
 Eindhoven University of Technology

MASTER

Toward ultra fast spin transfer detection
studying current induced magnetization dynamics by a photoconductive switch

Paesen, R.

Award date:
2010

Link to publication

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

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/36a5eb9d-6b5c-43a6-aae8-e80e9a0c223f


Toward ultrafast
spin transfer detection

Studying current induced magnetization dynamics by a photoconductive switch

Rik Paesen

October 2010

Supervisor:
prof. dr. B. Koopmans

ir. K.C. Kuiper





Abstract

Altering magnetic states by means of a spin polarized current is both an interesting
topic from a physical point of view, as well as an essential feature in the concep-
tual magnetic racetrack memory. In this work, a first attempt was made toward
studying current induced magnetization dynamics in a stroboscopic, time-resolved
manner. The envisioned experiment combines a time-resolved magneto-optic mea-
surement on magnetic domain wall dynamics, and a photoconductive switch for
delivering ultrashorts (ps), high density (1012A/m2) current pulses.

In the first part of this work we focussed on the photoconductive switch and the
resulting current pulses. We designed a device containing the switch itself, which
is a metal-semiconductor-metal (Au/Ti-GaAs-Ti/Au) structure. In addition, we
included a magnetic island on top of the conducting wire to magneto-optically
detect the Oersted field pulse, and by this characterized the current pulse in the
vicinity of its creation. The resulting current pulse is a combination of a steep rise
(<ps), and an exponential decay with a characteristic decay time of ∼ 100 ps. The
peak current intensity was determined to be ∼ 0.3 A, sufficiently large for current
induced magnetization dynamics in magnetic nanowires.

In the second part we studied the feasibility of tapering the previously 20µm wide
wire toward a 1µm wire. A current pulse with a peak intensity of ∼ 0.5 A was de-
tected after the tapered region. This means a magnetic nanowire of 1µm× 20 nm
was able to withstand a peak current density of ∼ 2.5·1013 A/m2. With this,
we provide a proof of principle and elucidate the usefulness of a photoconduc-
tive switch in studying the effect of a high density spin polarized current on local
magnetization.
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Chapter 1

Introduction

Since the development of the first multi-purpose computer like the ENIAC (US,
1945), people have been looking for ways of storing binary data in an efficient and
reliable way. Punch cards, which date back to the eighteenth century where they
were used to “program” a loom, brought solace to the first problems concerning
data storage, and they were in common use till the mid-1970s. Although merely a
decade before the development of the ENIAC, G. Taushek (Austria, 1932) intro-
duced a magnetic drum to store data, and even four years earlier Fritz Pfleumer
patented the first magnetic tape ever. Both methods for storing data magnetically
were later on used in the UNIVAC, one of the successors of the ENIAC. Using
magnetism to store data has survived throughout the following years and has be-
come the prominent and most accepted form of data storage these days.

Still, in the beginning of magnetic memory, the capacity was small. A huge
magnetic drum of 20 cm long and 10 cm in diameter had a storage capacity of
500 000 bit, or about 100 bytes per square centimeter (B/cm2). Later, in 1956,
IBM invented and produced the first hard disk drive (HDD), very similar to what
is used now: the IBM 350. It consisted of 50 24-inch platters with a total capacity
of about 4.4 MB. Over the years, research on the magnetic disk and the read/write
head of the HDD increased the storage capacity tremendously. Due to the intro-
duction of out-of-plane magnetization, and the Nobel prize winning discovery of
GMR by Albert Fert and Peter Grünberg, we are now talking about data densities
up to 114 GB/cm2.

There are however several drawbacks on contemporary hard disk drives. For ex-
ample, in order to access and store data in a fast way, the magnetic disk rotates
with high speed: up to 15.000 rpm enabling data transfer rates of 0.5 Gbit/s and
higher. In addition, the read/write head of the drive hovers only a few nanometers
over this fast rotating disk. This leads to an increased probability for the head to
crash into the disk, causing irreversible damage and data loss. Another example
disadvantage is read-out time of fragmented data. In this case, the read head has

1



2 Chapter 1 Introduction

to move back and forth over the rotating disk to pick up all fragments of the file,
which reduces read-out speed.

1.1 Magnetic racetrack memory

In the end, the main disadvantage of HDDs is their dependency on mechanically
moving parts. To eliminate this, a team led by Stuart Parkin at IBM’s Almaden
Research Center is developing and researching the conceptual Magnetic Race-
track Memory (MRM, fig. 1.1)[1]. The way of storing data in an MRM is the
same as in HDDs, and is based on the magnetization direction of small magnetic
regions, or domains, representing the logical “1” and “0”.

There are two main differences between the MRM and HDD concerning the stor-
age and accessing of data. In an HDD, the magnetic domains are contained in a
magnetic layer on a disk, where they are fixed to their position, making it nec-
essary to rotate the entire disk past a read/write head. An MRM on the other
hand, consists of an array of magnetic nanowires, in which the magnetic domains
are queued. These domains are then moved through the wire past a read/write
area, hence eliminating the need of mechanically moving parts.

The data transport of the MRM concept is based on the possibility of pushing mag-

Figure 1.1: Cartoon on conceptual magnetic racetrack memory. It consist of a hor-
izontal array of vertical racetracks resulting in a 3D memory device. Every racetrack
has a write head, and a GMR type of read head. The red and blue colors represent the

binary data.
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netic domain walls, the transition regions between magnetic domains, through the
nanowire. This is achieved by sending a current through the wire, resulting in the
so called current induced domain wall motion (CIDWM). The mechanism behind
this is based on the existence of a spin polarized current. In this, the spin of the
conduction electrons tends to align with the local spins, or magnetization. When
an itinerant electron passes a region of changing magnetization, like a domain
wall, it tends to change along with it, leading to the motion of the domain wall
in the direction of the electron flow. We explain this in more detail in section 2.2.3.

There is, however, a problem concerning CIDWM: current densities need to be
in the order of 1012 A/m2 [1]. This high density is achievable in nanowires, al-
though, inserting it as a DC current results in significant Joule heating, leading to
unpredictable domain wall motion, domain wall instability and even destruction of
the magnetic nanowire. Using a pulsed current with low duty cycle instead, exces-
sive heat accumulated during the on-time, can dissipate in the remaining off-time.
Pulsed currents have already been used in various CIDWM related experiments,
for instance to study the effect of current on the (de-)pinning fields of magnetic
domain walls [2][3].

In the above cited experiment, the current pulse lengths are in the order of nanosec-
onds (ns), and densities of 1011-1012 A/m2 are attained. The ultimate goal of the
work presented in this report is studying the current induced magnetic effects in
the more extreme limit of picosecond (ps) current pulses, with similar or even
higher current densities. Before going into the details on this, first the term mag-
netization dynamics is introduced.

1.2 Magnetization dynamics

The MRM with its CIDWM is just one example application of the broader field of
magnetization dynamics. At the basis of this field lies the Landau-Lifshitz-Gilbert
(LLG) equation, discussed later in section 2.1. Basically this equation is able to
correctly describe and predict the dynamical behavior of all types of magnetic
structures on a picosecond to nanosecond timescale.

Experiments concerning magnetization dynamics are usually based on perform-
ing stroboscopic, time-resolved measurements of the local magnetic state. The
detection relies on the Magneto-Optic Kerr Effect (MOKE), which in combina-
tion with femtosecond (fs) laser pulses allows us to track the magnetization state
in time, with sub-ps temporal resolution. The time-resolvedness results from a
commonly used pump-probe detection scheme, in which a pump pulse changes the
magnetic state, and a variable time-delayed probe pulse detects the evolution of
the magnetic state after the perturbation. The entire setup is commonly referred
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to as the time resolve magneto-optic Kerr effect (TRMOKE) setup, and is dis-
cussed extensively in section 3.2.2.

In this work, we like to introduce an unprecedented TRMOKE type of measure-
ment to study magnetization dynamics induced by high density, ultrashort current
pulses. In this, the probe pulse of the TRMOKE-setup allows us to detect the mag-
netization state of a magnetic wire at various positions, both in time and space.
Less straightforward is the inclusion of current pulses. External pulse generators
are not capable of producing current pulses with the desired intensity and length.
Moreover, linking the time and frequency of the laser source with the current
source is challenging and may result in jitter. As a solution, we propose to incor-
porate an on-chip current pulse source, which is accomplished by using the pump
pulse of the TRMOKE-setup, in combination with a photoconductive switch.

1.3 Photoconductive switch

Basically, a photoconductive switch is a semiconductor material, in between two
conductive wires. This is practically achieved by a discontinuous nanowire on top
of a semiconductor substrate, as depicted in figure 1.2. When focussing light on
the resulting gap, the photons with an energy higher than the bandgap energy of
the semiconductor, generate free carriers, which then contribute to the conduc-
tivity. By using laser pulses as a light source, we can temporarily increase this
conductivity, which, in combination with a voltage applied over the gap, results in
current pulses with and intensity dependent on the amount of light incident on the
gap. This means that, when using an ultra fast, high intensity pulsed laser, the
photoconductive switch enables us to create extremely short and intense current
pulses.

To get a feeling of the currents involved, we consider the following simplified case:
every incident photon creates an electron that adds to the current. The resulting
current intensity can then be approximated by

I = e
Es/Eφ
τ

(1.1)

Semiconductor

Metal

V+

Figure 1.2: Basic switch buildup: an interrupted metal wire on top of a semiconductor.
A photon incident on the resulting gap enhances the current through the device.
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where e is the electron charge, Es is the energy of one laser pulse, Eφ is the photon
energy and τ is the resulting current pulse duration. As an example, we consider a
laser pulse with a fluence of 1 nJ. The photon energy is at least 1.43 eV, related to
the band gap energy of GaAs, a commonly used semiconductor in photoconduc-
tive switches. Assuming a resulting current pulse of 1 ns, equation (1.1) leads to a
pulse intensity of about 0.7 A. Combining this with a wire having a cross section of
for instance 20 nm×1000 nm, common dimensions in domain wall research, a cur-
rent density of 3.5·1013 A/m2 is obtained. This is well above the aimed 1012 A/m2

making it very suitable for current induced magnetization dynamics.

Since we ignored several device loss mechanisms, the small calculation given above
holds only for an ideal situation. To make a better approximation, we need to
include semiconductor properties like reflection and absorption of the light, drift
velocity of the charge carriers combined with voltage across the gap and the size
of the illuminated region, but also recombination time of the carriers, contact re-
sistance with the metal electrodes, and so on. Nevertheless, if all loss mechanisms
would result in a switch efficiency of only 10%, the device would still be capable
of creating current pulses with the desired characteristics.

1.4 This work

In this thesis, a first step is made towards a hybrid device combining ultra fast
magnetization dynamics and current induced domain wall motion. The aim is to
design and process a device containing a photoconductive switch for converting
high intensity, ultrashort laser pulse into similar current pulse. Besides the switch,
the device contains a magnetic wire through which the current pulse passes, in-
ducing magnetization dynamics. These dynamics are then detected using a probe
pulse that is time delayed, compared to the pulse used to activate the switch. To
achieve this goal, we divided the work into two main parts. The first part focusses
on the design of the photoconductive switch itself, and characterization of the re-
sulting current pulses. In the second part, an attempt is made to use these pulses
for research on magnetization dynamics induced by spin-polarized currents.

Chapter 2 starts with a review of the theory necessary to understand the steps
toward the design of the samples, and the interpretation of the results. First the
general theory on magnetization dynamics in thin film ferromagnetic materials is
given. Then an overview of a Schottky barrier is given as it is an important con-
cept of the photoconductive switch. Finally, since the resulting current pulses have
temporal dimensions of picoseconds to nanoseconds, relevant theory on microwave
electronics is discussed. This will be essential for the design of the final device.

In chapter 3, first two important tools in creating samples are discussed: UV-
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lithography and Electron beam lithography. Further, this chapter deals with the
TRMOKE setup, which we use to perform the experiments. We give a classical
derivation of MOKE, and discuss how it is detected in the given setup.

Chapter 4 is the first of two result chapters. We introduce the design of the first
experiment concerning the creation and testing of the photoconductive switch.
This design is mainly determined by the envisioned pulse detection method. It is
based on the effect of the Oersted field on a magnetic island, positioned on top of
the conductive wire, which we will detect using the TRMOKE setup. The main
goal of this first step is to create a working device, and to characterize the length
and intensity of resulting current pulse.

In chapter 5, we discuss various steps toward a stroboscopic CIDWM experiment,
in which we want to utilize the current pulses created by the photoconductive
switch. We perform measurements on several test samples to study the feasibility
of important features for the final sample. Based on the observations, the final
sample is designed and created, and we give an estimation on what we can expect
from the experiment itself. With the insights gained throughout this work, we end
this chapter with the proposal of a possible followup experiment.

Finally, in chapter 6, we give an overview of the conclusions drawn throughout
this report. Moreover, we provide several outlook points that might be of impor-
tance for future work.



Chapter 2

Theoretical basis

This chapter provides an overview of the theory important for the experiments
performed in this work. First we introduce the idea of magnetization dynamics,
and discuss it in the particular case of thin films of ferromagnetic materials. For
this, we need the magnetic anisotropy and magnetic ordering energies. The last
section of this chapter is related to the photoconductive switch. Two important
features concerning this are Schottky barriers, and microwave electronics.

2.1 Magnetization dynamics

The basis of magnetization dynamics is the Landau-Lifshitz-Gilbert (LLG) equa-
tion, which we introduce here. After this, the basics of magnetic anisotropy are
discussed together with three important interaction energies: crystalline anisotropy
energy, shape anisotropy energy and exchange energy.

2.1.1 LLG equation

As a starting point in explaining magnetization dynamics, we write down the LLG
equation,

Ṁ = −γµ0 (M×Heff) +
α

Ms

(
M× Ṁ

)
. (2.1)

In this, M is the magnetization vector with Ṁ its time derivative, and Heff is the
local effective magnetic field, which we will discuss into more detail later on in this
section. γ = gµB

~ > 0 is the gyromagnetic ratio, µ0 is the permeability of vacuum,
α is the Gilbert damping parameter and Ms is the saturation magnetization. The
first term on the right hand side describes the precession of the magnetization
around the effective magnetic field, as depicted by the black circle in figure 2.1.
The second term stands for the dissipative processes during the precession, leading
to an effective damping. This effect is depicted by the inward spiraling pathway
(red) in figure 2.1.

7
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Heff

m

−γµ0m × Heff

αm × ṁ

Figure 2.1: Depiction of how the LLG equation works. The magnetization starts out
of equilibrium. Due to the torque represented by the first term of the LLG equation,
the magnetization processes around the effective field, indicated by the black circle. The
damping term, which is the second term in the LLG equation, turns it into a damped
precession causing the magnetization to eventually align with the effective field. This is

shown by the red spiraling pathway.

From a mathematical point of view, the LLG equation is a complicated type of
differential equation. However it can be rewritten into an ordinary differential
equation (ODE). This is a straightforward calculation by using the vector identity
a × (b × c) = b(a · c) − c(a · b), combined with the fact that the saturation

magnetization is conserved in time: dM2

dt
= 0. The equation becomes

ṁ =
−γµ0

1 + α2
[m×Heff + αm× (m×Heff)] (2.2)

with m=M/Ms. This ODE is easy to use for both analytical calculations and
implementation in numerical ODE solvers. This is for instance used in section 4.4.

