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Kurzfassung

Schliisseltechnologien wie magnetoresistive Sensoren oder das MRAM (Magnetic Ran-
dom Access Memory) erfordern reproduzierbare magnetische Schaltvorgange zwischen re-
manenten Zustdnden. In modernen magnetischen Speichern erreicht die Geschwindigkeit
solcher Prozesse die Zeitskala der gyromagnetischen Prédzession. Die Landau-Lifschitz-
Glibert-Gleichung (LLG) beschreibt magnetisch angeregte Zustande in Form von Eigenmo-
den und Dampfung in lateral begrenzten diinnen Schichten.

Forschungsobjekte dieser Arbeit sind u.a. hochentwickelte anti-parallel gepinnte syntheti-
sche Spinventile, wie sie als GMR-Leseelemente (Giant MagnetoResistive) in heutigen Mag-
netspeicherplatten zum Einsatz kommen. Darin ist eine ferromagnetische Schicht hoher
Koerzitivitat mittels Austauschkopplung an einen Antiferromagneten gekoppelt. Eine zwei-
te, durch einen nichtmagnetischen Spacer getrennte ferromagnetische Schicht, richtet sich bei
entsprechender Spacerdicke antiparallel zu dieser aus. Eine dritte, wiederum antiparallel zur
zweiten ausgerichtete NiFe-Schicht niedriger Koerzitivitat (der Freelayer), wirkt als sensie-
rende Schicht, in dem sich, abhdngig vom dufieren Magnetfeld, der Widerstand im Schicht-
stapel dandert. In dieser Arbeit wird mittels elementspezifischer, zeitaufgeloster Photoemissi-
ons-Elektronenmikroskopie (TR-PEEM), die Magnetisierung des Freelayers isoliert vom Rest
des Schichtstapels abgebildet. Genutzt wird dazu der Rontgenzirkulardichroismus (XMCD).

Die untersuchten Spinventile (typisch AR/R =15%) und wurden mittels Diinnfilmtechnik
auf den pulsfithrenden Leiter eines koplanaren Wellenleiters aufgebracht. Dabei wurden
Geometrie (Rechtecke, Ellipsen, Ringe), Dimension (im Bereich weniger Mikrometer) und
Orientierung zum Feldpuls variiert. Um magnetische Schaltvorgdange im Gigahertz-Regime
tiberhaupt untersuchen zu kénnen, mussten zum einen ultra-kurze Rontgenpulse am Syn-
chrotron BESSY II erzeugt werden (low a-mode) und zum anderen die Wellenleitertechnik
zur hochfrequenten elektromagnetischen Anregung (FWHM typisch 100 ps) optimiert wer-
den. Orts- u. Zeitauflosung konnten auf d = 100 nm bzw. At = 15 ps reduziert werden.

Es wird gezeigt, dass die Magnetisierungsdynamik des Freelayers in einem GMR-
Spinventil nicht der erwarteten kohdrenten Rotation entspricht. Vielmehr ist die dynamische
Antwort des Systems auf den Feldpuls eine Uberlagerung aus einer homogenen kritisch ge-
dampften Prdzession und Spinwellenmoden hohere Ordnung. Fiir eine quadratische Struk-
tur wird eine Spinwellenmode beobachtet, deren Periode 600 ps (1.7 GHz) betragt. Der
Dampfungskoeffizient erweist sich augenscheinlich zunachst als unabhangig von der Form
des Spinventils, wodurch das Modell homogener Rotation und Dampfung gestiitzt wiirde.
Erst die Differenzbildung der magnetischen Rotation zwischen Mitte und Randbereich der
Struktur macht die Spinwellenmode hohere Ordnung sichtbar, deren Beitrag zur Energiedis-
sipation zu einer erhdhten effektiven Dampfung (o =0.01) fiihrt. Dampfung und magneti-
sche Schaltvorgéange in Spinventilen hangen somit von der Geometrie ab. Mikromagnetische
Simulationen reproduzieren die beobachteten Spinwellenmoden.

Neben dem Kurzzeitverhalten der Magnetisierung von Spinventilen wurden einlagige
Permalloy-Schichten mit Dicken zwischen 3 und 40 nm untersucht. Die Phasengeschwindig-
keit einer Spinwelle konnte in einer 3 nm dicken Ellipse mit 8.100 m/s ermittelt werden. Fiir
eine rechteckige Struktur mit Landau-Domaénen betragt die gemessene Geschwindigkeit der
Verschiebung einer 90°-Néel-Wand durch den Feldpuls, 15.000 m/s.
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Abstract

Key technology applications like magnetoresistive sensors or the Magnetic Random Ac-
cess Memory (MRAM) require reproducible magnetic switching mechanisms. i.e. predefined
remanent states. At the same time advanced magnetic recording schemes push the magnetic
switching time into the gyromagnetic regime. According to the Landau-Lifschitz-Gilbert
formalism, relevant questions herein are associated with magnetic excitations (eigenmodes)
and damping processes in confined magnetic thin film structures.

Objects of study in this thesis are antiparallel pinned synthetic spin valves as they are ex-
tensively used as read heads in today’s magnetic storage devices. In such devices a ferro-
magnetic layer of high coercivity is stabilized via an exchange bias field by an antiferromag-
net. A second hard magnetic layer, separated by a non-magnetic spacer of defined thickness,
aligns antiparallel to the first. The orientation of the magnetization vector in the third ferro-
magnetic NiFe layer of low coercivity - the freelayer - is then sensed by the Giant Magne-
toResistance (GMR) effect. This thesis reports results of element specific Time Resolved
Photo-Emission Electron Microscopy (TR-PEEM) to image the magnetization dynamics of
the free layer alone via X-ray Circular Dichroism (XMCD) at the Ni-Ls X-ray absorption edge.

