide range of applied fields with the program DWl.VI. 
The program also calculates the time the domaio wall uses fot travéling between the two crosses 
and the average value of the applied field during the travel between the two crosses. Nevertheless 
it is important to keep track of the different possible figures a measurement can result in. In 

. Figure 22 to Figure 25 some typical figures are given. At low fields, the field is rised to a stabie 
value long befare the domaio wall reaches the first cross. A nice square step is visible in the EHE 
signal, with a braad flat plateau corresponding to the travel between the two crosses. This basic 
result is plotted in Figure 22. 

At really low fields, a pinning of the domaio wall can occur at the entrance of the cross 
(6)(7)(15)(31)(33). This is visible in the EHE measurement as multiple plateaus in Figure 23, it 
has been shown (33) that the first entrance in the first cross and the last existence in the second 
cross corresponds to a step in EHE voltage of 80%. The program uses the step size of 
measurements like the one in Figure 22 to calculate the entrance and departure of the domaio 
wall from the crosses. 

At high fields the program set_fast_H.VI is used to get a short rise time, and a reasanabie 
stabie field during the cross-passage. In Figure 24 such a case is presented, although the number 
of points is decreasing there are clearly enough points in the plateau of EHE voltage to calculate 
a travel time. At really high fields, Figure 25, the number of points in the plateau that can he used 
for travel time calculation is limiting to zero because the highest sample-rate of the Phase Loek 
Detector is 512Hz. 
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Figure 22 Measurement at low field, the field is 
stabie long bifore the D W enters the first cross. 
There is a single, flat and broad plateau that can 
be used jor calculating the travel-time. 
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Figure 24 Measurement at high field; 
set_jast_H. VI is used to gel jast enough a 
stabie field. 
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Figure 23 Measurement at real(y low field, due to 
pinning effects there are multiple plateaus visible 
in the EHE voltage. The DW travel between the 
crosses starts after 80% rif the step size and ends 
at 20% rif the second step. 
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Figure 25 Measurement at reai!J high field, the 
number rif points in the plateau is now /imiting 
to zero. The minimum number rif points rif a 
measurement that is recorded jor the total 
measurement was jour, lower numbers are 
excluded. 

As explained before, these measurements are repeated automatically a large number of times 
over a wide range of applied fields. Afterwards, measurements are excluded when the field was 
oot stabie enough during the step or when there where no or to few points in the plateau. 
Remaining are 120 measurements in the range of 70 to 180 Oe resulting in three decades of 
domaio wall velocity, Figure 26 and Figure 27. The solid curve is a linear fit in the plot of the 
naturallogarithm and here converted to the presented axis. 
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Figure 26 Linear plot of the domain wal/ 
velocity depending on the applied field for a 
Pt/ Co wire of 2 J.Lm width. 
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Figure 2 7 Logarithmic plot of the domain wal/ 
velocity in three decades. The fit is made for 
the natura/ log. 

The fitting of the domain wall velocity in a natural logarithmic plot results in the following 
equation: 

ln(v) = 0,07117 · H -11,64628 

Using formula (1.4) and the known saturation magnetization Ms = 142,2Jm-3 (!) the 

following values can be calculated for the activatie n volume and the propagation field: 

HP= 270,450e 

These values can be compared to ones found in other research projects, in table 1 such a 
comparison is made. Also the range in which measurements are clone, objective was to measure 
in an as wide as possible range, can be compared. Table 2 compares the range of measurements 
of this project to other, earlier published, results. 

microscopy 

This project Extraordinary Hall Effect 1012 nm3 2700e 

Tab ie 1 Comparison between obtained resu/ts with results from other publisbed measurements. 
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Ta bie 2 Comparison of the range of ve/ocities, which are measured in different published works and this 
prqject, the magneto optica/ faradqy microscopy has delivered the widest range. 

MEASUREMENT IN THE VISCOUS REGIME 

In order to measure the velocity of domaio walls at high applied fields a small coil is 
fabricated which is able to produce a short and high magnetic field. I have not yet succeeded in 
measuring the velocity in this region, but there are some preliminary results from the first pilot 
measurements that also lead to some recommendations for future measurements. 

PRELIMINARY RESULTS IN THE HIGH FIELD REGIME 

The accumulation method, i.e. measuring a number of times and use the asciiloscape in the 
accumulation mode, requires a high reproducibility of the signal and hence of the positive and 
negative pulses. Point of key importance is the triggering. If the DW does not pass the crosses at 
exactly the same time for every measurement, the average over a number of field pulses would 
make no sense. And this is the reason why I have not yet succeeded in measuring the high-field 
DW velocity. 