The LLG equation is a straightforward implementation of a damped precession.
Only to use it, we have to know values for Ms, α and Heff. The saturation magne-
tization is intrinsic to the used material and is easily determined by, for instance,
performing a SQUID measurement. Typical values are in the order of 106 A/m,
with an example value of 1.4·106 A/m for cobalt[4]. The Gilbert damping param-
eter α can be determined by ferromagnetic resonance (FMR) measurements, and
common α-values for cobalt range from 0.013 to 0.040 [5]. The most difficult pa-
rameter to determine accurately is the effective magnetic field. It is a combination
of different fields like the externally applied one, but also the internal fields of the
magnetic structure, being the anisotropy fields and exchange fields.
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2.1.2 Magnetic anisotropy and exchange interaction

Besides an externally applied field, there are several other sources for the magneti-
zation to align with inside the material. The tendency for magnetism to alignment
into a preferred direction is called magnetic anisotropy. Its most important sources,
for this work, are the crystalline structure and the shape of the magnetic medium.
Next to magnetic anisotropy, there is also the magnetic exchange interaction. It is
an interaction between two neighboring spins, and in the case of a ferromagnetic
materials, it tends to align the spins parallel to each other. In the following para-
graphs we discuss the stated effects, and introduce their related energy.

We start with magnetic exchange interaction, for which the energy of a contin-
uous magnetization is given by

Ee =
A

|M|2
(∇M)2, (2.3)

with A the exchange strength. For a positive value of A, this energy has its mini-
mum when all spins are aligned (∇M→ 0) representing a ferromagnetic material
in its ground state. With this exchange interaction, we introduce the term ex-
change length, which is the minimum scale within which the magnetic moments
are forced to align by the exchange interaction [6]. As an example figure: the
exchange length of ferromagnetic cobalt is 3.37 nm [7].

In crystallized magnetic materials, the anisotropy arising from the local surround-
ings is called magneto-crystalline anisotropy. It generally comes from the elec-
trostatic interaction between the charge distribution of the environment and the
magnetic electron orbital [8]. In the case of an hexagonal structure, like Cobalt,
the free energy density is given by

Ec = K1 sin2 θ +K2 sin4 θ + ..., (2.4)

with Ki the anisotropy constants, which are characteristic for a given material,
and θ the angle between the magnetization direction and the preferred direction
or easy axis. Typical anisotropy constant values for Cobalt are K1 = 4.1 ·105 J/m3

and K2 = 1.5 · 105 J/m3 [4]. In general, higher order anisotropy constants are
negligible compared to the second and fourth order terms and thus they are often
not considered in calculations.

When the dimensions of a magnetic structure decrease down to a critical di-
mension, another anisotropy arises called shape anisotropy or demagnetizing field
anisotropy. It results in a demagnetizing field, which in general tends to align the
magnetization in such a way that flux closure within the magnetic structure is
achieved and stray fields are minimized [9]. The demagnetizing field Hd is related
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to the magnetization as

Hd = −NM = −

Nx 0 0
0 Ny 0
0 0 Nz

M. (2.5)

where N is the demagnetization tensor with trace one. In case of a uniformly
magnetized ellipsoid, only the non-diagonal elements of this tensor are non-zero
(as in eq. (2.5)). From the dimensions of the three semi-axis of the ellipsoid,
the values for Nx,y,z are tabulated, and in limiting cases, direct expressions exist
to calculate the values [10]. In the particular case of an infinite plane in the xy-
direction with a thickness of a few nanometers in the z-direction, the demagnetizing
factors Nx = Ny = 0 and Nz = 1. The interaction energy of the demagnetization
field with the local magnetization is given by

Ed =
µ0

2
Hd ·M. (2.6)

In total, the alignment of magnetization is determined by minimizing the sum
of the exchange energy, the magneto-crystalline anisotropy energy and the shape
anisotropy energy.

In the next section we discuss how this leads to domains and domain walls. First,
we show how the anisotropy energies can be converted into fictitious fields, en-
abling us to complete the effective field Heff in the LLG equation. Any anisotropy
field is calculated from the related energy using

Hanis = − 1

µ0

∇Eanis(M), (2.7)

where µ0 = 4π · 10−7, is the magnetic constant. The minus sign in front of the
gradient causes the field to point in the opposite direction of increasing anisotropy
energy [11].

2.2 Domain walls and their motion

2.2.1 Domain Walls

In minimizing the total energy introduced in the previous section (sec. 2.1.2),
the magnetization might not be uniform in one direction throughout the entire
medium. In fact, so called closure domains (fig 2.2.a) are formed, with domain
walls in between, to minimize energetically unfavorable stray fields. If the mag-
netic structure is narrowed down in one dimension, i.e. if the magnetic structure
becomes a nanostrip/nanowire, the domains and domain walls stretch over the
entire width and thickness of the wire, as depicted in figure 2.2.b that shows an
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(a)

∆

(b)

Figure 2.2: Depiction of in-plane magnetized domain wall. Competition between ex-
change energy an uniaxial anisotropy energy results in a gradual magnetization rotation

inside the domain wall.

in-plane magnetized wire containing one domain wall. The wall width is indicated
by ∆, and is the characteristic width over which the magnetization gradually ro-
tates from one direction to the other. The width can be calculated by minimizing
all concerning energies, and typical values for a 20 nm thick cobalt film are in the
order of 100 nm.

The existence of a magnetic domain wall in nanowires is a key feature in the
magnetic racetrack memory concept (MRM, sec. 1.1). However, in this concept
it is also possible to move domain walls through the wire such that the related
domains pass a read/write zone. This domain wall motion can be achieved in two
ways: applying an external field, or sending a current through the wire. In the
next section we briefly explain how an external magnetic field causes a domain
wall to move.

2.2.2 Field induced domain wall motion

When applying an external magnetic field along the direction of the magnetization
of one domain, the bounding domain walls begin to move. It is a consequence of
the field induced torque on the misaligned magnetization spins, and basically tends
to rotate the magnetization in an unfavorable direction, resulting in a demagnetiz-
ing field. This field then interacts with the local magnetization, causing the latter
to rotate in a direction to maximize the size of the domain that is aligned with
the external field.

The relation between the domain wall velocity and the externally applied field
is depicted in figure 2.3. In this, the Walker breakdown field HW is indicated by
the dashed line. When the external field is higher than the Walker breakdown
field, the domain wall velocity suddenly decreases drastically. This is because the
domain begins to move in the so called precessional regime, in which the external
field is strong enough to overcome the demagnetizing field. The domain wall mag-
netization then starts to precess around the external field, resulting in a back and
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HHW

v

Figure 2.3: Depiction of the relation between the domain wall velocity as a function
of the external applied field. At the Walker breakdown field HW , the velocity decreases

rapidly [12].

forth movement of the domain wall, with a net forward movement per precession.

We note that elaborate theory on field induced domain wall motion is given in
for instance [9]. From application point of view, like the MRM (sec. 1.1), one of
the major disadvantages of using an external field to move domain walls, is the
resulting opposite movement of successive walls. This drawback can be overcome
by using a current instead. We discuss the topic of current induced domain wall
motion (CIDWM) in the next section.

2.2.3 Current induced domain wall motion

In explaining current induced domain wall motion, we first introduce the terminol-
ogy by writing the LLG equation extended with two terms, describing the effect
of current on the magnetization,

ṁ = −γµ0m×Heff + αm× ṁ− (u · ∇)m︸ ︷︷ ︸
adiabatic

+ βm× [(u · ∇)m]︸ ︷︷ ︸
non-adiabatic

. (2.8)

The first two terms are already introduced in section 2.1 and are known to result
in a damped precession. The third term is related to the adiabatic spin transfer
torque, and the fourth term represents non-adiabatic spin transfer torque. The
current is inserted by the effective velocity vector u defined as

u =
gµBP

2eMs

J, (2.9)

where g is the Landé factor, µB is the Bohr magneton, J is the current density,
ans P is the spin polarization of the current, and e is the elementary charge. In
the following paragraphs we briefly explain how a current becomes spin polarized
in ferromagnetic transition materials, and we intuitively discuss how spin polar-
ization leads to both adiabatic and non-adiabatic spin transfer torque (STT). For
this, we consider in-plane magnetized structures. A more in depth description is
given by, for instance, [9] or [13].
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Figure 2.4 shows a simplified density of states diagram of a ferromagnetic transi-
tion metal. There are two bands in the vicinity of the Fermi level: the symmetric
4s band and the 3d band which is asymmetric for the two possible spin states. The
current in this material is carried by the s-electrons which have a lower effective
mass, and are therefore delocalized. However, there are also bound d-states at
the Fermi-level. Due to overlap of the s- and d-wavefunctions, it is possible for
s-electrons to scatter into the d-states. Assuming that spin is conserved, there are
more states at the Fermi level to scatter into for the minority spins than for the
majority spins. Therefore, the resistance for minority electrons is higher leading
to a spin-polarized current. The P in expression (2.9) represents the fraction of
majority spins compared to minority spins in the current.

When the magnetization inside a domain wall changes gradually in space, i.e.
when the domain wall is wide, the spin of an itinerant (4s) electron tends to adia-
batically align with the local spin state. Conservation of spin angular momentum
allows this only if the local spin changes with an equal amount in the opposite
direction (fig. 2.5.a). This leads to an effective movement of the domain wall in
the direction of the electron flow, and thus a change of the local magnetization
state in time, ṁ 6= 0. The damping term of the LLG equation then forces the
magnetization out of the plane resulting in a demagnetizing field, which in turn
tries to pull the magnetization back in-plane. All interactions described by LLG
start to accumulate and when the current is not strong enough, the wall stops

D(E)

EF

4s

3d

E

Figure 2.4: Simplified Density Of States (DOS) diagram of a ferromagnetic transition
metal. The s-electron band is symmetric, but there is a splitting of the d-electron
band between the majority and minority spin direction. Filling the band diagram with
electrons up to the Fermi level, there are more majority spins, which is responsible for the
spontaneous magnetization. There is also an imbalance between majority and minority

spins at the Fermi level resulting in a spin-polarized current. From [9]
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Figure 2.5: Depiction of spin transfer torque. The upper part shows the spin state
of the itinerant electron, the second part represent local spin state (or magnetization).
For both states the torque effect are shown, and after “addition”, the magnetization
state shown in the third part is obtained. (a) is the adiabatic case, the magnetization
changes slowly such that their spin follows the magnetization. This results in a rotation
of the magnetization and movement of the domain wall. (b) is the non-adiabatic case,
the magnetization changes too fast and the electrons cannot follow this change. This

results in a misalignment of both spins and in an out-of-plane torque. From [9].

moving. This results in a critical current (uc) in the current-velocity relation of
pure adiabatic CIDWM, as shown in figure 2.6 (β = 0).

The non-adiabatic effect is quantified by the non-adiabaticity parameter β in the
extended LLG equation. There is no consensus yet over its implementation in real
systems and is still subject of many scientific debates [14]. Because this is not di-
rectly related to the work presented here, we will not go into further detail on this.
We only explain what this effect is and how it results in domain wall motion (fig.
2.5.b). In general, the non-adiabatic STT exists when the magnetization changes
too fast in space, and the electron spin cannot change along with it. This results
in a spin misalignment and hence a torque lifting the magnetization out of the
plane. The resulting demagnetizing field interacts with the local magnetization,
causing the domain wall to move in the direction of the electron flow. In the non-
adiabatic case there is no critical current, and for different values of β compared to
α, a different relation between the average domain wall velocity and the effective
current exists, as indicated in figure 2.6.
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2.2.4 The 1D model for domain wall motion

In this section we discuss a useful tool in qualitatively describing and understand-
ing domain wall motion, being the one dimensional model for domain wall motion
[15]. In this, the magnetization is considered uniform in magnitude throughout
the entire structure and is quantified by Ms. The local magnetization direction
is given by the angles θ, related to the in-plane rotation, and φ, representing the
out-of-plane rotation of the magnetization. The direction is allowed to change only
along the wire, defined as the x-direction. By minimizing the total energy of the
structure (sec. 2.1.2) in the 1D framework, the profile of a so called Bloch domain
wall is given by

θ(x) = 2 arctan
[
exp

( x
∆

)]
(2.10)

with ∆ the domain wall width.

If we now apply an external field Ha and insert a current u ∝ I, both along
the wire (x-axis), the extended LLG equation (sec. 2.1.1), in combination with a
Bloch wall, can be transformed into two coupled differential equations. These so
called equations of motion are given by [15]

φ̇+
αq̇

∆
= γ0Ha +

βu

∆
, (2.11)

q̇

∆
− αφ̇ = γ0Hk sinφ cosφ+

u

∆
. (2.12)

In this, q is the x-position of the domain wall and Hk is the transverse anisotropy
field.

The transverse anisotropy field is characteristic for different types of structures
and materials. Quantifying this anisotropy field is not straightforward, although
it is possible by using the Walker breakdown field HW (sec. 2.2.2). We clarify the
latter by considering only field driven domain wall motion (u = 0), enabling us
to eliminate q from the equations of motion (2.11) and (2.12), and leading to a
differential equation for φ only. The solution for this equation changes when the

u

v
β = α

β = 0

β > α

β < α

uc

Figure 2.6: Depiction of the average domain wall velocity as function of the effective
velocity, which is related to the current by (2.9).
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applied field increases above

Ha =
αHK

2
≡ HW , (2.13)

providing us with a direct relation between the transverse anisotropy field, and
the Walker breakdown field. Additionally, Mougin et al. [12] show that the Walker
breakdown field is also given by

HW = 2παMs |Nx −Ny| , (2.14)

with Nx and Ny the demagnetizing factors for the corresponding directions (see
eq. (2.5)). When assuming an ellipsoidal domain wall, Osborn [10] derived explicit
expressions for the demagnetizing factors in the limiting cases for the lengths of
the semi-axes (Appendix B). Therefore, the relations (2.13) and (2.14) allow us to
determine the transverse anisotropy field. This, as well as the equations of motion
themselves, are used in section 5.3.

We now have sufficient knowledge of the 1D model for domain wall motion, to
study both field and current induced domain wall motion. Concerning the cur-
rent driven case, we already mentioned the need for high density currents, in the
order of 1012-1013 A/m2, to achieve significant domain wall movement (sec. 1.1).
Unfortunately, as mentioned previously, high current densities also lead to intense
Joule heating, resulting in uncontrolled and unpredictable domain wall motion,
creation and annihilation [2]. Using short, intense current pulses instead brings
a solution to this problem. In this work, these current pulses are delivered by
a photoconductive switch, on which some key features are discussed in the next
section.

2.3 Photoconductive switch

We already introduced the idea of a photoconductive switch in section 1.3. A key
subject in this device is a Schottky barrier, which we discuss first. Afterward, we
give relevant theory on microwave electronics, which is mainly needed for designing
the samples used in this work.

2.3.1 Schottky barrier and photocurrent

When a metal (M) and semiconductor (SC) are placed against each other, a Schot-
tky barrier is formed as a direct result of the pinning of the Fermi levels, leading
to band-bending at the interface. The type of bending depends on the position
of both Fermi levels relative to each other before contact. One specific case is
plotted in figure 2.7, it combines a metal with a low workfunction, which is the
Fermi level of the metal compared to vacuum, and a p-type semiconductor. This
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is based on the materials used in this work, being titanium and intrinsic gallium
arsenide that in combination with titanium is known to become slightly p-type [16].

In figure 2.7, the variables indicated on the metal side are the work function
ΦM and the Fermi energy level EF,m. On the SC side there is the electron affin-
ity χs which is comparable to the work function of the metal. Furthermore, the
conduction band energy Ec, the valence band energy Ev and the Fermi energy EF
of the SC are indicated. Because of contact between the M and SC, an energy
barrier appears with an estimated height of φB = ΦM − χs. The contact leads to
band-bending over a distance w called the depletion zone, and an energy lowering
of φi which is approximately determined by the difference in Fermi energy of the
M and SC before contact.