The ferromagnetic systems, i.e. micron-sized spin valve stacks of typically AR/R = 15%
and Permalloy single layers, were deposited onto the pulse leading centre stripe of coplanar
wave guides, built in thin film wafer technology. The ferromagnetic platelets have been ap-
plied with varying geometry (rectangles, ellipses and squares), lateral dimension (in the
range of several micrometers) and orientation to the magnetic field pulse to study the mag-
netization behaviour in dependence of these magnitudes. The observation of magnetic
switching processes in the gigahertz range became only possible due to the joined effort of
producing ultra-short X-ray pulses at the synchrotron source BESSY II (operated in the so-
called low-a mode) and optimizing the wave guide design of the samples for high frequency
electromagnetic excitation (FWHM typically several 100 ps). Space and time resolution of the
experiment could be reduced to d = 100 nm and At = 15 ps, respectively.

In conclusion, it could be shown that the magnetization dynamics of the free layer of a
synthetic GMR spin valve stack deviates significantly from a simple phase coherent rotation.
In fact, the dynamic response of the free layer is a superposition of an averaged critically
damped precessional motion and localized higher order spin wave modes. In a square plate-
let a standing spin wave with a period of 600 ps (1.7 GHz) was observed. At a first glance,
the damping coefficient was found to be independent of the shape of the spin-valve element,
thus favouring the model of homogeneous rotation and damping. Only by building the dif-
ference in the magnetic rotation between the central region and the outer rim of the platelet,
the spin wave becomes visible. As they provide an additional efficient channel for energy
dissipation, spin waves contribute to a higher effective damping coefficient (o = 0.01). Damp-
ing and magnetic switching behaviour in spin valves thus depend on the geometry of the
element. Micromagnetic simulations reproduce the observed higher-order spin wave mode.

Besides the short-run behaviour of the magnetization of spin valves Permalloy single lay-
ers with thicknesses ranging from 3 to 40 nm have been studied. The phase velocity of a spin
wave in a 3 nm thick ellipse could be determined to 8.100 m/s. In a rectangular structure ex-
hibiting a Landau-Lifschitz like domain pattern, the speed of the field pulse induced dis-
placement of a 90°-Néel wall has been determined to 15.000 m/s.

viii



Content

CHAPTER 1 INTRODUCTION 10
CHAPTER 2 THEORY OF FAST REMAGNETIZATION PROCESSES 15
2.1. Formation of Magnetic Domains and Domain Walls 16
2.2. The Landau-Lifschitz-Gilbert Formalism 19
2.3. Magnetization Dynamics in extended Structures and coupled Layers 23
CHAPTER 3 EXPERIMENTAL 26
3.1. Stroboscopic Imaging using the Time Structure of Synchrotron Radiation 27
3.2. Time-resolved XMCD-PEEM 30
CHAPTER 4 PREPARATION OF MICRO STRIPLINE SAMPLES 33
4.1. Preparation of Micro Strip Line samples with Spin-Valves 36

Design Optimization 36

Device Fabrication 40
4.2.  Preparation of Single Crystalline Co Platelets 50
4.3.  Ultra-thin Permalloy Rings and Ellipses 57
4.4. Thicker Permalloy Platelets 59
CHAPTER 5 RESULTS 60
5.1. Magnetization Dynamics in Microscopic Spin Valves 61
5.2.  Epitaxial Co Platelets on a Single-Crystalline Mo Strip Line 77
5.3. Propagating Magnetic Eigenmode in Ultra-Thin Py Ellipse 80
5.4. Magnetization Dynamics of Ultra-Thin Py Rings 83
5.5. Dynamic Response of 90° Néel Domain Walls 86
CHAPTER 6 CONCLUSIONS AND OUTLOOK 94
CHAPTER 7 ATTACHMENTS 99
7.1.  Curriculum Vitae Fehler! Textmarke nicht definiert.
7.2.  Acknowledgement 100
7.3.  List of Publications 102
7.4. Abbreviations 104
7.5. References 105



Chapter 1

Introduction



Key technology applications like the magnetic random access memory (MRAM) or
magnetoresistive sensors require reproducible switching mechanisms. i.e. predefined
remanent states. The switching process itself has to be reproducible. Thus, under-
standing the fundamental physics of the magnetic behaviour of two-dimensional mi-
cron sized ferromagnetic elements is inevitable to control the switching process. Fur-
thermore, advanced magnetic recording schemes and spintronics push the magnetic
switching time into the gyromagnetic regime. Ultrafast magnetization excitations in
soft magnetic microstructures thus recently attracted particular attention!?34>¢, New
switching concepts involving the spin transfer torque”® also rely on gyromagnetic
processes. For microscopic elements with small magnetic anisotropy and a well-
defined shape, the high-frequency behaviour is governed by confined spin wave ei-
genmodes!??.

Relevant questions are associated with magnetic excitations (eigenmodes) and
damping processes in confined magnetic structures!’. One the one hand, there is
some work in the frequency domain, i.e. high-frequency spectroscopy (ferromagnetic
resonance) in nanoscale dots'!' and references therein. On the other hand, work in the
time domain is sparse because it requires an extremely high time resolution to ob-
serve processes in the gigahertz range directly.