To try the accumulation and reproducibility of the movement of a domaio wall through the 
crosses and back to the initial position a first measurement is clone, Figure 28 shows the result. 
The gray colared graph is the sine voltage without applying a field pulse. In the dark graph there 
is a positive field pulse applied at the maximum of the base sine, at approximately SOms. 1 Oms 
later at 60ms a negative pulse is applied. Clearly the domaio wall has moved through bath crosses 
after the positive field, resulting in a higher voltage due to the EHE and clearly it has been moved 
backwarcis to approximately his initial position by the negative pulse. Also visible is the rising of 
the voltage cifter the positive pulse and cifter negative pulse, which is expected to be stabie ( one 
EHE voltage during the complete period between the two pulses and zero EHE voltage after the 
negative pulse). This rising is caused by the fact that the domaio wall is not returned to its exact 
initial position, averaging by the asciiloscape is therefore clone over an, in each run slightly in 
time moved domaio wall. 
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Figure 28 The voltage on Hall cross one (the upward one) and Hall cross 2. The light colored graph is the 
base sine of !he cumnt through the wire without app(ying field pulses. The dark graph is the EHE 
voltage with app(ying a positive foliowed lry a negative field pulse at the maximum of the base sine. The 
slight(y elevated region between the two pulses represents the magnetizationJ!! the Hall cross. The rising 
of EHE voltage after the puls es is due to averaging over a signa/ that is shifting in time. 

This experiment shows that it is possible to move the domain wall at high speeds up and 
down the wire with a good reproducibility. But it also shows that the reproducibility is not yet 
high enough to use the accumulation mode, and we will have to look within a single pulse. The 
reproducibility can probably be increased by using the pinning positions at the crosses as initial 
state. The used sample had a not very strong pinning because the relatively braad wire did not 
have very straight edges, a little bit rounded cross corners and a low anisotropy. 

RECOMMENDATIONS 

The acrual Hall signal is much smaller than the noise so averaging over about hundred 
measurements is absolutely necessary. Thus reproducibility is of key importance in any case, 
although there are some slight improvements possible for the signal itself. The homemade pulse 
generator showed to be not really stable, the adjustment knob for pulse height is very sensitive to 
vibrations and the adjustment is clone with low resolution making it hard to figure out a pulse of 
exactly the right height. Probably a new pulse generator with a higher resolution for the pulse 
amplitude and a higher reproducibility could make it easier to move the DW exactly from the 
first cross to the second and back again. 

The sample used for these measurements showed to be not one of the best ever produced by 
the lEF. Other samples in the past have showed much less noise on their hysteresis curve. Hence 
the pinning of the domain wall on subsequent bubble like key positions in the crosses was 
seldom as nice as before, refer to (33) for example. In fact the stair-shape EHE curve presented 
in Figure 23 is an exceptional nice one. The pinning was not aften visible as a number of well
defined fixed positions but more aften as a braad range where DW movement was slowed down 
as can be seen in Figure 29. 
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Figure 29 An example of the EHE signa/ whi/e the DW is moving through the crosses, the pinning is not 
at certain fixed positions resulting in severa/ square plateaus but is spread over a broad interoal where 
the DW is slowed down and not realfy pinned. 

Use of a sample with nke square corners in the crosses, a perfectly straight wire and high 
anisotropy could possibly imprave the stability of the position at which the domain wall is 
pinned. 

Purthermare it is possible to increase the EHE signal by increasing the current through the 
wire, it may he a good idea to sacrifice one sample by trying the highest possible current. The 
current may be 2 to 10 times higher than used in this experiment thereby improving the EHE 
signal proportional. 

CONCLUSIONS 

The measurement setup for measuring domain wall velocity using the Extraordinary Hall 
Effect at the lnstitute d'Electronique Fondamentale is modified in order to enlarge the range of 
possible measured velocities. With this modified setup the domain wall propagation is measured 
over three decades of velocity. 

After measuring the domain wall velocity at a number of different applied fields, it was 
possible to fit the expooenrial curve prediered by the Fatuzzo theory and calculated values for the 
constants in the equation. The so calculated value for the Barkhausen volume and the 
propagation field are in correspondence with other publisbed results. 

The range of veloeities in the thermally activared regime is enlarged due to some changes and 
improvements in the electrooie control and data acquisition. Measurement is now possible over 
three decades of velocity. Earlier results publisbed by Kirilyuk showed measurements over a 
wider range of velocities. This shows that the methad used by Kirilyuk, Magneto Optical Faraday 
rnicroscopy, concerning the enlargement of velocity range is more successful than the methad 
with the Extraordinary Hall Effect we have used in this project. 

Por further extension of the measurement methad towards the viseaus regime a first pilot 
measurement is clone. This measurement shows the principal possibility to accuroulate a hundred 
runs in a digital oscilloscope to average and increase the signal to noise ratio. Difficulty of this 
methad is the need to start every run with the domain wall at exactly the same position. An 
artificial pinning position or a better 'natural' pinning at the cross could possibly overcome this 
problem. 
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Woricing at the IEP proved to be very pleasant, hard woricing colleagues were always 
available for questions and discussions about new arisen problems. The Unversité Paris-sud is 
very international orientated, scientists from all over Europe are employed, but the culture is still 
really French judging the ever-spacious lunches. 
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