Depending on the used materials, a Schottky barrier becomes either rectifying
or ohmic. In case of a rectifier, the Schottky barrier energy φB is high and the
current is mainly determined by tunneling and thermionic emission [17]. Schot-
tky rectifiers are commonly used in electronics rather than silicon p-n-junctions,
since they result in a low voltage drop in forward bias: 0.15-0.45 V compared to
0.6-1.4 V for silicon diodes. Besides a rectifying effect, it is known that for certain
contact metals, like a Ti/Pt/Au contact, the barrier becomes ohmic [18]. In this
case the Schottky barrier is sufficiently low, allowing carriers to flow free into the
semiconductor.

The photoconductive switch used in this work is a M-SC-M structure, which in
fact is a double Schottky barrier and can be seen as two head-to-head Schottky
diodes. Figure 2.8.a depicts the band diagram of the switch without bias voltage,
and in figure 2.8.b and 2.8.c, a positive (from left to right) bias voltage is applied.

E

x

EF

M SC

Vacuum

EF,m

Ec

Ev

φB

φi

ΦM

χs

w

Figure 2.7: Schottky barrier band diagram. This is a specific case for a p-type semicon-
ductor and a low workfunction metal. See the text for more information on the indicated

variables.
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Figure 2.8: Depiction of a double Schottky barrier placed head-to-head. (a) is the case
of zero applied bias voltage, (b) is with a low bias voltage and (c) is a the case of a

higher bias voltage compared to (b).

It indicates that for low voltages (fig. 2.8.b), the reverse biased M-SC interface
is transformed, but there is no, or very little current through the device. Only
for higher voltages (fig. 2.8.c), carriers are able to pass the barrier resulting in a
significant current. Because of the finite conductivity of the semiconductor, this
leads to an additional voltage drop over the semiconductor region, indicated by
the slanted band diagram in figure 2.8.c.

When the voltage is now increased even more, the current reaches a saturation
current in the case of a rectifying barrier (solid lines in fig. 2.9). For an ohmic
contact on the other hand, in general no barrier is present and a linear relation
exists between the voltage and the current. However, low M-SC barriers also re-
sult in ohmic behavior, only then a threshold voltage of the linear I-V relation
exists, as shown by the dashed curves in figure 2.9. Finally, we also included the
effect of illumination of the semiconductor in figure 2.9. For this, generation of
electron-hole pairs by incident photons results in an increased conductivity of the
semiconductor, and thus an increased current compared to the dark current.

By combining this device with ultrashort and intense laser pulses, we temporarily

V

I

Rectifying

Ohmic

Dark

Illuminated

Figure 2.9: Typical I-V curve for both a rectifying and ohmic metal-semiconductor-
metal device, with or without illumination of the semiconductor.
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increase the conductivity tremendously, resulting in ultrashort and intense current
pulses. Since the resulting current pulses contain high frequency (GHz-THz) com-
ponents, microwave electronics becomes an essential subject, which we discuss it
in the next section.

2.3.2 Microwave electronics

When forcing a current with high frequencies through a conductor, the spatial di-
mensions of the signal itself becomes in the order of the dimensions of the structures
carrying it. This might result in significant reflections of the signal at impedance
interfaces and, eventually, distortion of the current pulse. To avoid this, it is impor-
tant to match the impedance throughout the entire structure as much as possible,
which can be achieved via a smart design of the conducting region. An example of
such a smart design is the so called coplanar waveguide (CPW), depicted in figure
2.10. It consist of a center guideline surrounded by two groundlines. Also other
kinds of waveguides exist like a microstrips, where the groundline is at the other
side of the substrate.

The reason to use coplanar waveguide over other type waveguides, is its “un-
limited” choice of impedance, i.e. we are not restricted by for example substrate
thickness as is the case for the microstrip. This is proven by a full analysis of
CPW structures, which results in an analytical expression for the impedance as
a function of the structure dimensions. Using conformal mapping techniques like
the Schwarz-Christoffel mapping [19], calculation of the quasi-static electric and
magnetic field results in a characteristic impedance given by

Z0 =
60π√
ε(ω)

K(k)

K ′(k)
, (2.15)

where K is the elliptical integral of the first kind, K ′(k) = K(
√

1− k2), k is a
geometrical constant given by

k =
w

w + 2s
, (2.16)

Groundline

Groundline

Guideline s
w

w

Figure 2.10: Depiction of a coplanar waveguide and indication of its geometry variable
s, being the width of the guideline, and w bein the groundline-guideline distance.
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with s is the guideline width, and k is the guideline-groundline distance (fig.
2.10). The effective permittivity ε becomes highly frequency dependent for THz-
ranged frequencies [20], and moreover, it depends on the geometrical properties
like substrate thickness, making the impedance calculation using equation (2.15)
not straightforward. The more useful result of the analysis is given in (2.16). It
shows indeed that the impedance stays constant when the geometrical constant
k, containing the width of the central guideline (s) and the distance between the
guideline and the surrounding groundlines (w), remains unchanged.

To emphasize the CPW’s “unlimited” range of impedance without restriction on
the structure dimensions, we give a numeric example. The devices in this work
are designed to have an impedance of 50 Ω on a GaAs substrate. For a wire of
20µm, a CPW calculation tool [21], which makes use of an elaborate theory on
CPWs including waveguide attenuation and dispersion [22], reveals a guideline-
groundline distance of about 14µm. If we would like to make a 20µm microstrip
with a 50 Ω impedance, we would need a substrate of 27µm thickness, which is
difficult to accomplish and makes the devices fragile. Moreover, the fixed sub-
strate thickness limits us to only one possible wire width, which is not the case for
coplanar waveguides.



Chapter 3

Setup and experimental tools

This chapter provides an overview of the experimental tools used in this work, and
the setup used to perform the experiments. First a section is dedicated to device
fabrication where we explain two important lithography tools. The second section
provides information on the magneto-optic detection method.

3.1 Device fabrication

To create and structure samples, two different techniques are used: UV-Lithography
(UVL) and Electron Beam Lithography (EBL). In this section an overview of the
basic principle as well as a more in depth description of both techniques is given.

3.1.1 UV-Lithography

In making structured samples, photolithography is an indispensable technique.
One type of photolithography makes use of Ultra-Violet (UV) light for exposure of
a photo-active resist layer. It employs a predefined mask, which is a transparent
plate containing an opaque structure, for which common used materials are chrome
on quartz. With this, large, centimeter structures with micrometer resolution can
be created in a fast way compared to other lithography techniques like for instance
EBL.

The general steps taken in UV-lithography are shown in figure 3.1. We distin-
guish two different pathways: the use of a positive resist and a negative resist.
Depending on the kind of resist, the mask used in the illumination step (fig. 3.1.a)
contains either the inverse of the final structure (positive resist), or the structure
itself (negative resist). The positive resist is weakened during exposure and etched
away (fig. 3.1.b), whereas the negative is strengthened and is left on the sample
during development. In both cases the structure is opened in the resist, such that
the metal deposited in the next step (fig. 3.1.c) adheres directly to the sample in
the desired places. The metal on top of the redundant resist is removed during

21



22 Chapter 3 Setup and experimental tools

(e) Undercut Continuous (f)
sheet
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(a) UV-Illumination

(b) Developing

(c) Metal deposition

(d) Lift-off
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Figure 3.1: Different steps involved with UV-lithography for a positive and negative
resist.

lift-off (fig. 3.1.d), leaving behind the desired structure.

At first sight using a positive or negative resist gives the same results, though there
is an important difference concerning the development step. Differently than for a
positive resist, using a negative resist results in a slight undercut (fig. 3.1.e). Hav-
ing no undercut can give problems for the lift-off step because the deposited metal
can form a continuous sheet (fig. 3.1.f). This, in combination with soft metals like
gold, might result in a peel-off effect during lift-off leading to corrupted structures.
However, when the resist is at least two times thicker than the deposited metal, a
positive resist can be used to create low resolution (∼10µm) structures by means
of a lift-off process. In case of sub-micron structures, the use of a negative resist
is advisable.

UVL: Processing details

Every step depicted in figure 3.1 contains several sub-steps, which are all taken for
specific reasons. Here, a more in-depth overview of the entire process is given to
assure the reproducibility of the samples used in this work:

First the sample substrate, single side polished GaAs in our case, is ultrasoni-
cally cleaned in acetone for 15 minutes to remove most organic residues. Then, it
is ultrasonically cleaned for 15 minutes in isopropanol after which it is blown dry
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with nitrogen to evaporate the isopropanol. A last washing in deionized water is
done and again the sample is blown dry. Finally, the sample is stripped using an
oxygen plasma to remove the remaining bits of organic material.

After cleaning, a HMDS (Hexamethyldisilazane) primer is evaporated onto the
sample as a cohesive layer for the resist. Without this step, long-range hydrogen
bonds are formed between surface oxides and water adsorbed from the air. This
results in a weakly attached resist since it adheres to the water instead of the
sample surface. On top of the primer, a layer of resist is spincoated and soft-baked
for a certain time depending on the type of resist (table 3.1).

Next, the sample is UV-illuminated using a mask containing previously defined
structures. The illumination times for the different types of resist are given in
table 3.1.

After illumination, a post-bake is performed. In case of a positive resist, this
step thermally smears out standing waves resulting from the illumination step.
For negative resists, the post-bake hardens the illuminated regions. The baking
times and temperatures for different types of resist are given in table 3.1.

The samples are developed by using certain chemicals (table 3.1), which remove
the soft part of the resist to open up the desired structure. After this, a metal
film is deposited, whereafter lift-off occurs by first placing the sample in acetone
vapor for at least 30 minutes. This causes the remaining resist to gradually dis-
solve before the sample is ultrasonically cleaned in liquid acetone, which removes
all redundant material and leaves behind the final structure.

3.1.2 EBL structuring

Instead of using UV-lithography, structures are also created using a scanning elec-
tron beam, which basically ”writes” the structure. This technique is called Elec-
tron Beam Lithography (EBL) and is an excellent tool for creating structures with
high spatial resolution, without using a predefined mask as in UV-lithography.
The steps involved for EBL are similar to UVL: applying a resist; “illuminating”,

Table 3.1: Overview of the different steps for UV-lithography. Spin-coating always
takes 30 s, and UV-source is a 9 W/cm2 source.

Name Type Spin-coating soft-bake Ill. time Post-bake developing
MaN-415 Neg. 2000 rpm 2:00 @ 95◦C 20s 2:00 @ 95◦C 70 s MaD-332
HPR-504 Pos. 2500 rpm 2:30 @ 100◦C 3.3s 2:30 @ 115◦C 75 s 50%PLSI
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which is now done by an electron beam (FEI Nova dualbeam system); developing;
metal deposition; and lift-off.

A crucial point in the EBL process is the illumination. Basically, an electron beam
writes the desired structure by destroying the resist polymers point by point. These
points, or spots, have a finite size mainly determined by the number of electrons
effectively hitting the resist. It depends on parameters like beam current, spot
size and dwell time per spot, but also features like back-scattering and the desired
structure itself influence the effective damage of the resist locally. Therefore, the
illumination step has to be optimized for the different samples used in this work.
The parameters resulting from this optimization are given in the relevant chapters.

Finally, because EBL is mainly used for producing high resolution structures,
it is important to have undercut in the resist to ensure a successful lift-off (see
previous section). This is achieved by using a bi-layer of resist. First a 200 nm
layer of PMMA 450K and afterward a 60 nm layer of PMMA 950K are spincoated
onto the sample and baked for 2 minutes on 150◦C, individually. The number of
the PMMA indicates the length of the polymer, and because longer polymers are
more hardened during the baking step, the softer first layer dissolves easier during
development leading to an undercut.

The samples that are used in this work are created using both the UVL and
EBL technique. UVL is used to define large contact structures, where a region
(∼100µm) is left blanc to create the smaller micron sized structures with EBL.
What the samples look like and other important information on sample processing
is given in the related chapters.

3.2 Tracking magnetization: TRMOKE

This section provides an overview of the most important experimental tool used
in this work: the Time Resolve Magneto-optic Kerr Effect (TRMOKE). In the
context of the performed experiments, tracking magnetization means recording
the magnetization as a function of the time. For measuring the magnetization,
the magneto optic Kerr effect (MOKE, after John Kerr, 1877) is used. In the next
section we explain this effect, and discuss how it is exploited in the experimental
TRMOKE-setup.

3.2.1 The origin of MOKE

In explaining the magneto optic Kerr effect, we consider a magnetic sample on
which a laser is incident under an arbitrary angle. There are basically three types
of MOKE as depicted in figure 3.2: Polar MOKE, sensitive to the out-of-plane
magnetization (z); longitudinal MOKE sensitive to the in-plane magnetization
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parallel to the plane of incidence (y); and transverse MOKE, depending on the
in-plane magnetization perpendicular to the plane of incidence (x).

The three types of MOKE are all linear to the related magnetization compo-
nent. However, there is a difference in the origin of the effect for the polar and
longitudinal MOKE on one hand, and the transverse MOKE on the other hand.
The first two types basically originate from a difference in refractive index for left
and right handed circular light. This results in a complex Kerr rotation of the
polarization upon reflection from the magnetic sample. For the transverse case,
this difference is not present. However it is known that the reflection coefficient
for the p-polarized light linearly depends on the concerning magnetization compo-
nent. In general, the three types of MOKE allow us to detect all magnetization
components at once. In section 3.2.3 it is shown how these three component can
be resolved. For now, we continue with the derivation of the polar MOKE.

Polar MOKE derivation

When light interacts with a certain medium, the electric field E of the light in-
duces another electric field, called the displacement field D, inside that medium.
Both electric fields are linked to each other by the dielectric constant ε through
the equation D = εE. When the material is isotropic regarding for instance its
composition or structure, the dielectric constant is a scalar. However, when a
material becomes anisotropic because the presence of magnetization, and when
spatial symmetry is not broken, the dielectric constant becomes a second rank
tensor of the form

¯̄ε = ε0

 εxx εxy −εxz
−εxy εxx εyz
εxz −εyz εxx

 , (3.1)

with ε0 the vacuum permittivity. The Onsager relations state that εnm = −εmn
for n 6= m, leading to the symmetry of the given tensor [23].

In the particular case of a cubic crystal with out-of-plane magnetization, the di-
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Figure 3.2: Depiction of different types of Moke: polar (a), longitudinal (b) and
transverse (c) MOKE. In (a) the plane of incidence is indicated. The p-polarization

is in this plane of incidence, the s-polarization is perpendicular to it.
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electric tensor simplifies to

¯̄ε = ε0

 εxx εxy 0
−εxy εxx 0

0 0 εxx

 . (3.2)

Inserting this tensor into the Fresnel equation, which results from a rearrangement
of the Maxwell equations, and regarding perpendicular incident light, the following
relation holds [24] εxx − n2 εxy 0

−εxy εxx − n2 0
0 0 εxx − n2

 Ex
Ey
Ez

 = 0. (3.3)

There exists a non-trivial solution of this matrix equation, which can be determined
by diagonalizing the matrix. The eigenvalues of the matrix are

n2
± = εxx ± iεxy, (3.4)

with eigenvectors (1,±i, 0) which represent left and right circularly polarized light.
This means that both types of light have different refractive indices. Consequently,
for linearly polarized light, which can be regarded as light consisting of left en right
handed circularly polarized light of equal magnitude, reflection upon the magnetic
material results in a change of polarization angle and ellipticity. The latter will
later on be referred to as a complex (polarization) rotation.