Magnetic modes have been studied recently by Park et al. using time-resolved
Kerr-microscopy®'?2, by XMCD-PEEM!"*!3 and by transmission X-ray microscopy'“. In
addition to spinwave modes, transient spatio-temporal features like the formation of
transient domain walls and transient vortices as well as the emergence of stripe-like
domain patterns (blocking patterns) have been observed by Kerr microscopy’® and
PEEM®.

Magnetic spin valves represent very important functional structures in modern
magnetism. Today, spin valves are extensively used as read heads in magnetic stor-
age devices. Their functionality depends crucially on the interplay of magnetic cou-
pling phenomena. In its simplest version, a spin valve is composed of two ferromag-

netic (FM) layers separated by a nonmagnetic (NM) spacer layer mediating a usually
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antiferromagnetic indirect exchange coupling'”!® which determines the magnetic con-
figuration of the layer stack. In a more refined approach, the magnetization in one of
the FM layers (hard layer) is additionally stabilized by a strong coupling (exchange
biasing) to an antiferromagnet. The orientation of the magnetization vector in the
other FM layer — the free layer — is then sensed by the giant magneto resistance
(GMR) effect!®20, In more complex systems, further coupling mechanisms such as

orange peel or edge coupling may take place?.
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Fig. 1: Comparison of different magnetic imaging techniques in the landscape of time scale
and lateral dimension. A time resolution of 15 ps, a lateral resolution of approx. 100 nm and
several nanometers of depth sensitivity make Time Resolved Photo Emission Electron Micros-
copy (TR-PEEM) unique and the preferred investigation method for imaging spin dynamics
(figure courtesy C.M. Schneider*®).

Micron-sized spin valves are extremely interesting structures from a fundamental
point of view, as they provide a unique access to the interplay between different
types of magnetic coupling in both static and dynamic experiments®2. Owing to its
unique time structure, circularly polarized synchrotron radiation has proven to be an
excellent tool for high-speed imaging of such ultrafast magnetization processes. In

tull-field imaging photoemission electron microscopy (PEEM) combined with XMCD
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(X-ray magnetic circular dichroism) the contrast is very high and provides element
selectivity?®. Time resolution can be as good as 15 ps in special bunch-compression
modes of the storage ring? and the depth sensitivity of several nanometres can give
access to buried layers in ultrathin-film systems?. These characteristics make XMCD-
PEEM a powerful method in an interesting region of the landscape time scale versus
lateral dimension (see Fig. 1).

Other imaging techniques like magnetic force microscopy (MFM), secondary elec-
tron microscopy with polarization analysis (SEMPA) and spin-polarized scanning
tunnelling microscopy (SP-STM) provide higher lateral resolution but insufficient
temporal resolution. Optical Kerr microscopy and Brillouin light scattering (BLS), on
contrary, yield very high time resolution but insufficient spatial resolution.

In the quasi-static regime, the magnetization pattern almost instantaneously fol-
lows the slowly varying applied field via nucleation and motion of domain walls and
vortices, magnetization rotation, and Barkhausen jumps. Such processes have been
studied in detail using quasi-static Kerr-microscopy?. Soft magnetic elements mini-
mise their stray field energy by forming inhomogeneous magnetization structures
(e.g. Landau flux-closure patterns). Magnetic eigenmodes, i.e. the so-called wall
modes, vortex modes and normal or centre modes are not excited in this regime. For
fast field pulses the frequency spectrum of the magnetic pulse contains significant
Fourier components in the range of the eigenmode frequencies (typically 0.5 GHz to
several GHz). Then these modes are excited and their characteristics will govern the
dynamic magnetic response of the system.

In the present work, stroboscopic XMCD-PEEM exploiting the time structure of
synchrotron radiation is used for probing fast switching processes, transient mag-
netic states as well as standing and propagating spin waves in a variety of different
structures. These comprise ring shaped and elliptical structures of ultra-thin Per-
malloy, samples consisting of a single crystalline Co layer with high uniaxial anisot-
ropy and the free layer investigation of GMR spin valves shaped into rectangles,

squares and ellipse. The spin valve samples have been fabricated by industry stan-
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dards using the thin film deposition, photolithography and ion beam facilities of
Sensitec GmbH, Mainz. The Py and Co samples were manufactured by the group of
C.M. Schneider, FZ Jiilich.

It will be shown that although the averaged magnetization vector reacts on exter-
nal field pulses according to a single-spin model with critical damping, local spin
wave modes are excited depending on the shape of the spin valve structure. As spin
waves provide an additional channel for energy dissipation, they contribute to a
higher effective damping. At a first glance, the fact that the damping coefficient is
apparently independent of the shape favours the model of a nonlocal magnetization
damping. Taking spin wave modes in account, damping and magnetic switching be-

haviour in spin valves depends on the element’s geometry.
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Chapter 2

Theory of fast Remagnetization Processes

15



2.1. Formation of Magnetic Domains and Domain Walls

Softmagnetic two-dimensional particles exceeding the critical expansion of the
magnetic exchange length form domain patterns. The domain configuration is stable
at the energetic minimum. The total energy is the sum of energy terms: Zeemann en-
ergy, demagnetizing field, exchange energy and several anisotropy terms (like crystal
anisotropy, shape anisotropy or magnetostriction-induced anisotropy). Demagnetiz-
ing energy bases on the classical long ranged dipole-dipole interaction, whereas the
exchange energy stems from the short-range interaction of next neighbours. The
magnetization within a domain is thus expected to be homogeneous and the exten-

sion of domain walls (Néel and Bloch walls) small against the size of the domains.