To quantify the complex rotation, the amount of reflection for both types of circu-
larly polarized light is considered. For this, the Fresnel reflection coefficients, r±,
for perpendicular incidence are used,

r± = −n± − 1

n± + 1
= |r±|eiφ± . (3.5)

Writing it this way clearly shows the phase difference of the reflected beam with
respect the incoming one. Comparing the reflection coefficient for both types of
light, results in a total phase difference. Using this phase difference, the Kerr
rotation is defined as

θK = −φ+ − φ−
2

. (3.6)

Next to the polarization rotation, also a change in the ellipticity is determined
which is referred to as the Kerr ellipticity given by [25]

ψK = −|r+| − |r−|
|r+|+ |r−|

. (3.7)

The Kerr rotation and ellipticity together are often referred to as the complex Kerr
rotation ΘK in which the real part is the effective rotation of the polarization axis,
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Figure 3.3: Schematic representation of the used TRMOKE setup. See text for detailed
explanation.

and the imaginary part is the Kerr ellipticity. Assuming that |εxy| � |εxx|, ΘK

is very small and can be approximated by the ratio Ey/Ex of the reflected light,
which is given by [25]

ΘK =
n+ − n−
n+n− − 1

=
εxy√

εxx(εxx − 1)
. (3.8)

The second equality is obtained using equation (3.4) together with the fact that
|εxy| � |εxx|. According to this last equality, the complex Kerr rotation is linearly
dependent on the off-diagonal dielectric tensor, which by definition depends lin-
early on the out-of-plane magnetization. Hence, we are able to directly measure
the out-of-plane magnetization by effectively detecting the polarization rotation.
How this is achieved is discussed in the next section.

3.2.2 Experimental TRMOKE setup

In exploiting MOKE, the setup depicted in figure 3.3 is used to track the magne-
tization as a function of time. At the basis of this setup, a femto-second pulsed
laser (Tsunami, Specta-physics) produces intens gaussian pulses with a FWHM of
70 fs, and with a repetition rate of 80 MHz. The wavelength is set to 800 nm, such
that the photon energy is higher than the bandgap energy of GaAs of 1.43 eV. In
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general, we are interested in the behavior of the magnetization as a function of
time, compared to a certain event. Therefore, the laser is split into two separate
beams: a pump beam (95%) and a probe beam (5%). The intense pump pulse
introduces a perturbation, and the time-delayed weak probe beam is used to detect
the magnetic response of the system by MOKE.

To explain how the setup works, we first describe the pathway of both beams.
After returning from a fixed retro-reflector, the pump beam travels through a set
of two polarizers (dP), enabling us to alter the pump intensity. Next, a low fre-
quency chopper (∼ 70 Hz) is included which is used for a secondary modulation
of the final signal. Then the beam is focussed onto the sample using an objective
with a numerical aperture of 0.3 and focal distance of 3 cm. After reflection from
the sample, the pump beam is blocked to not interfere with the probe beam.

The first functional component in the pathway of the probe beam is a position ad-
justable retro-reflector, which enables us to perform time-resolved measurements
over a time range of about 1.5 ns. Then, the beam passes through a polarizer (P1),
a quarter-wave-plate (QWP) and a photo-elastic modulator (PEM) successively.
The PEM induces a polarization modulation, which is the primary modulation of
the signal and is extensively discussed in the next section. After the modulation,
the probe is focussed onto the sample using the same objective as for the pump
beam. The reflected beam containing the magnetic information then passes a po-
larizer (Pa) to convert the magneto-optic induced polarization rotation into an
intensity change, which is then picked up by an optical detector.

In order to position both beams correctly onto the sample, the objective and
the final mirror Ms are placed on a three-dimensional, computer controlled stage,
which is not shown here. Further, the sample can be placed inside a magnetic
field, produced by a computer controlled electromagnet, enabling us to apply a
magnetic field ranging from -200 mT to 200 mT.

3.2.3 Signal analysis

For the materials used in this work, Kerr rotation angles are in the of order milli-
radians upon magnetization reversal [26]. However, as explained later on in sec-
tion 4.4, the magnetic changes we detect are about 100 times smaller. Therefore
a double modulation technique is used. The primary, PEM-induced, polarization
modulation of the probe beam allows us to detect the magneto-optic effect itself.
The secondary modulation, induced by the chopped pump beam, is used to amplify
the signal resulting from the primary modulation. The secondary modulation is
straightforward since we basically modulate the source of the perturbation. There-
fore, the main focus of this section lies on the PEM-induced modulation.
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To correctly analyze the signal resulting from the probe beam, entering the detec-
tor, the Jones formalism is used. In this, only the electric field of light is considered,
and it is represented by a Jones vector. The optical components, like polarizers,
are represented by a Jones matrix, that basically transforms the Jones vector. In
Appendix A, some essential Jones matrices and vectors are given, and an example
calculation is performed.

To use the Jones formalism in this analysis, we need to define the Jones ma-
trix of a magnetic sample. For this, we consider the Jones matrix that accounts
for any sample upon which light reflects. It is merely a collection of the Fresnel
reflection coefficients for the p- and s- polarization states (fig. 3.2),

Msample =

(
rss rsp
rps rpp

)
. (3.9)

In this, rij is the reflection coefficient for light entering as an i-type, and leaving
as a j-type. For a magnetic sample, and for the particular case of the polar Kerr
effect (fig. 3.2.a), it is known that rsp = rps, and that it is directly proportional to
the complex Kerr rotation [25]. Therefore, it is more straightforward to use the
following Jones matrix,

Msample =

(
rss ΘK

ΘK rpp

)
. (3.10)

Since the complex Kerr rotation basically results from different refractive indices
for different types of polarized light, a PEM is used to modulate this polarization.
A PEM is a device that consists of a birefringent crystal in which the retardation
of the electric field along one axis can be modified by applying mechanical stress.
When changing this mechanical stress with a frequency Ω, and the induced retar-
dation has amplitude A0, the effect of the PEM on the electric field of the light is
given by the following Jones matrix,

MPEM =

(
1 0
0 eA0 cos(Ωt)

)
. (3.11)

As an example of the effect of the PEM, we consider linearly polarized light with
the Jones vector: (1,1), i.e. light with the polarization along the direction that
makes an angle of 45◦ relative to the PEM modulated axis. If the retardation A0

is set to π/2, the linearly polarized light is modulated between (1,±i), being left
and right handed circular polarization.

To continue with the analysis of the detected signal, the mutual alignment of
the optical components in the pathway of the probe beam is schematically shown
in figure 3.4. In this, the angle is defined with respect to the vertical axis, as shown
on the right. The passing axis of the first polarizer is oriented at 135◦. Next, the
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fast axis of the quarter-wave-plate (qwp) is oriented at 90◦, resulting in an angle
difference of 45◦ between the passing axis of the polarizer, and the fast axis of
the qwp. In this alignment, the qwp transforms the former linearly polarized light
into circularly polarized light. This then passes through the PEM, which has its
modulation axis oriented at 45◦. After this, the modulated light reflects on the
sample, which here is schematically represented as ”passing through”. And at
last, the light containing the magnetic information passes the analyzer polarizer,
of which the passing axis is oriented at zero angle.

Using the Jones formalism, the voltage output of the detector, related to the
intensity of the laser, is proportional to (Appendix A)

V ∼ (r2
ss+θ

2
K+ψ2

K)+(r2
ss−θ2

K−ψ2
K) sin [A0 cos(Ωt)]+ψK cos [A0 cos(Ωt)] . (3.12)

This equation shows that the voltage output of the photo-detector contains three
terms. The first term is a linear offset term, and the second and third term are
a result of the PEM modulation. Using the Jacobi-Anger expansion it is known
that

sin(A0 cos(Ωt)) ≈ 2J1(A0) cos(ωt) (3.13)

cos(A0 cos(Ωt)) ≈ J0(A0)− 2J2(A0) cos(2ωt) (3.14)

where Jn is the n-th Bessel function. Therefore, the second term in equation (3.12)
has the same frequency of the PEM (first harmonic), and the third term has the
double frequency (second harmonic). We further note that the third term of equa-
tion (3.12) introduces an offset, additional to the first term. Nevertheless, using a
lock-in amplifier, we can measure the amplitude of the second harmonic part of the
final signal. This amplitude depends linearly on the Kerr ellipticity ψK , which in
turn depends linearly on the out-of-plane magnetization component of the sample.

P1 QWP PEM Sample

θ

Pa

Figure 3.4: Alignment of the polarized passing axes, the qwp fast axis and the modu-
lated PEM axis (double arrows) of the components on the path of the probe beam. The
reflection of the beam on the sample is here represented by a ”passing through” beam.

θ is the angle of the analyzer polarizer, and should not be confused with θK .
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The derivation for longitudinal MOKE is the same as for polar MOKE, with the
only difference that rsp = −rps in the Jones matrix of the sample (eq. (3.9)). This
results in an inversion of the second harmonic signal. For transverse MOKE on
the other, the off-diagonal elements of the Jones matrix representing the sample
are zero, and the reflection coefficient of p-polarized light is replaced by

rpp → rpp + ∆rpp. (3.15)

The change of the reflection coefficient ∆rpp is known to be linear with the mag-
netization change [25]. When including small variations in the alignment of the
optical components (fig. 3.4), a calculation with the Jones formalism shows that
the second harmonic signal also contains the transverse MOKE effect.

In conclusion, the final signal contains information on the three components of
the magnetization at once. The relative signal strength for the three components
depends on the angle of incidence of the light. For a small angle with respect to
the normal of the sample plane, which for the used objective is at most about 15◦,
polar MOKE dominates the signal. In section 4.6 we discuss how the strengths of
the remaining longitudinal and transverse MOKE relate to each other, and how
we use this to eventually separate the three magnetization components from the
signal.

3.2.4 Microscopy

Focal spot size

Since we want to perform MOKE measurements on micrometer sized structures,
an objective is used to narrow down the spot size sufficiently. By placing the
sample in the focus of the objective, the theoretical spot size is given by

dspot ≈
λ

π arcsin(D/2f)
, (3.16)

with λ the wavelength of the light, D the diameter of the incoming beam, and f
the focal distance. Using a beam of 800 nm wavelength and a diameter of 2 mm,
the used objective allows us to reach a focal spot size of about 4µm.

Independent positioning

The experiments in this work require independent positioning of the pump and
probe beam. Therefore the mirror Mθ was equipped with micrometer screws (fig.
3.3). This enables us to alter the angle of incidence of the probe beam leading to
a spot displacement in the focal plane. To explain this, we consider a classical lens
system in which an object from the left side, is imaged at the right side of the lens
as depicted in figure 3.5.a. In this figure, ∆l = a arctan(∆θ), the lens equation
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reads f−1 = a−1 + b−1, and ∆s/∆l = 1− fb−1. Combining these equations results
in

∆θ = tan

(
∆s

f

)
≈ ∆s

f
(3.17)

where the last approximation is justified because ∆s is at most 200µm , and f is
3 cm.

Using equation (3.17) and figure 3.5.b we can relate the change of the micrometer
screw of the mirror, to the spot displacement in the focal plane. Knowing that the
rotation axis of the mirror is about 4 cm, a change of ∆u on the micrometer screw
results in a beam angle change of about ∆θ = 2∆u/0.04. Because the focal length
of the used objective is 3 cm, we know that the relative change of the position
on the focal plane ∆s is directly related to the relative change of the micrometer
screw by ∆s = 1.5∆u.

(a)

(b)

∆θ

∆s

f

−fObject

Image

a b

∆l

4 cm

∆u

∆θ/2

∆θ

Figure 3.5: (a) Classical object-image lens system ray-tracing and (b) sketch of the
mirror with micrometer screw.



Chapter 4

Pulse creation and detection

This chapter gives an overview of the results concerning the creation and detec-
tion of current pulses. The creation is achieved by a photoconductive switch in
combination with a pulsed laser (sec. 2.3.1). The resulting pulses are guided by a
coplanar waveguide, to reduce distortion of the initial pulse shape due to possible
impedance interfaces, attenuation and dispersion (sec. 2.3.2). For this reason, but
also because we want to characterize the current pulses as delivered by the pho-
toconductive switch, it is preferable to detect the pulses in the vicinity of their
creation. Therefore, the experiment described in the next section is designed.

4.1 Pulse detection principle

To detect the current pulse in the vicinity of its creation, we basically want to
perform a very fast (ps-ns) and local (µm) measurement. A convenient way to
fulfil these requirements is using optics, enabling us to work on the required spa-
tial and temporal dimensions. One possible way of detecting the current pulse
employing optics, is making use of an electro-optic modulator. This is a crystal
that induces a phase difference in the light traveling through it, depending on the
internal electric field (Pockels effect, this was for instance used by Gerritsen [27]).
By positioning this crystal on top of the pulse conducting wire, the electric field
of the surpassing current pulse can be detected optically.

Another way to detect the current pulse is based on using the current induced
magnetic field, the Oersted field (fig. 4.1). The intensity of this field is related to
the current by

B ≈ µ0I

2s
, (4.1)

provided that s � d and s � h, with s the width and h the thickness of the
conducting wire, and d the distance from this wire, which in this case is also the
thickness of a magnetic island, positioned on top of the conducting wire. When the
Oersted field pulse passes the magnetic island, it perturbs the magnetization state

33
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~B

h

d

s

Figure 4.1: Cross-section view of a magnetic island on top of a conductive wire, with
the depiction of the Oersted field induced by an electric current. From bottom to top:

GaAs substrate; conductor; magnetic island.

of the island. Using the magneto-optic Kerr effect (MOKE), we can then detect
the resulting magnetization dynamics. We prefer to use this effect over the elec-
tric Pockels effect because of possible future implementation of a photoconductive
switch in other magnetic devices (sec. 1.1 and chap. 5). Additionally, this research
group possesses expertise on time-resolved MOKE measurements [28][29][30]. The
measurements are performed using the TRMOKE setup already discussed in sec-
tion 3.2.2. Further we note for the remainder of this chapter, the field pulse always
refers to magnetic (Oersted) field pulse induced by the electric current pulse.

There is one drawback using the magnetic detection method, and it is related
to the typical timescales in magnetization dynamics. The passing magnetic field
pulse exerts a torque on the magnetization, leading to a damped precession around
this field, instead of an instantaneous alignment with it. Moreover, the dissipative
timescales in the damped precession are expected to be similar to, or larger than,
the duration of the current pulse. Therefore, the magnetization of the magnetic
island does not perfectly follow the Oersted field pulse in time. This means there
is no direct relation between the pulse, and the detected magnetization dynamics.
Therefore we force the magnetization to behave in a more predictable way by ap-
plying an external field perpendicular to the Oersted field pulse. Using the LLG
theory (sec. 2.1.1), we can then predict the effect of a current pulse in combination
with the external field pulse on the magnetic island, and ultimately we can trace
back the characteristics of the current pulse.

In conclusion we summarize the outline of the experiment:

1. A short and intense current pulse is created by means of focussing an intense
laser pulse on a photo-conductive switch;

2. The current pulse is transported through a coplanar waveguides to reduce
deformation;

3. The current pulse is detected in the vicinity of its creation, by recording its
effect on a magnetic island positioned on top of the conductive wire.
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4.2 Sample design

Based on the previously mentioned experiment, a specific sample is designed. It
is created using a standard UVL structure, which is commonly used for research
in our lab [31] (fig. 4.2.a). As a substrate, we use intrinsic GaAs as semicon-
ductor for the photoconductive switch. The UVL structure is metalized with a
30 nm/10 nm/100 nm SiOx/Ti/Au layer, in which The SiOx layer reduces leakage
currents through the substrate. The Ti is used as a cohesive layer between the
substrate and Au.

In every quadrant, a structure as shown in figure 4.2.b is created by a two-step
EBL process. In the first step the ground- and guideline of the coplanar waveguide
is created with a 10 nm/100 nm layer of Ti/Au. In the center of the structure, the
guideline is interrupted for 20µm resulting in the photoconductive switch. In the
second EBL step, the Co islands are created on top of the guideline. These are
sputtered 20 nm films of Co capped with 2 nm of Al to prevent oxidation. To create
these structure, an EBL dose of 300µC/cm2 is used with an electron beam current
of 44 pA and an acceleration of 30 keV.

The discussed sample is designed to provide a proof of principle of the photo-

(a) (b)

Figure 4.2: Design of the sample based on the experiments described in section 4.1.
(a) is the chip positioned inside, and wire-bonded to a chip carrier. It has a Ti/Au
10/100 nm structure created by UVL (positive resist), containing four quadrants with
10 contact points each. In every quadrant, a region of 100×100µm is left open for EBL.
(b) is the EBL structure on top of the UVL structure in one quadrant, the lower left
in this case. For the waveguide, the Ti makes contact with the GaAs near the gap.
Meaning of letters: u is the underlaying standard UVL structure, G is a gap of 20µm
serving as photoconductive switch, Gr is the groundline and Gu is the guideline (width
20µm), both metalized with Ti/Au 10/100 nm, V+ and V- are the source connection.
The distance between the guide- and groundline is 14µm. On top of Gu, 8 Co islands

of 18x30µm and 20 nm thick, capped with 2 nm Al, are deposited.
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conductive switch combined with a coplanar waveguide. In chapter 5 we intro-
duce more advanced designs, containing narrower waveguides, and eventually a
magnetic nanowire for possible study of magnetization dynamics induced by high
intensity, spin polarized current pulses.

4.3 I-V characterization

Performing I-V measurements is a quick and easy way to get a first indication on
whether or not the photoconductive switch works. The I-V-relation indicates if,
and how, the device reacts to light, and what kind of voltages and currents can be
applied and expected.

Figure 4.3 shows the typical results of I-V measurement for one sample in three
different situations: dark, ambient illuminated (daylight, fluorescent lighting) and
laser illuminated. For the highest applied voltages (15 V), DC-currents are in the
order of hundreds of nano-Amperes in case of the dark and ambient measurements.
A factor of 3 difference between dark and ambient currents is observed, already
indicating that the switch reacts to light in an expectable way i.e. increasing
current for increasing light intensity. When using a pulsed laser with an average
power of 150 mW at 800 nm wavelength, currents in the order of milli-Amperes are
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Figure 4.3: Typical results of I-V measurements of the optical switch. The dark and
ambient current are DC-currents and the values are shown on the left axis, the laser-
induced current is the DC average of a pulsed current for which the values are given on

the right axis.
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measured, which is a difference of four orders of magnitude compared to the dark
current.

Concerning the laser-pulse-induced currents, we have to bear in mind that the
measured values are DC averages of a pulsed current. It is, however, straightfor-
ward to link the peak current of any pulse to its DC average using

IDC
Ipeak

=
1

T

∫ T

0

I(t)

Ipeak
dt, (4.2)

where I(t) is the shape of the current during the period T . For example, a block
pulse of 1 ns with a repetition rate of 80 MHz results in a peak current which is
11,5 times higher than the DC current. To get an indication on the peak current
of the pulses delivered by our photoconductive switch, we need to know the exact
shape and characteristics of the current pulses. In the next section, we discuss
how this is accomplished.

Before going to the pulse characterization, we first briefly discuss the measured I-
V behavior. We observe a linear voltage-current relation starting from about ±2 V,
pointing on Ohmic contacts in the metal-semiconductor-metal (Au/Ti-GaAs-Ti/Au)
structure. This might be a result of the cohesive Ti layer. To elucidate this, we
consider the workfunction of Ti being 4.33 eV, and of GaAs being 4.07 eV [32].
It leads to a Schottky barrier energy of about 0.26 eV, sufficiently small to result
in Ohmic contacts. The advantage of ohmic contacts over rectifying contacts is
the possibility to change the current over an extended voltage range, giving more
controllability and resulting in higher possible currents.

4.4 LLG Macro simulation

Using the LLG theory, we can perform a simulation and predict how the magnetic
structure behaves under application of a magnetic field pulse. For this, it is neces-
sary to know the shape and characteristics of the pulse, which, in fact, still needs
to be determined. In this section we propose a certain pulse shape that eventually
can be characterized by only one remaining parameter. We can then use this pulse
to perform a simulation of a field pulse passing a magnetic structure.

Pulse Shape

We can give an estimate on the resulting shape by the following assumptions:

• The pulse rise time is determined by the laser pulse duration (70 fs) which
excites charge-carriers into the conduction band of the semiconductor [33];

• The pulse decay time is determined by the carrier lifetime of the semicon-
ductor charge carriers. For GaAs, the carrier lifetime is known to be in the
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range of a few 100 ps and the carrier density decays exponentially with this
carrier lifetime [34].

These assumptions result in a current pulse which has a very steep rise at the arrival
of the laser pulse, compared to a very slow decay due to the carrier lifetime. Using
this, we introduce an analytical expression for the current pulse when a laser pulse
arrives at t = 0 [35],

Ip(t) = I0
1 + erf(t/τr)

2
e−t/τd . (4.3)

Here I0 is the peak current intensity, τr is the characteristic rise time and τd is
the decay time. Because of a Gaussian laser pulse, the rise of the current pulse is
defined as an error function (erf). The rise time of the pulse is fixed by the laser
pulse duration, thus the remaining unknown variables are the decay time and the
intensity. However, the latter can be calculated using the measurable DC current
in combination with equation (4.2). Hence, the only variable left to be determined
is the characteristic decay time, which will be the focus of the remaining part of
this chapter.

Simulation

The effect of this current pulse (eq. (4.3)) on the magnetization of a thin film
of magnetic material can be simulated by means of numerically solving the LLG
equation (eq. (2.1)). We perform a so called macrospin-simulation, in which we
represent the magnetization of the material as one vector. For this, the coordinate
system shown in figure 4.4 is chosen. Within this system, the Oersted field pulse,
representing the current pulse, points in the x-direction, and the external field
is oriented along the y-axis. The demagnetization field resulting from the shape
anisotropy of the thin magnetic film (sec. 2.1.2) points along z-axis and is equal to
the opposite of the out-of-plane (z) magnetization. In the magnetization dynamics,
we assume small deviations from the easy axis allowing us to ignore the crystalline
anisotropy field. Also, because we consider only one spin, there is no exchange

x

y

z

~Hext

~M~Hp

Figure 4.4: Definition of coordinate system on the magnetic island on top of the
conductor. This definition is used throughout the rest of this chapter.
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interaction field. The effective field term then becomes

Heff (t) =

 Hp(t)
Hext

−mz(t)

 , (4.4)

where Hp(t) has the shape of the current pulse (eq. (4.3)), which is justified by
equation (4.1). The decay time and rise time are set to 500 ps and 70 fs respec-
tively. Using equation (4.3) combined with the given decay and rise time, and
assuming a DC-current of 1 mA (fig. 4.3), the pulse amplitude is set to 2.5 mT.
The remaining parameters for the simulation are specified for the cobalt films:
Msat = 1.4 · 106 A/m and α = 0.03 [5]. The external field is set to Hext = 76 mT
to assure a sufficient number of oscillations during 1 ns.

The simulation results are shown in figure 4.5 where the three components of the
magnetization are plotted as a function of time, and the x-component is plotted
together with the field pulse. The latter already indicates that the x-component
contains information on the field pulse, as it seems to oscillate around it. We come
back to this when discussing the signal processing (sec. 4.6). Furthermore, a ver-
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Figure 4.5: Results of simulation of a magnetic field pulse passing a magnetic island.
The magnetic field pulse is plotted by the dashed line in the mx plot is related to the
right axis. The vertical dashed line indicates the π/2 phase difference between the x and

z component. The magnetization is normalized by Ms.
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tical line is plotted at about 100 ps to emphasize the π/2 phase difference between
the x- and z-component indicating the precessional motion of the magnetization.
Finally it is important to note that y-component is about 1 order of magnitude
smaller than the x-component. Also this is used in section 4.6.

4.5 First measurements: proof of principle

Figures 4.6 and 4.7 show a collection of measurement obtained in order to prove
that the device works as expected by delivering short current pulses. In these ex-
periments, the pump pulse arrives at the gap at t = 0, and the time-delayed probe
pulse detects the response to this on the first magnetic island to the right of the
gap (as in fig. 4.2.b). The waveguide on the left side of the gap is connected to the
positive voltage, and the groundlines are connected to the ground of the source
(Keithley 2000). The right part of the waveguide is connected to the groundlines
through a 50 Ω resistor. The external field is applied in the plane of the waveguide,
along its central axis, being the y-axis in figure 4.4.

First we focus on figure 4.6, where we emphasize the difference in signal between
applying a gap voltage or not. These measurements are done without an externally
applied field. When applying 15 V across the gap (fig 4.6.a), the magnetization
shows a response in the measured time frame. For negative times, the signal stays
constant at a certain offset voltage. Then, during the first 200 ps, the voltage
decreases significantly and after about 600 ps it returns back to the original offset
voltage. When repeating this measurement without a gap voltage (fig. 4.6.b), the
signal stays constant at the same offset voltage during the entire time frame. From
these two results, we can conclude that a pump laser pulse leads to a current pulse
by the photoconductive switch. Moreover, the effect of the current pulse on the
magnetic island fades and disappears after about 600 ps giving an indication on
the pulse duration. However, taking into account what we mentioned in the last
paragraph of section 4.1, the measurements should be done using an externally
applied field to correctly determine the pulse duration.

By applying an external field (fig, 4.7.a-c), the signal shows a profound damped
oscillation as a reaction to the passing current pulse. For a field of 76 mT, an FFT
analysis (not shown here) reveals a peak at a frequency of roughly 10±1 GHz.
When reversing the external magnetic field, a similar oscillation is detect with a
π phase shift compared to the oscillation with the positive field. The origin of
this “oscillation inversion” is discussed in section 4.6.2, where we also show how
it can be used to extract the different magnetization component (sec. 3.2.3) from
the signal. For an external field, four times higher than the previous applied field
of 76 mT, a similar oscillation is detected. Only now, a frequency of 18±1 GHz is
measured, which, within the error margins, is the double of the frequency found in
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Figure 4.6: First result to emphasize the difference between applying a gap voltage or
not, without an external field.
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Figure 4.7: First results to emphasize the signal difference for opposing external fields,
(a) and (b), and for different field magnitudes (c).
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Figure 4.8: Voltage dependency of the oscillation amplitude for opposing fields. The
arrows indicate the effect of the increasing voltage.

the low field experiments. We explain this frequency doubling using the Landau
precession frequency [28]

ω ∼
√
H(H + µ0Ms), (4.5)

where Ms is the saturation magnetization and H is the effective field. Because
the applied field is at most 200 mT, H � µ0Ms, such that the frequency becomes
proportional to

√
H, proving the observed effect.

The last result given in this section is shown in figure 4.8, in which the influ-
ence of the gap voltage is plotted for both positive and negative magnetic fields.
Again the profound oscillation is seen with “oscillation inversion” for opposing
externally applied fields. In addition, the amplitude increases for increasing gap
voltage. This is accentuated in the inset, and although only four points are plot-
ted, the linear fit reveals a similarity with the I-V curves shown in section 4.3:
from a certain offset voltage (∼ 3 V) a linear relation arises. This again underlines
that the measured magnetization dynamics result from the current pulse induced
magnetic field pulse, passing the magnetic island.
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Figure 4.9: (a) Depiction of transverse (upper) and longitudinal (lower) alignment.
This must be looked at as a sample behind an objective. The open circles represent
entrance and exit of the probe beam focussed onto to center of the sample. The arrow
indicates the sweep direction of the external field and the axes in the lower image are
defined as in fig. 4.4. (b) Static hysteresis loops for transverse an longitudinal alignment.
The drift of the signal is due to the Faraday effect induced by the magnetic field on the

objective.

4.6 Signal processing

4.6.1 Transverse vs. Longitudinal

As already pointed out in section 3.2.3, the probe beam contains information on
the three components of magnetization. Still we are not sure how their signal
strengths relate to each other. Polar MOKE is believed to dominate the signal
because the incident beam makes a small angle compared to the normal of the
sample plane. Therefore only the difference between longitudinal an transverse
MOKE has yet to be determined. For this, static hysteresis loops were measured
for the two particular alignments (fig 4.9). Unlike for the longitudinal MOKE,
we do observe an hysteresis loop for the transverse MOKE. From this we can
conclude that the longitudinal MOKE is too small to detect with the used setup,
and therefore does not contribute to the signal.
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Figure 4.10: Vector scheme of the effect of a current pulse on the magnetization for
opposing fields. (a) is the case for a negative external field (Hext) and (b) for a positive

field.

4.6.2 Decomposing the signal

Using the result of the previous section (sec. 4.6.1), we are now able to select
either the x- or y-component of the system shown in figure 4.4. We prefer to mea-
sure the x-component because the macrospin-simulation (sec. 4.4) revealed that it
contains direct information on the characteristic decay-time of the current pulse.
For this, the lower alignment of fig. 4.9.a is chosen, such that the x-direction is
the transverse direction compared the plane of incidence. From now on the signal
is considered a linear combination of the x- and z-component of the magnetization.

Both components of the magnetization can be resolved from the final signal. To
explain how this work, we use figure 4.10, which shows the influence of a passing
field (current) pulse on the magnetization, when applying a negative (a) and posi-
tive (b) external field. The coordinate system is again the same is in figure 4.4. At
the arrival of the field pulse, which always points in the positive x-direction, the
effective field rotates in the xy-plane toward the positive x-direction. This induces
a torque on the magnetization as dictated by the first term of the LLG-equation.
For a negative applied field, this causes the magnetization to first rotate out of the
plane in the positive z-direction, and afterwards in the positive x-direction. For a
positive applied field, the torque makes the magnetization rotate in the negative
z-direction first, and then again in the positive x-direction. Hence for opposing
fields, the out-of-plane magnetization behaves anti-symmetric while the in-plane
x-magnetization behaves symmetric. This allows us to decompose the signal into
the x- and z-component of the magnetization using the expressions

mx ∼ S+ + S−, (4.6)

mz ∼ S+ − S−. (4.7)

Here S± are the signals obtained from the opposing external fields.

Figure 4.11 shows a result of this procedure on an experiment where the gap
voltage was set to 15 V and the pump average beam power 276 mW, resulting in a
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Figure 4.11: Result of decomposing a the signals into its x- and z-components. The
offset in the mx graph is due to the offset in the individual signals which have no further
meaning. The dashed line is fitted using equation (4.8). Only the data within the range

of this line are used for this fit.

DC current of 4.3 mA. In this, first a signal post-processing step is done, where the
noise is filtered out using a low pass Fourier filter. This gives a smoother graph
although the sudden step at t = 0 is smeared out making it inaccurate. However,
because the main focus here lies beyond the first 50 ps, which contains information
on the decaying part of the pulse, the smear out effect is negligible.