Fig. 2: Examples of Landau-Lifschitz patterns with vanishing stray field in micron sized two-
dimensional ferromagnets as expected for a single layer of Permalloy of several nanometers
thickness. For every domain the direction of the magnetic field vector is indicated by a red ar-
row.

Examples of Landau-Lifschitz patterns with vanishing stray field are shown in Fig.
2. In the junction of the four magnetization directions, the so called vortex, the mag-
netization points out of the plane. With decreasing particle size or increasing shape
anisotropy the demagnetization field is reduced to a limit, at which the energy for
domain wall generation cannot be afforded.

Due to the pole avoidance principle!?, which prevents the magnetization from ro-
tating freely close to the platelet rim, the magnetization aligns along the easy axis
and edge domains occur. For rectangular particles, these domains can align in two

different ways, the so-called “S” state and the “C” state (see Fig. 3).
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Fig. 3: Formation of edge domains in the “S” state (a) and the “C” state (b) as simulated by
Zheng et al”’

This work will confirm that these residual edge domains do not participate in fast
magnetization processes.

Ring shaped soft-magnetic thin film structures are promising scientific objects® for
they have two well defined and reproducible magnetic states (see Fig. 4). In the vor-
tex state the magnetic flux follows the ring structure forming a closed loop. The vor-
tex state also represents the energetic minimum (for vanishing anisotropy) since no
stray field energy is stored in the system (see Fig. 4a). The onion state on the other
hand features two 180° head-to-head domains and a significant stray field (see Fig.
4b).

Whereas Py rings in onion state have been extensively studied statically, time re-
solved simulations have been presented by Kldui et al. from University of Konstanz?
(see Fig. 4d). In this work ultra-thin rings of 3 nm thick permalloy in the onion state
are investigated. Subject of investigation is the magnetic response of the system to a

pulsed magnetic excitation.
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a) b) c)

Fig. 4: Magnetic domain configuration of a Permalloy ring. a) The vortex state, manifested by a
closed magnetic flux without stray field, b) the onion state with 180° head-to-head domains and
c) ring magnetically saturated by an external field applied in vertical direction. For all samples,
the red arrows indicate the direction of magnetization vector. The grey value schematically
indicates the contrast in XMCD-PEEM for photon impact from left to right (see chapter 3, Fig.
13)

Fig. 5: Simulation of Py Ring in onion state with two 180° head-to-head domains marked by
dashed lines®.

In anti-parallel pinned synthetic spin valves, as investigated in this thesis, the
magnetization within the free layer is expected to form a single-domain state. Do-
main wall and vortex formation is expected to be suppressed due to the high ex-

change coupling field biasing the softmagnetic free layer.
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2.2. The Landau-Lifschitz-Gilbert Formalism

As the underlying formalism to magnetization dynamics is the Landau-Lifschitz-
Gilbert equation, a brief review seems appropriate to understand the behaviour of
the investigated elements. In a ferromagnetic solid with reduced dimension, a macro
spin model can best be understood assuming that the temporal behaviour of all mi-
cro spins would be in coherence and picturing a submicron sized ferromagnetic par-
ticle with finite coercivity. If the particle size is small enough, the atomic magnetiza-
tion vectors can be considered as quasi unidirectional.

The quantum mechanical origin of magnetic precession is the Schrodinger equa-

tion

i), =sm) o

With the Zeeman term of the Hamiltonian in vacuum

H=—g’gBSB, B=yuH.

Here, us is Bohr’s magneton und g the gyromagnetic factor. For the temporal evo-

lution of the mean value of the spin operator holds

d
E<S><’> B gl;;_B(<S><z> % B(z)) (2).

Employing the relation between the magnetic dipole moment and the spin opera-

tor
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M= 888(s), (3)

the equation of motion (first order) for the magnetic dipole moment can be ex-

pressed as

4= gﬂg M

~ <B, | @

()

The magnetization of the total dipole moment per unit volume will be

M(z
- —z ?) and with Yo = Mo _g|,uB |
unit.vol. h
follows
d
EM(O ~70 [Mm XH(:)]- ()

Despite the factor y the equation of motion for a magnetic dipole moment is iden-
tical to it’s classical equivalent, the relation between angular momentum and torque.
Damping of the precessional movement can be introduced into the equation of

motion assuming the effective field

L am
70Ms dt /

H,=H-a

where H = Hext + Haniso + Haemag. The demagnetization field Huiemsg, the sum of all ani-

sotropy terms Humiso and the external field Hex: constitute to H.
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The Landau-Lifschitz-Gilbert equation'® * (LLG) than concludes as

LAV
dt

0 =" [M(,) X H(,)]+ Mi

N

dM
dt

()

(6)

The LLG bridges quantum and classical mechanics due to it's origin from
Schrodinger’s equation on one hand and it’s classical appearance on the other. The
observable My is experimentally accessible in ferromagnetic layers with reduced
dimension. At the same time the macro spin My represents the collective phenome-

non of quantum mechanical spin precession.

A H v H
| Mx<amydt
b
" >dM/dr

M

(b)

Fig. 6: The magnetization vector M performs a gyroscopic motion around the vector of the ex-
ternal magnetic field H without damping a). After introducing the Gilbert term M experiences a
damping b)".

The model is equivalent to a macrospin reacting on an effective magnetic field as
sketched in Fig. 6. The effective field Hef contains all coupling contributions and ex-
erts a torque on M, which initiates its precessional motion, if the Fourier spectrum of
the exciting external field pulse comprises significant components of the precessional
eigenfrequency of the system®. This also holds for a spin torque or a photon angular
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momentum transfer. Due to the pulsed nature of these excitations, their frequency
spectrum usually contains several eigenfrequencies of the system.

Weekly damped precession of spins induces the so-called ringing of magnetiza-
tion, which can persist up to several nanoseconds. For most industrial applications

this is an undesired effect and high damping coefficients are preferred.
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2.3. Magnetization Dynamics in extended Structures and cou-

pled Layers

Spin waves as subject of scientific research cover magnetic phenomena reaching
from long time scale into the femtosecond time regime. Whereas lower frequencies of
some kilohertz cover phenomena like domain wall motion, coherent rotational proc-
esses or phenomena of ferromagnetic resonance as depicted in Fig. 8 take place with
some gigahertz!. Fig. 7 gives an overview to relevant magnetic phenomena associ-
ated to the order of magnitude in time scale. In ferromagnetic thin films, the dynam-
ics of magnetic behaviour is limited by the time needed to equilibrate energetically

the electron gas and the spin bath.

10°3 < life time of magnetically stored data

o

10° ==
10°4 < quasi-static relaxation processes (magnetic creep)
10° -
7 10°=
¢ ]
= 10°+
1 < nucleation of magnetic domains
10°4 < domain wall motion
4 < rotation of magnetization vector
10”4 < spin precession / magnetic eigenmodes
10 J < spin-orbit-coupling

Fig. 7: Dynamic magnetic effects associated to coarse time scale. While magnetic flipping by
rotation of the magnetization vector efforts picoseconds, spin precession takes place in femto-
seconds. Quasi-static magnetic relaxation can last minutes or even several hours.
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The intrinsic eigenspectrum of a magnetic system is represented by it’s spin wave
spectrum which is conventionally investigated with spectrometric methods like lat-
eral and time resolved Brillouin scattering (BLS)?! or ferromagnetic resonance spec-
troscopy?2. The lateral resolution of BLS techniques for example is limited by the di-
ameter of the probing laser and adds up to 30 to 50 um!°. GMR spin valves have also

been subject to investigation with methods like FMR*.

FTTTVECINTTT TV

CSINISININIZ 5 IVIVIVIWS,

Fig. 8: Model of a standing transversal spin wave in ferromagnetic material. The magnetization
vector rotates with respect to the lateral position. The boundary conditions cause the standing
spin wave to appear as a multiple of the period®.

Spin valve elements constitute of a coupled layer system (e.g. see inset in Fig. 9)%.
The quasi-static behaviour is characterized by the giant magnetoresistive (GMR) ef-
fect. A typical magnetoresistance measurement for one the spin valves investigated
in this thesis is shown in Fig. 9. Despite their lateral extension, the magnetization re-
versal in such spin-valve elements was successfully described by a coherent preces-
sional path3, assuming a global magnetization value and a high damping coefficient
as depicted in Fig. 6. This finding is surprising, considering the fact that the dynami-
cal behaviour of the local magnetization driven by the local effective field Hes could
influence the response of a spin-valve sensor and the damping coefficient. Besides
the shape-induced demagnetization field, Hef contains contributions from the corre-
lated roughness at the FM/NM interfaces and stray fields from inhomogeneously
magnetized regions in one of the layers®*3%%. An inhomogeneous interlayer thickness

may also cause a laterally varying indirect coupling field.
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Fig. 9: Measured transfer curve of a typical GMR spin valve with AR/R ~ 15%. Inset: Schematic
spin valve stack with Ruthenium spacer between the two hard magnetic ferromagnets and Cu
spacer between hard magnetic layer and free layer (own measurement).

Finally, the dynamic magnetization reversal in the free layer may affect the mag-
netization configuration in the hard layer* (see Fig. 9). The free layer in spin valves
was found to show an increased damping coefficient***> which was attributed to a
nonlocal spin pumping model®#. A competing damping process, however, is given
by the local excitation of additional short wavelength and high-frequency spin wave
modes*#. In general, a local variation of the precessional magnetization motion will
lead to unwanted magnetically induced noise in the response of a spin valve*? or any
other fast-switching magnetic structure?. Therefore, the understanding of the local
magnetization dynamics in complex layer stacks is extremely important, as the dy-
namics may be determined in a complicated way by the various magnetic coupling
effects in a thin film structure*. The control of the damping coefficient a holds the

key for optimized magnetic switching procedures®.
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Chapter 3

Experimental



3.1. Stroboscopic Imaging using the Time Structure of Synchro-

tron Radiation

The time-resolved experiments were performed with stroboscopic illumination of
the sample with circular polarized (Per) x-ray pulses at the Ni Ls absorption edge
produced by electron bunches in the synchrotron ring (tewam =3 ps, low-a mode at
BESSY II, Berlin) with a repetition rate of 500 MHz. The magnetic response of the
element is tested via the top electrode of the investigated GMR spin-valve structure
(see Chapter 4). The field pulses are synchronized by means of an electronic delay ¢,
which could be varied in steps of 10 or 20 ps, matching the overall time resolution®.