Comparing this result with that of the macrospin-simulation, a large resemblance
is seen giving, confidence on the correctness of the analysis. Again, the π/2 phase
difference between the x- and z-component is emphasized by the vertical dotted
line. Further, we know from the macro simulation that the x-component seems
to oscillate around the exponentially decaying field. Therefore, a fit of the x-
component after the first 50 ps can be done using the phenomenological expression

mx = A+Be−t/τp + Ce−t/τd sin(ωt+ φ). (4.8)

In this, the first term is a linear offset indicated by the dashed line in the mx plot,
and it is set fixed to the average of the signal at negative times. The second term
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results from the field pulse and the third term represents the damped magneti-
zation oscillation. The fit results in a characteristic pulse length τp of 447±7 ps,
which is in the expected order of magnitude (sec. 4.4). Using this pulse length in
equation (4.2), the given DC-current leads to a peak intensity of about 112±2 mA.
The error values are the confidence intervals of the fit.

Still, this result should be treated with caution. The x-component resulting from
signal addition (eq. (4.6)) is often very noisy and might even contain severe drift
due to for instance a slight misalignment of the position adjustable retro-reflector.
However, signal changes due to the latter are not affected upon field reversal.
Therefore the z-component, which results from subtraction of the signals (eq.
(4.6)), will not contain the unwanted background signals. The next section reveals
how we use the z-component to subtract viable information on the current pulse.

4.6.3 LLG fit

Instead of using the result of the macrospin-simulation, shown in section 4.4, to
predict the behavior of the magnetization, we can also use it to fit the experi-
mental data. To do this, a non-linear fitting procedure is programmed to fit the
z-component of the macrospin-simulation with that of the measured data resulting
from signal subtraction (eq. (4.6)). The fit variables characterizing the field pulse
are τd and Hp (eq. (4.3)), and τr is chosen fixed at 70 fs. Other fit variables are
Msat and α, related to the magnetic material. The external field Hext is set fixed
to its measured value.

Although we have four variables, a close inspection of the z-component leads to
the expectation that the resulting fit will be unique. To explain this, we consider
Landau precession frequency (eq. (4.5)). It shows that the oscillation frequency of
the signal is determined by the total field (Hp êx + Hext êy) on one hand, and the
saturation magnetization on the other hand. The overall frequency of our signal
is mainly determined by the saturation magnetization, since we fixed the external
field in the fit-procedure. However, during the presence of the current related mag-
netic field pulse, the frequency slightly increases with an amount solely determined
by the strength of the pulse. These two features lead to a unique value for τd, Hp

and Msat. In addition, α is uniquely determined by the damping of the signal.

We performed the fit on a series of measurements in which the external field is
changed from 8 mT to 153 mT in 20 steps. The gap voltage in the experiments
was set to 10 V and the pump intensity was adjusted to attain a 2 mA DC current
through the device. An example fit is shown in figure 4.12, in which the x- and z-
component resulting from the measurement are plotted together with their related
components of the LLG fit on only the z-component. Although the z-component
is fitted well, there is less agreement between the x-component of the data, and
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Figure 4.12: Example result of fitting the z-component of the LLG equation with
the experimental value. The x-component is plotted to show the drift and inaccuracy
because of for instance non- or unwanted magneto-optic effects in the signal. In this,

the external field is 30 mT.
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Figure 4.13: Field dependence of the material intrinsic parameters Ms and α. Ms

shows a constant deviation of about 20% from the literature value which is indicated by
the red line. α is fitted with an exponential decaying function [11], which has an offset
value of 0.0167, which is within literature values ranging from 0.013 to 0.04 [5]. The

error bars indicate the confidence intervals provided by the fit procedure.
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Figure 4.14: Field dependence of the current pulse strength Hp and characteristic
decay time τd. The red line in Hp (9.2 mT) is calculated using equation (4.1) and (4.2),
IDC = 2 mA and T = 1/80 MHz, and τd = 96±14 ps which is the average decay time
taken from all but the three first values and indicated by the red line in τd. Several field
pulse values show a deviation from the 9.2 mT line which is probably due to noise in
the measured signal. This leads to a less accurate fit, here indicated by a larger error
for the deviating values. The error bars indicate the confidence intervals provided by
the fit procedure, and are not necessarily the real errors. They are, however, useful for

comparison.

that of the fit.

Apart from the three smallest applied fields, for which an insufficient number
of oscillation leads to inaccurate fits, all fit-parameters have acceptable values.
However, the saturation magnetization shows a nearly constant deviation of ap-
proximately 20% from the literature value. One explanation for this might be
oxidation of the cobalt island, although they are capped with 2 nm Al to prevent
this. Another explanation is a possible interaction between the Au wire and the
Co island, resulting in a reduced magnetic moment per Co atom [36].

The most important result comes from figure 4.14. The τd-graph reveals an average
characteristic decay time of 96±14 ps which is about 5 times smaller than the time
resulting from the x-component. Yet, if we use this result combined with equations
(4.1) and (4.2), in which IDC = 2 mA and T = 1/80 MHz, a current pulse peak
intensity of 260 ± 38 mA and a field pulse peak intensity of about 9.2±1.3 mT is



4.7 Chapter Conclusions 49

calculated. The latter is comparable to majority of the field pulse values resulting
from the fit. Therefore, but also because of the coherent behavior of the fit param-
eters throughout the measured field range, and the fact that we cancel out drift
by subtracting the data, we prefer to use these results to conclude on the pulse
characteristics.

4.7 Chapter Conclusions

We successfully created a device containing a photoconductive switch, which in
combination with ultrashort and intense laser pulses serves as an on-chip pulsed
current source. Using a coplanar waveguide, the resulting current pulses are guided
past a magnetic island, allowing us to obtain information on the pulse character-
istic by magneto-optically studying the magnetization dynamics, induced by the
current related Oersted field pulse.

By choosing an appropriate alignment of the probe beam compared to the sam-
ple, we showed that the final signal contains only two magnetization component,
being the out-of-plane z-component detected by polar MOKE, and the in-plane
x-component detected by transverse MOKE. Combining this with a double mea-
surement technique in which the only difference between both measurements is
the inversion of the externally applied field, we introduced a method to subtract
both magnetization components from the signal. Since the z-component results
from signal subtraction, drift and other non-magnetic contributions to the signal
are eliminated. Therefore we used the z-component to obtain information on the
pulse characteristics.

The resulting current pulse was determined to be a combination of a steep rise
(<ps) and a slow exponential decay with a characteristic decay time of 96±14 ps.
This results in a current peak intensity of 260 ± 38 mA. If we would send these
high intensity pulses through a 1µm wide and 20 nm thick wire, a current density
in the order of 1013 A/m2 is achieved. This makes the current pulses very suit-
able for studying magnetization dynamics induced by spin polarized current, like
for instance current induced domain wall motion, for which these elevated densi-
ties are necessary. In the next chapter we will use the photoconductive switch to
make a first attempt toward study current induced magnetization dynamics in a
time-resolved way.
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Chapter 5

Toward current induced domain
wall motion

In this chapter, an overview is given of several steps taken toward measuring mag-
netization dynamics induced by a high density, spin polarized, current. Using the
photoconductive switch as an on-chip current pulse source, high intensity, ultra-
short current pulses are created whereafter they are forced through a magnetic
wire containing a magnetic domain wall, resulting in current induced domain wall
motion (CIDWM). In the first section a detailed description of the envisioned ex-
periment is given. Next, we introduce a magnetic structure, which enables us to
perform the proposed experiment, and we show the results of some tests related
to optimize this structure. Based on these results, a simulation on CIDWM us-
ing the one dimensional model for domain wall motion, or 1D model, is executed.
Then, we discuss several samples, used to perform feasibility studies, and we in-
troduce a design for a final sample to conduct the proposed experiment. Based on
the observation given in this chapter, the last section provides a possible outlook
experiment to study current induced magnetization dynamics.

5.1 Stroboscopic CIDWM detection

To measure current induced domain wall motion in a stroboscopic manner, we
need to fulfill the following requirements:

• Before starting the stroboscopic measurement, first a domain wall needs to
be created in a magnetic nanowire. This domain must form at a predefined
position inside the wire.

• After a current induced domain wall motion, the domain wall must move back
to its initial position and equilibrate before the next current pulse arrives.

In the following paragraphs we explain how the above listed points are accom-
plished.

51
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Ha

Θ

x

y W

Figure 5.1: Depiction of a bent wire used for creation of a domain wall. This is achieved
by first saturating the entire wire upward, as indicated by the Ha, and then releasing
the system by removing the external field. The arrows inside the wire indicate a possible

magnetization state after release.

For the first point we need to ensure the nucleation of only one domain wall, at a
specific place in the magnetic wire. For in-plane magnetized materials this can be
accomplished by using a bent wire as depicted in figure 5.1. The bend enables us
to create a domain wall by first magnetically saturating the wire in the y direction
(Ha), and then releasing the external field. The system relaxes and because of the
geometry, a magnetic domain wall is formed at the bend. This is a widely used
technique in the research concerning magnetic domain walls [2][37][38][39].

After domain wall creation, current pulses, delivered by the photoconductive switch,
are used to push the wall out of its equilibrium position and to make it move
through the wire. Its temporal dynamic behavior is probed using the time delayed
probe beam of the TRMOKE setup, positioned in the path of the domain wall
motion. Afterward, the domain wall must go back to its initial position within one
period of the pulsed current. It can be accomplished by using a static external
magnetic field as a backward driving force. This field is, in fact, the same as that
used for domain wall creation. The external field, combined with the bent wire,
results in potential well for the domain wall causing it to always move to its initial
position. On the other hand, the potential well also introduces a slope, resulting
in a field confined current induced domain wall motion. Therefore, a small test
is performed to determine the optimal bend characteristics such that the effect of
the external field on CIDWM is minimized, without diminishing the domain wall
initialization. We discuss this structure optimization in the next section.

5.2 Shape optimization

To determine the optimal bend characteristics, three criteria need to be fulfilled:

• The creation must result in only one domain wall. This limits the dimensions
of the wire [13].

• The domain wall must always return to its initial position within one period
of stroboscopic experiment. This results in a lower limit for the external field
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Table 5.1: Domain wall creation field (HDW) and depinning field (Hdepin) for the
different structure geometries. the errors on these fields are taken the step-size of the

field being 0.1 mT.

Angle (◦) HDW (mT) Hdepin (mT)
5 3.9 0.4
10 3.5 0.7
20 1.6 0.9
30 1.5 1.1
40 1.6 1.6

along the wire, approximated by Ha sin Θ, and thereby a value for Θ can be
determined.

• The pinning must be as low as possible to minimize its effect on the CIDWM,
leading to an upper limit for the external field Ha.

For the second point, we refer to the next section. To determine the optimal pa-
rameters for the first and third point, a test sample is created, containing two
series of structures with values for Θ of 5◦, 10◦, 20◦,30◦ and 40◦. In one series, the
characteristic bending width W = 0, representing a sharp corner. In the series of
Θ, values for W are approximately 0.1µm, 0.5µm, 2.2µm, 5.0µm, and 8.7µm,
respectively to the five mentioned angles in increasing order. The cross-section of
the wires 1µm×20 nm, and the used material is Co68B32, which is magnetically
softer than pure Co, and contains less pinning effects since adding boron results in
a more amorphous material state [40]. The structures are created by EBL, with
the settings as given in section 4.2.

The test is performed in a Kerr microscope (Zeiss Imager D2M, Evico Magnet-
ics) equipped with an in-plane field along both the x- and y-axis as in figure 5.1.
In this test, we first saturate the magnetization in the x-direction with a field of
20 mT, sufficiently large to uniformly magnetize the wire (fig. 5.2.a). After this,
the x-field is set to 0, and we gradually increase the y-field with steps of 0.1 mT
until a domain wall appears (fig. 5.2.b). We then keep the y-field at the value of
domain wall creation (HDW), and gradually increase (0.1 mT steps) the horizontal
field until the domain wall depins (Hdepin), and disappears (fig. 5.2.c-d).

For the structures containing a sharp corner (W = 0), the creation field is on
average higher than for the gradually bent wires, and an irregular behavior in the
depinning field is observed. The resulting values for the domain wall creation field,
and the depinning field for non-zero bend widths are given in table 5.1. Because
the creation fields are similar for the three largest angles, the optimal angle is
chosen to be 20◦, since, out of the three remaining angles, it possesses the lowest
depinning field.
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A bent wire in combination with an external field in the direction of the bend
thus brings solution to the creation and the returning of the domain wall. In
addition, an optimal angle Θ between the wire and the horizontal of 20◦ is deter-
mined for a 1µm×20 nm, Co68B32 wire. Using this information, we can perform a
simulation of the field confined current induced domain wall motion.

5.3 Simulation: field confined CIDWM

To get an indication wether or not the external field, confining the domain wall
motion, is problematic for CIDWM, but also the get a general idea of what to
expect on the dynamical behavior, we perform a simulation using the one dimen-
sional model for domain wall motion (sec. 2.2.4). To mimic the experiment of the
field confined CIDWM, the structure depicted in figure 5.1 is implemented in the
1D model (equations (2.11) and (2.12)). In the following paragraphs we explain
how this is accomplished, and we discuss the simulation results.

Values for the domain wall width ∆, the transverse anisotropy field HK , and
the applied field Ha are characteristic for the implemented structure. To quantify
these variables, a nanowire with cross-section 1µm ×20µm is considered, based
on the test samples used for the shape optimization (sec. 5.2). Although wires
with the given dimensions can result in complicated domain wall structures [41],
the 1D model prescribes us to use a simple Bloch domain wall (eq. (2.10)). The

(a) Hx=20 mT, Hy=0 (static) (b) Hx=0, Hy increasing (static)

(c) Hx = Hdepin, Hy = HDW (motion) (d) Hx = Hdepin, Hy = HDW (static)

Figure 5.2: Example measurement on the test sample (30◦ bent wire), using a Kerr
microscope. The contrast represents the magnetization direction. The white arrows

indicates the domain wall position.
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width of this Bloch wall is assumed ∆ = 200 nm, which is in the typical order of
magnitude for the given wire dimensions.

With the mentioned values the wire cross-section and the domain wall width,
the demagnetizing factors are calculated in the assumption of an ellipsoidal the
domain wall (Appendix B). The resulting values are Nx = 0.0097 and Ny = 0.0932.
By equation (2.13) and (2.14), a Co68B32 nanowire with the given demagnetizing
factors possesses a transverse anisotropy field of 1.25 T. The saturation magneti-
zation of Co68B32 is approximated by 0.68Ms,Co.

Finally, the pinning field is converted to a position dependent field according to
the geometry of the wire, with the longitudinal component given by

Ha(q) = Ha,0 sin

[
2Θ

π
arctan(− q

W
)

]
, (5.1)

where W is the characteristic width over which the wire bends, and Θ is the angle
between the wire and the horizontal (fig. 5.1), and q is the position of the domain
wall as in the 1D model (sec. 2.2.4). Ha,0 is the field at zero position, defined in the
center of the bend. For completeness, the transverse external field component can
be added to the transverse anisotropy field, although the magnitude of the former
is negligible compared to HK . A characteristic width of 2.2µm, and an angle of
20◦ is chosen, based on the results of the test sample (sec. 5.2).

Besides implementing the structure, we also need to define the effective veloc-
ity u, and values for the Gilbert damping parameter α, and the non-adiabaticity
β. A current density of 5·1012 A/m2 (sec. 4.7), and a polarization of 0.4 [42] leads
to an effective velocity u of about 120 m/s (eq. (2.9)). The current pulse is shaped
according to equation (4.3), with a rise time of 0.07 ps and a decay time of 100 ps,
based on the results of chapter 4. At last, α = 0.016 and β = α [14]. With this
we perform three different simulation with Ha,0 = 0, Ha,0 = 1.6 mT based on table
5.1, and Ha,0 = 7 mT. The results are shown in figure 5.3.