For each image, the sample is thus excited and probed every 2 ns.

Fig. 10: Schematic principle of high frequency magnetic excitation of ferromagnetic platelets of
various geometries (black) on a coplanar wave guide. The field lines depict the Oerstedt field

—

H , , generated by a current pulse / through the centre strip line (picture courtesy C.M. Schnei-
der).

In the stroboscopic imaging mode the synchrotron radiation source is phase-
locked with an electrical pulse generator. The current output from a commercial
pulse generator yields a high-frequency electromagnetic field in a coplanar wave

guide matched to 50 Q impedance (see Fig. 11). In turn, a magnetic field Hex
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(Oerstedt field) occurs around the central micro strip line. Above the central strip line
the pulsed magnetic field Hex: field is sufficiently parallel to the surface to excite ho-
mogeneously the magnetic platelets deposited on top. The pulse generator used de-
livered pulse amplitudes of ~7 V with a full width at half maximum (FWHM) of
~100 ps (see Fig. 14a).

Snapshot images are obtained by varying the delay time between the onset of the
rising edge of the magnetic field pulses and the photon pulses from the storage ring
BESSY II. The in-plane component of the incident circularly polarized light points
parallel to the exciting field thus revealing the dynamics of the magnetization com-

ponent along the projection of the photon beam.

Agilent Pulser 81134A with
frequency divider (2, 4, 8, 16, 32, 64, 128) Input Output
0-2v 0-6V

cH2® OEEENC, ® Amplifier @
Clock In 9_ CH1§ Q;C

Pulse Generator

inter

vacuum
\\/ connection

bunch clock from
HF cavity (BESSY II)

5 QIPGQ

coplanar
waveguide
with ferro-
magnetic
Geoow elements
BESSY Il storage ring on centre
with revolving strip line
electron bunches
BESSY Il undulator
providing circularly
polarized X-ray pulses inter
Oscilloscope @ 9 0 (f=500 MHz) vacuum
TDS 7404 9 . connection
L

Fig. 11: Setup of the pump-probe experiment performed at BESSY II. The electrons revolving in
the storage ring emit circularly polarized X-ray light when forced to a corkscrew trajectory by
one of the undulators.
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At the fundamental frequency of 500 MHz the fast field pulse shows considerable
contributions of higher harmonics?. If the leading edge of the field pulse is suffi-
ciently steep, then the magnetic response can be faster than the width of the magnetic
field pulse. This means that the time resolution in this mode is essentially given by
the width of the photon pulses from the synchrotron source and the electronic jitter
of the experimental set-up. In the so-called low-a mode at BESSY II photon pulses of
<4 ps rms are provided via a special way of bunch compression®. The jitter meas-
ured by comparing synchrotron trigger and pulse generator output ranged between
8 and 14 ps. Together with the electronic jitter of our set-up it leads to a total time

resolution of about 15 ps.

Fig. 12: Photography of the experimental setup of TR-XMCD-PEEM showing the vacuum cham-
ber installed at beam line UE52-SGM at BESSY II. The beam line connects from the right hand
side, the Focus IS-PEEM is flanged to the rear of the chamber.
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3.2. Time-resolved XMCD-PEEM

The PEEM measures the spatial distribution of the X-ray absorption via the elec-
tron yield of secondary electrons. Fig. 12 shows a photo of the experimental setup at
the UE52 beam line at BESSY II. The spatial resolution is of the order of 100 nm.
When the energy of circularly polarized photons is tuned to the Ni-Ls absorption
edge (hv=853eV), the electron yield varies with the relative orientation of local
magnetization M and polarization vector P. X-ray magnetic circular dichroism
(XMCD) images are obtained from two images taken with opposite polarization cal-

culating the asymmetry Axmco at each pixel, which is given by:

1

A o right I lefit
XMCD
I +1

leftt

o P-M o« cosax (7)
right

with Irigniet denoting the pixel’s grey scale intensity for the right/left helicity and o
being the angle between P and M. The observed contrast scales with the degree of
circular polarization of the synchrotron radiation (P being projected into the plane of
the platelet). The asymmetry equation (7) ensures that all contrast mechanisms other
than magnetic cancel out, because they do not depend on photon helicity. To acquire
an image, we typically integrate the signal for 30 s, thus integrating over 1.5 x 10%°
pump-probe cycles. As the synchrotron radiation intensity declines between injec-
tions of electron bunches, the two raw images were first corrected for intensity varia-
tions before being fed into the asymmetry equation. The geometry of the experiment

is sketched in Fig. 13.
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hv

a) b)

Fig. 13: a) Orientation of the centre micro strip line with ferromagnetic platelets in white to the
incident circularly polarized light pulse. b) Example of the grey level appearance of the mag-
netic domains in a typical Landau-Lifschitz structure in a Py platelet in this geometry, deter-
mined by calculating Axucp for each pixel (eq. 7).

The rising edge of the exciting pulse is far shorter than its trailing edge, see Fig.
14a. From previous experiments, we know that the pulse shape on the micro stripline
area observed in the microscope is narrower than measured with an oscilloscope be-
hind the stripline outside the UHV system (incl. leads and contacts). Thus the rising
edge of the field pulse ~ H(t) can be expected to be significantly shorter than meas-
ured with the oscilloscope. Due to the fast rising edge, frequency components in the
10 GHz range are contained in the Fourier spectrum of the field pulse as shown in
the Fourier decomposition, Fig. 14b.