First of all we learn that the external field is indeed necessary to make the wall
move back to its initial position. In case of the 1.6 mT field, the return time is in
the order of the 12.5 ns current pulse period. Therefore, an additional simulation
was done with a semi arbitrarily chosen field of 7 mT, for which the domain wall
moves back during the first 2 ns, giving it about 10 ns time to completely stabilize
before the next current pulse arrives. In addition, it is seen that the domain wall
for all fields moves about 10 nm away from its initial position. This might be diffi-
cult to detect in the TRMOKE setup since the probe beam spot size is about 400
times larger (sec 3.2.4). However, because the domain wall motion is accompanied
with an out-of-plane component of magnetization (not shown here), for which the
TRMOKE is more sensitive, it might be possible to detect the domain wall dy-
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Figure 5.3: Time dependent position of the domain wall after inserting a current pulse,
with three different external field values being 0, 1.6 mT and 7 mT.

namics.

Based on the observation done so far, we have sufficient information to design
and process several samples. We discuss this in the next section.

5.4 Sample processing

This section gives an overview of the different samples containing a photoconduc-
tive switch, used for the work presented in this chapter. We also provide technical
details to ensure reproducibility. The first step in designing the samples, is cre-
ating a new UVL mask, since EBL working space on the previously used UVL
structure (sec. 4.2) is too limited.

The UVL mask (fig. 5.4) is designed for a 2-step UVL process. In the first step,
the entire substrate is covered with a 30 nm SiOx layer, except in the photocon-
ductive switch region, where contact is necessary between the metal guideline and
the GaAs substrate (not visible in fig. 5.4). The first layer contains four additional
marks, used to align the second UVL layer. In this second layer, a 10 nm/100 nm
Ti/Au waveguide structure is created with a guideline of 20µm wide, based on
the very first samples of this work (sec. 4.2). The guideline is interrupted for
about 200µm, starting from the switch regions, giving free space to create a de-
sired structure using, for instance, EBL. Our metal structures created by EBL are
10 nm/100 nm Ti/Au layers, unless otherwise stated in the related sections. This
also holds for EBL, for which the standard settings are as given in chapter 4.
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(a) (b) (c)

Figure 5.4: Image of one of the structures contained on the new mask. The left
structure (a) is a zoom of a 200µm left open region in the second layer of the total
UVL structure (b), containing five waveguides. It shows the 20µm waveguide, and four
alignment marks in the groundlines. These marks are used to create the final structure
by for instance EBL. The first UVL layer (c) is completely out of SiOx, except in the
regions of the green rectangle shown in the zoomed image (a). This is not visible in (c).
The first layer also contains four alignment marks in the corners of the sample, to ensure

good alignment of the second UVL layer (b).

Test samples

To verify whether the devices created by the new UVL-mask work as expected,
first a structure similar to that used in chapter 4 is created (fig. 5.5.a). Basically
we lengthen the right side of the waveguide toward the left side, leaving a gap
of 20µm to complete the photoconductive switch. On top of the guideline, two
cobalt islands, with the dimensions mentioned in chapter 4, are positioned. This
sample works as expected, and in fact, it is used to reproduce the results presented
in section 4.6.3.

Another sample is created to study the feasibility of tapering down the 20µm
guideline toward 5µm (fig. 5.5.b), and eventually 1µm (fig. 5.5.b). When tapering
the guideline, also the groundline dimensions change in order to retain the same
impedance throughout the entire structure. The resulting geometries are calcu-
lated using the theory of coplanar waveguides (sec. 2.3.2). The EBL settings for
writing the 1µm structures are different compared to the settings in the previous
chapter (sec. 4.2). This is due to the small gap between the guide- and groundline,
which is about 1µm, over a range of at least 100µm. When using a too high
electron dose, this narrow strip of resist in between two large groundline sheets
becomes softened too, and thus disappears during development. This problem is
eliminated for a dose of 180µC/cm2. However, to obtain better defined struc-
tures, it is advisable to use the so called proximity correction, in which the dose
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(a) (b) (c)

Figure 5.5: Overview of three test samples. (a) is a sample to test whether the samples
created with the new mask work. (b) and (c) are used to study the feasibility of tapering
the 20µm guideline down to respectively 5µm and 1µm. In the three cases, cobalt
islands are positioned on top of the guideline to detect the current pulse. Because the
samples were imaged some while after production, the sides of the cobalt islands started
oxidizing as seen in (c). The pictures also show that the samples contain speckles of

dirt.

per illuminated spot is recalculated to correct for possible additional illumination
induced by the surrounding spots. Since determining the proximity parameters is
time consuming, the correction is not used in this work. In the structure, three
cobalt island are created on top of the tapered section, and one larger cobalt island
is position after the tapering. The dimension of the large cobalt island is the same
as in chapter 4, and the smaller island are as wide as possible in the transverse
direction, depending on the width of the wire, and 5µm in the longitudinal direc-
tion of the wire. The Co thickness is 20 nm, and the islands are capped with 2 nm
of Al to prevent oxidation.

Final sample

Finally the sample for studying current induced domain wall motion is created
(fig. 5.6), based on the results of the previous section (sec. 5.3). It consists of a
3-step EBL process. In the first step, the photoconductive switch is completed
by a small metal structure on the right side of the gap. In the second step,
the surrounding ground lines are created and metalized independently from the
magnetic guideline. It is a 10 nm/50 nm Ti/Au, thinner than UVL-defined metal
structures, but necessary to minimize impedance mismatch due to the difference
in thickness with the final magnetic wire. The magnetic structure, containing the
tapering toward 1µm, is created in the third EBL step and consist of a 20 nm
Co68B32 layer capped with 2 nm of Al.
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Figure 5.6: Image of the final sample, containing a bent wire making an angle of 20◦

with the horizontal. The magnetic wire contains some oxidation.

5.5 Electrical characterization

In order to check the feasibility of tapering the guideline toward 1 um, the electrical
characterization introduced in chapter 4 is performed on the related test sample.
First, figure 5.7 shows the I-V-measurement (DC) under laser illumination of the
photoconductive switch. The measurements is performed on a structure containing
the 1µm tapering. The positive voltage is connected to the left side of the pho-
toconductive switch in figure 5.5.b-c. As in section 4.3, again an ohmic behavior
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Figure 5.7: I-V characterization of the 1µm tapered sample.

is observed for both positive and negative voltages, although the behavior is now
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Figure 5.8: Resulting parameters from fitting the z-component of the LLG-solution.
The error bars are confidence intervals from the fit algorithm. The material related
parameters are shown in (a) and the pulse parameters in (b). The red line in the Ms

plot is the literature value for Co. The red line in the τd plot is the average from all but
the first 2 points, 53±14 ps. From this, the pulse intensities is calculated using equation
(4.1) and (4.2), and the resulting value is indicated by the red line in the Hp plot. The

indicated errors are the confidence intervals given by the fit procedure.

asymmetric. This might be due to an asymmetric structure. Another explanation
is the positioning of the pump beam closer to one of the two metal-semiconductor
regions of the switch. We did not study this effect any further, since we only apply
positive voltages, enabling us to reach DC currents up to almost 3 mA.

A second characterization is related to the current pulse characteristics, for which
the method introduced in section 4.6.3 is used. For this, we only focus on the
1µm tapered wire. Without providing experimental data, we note that for the
5µm tapering, it is possible to magneto-optically detect the Oersted field effect on
a magnetic island in, and after the tapered region. For the 1µm tapering, magneto-
optic detection in the tapered region is not possible due to the diffraction limited
spot size. Nevertheless, it is possible to detect the Oersted field induced magne-
tization dynamics after the tapering. To gain insight on possible change in pulse
characteristics due to this tapering, a field dependent oscillation measurement, as
in section 4.6.3, is performed. We again fit them with the z-component of the
numerical LLG-solution, for which the resulting parameters are shown in figure
5.8. Remarkably, the pulse characteristic decay time of 53±14 ps is lower than the
that given in section 4.6.3, being 91±15 ps. This might be related to dispersion,
as it is known the exist in coplanar waveguides [22]. Using the obtained decay
value in combination with the DC current from figure 5.7 (10 V→∼2 mA), a peak
current of about 471±142 mA is calculated. With this, the field pulse intensity Hp

is calculated and plotted by the red dashed line in fig. 5.8. Its value, 15±4 mT, is
similar to these resulting from the fit procedure. With the resulting peak current,
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also the peak current density in the tapered region can be calculated, and results
in (4.71±1.42)·1012 A/m2.

For completeness, we also provide the resulting fit-values for Ms and α. For both
variables, a field-dependent behavior similar to the fit values for the 20µm wire is
observed (sec. 4.6.3). Only Ms results in slight increased value, which might be
related to the position of the probe beam on the magnetic island [28].

Finally, we observe that the magnetic wire (fig. 5.6) is able to withstand the
high intensity current pulses delivered by the photoconductive switch. We have,
however, no experimental data available on this. In the next section, a possible
magneto-optic domain wall detection in the TRMOKE setup is discussed, using
the result of a micromagnetic simulation.

5.6 Magneto-optic domain wall detection

Using a Kerr microscope, we can easily visualize the position of a domain wall (fig.
5.9.a), which, for instance, is used in section 5.2. However, to conduct dynamical
measurements on magnetic domain wall motion, we need to be able to detect the
presence of a domain wall using the TRMOKE setup (sec. 3.2.2). From previous
measurements, we know that the setup is sensitive for the out-of-plane magneti-
zation component, and for one direction of the in-plane magnetization component
(sec. 4.6.1). Because of the in-plane sensitivity, a line scan across a static domain
wall is a possible technique to verify the presence of the wall. The resulting signal
could also be helpful in understanding the signals from measurements on domain
wall motion.

First, we try to gain insight on the shape and width of the domain wall by per-
forming a micro-magnetic simulation (fig. 5.9.a). In these kinds of simulations,
the entire structure is subdivided into small magnetic cells, and all the interac-
tion energies (sec. 2.1.2) between neighboring cells, but also interactions of cells
with anisotropy and external fields are calculated, per cell. To mimic an external
field in combination with a bent wire (fig. 5.1), the external field is implemented
by a position dependent field, similar to the method used in the simulation by
the 1D model for domain wall motion (sec. 5.3). In the x-direction we use the
same expression (eq. (5.1)) for the position dependent field, and to mimic the real
system even more, we include a linear y-dependency in the characteristic width
W . Bending the pinning field instead of the wire, eliminates edge roughness and
redundant cells, speeding up the simulation.

The resulting domain wall structure is shown in figure 5.9. It shows a so called
transverse domain wall, with a width of approximately 1µm. This width is about
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Figure 5.9: Simulation result of a domain wall inside a bent wire, with an external
pinning field. Instead of bending the wire, a position dependent pinning field is defined.
The arrows indicate the local magnetization. Wire dimensions: 1µm wide, 5µm long

and 20 nm thick.

four times smaller than the probe beam spot size (sec. 3.2.4), making the detection
difficult. Like the domain wall width, also the magnetic wire itself is small (1µm)
compared to the probe beam spot size. Moreover, the wire is surrounded by two
thicker Au groundlines, introducing additional noise to the MOKE signal. A small
domain wall and wire, together with the surrounding groundlines cause the MOKE
signal to be buried in noise, making it not feasible to magneto-optically detect the
magnetization state of the wire, using the given TRMOKE setup.

We now discuss several attempts made to increase the resolution of the TRMOKE
setup, which could be a solution to the formerly addressed problems. Increasing
the resolution basically means lowering the focal spot size (sec. 3.2.4). According
to equation (3.16), this can be achieved by increasing the diameter of the incom-
ing beam, lowering the wavelength or using another objective to decrease the focal
distance. For the wavelength, we are limited by the laser source which allows us to
go to approximately 700 nm without loosing important laser power. The incoming
laser diameter might be increased up to the diameter of the objective, replacing
the denominator of equation (3.16) by 2NA with NA the numerical aperture of the
objective. For an NA of 0.3, the theoretical spot size is about 1.2µm for 700 nm
wavelength. However, increasing the incoming beam reduces space necessary for
positioning the focal spot on the sample (sec. 3.2.4). Using a beam expander to
increase the incoming beam diameter to about 1 cm, a theoretical spot size of
approximately 2.4µm can be obtained. Further, another objective with an NA
of 0.65 and a focal distance of 1.6 cm is available for the used setup. Combined
with the beam expander this results in a minimal focal spot size of 1.3µm, which
should be sufficiently small to detect a magnetic signal on the magnetic wire. De-
spite these theoretical predictions, we are not able to detect any magnetic signal
on the 1µm wire with the given setup.

5.7 Outlook: Time-resolved Hall effect

Based on the observation summarized in this chapter so far, we present an outlook
experiment for studying current induced magnetization dynamics in out-of-plane
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magnetized materials. In the following paragraphs we give a short introduction to
out-of-plane magnetized materials, and we discuss how these materials lead to a
domain wall detection method, different than MOKE. We then propose an experi-
ment in which this different detection method and the photoconductive switch are
combined to perform time-resolved CIDWM measurements.

In out-of-plane magnetized materials, the magnetization preferrers to be orientated
perpendicularly to the plane. This is experimentally achieved by placing a thin
magnetic layer between two nonmagnetic materials like platinum or aluminum-
oxide. A common used material combination is Pt(4 nm)/Co(0.3-0.8 nm)/Pt(2 nm)
[9]. The anisotropy forcing the magnetization out of plane is caused by interface
effects, and is therefore only present in ultrathin films, where the interface effects
can dominate over the bulk.

The domain wall widths in out-of-plane magnetized materials are in the order
of only nanometers, which is very narrow compared to in-plane magnetized mate-
rials (∼100 nm). From application point of view like the MRM (see introduction),
narrow domain walls result in a higher data storage density. For us, one reason to
work with out-of-plane magnetized materials is that it enable us to exploit the so
called anomalous Hall effect (AHE) for measuring the local magnetization state.
The AHE is comparable to the ordinary Hall effect, in which the magnetization
direction influences the resistance along the width of the current carrying magnetic
wire. Although there is still a lot of debate on the exact origin of the AHE, it is a
general accepted technique to probe the magnetization component perpendicular
to the plane [9].

Proposed experiment

The envisioned experiment is depicted in figure 5.10. In this, we again use a photo-
conductive switch as a source for ultrashort, high intense current pulses to induce
magnetization dynamics in a magnetic wire, which is now out-of-plane magne-
tized. For the time-resolved detection of the magnetization dynamics, we propose
a probe circuit in which the Hall cross is combined with a separate photoconduc-
tive switch. It allows us to temporarily activate the Hall measurement, by using
the time-delayed probe beam of the TRMOKE setup, resulting in a time-resolved
Hall measurement.