The current pulse in Fig. 14a was reconstructed from the deformation of PEEM
images of the particles being studied. The deformation is caused by the passage of
the current pulse through the micro strip line. The generated Oerstedt field deforms

the trajectories of secondary electrons emitted by the sample under UV irradiation.
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Fig. 14:(a) Temporal profile of the magnetic field pulse measured in situ by small image defo-
cusing Af #0 (squares represent experimental values). The dashed line denotes a fit with a
Fourier series. (b) Corresponding Fourier decomposition of the pulse profiles°.

The deformation is a measure of the field strength Hex(t). The black squares denote
the experimental points. A high sensitivity of this method of measuring the pulse
profile can be achieved by image defocusing Af# 0. This is a special property of the
PEEM optics. All following measurements of the domain patterns were performed at
the best-focus condition Af=0. The Fourier spectrum (Fig. 14b) was determined by

titting the pulse profile (Fig. 14a) by a Fourier series

A(f) = Z An sin nmt , (8)

An denotes the amplitude of the Fourier component n. Obviously, the steep rising
edge contains significant Fourier frequencies up to several gigahertz. Further details
of the stroboscopic imaging approach performed in the photoemission electron mi-

croscope are described in references!34851,5253,
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Chapter 4

Preparation of Micro Stripline Samples
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For Permalloy platelets the magnetic reaction on the field pulse is expected to be
dominated by the interplay of the domains of Landau-Lifschitz patterns like Fig. 2. In
the focus of this thesis in contrast, are ferromagnetic samples with defined magnetic
ground state, providing sufficient torque on the magnetization to restore homogene-
ous magnetization of the structure after the field pulse. A variety of coplanar wave
guide samples have been prepared for this purpose besides standard samples with
platelets of thicker Permalloy. Coplanar wave guide (CPW) samples with anti-
parallel pinned synthetic GMR spin valves have been prepared as well as samples

with platelets of single crystalline Co to create a uniaxial anisotropy pointing parallel

to the strip line.

Magnetic System
No / Orientation of Geometry and Orientation of Plate- Scope of Experiment
" | CPW to plane of | let to the CPW P P
incident light
Two rectangles with aspect ratio To create a magnetic ground state
2:1 with direction of pinning field (pinning field by Heych) parallel to
parallel to centre strip line centre stripe.
GMR spin valve / _g_p_Q_Lar & Iatelet:_ .
1 . 10 x 15 ym* with long edge parallel | To study the dynamics of the free
vertical A L .
to pinning direction. layer independent from other FM
Small platelet: layers in the stack by element spe-
5 x 10 um* with long edge perpen- | cific imaging of Ni L; edge. Which
dicular to pinning field. role plays shape anisotropy?
Direction of pinning field parallel to
centre strip line Which role plays shape depend-
2 GMR spin valve / | Ellipse (semi axes 6 um x 3 ym): ence and edge domains in the
vertical with horizontal orientation and magnetic switching behaviour of
Square (5 x 5 ym?): GMR spin valves?
with 45° orientation on the CPW
C . To produce samples with Py layer
Ultrathin Py F'el.d mduceq amsotropy parallel to as thin as possible to ensure full
_ . horizontal strip line . .
3 (d =3 nm)/ hori- ; N . magnetic saturation of platelet by
Ring with inner diameter 6, . . )
zontal the field pulse. To investigate be-
outer 15 um . N .
haviour of ring in onion state.
Ly . To produce samples with Py layer
Ultrathin Py F'el.d mduceq amsotropy parallel to as thin as possible to ensure full
_ . horizontal strip line ; .
4 (d =3 nm) / hori- . . . magnetic saturation of platelet by
Ellipse (semi axes 6 pmx 12 ym): . .
zontal : ; . . the field pulse. Avoidance of edge
Orientation 45° to centre stripe. d :
omains.
epitaxial Co / Two rectangles with aspect ratio Co grown epitaxially with uniaxial
4 vgrtical 2:1 and uniaxial anisotropy along anisotropy along centre stripe in
(FIB preparation) the centre stripe. (5 x 10 um2 and order to achieve homogeneous
prep 10 x 5 ym?) magnetization.
= Observe high-frequency dynamics
5 y_ Rectangles featuring Néel walls in the range of several GHz, search
(d =10, 40 nm) f . .
or spin wave propagation.

Table 1 Overview to the samples prepared in this thesis and their experimental scope.
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Samples with ultra-thin Py deposited with field induced anisotropy were built
with the same intention. Table 1 gives an overview to the samples investigated. Lay-
outs of coplanar waveguides with horizontal and vertical orientation of the narrowed
part of the micro stripline have been employed. For the spin valve samples, the verti-
cal orientation of the coplanar waveguide was preferred in combination with a verti-
cal pinning of the spin valve as will be discussed in detail in Fig. 22. This way the
structure appears grey in it's ground state and contrast evolves as the platelet will be
excited by the magnetic field. For the ultra-thin Py platelets on the other side, a hori-
zontal coplanar waveguide geometry has been chosen in order to clearly verify the
onion state of the Py ring without excitation and it’s vanishing into grey as it be-

comes saturated.
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4.1. Preparation of Micro Strip Line samples with Spin-Valves