To conduct a time-resolved measurement, the studied effect should be repetitive.
This means that, after the current induced motion, the domain wall must move
back to its initial position and stabilize before the next current pulse arrives, as was
also the case for the in-plane experiments discussed earlier in this chapter. This
is achieved by a static external magnetic field, forcing the domain wall backward
by field driven domain wall motion. However, to prevent the wall from moving
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Vp,+

Vh,+

Hall cross

Anisotropy barrier

Figure 5.10: Schematic of the envisioned outlook experiment. It contains two pho-
toconductive switched, one for creation a current pulse to induce CIDWM, the other
to activate the hall cross. After CIDWM, an external field pushed the wall back to its
initial position. The dark part of the magnetic wire has lowered anisotropy, resulting in

an anisotropy barrier.

out of the wire and disappear, a region of increased perpendicular anisotropy is
inserted in the magnetic wire. This introduces an anisotropy barrier, which serves
as a potential barrier for domain wall motion. Additionally, this barrier enables us
to create a single domain wall in a predefined position in the wire. Experimentally
the anisotropy barrier can be achieved by gallium-ion irradiation, which is known
to decrease the perpendicular magnetic anisotropy. In figure 5.10, the dark part
of the magnetic wire represents a region of decreased anisotropy. The principles
introduced in this paragraph are all discussed extensively in [9].

Finally we discuss a possible issue related to this detection technique. A photo-
conductive switch is often considered as a time dependent resistor and a capacitor
parallel with this resistor. Since the Hall signal frequency is the same as the laser
pulse frequency (80 MHz), it might leak through the capacitance of the photocon-
ductive switch, whereby we loose the time-resolvedness of the measurement. We
can, however, ignore the signal leakage based on the following consideration: The
capacitance of a 20µm air gap with 20µm×110 nm plates is in the order of 10−19 F.
This results in an impedance in the order of 109,Ω for 80 MHz. This impedance
is about ten times larger than the maximum switch resistance, ∼108 (from fig.
4.3), ensuring that the Hall signal mainly passes through the resistor rather than
leaking through the capacitor of the switch. Therefore we can indeed activate the
Hall measurement for the given frequencies, allowing us to do the time-resolved
Hall detection.

In conclusion we propose a device in which we combine two photoconductive
switches: one to create intense current pulses for domain wall motion, and a sec-
ond to activate the Hall measurement. Using this detection scheme, we introduce
a new way to perform time-resolved measurements on magnetization dynamics.
One drawback of this technique compared to the TRMOKE, is that we loose spa-
tial freedom since we the Hall cross is fixed at a predefined position. The main
advantage compared to TRMOKE is that we omit the resolution issue because of
the diffraction limited spot size.



Chapter 6

Conclusion and outlook

In this chapter we briefly summarize the most important conclusions on the results
presented in the preceding chapters. Next, as an outlook, we give some points of
interest for future work on the photoconductive switch itself and its application
in magnetization dynamics. Additionally we give some suggestions to possibly
optimize sample fabrication.

6.1 General conclusions

The main goal of this work was designing a method for performing stroboscopic
measurements on current induced domain wall dynamics. The need for high cur-
rent densities of 1012-1013 A/m2 comes with the major drawback of severe Joule
heating, disturbing the dynamics and even destroy the magnetic wires. As a so-
lution, short and intense current pulses are used, leading to the employment of a
photoconductive switch. It is believed to be capable of producing current pulses
with elevated intensities, confined in shorter time spans, compared to external cur-
rent pulse sources.

In the first part of this work we focussed on the photoconductive switch itself, and
characterization of the delivered current pulse. We successfully designed a sample
containing this switch, which is simply an interrupted metal nanostrip (Ti/Au)
on top of a semiconductor (GaAs). An I-V-characterization on the switch reveals
a linear relation between the applied gap voltage and the photo-induced current,
above a certain threshold voltage. This was explained by the cohesive Ti layer on
top of the GaAs, leading to an ohmic contact rather than a rectifying Schottky bar-
rier. This enables us to easily change the current intensity in a large voltage range.

Besides the switch itself, we also included a structure for detecting the current
pulse in the vicinity of its creation. For this, we used the magneto-optic Kerr ef-
fect to record the influence of the Oersted field pulse, corresponding to the current
pulse, on a magnetic structure positioned on top of the current-carrying wire.
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With the given detection technique, we first of all demonstrated that the photocon-
ductive switch illuminated with ultrashort, intense laser pulses, indeed delivered
current pulses. Next, by assuming a shape of the current pulse as a combination
of a steep rising and an exponential decaying part, and inserting this pulse in the
Landau-Lifshitz-Gilbert equation, the magnetization dynamics of magnetic struc-
ture was predicted. It enabled us to trace back the characteristic decay time of
the pulse being about 96±14 ps, and with this the current pulse peak intensity of
260± 38 mA.

Based on the successful implementation of a photoconductive switch, an attempt
was made toward a device for stroboscopic time-resolved measurements on cur-
rent induced domain wall motion. For this, we designed an experiment in which
a magnetic domain wall, contained in a magnetic wire, was pushed forward by a
current, and pushed back to its initial position with an external magnetic field, all
within one period of the pulsed current. This was achieved by a bent wire with
cross section 1µm× 20 nm, making an angle of 20◦ with the horizontal.

A test-sample was created to study the feasibility of using the intense current
pulse in a 1µm straight wire, rather than in the 20µm wire used in the previous
experiments. We created structure with a tapering of the 20µm wire to 5µm
and to 1µm wires. For the 5µm wire we were able to detect the response of a
magnetic island positioned on top of the wire inside, and after the tapering. For
the 1µm wire, the diffraction limited probe spot size made it impossible to detect
any magnetic signal in the tapered region, however it was possible to detect the
current pulse after the tapering. At this spot we determined a characteristic de-
cay time of 53±14 ps leading to a peak current of 471±142 mA, sufficiently large
to use for current induced domain wall motion in a wire with the given dimensions.

The final sample was created in which both the photoconductive switch and the
bent magnetic wire were combined. This sample was able to withstand the high
current densities of (4.71±1.42)·1012 A/m2. However, we were not able to pick up
any magnetic signal on the magnetic wire due to the diffraction limited spot size
of the probe laser beam. For this, several attempts were made to increase the
resolution of the setup without success.

Finally, we propose a stroboscopic experiment for current induced domain wall
dynamics in out-of-plane magnetized materials. Instead of detection the magne-
tization dynamics magneto-optically, we include a Hall cross, for anomalous Hall
effect detection. It is proposed to activate this Hall measurements by combining
the Hall cross with a second photoconductive switch. This provides an alternative
technique to perform a time-resolved measurement.
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6.2 Outlook

Besides the proposed outlook experiment discussed previously, there are several
other points which may be interesting to study into to further detail.

Photoconductive switch

Although we did a characterization of the electrical properties of the photoconduc-
tive switch, there are still some features that might be interesting to study. During
the experiments, it was found that the amount of focussing of the laser beam on
the photoconductive region influenced the resulting current. Additionally, we ob-
served that the position of the laser spot changed the resulting current. We did
not study this into great depth, since we were only interested in getting the highest
possible photo-induced current. This was achieved by “playing” with the laser spot
position in the three dimensions, iteratively until the highest current was obtained.

In this work, we only used the simplest form the photoconductive switch could
get: two rectangular metal plates across each other. However, several other struc-
tures might be interesting to use, like an interwoven finger structure. The idea is
that it increases the contact surface between the metal and the semiconductor. On
the other hand, the distance between the two metal plates decreases, leading to a
lower applicable voltage (decreased breakdown voltage), which might decrease the
high current we observed.

Extra work might be spent on decreasing the characteristic pulse duration toward
the picosecond range. This is for instance possible by changing the semiconductor
properties such that the carrier lifetimes decreases. This is for instance possible
by ion irradiation [43]. Another possibility is using a double switch device, which
combines a positive, and time delayed negative pulse resulting in a current pulse
with the temporal dimension of the time delay [34].

Sample fabrication

Regarding the fabrication of the magnetic and non-magnetic structures, more work
should be spent on the optimal EBL parameters. In case of the magnetic structure,
it was observed that it contained small discontinuities. The reason for this is the
way EBL works: it writes the structure line by line. For complicated structure,
the speed of the scanning line combined with the on-off speed of the beam blanker
limits the precision for structures making an angle with these scanning lines.

Another point involving sample fabrication is the long, narrow structures like the
1µm wires in between two ground plates, over a distance of at least 100µm. A
problem arises because of the large sheets from the groundlines: writing the en-
tire sheet with a fixed electron dose leads to accumulation at the edges making
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them blunt and undefined. We ultimately found an acceptable dose-setting, for
which this problem was overcome in our structures, however it was just obtained
by trial-and-error. To ensure reproducibility it is advisable to use the so called
proximity correction. In this, the dose is calculated for every position to cancel out
the accumulation effect. To use this technique, the three proximity parameters,
which are specific for the type of substrate and resist, need to be determined.

Other applications

In this work we used the effect of the current pulse on a magnetic island, positioned
on top of the conducting wire, to retrieve information on the pulse characteristics.
However, this technique is also useful to determine intrinsic magnetic material
constants like Gilbert damping and saturation magnetization, as shown by the
field dependent fitting series in section 4.6.3 and 5.5. Determining these materials
constants was for instance already done by time-resolved thermal pump-probe ex-
periments on out-of-plane magnetized materials[11], in which the remagnetization
dynamics contains information on the Gilbert damping. However, the thermal ef-
fect might influence the material parameters, which is avoided using short current
pulses instead.

Prospective

Finally, we note that for the discussed experiments, the projected current densi-
ties of 1012-1013 A/m2, and pulse lengths in the order of hundreds of picosecond
is still quite modest. If we would, for instance, conduct the experiment discussed
in section 5.7, we are not limited by the probe beam spot size, allowing us to
lower the wire cross-section at least 10, or even 100 times. This results in cur-
rent densities in the order of 1014-1015 A/m2, which might bring us in a different
spin transfer regime, leading to new research possibilities and, possibly, new and
exciting physics.
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Appendix A

Jones formalism

In the Jones formalism, the polarization of light is given by a Jones vector, which
contains the two electric field components of the light traveling in the z-direction(

Ex
Ey

)
(A.1)

This vector is often normalized since amplitude information is redundant in most
cases. In this report we commonly write the Jones vectors as (Ex, Ey). Example
polarization states are for instance linear light in the x-direction: (1,0) and right
(+) or left (-) circularly light: (1/

√
2)(1,±i).

Using this convention for writing the polarization, it is easy to introduce the effect
of several active and passive optical components. This is achieved by Jones ma-
trices M , which are basically transformation matrixes for the Jones vector. Two
important components used in this work are the polarizer (p), and the quarter-
wave-plate (qwp), with the respective Jones matrices

Mp =

(
1 0
0 0

)
, Mqwp =

(
1 0
0 i

)
(A.2)

In these definitions, the transmission axis of the polarizer and the fast axis of the
quarter-wave-plate are both along the x-axis of the incoming light. However, it
might be convenient to calculate the effect of these components at any arbitrary
angle compared to the incoming light. For this, we use the rotation matrix

R(θ) =

(
cos θ sin θ
− sin θ cos θ

)
, (A.3)

to perform a basis transformation by

M(θ) = R(−θ)MR(θ). (A.4)
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As an example calculation using the formalism, we calculate the effect of linearly
polarized light passing through a qwp at an angle of π/4,

Eout = Mqwp ·R(π/4) · Ein (A.5)

=

(
1 0
0 i

)( √
2/2

√
2/2

−
√

2/2
√

2/2

)(
1
0

)
(A.6)

=

√
2

2

(
1
−i

)
(A.7)

This is a well known result: linear polarized light traveling through a qwp at an
angle of π/4 leads to circularly polarized light.

Using the Jones matrix definitions for a PEM and a sample given in section 3.2.3,
we write down the expression used for the detector output voltage. According to
the alignment of figure 3.4, this expression becomes

Eout = Mp(θ) ·Msample ·MPEM(3π/4) ·Mqwp(π/2) ·Mp(π/4) · Ein (A.8)

The intensity of the resulting Jones vector can be calculated by

I ∼ |E|2 = |E2
x + E2

y |. (A.9)

Since the voltage output of the used detectors depends linearly on the intensity,
this equation is used to for instance calculate equation (3.12).



Appendix B

Demagnetizing factors

For a uniformly magnetized ellipsoid with semi-axes a ≥ b ≥ c ≥ 0 in the x-, y-
and z-direction, Osbern [10] provides expressions of the respective demagnetizing
factors L, N and M which he obtained by geometrical considerations. Assuming
that the domain wall inside a 1µm ×20 nm wire (a× c) is a uniformly magnetized
region of 200 nm wide (b), the limiting case a ≥ b � c holds, for which the
demagnetizing factors are given by

L

4π
=
c

a

√
1− e2

K − E
e2

, (B.1)

M

4π
=
c

a

cE − (1− e2)K

e2
√

1− e2
, (B.2)

N

4π
= 1− cE

a
√

1− e2
, (B.3)

where E and K are complete elliptical integrals whose argument is

e =

√
1− b2

a2
. (B.4)

Using these expressions and the given dimensions, the values Nx = 0.0097, Ny =
0.0932 and Nz = 0.8971 are obtained.
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J. Camarero, C. Tieg, E. Bonet, M. Bonfim, R. Mattana, C. Deranlot,
F. Petroff, C. Ulysse, G. Faini, and A. Fert, “High domain wall velocity at
zero magnetic field induced by low current densities in spin valve nanostripes,”
Applied Physics Express, vol. 2, no. 2, p. 023003, 2009.

[40] R. Lavrijsen, G. Malinowski, J. H. Franken, J. T. Kohlhepp, H. J. M. Swagten,
B. Koopmans, M. Czapkiewicz, and T. Stobiecki, “Reduced domain wall pin-
ning in ultrathin Pt/Co[sub 100 - x]B[sub x]/pt with perpendicular magnetic
anisotropy,” Applied Physics Letters, vol. 96, no. 2, p. 022501, 2010.

[41] K. Weerts, Information Transport in Magnetic Nanostructures. PhD thesis,
2010.

[42] A. Stognij, V. Meshcheryakov, N. Novitskii, F. Fettar, and M. Pashke-
vich, “Magnetic properties of cobalt films at the initial stage of ion-
beam deposition,” Technical Physics Letters, vol. 35, pp. 528–531, 2009.
10.1134/S1063785009060145.

[43] H. H. Tan, C. Jagadish, K. Korona, J. Jasinski, M. Kaminska, R. Viselga,
S. Marcinkevicius, and A. Krotkus, “Ion-implanted GaAs for subpicosecond
optoelectronic applications,” Selected Topics in Quantum Electronics, IEEE
Journal of, vol. 2, pp. 636 –642, sep. 1996.


	Abstract
	Table of contents
	Introduction
	Magnetic racetrack memory
	Magnetization dynamics
	Photoconductive switch
	This work

	Theoretical basis
	Magnetization dynamics
	LLG equation
	Magnetic anisotropy and exchange interaction

	Domain walls and their motion
	Domain Walls
	Field induced domain wall motion
	Current induced domain wall motion
	The 1D model for domain wall motion

	Photoconductive switch
	Schottky barrier and photocurrent
	Microwave electronics


	Setup and experimental tools
	Device fabrication
	UV-Lithography
	EBL structuring

	Tracking magnetization: TRMOKE
	The origin of MOKE
	Experimental TRMOKE setup
	Signal analysis
	Microscopy


	Pulse creation and detection
	Pulse detection principle
	Sample design
	I-V characterization
	LLG Macro simulation
	First measurements: proof of principle
	Signal processing
	Transverse vs. Longitudinal
	Decomposing the signal
	LLG fit

	Chapter Conclusions

	Toward current induced domain wall motion
	Stroboscopic CIDWM detection
	Shape optimization
	Simulation: field confined CIDWM
	Sample processing
	Electrical characterization
	Magneto-optic domain wall detection
	Outlook: Time-resolved Hall effect

	Conclusion and outlook
	General conclusions
	Outlook

	Acknowledgments
	Jones formalism
	Demagnetizing factors