Design Optimization

Sample preparation is crucial when it comes to real time observation of spin dy-
namics. Since the micro strip line is chosen to satisfy an impedance of 50 Q2 in order
to match with the high frequency electronics, the coplanar waveguide design - CPW
geometry - is adequate (see Fig. 15). The advantages of this geometry are the little
dispersion, resulting in little amplitude loss due to damping. Furthermore, coplanar
waveguids can still be structured in one metallization layer, reducing the number of
photo lithography steps during thin film wafer processing. The disadvantage is,
however, that no pure transversal electromagnetic wave (TEM wave) exists in CPW

geometry unlike in the screened triplet. At low frequencies (4 < d \/Z ), with d being

the distance between the two areas on ground potential (d =2W + S) and & the dielec-
tric constant of the substarte, the hybrid wave can be treated as a quasi-TEM wave
since longitudinal components of H- and E-fields are small compared to transversal
component and the TEM character remains preserved. At higher frequencies unde-

sired higher modes occur (compare Fig. 17).

Fig. 15: Schematic cross section of the CPW micro strip line (not to scale) geometry used for
sample preparation. Here, t is the metallization thickness, S the width of the centre strip line
and W the width of the gap. The assumption of a dispersion free coplanar waveguide holds for
t<< W.
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For t << W the impedance Z;” of the coplanar waveguide is a function of the ratio

between the width of the current leading micro strip line and the gap to the adjacent
areas on ground potential and also depends on the dielectric constant & of the sub-
strate.

Objective of sample simulation and preparation is to reduce damping and to in-
crease the Oerstedt field acting on the ferromagnetic platelet on the centre stripe and
thus the micro strip line’s width was decreased down to S =20 and 10 um. According
to Ampere’s law, the integral along a closed line of the magnetic field equals the cur-
rent passing through the field loop. For a one-dimensional micro stripline, with neg-

ligible height, Ampere’s law reads as

I=§I:[dS=H-2S (9).

Silicon wafers with high purity are necessary, since high dielectric constant is de-
sirable (er=11.7) to suit strip line widths of S =10 to 100 pm.

Two regimes exist for the impedance of a coplanar wave guide Z;”as a function of
the parameter k, defined as the ratio £ =S/(S+2WW), where S is the strip line width

and W the gap width (see Fig. 16).
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Fig. 16: Impedance as a function of parameter k = S/(S+2W), where S is the strip line width and
W the gap width). When designing the layout of samples on the wafer, S and W have to be cho-
sen to fulfil Z,"" = 50 Q, see horizontal line. The impedance in the two regimes below and above
k = 0.707 (separated by the dashed line) is given by the formulas below.

Z = 329 [ 8*\/*/:)} r k<0.707 (10)
2
zo —3OZ L { Si/*/:)} for k>0.707, (11)

with k' =+1-k* and ¢, = g";l

Advanced software packages for dynamical electromagnetic simulation of micro-

wave circuits (such as the Ansoft Designer®) have been utilized to confirm the
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waveguide design capabilities with respect to high bandwidth. Up to the frequency

of F =20 GHz theoretical damping and reflections could be reduced to the minimum,

see Fig. 17. The oscillatory behaviour originates from higher order resonances of this

specific coplanar waveguide design.
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Fig. 17: Simulation results show marginal damping which is constant up to 20 GHz.
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Device Fabrication

The deposition and photo lithography of metallization and insulator layers to
structure CPW and the ferromagnetic platelets have been processed on a 5 inch sili-
con wafer technology in class 100 clean room environment at Sensitec GmbH, Mainz.
In a first step (see Fig. 18, stepl) 300 nm Al20Os, a proven insulator in thin film tech-
nology with high dielectric strength (16.7 kV/mm), is deposited as full film onto the
silicon wafer substrate by cathode magnetron sputtering on a Unaxis Corona deposi-

tion system.

Step 1: Deposition of Al,O; as full film

silicon substrate

Step 2: Apply, expose, develop lift-off resist top resist

bottom resist

Step 3: Sputter deposition of TaN/Cu/TaN TaN/Cu/TaN

Step 4: Lift-off process of micro strip line and resist removal

Fig. 18: Schematic sequence of process steps on wafer level for preparation of the coplanar
wave guide: Step1 shows the full film deposition of the first Al,O; insulation layer. In steps 2 to
4 the structuring of the coplanar wave guide with lift-off technique is depicted.
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The deposition and structuring of the coplanar wave guide lead layer takes place
in steps 2 to 4. Here, reactively sputtered TaN serves as a diffusion barrier. Structur-
ing the coplanar wave guide layer has been done by using lift-off technique with a
two-layer positive photo resist. This technique is commonly applied in photo lithog-
raphy when materials have low ion etching rates, like Ta. The photo resist will be
applied first, exposed and developed to leave a negative lift-off resist system of the
desired coplanar wave guide structure on the wafer. Exposure of the two-layer photo
resist utilizes the i-line, i.e. A =365 nm, of a mercury light source in Canon 5i+ lithog-
raphy tool. This way, critical dimensions of > 0.78 um can be realized. The two layer
photo resist is used because an undercut (or recession) of approx. 150 nm is favour-
able for the lift-off process, since openings in metallization at the foot of the resist
system allow access to the wet chemical solvent N-Methyl-2-pyrrolidinone (NMP)
(see Fig. 18, step 2). The recession emerges during development of the dual layer re-
sist system because the bottom resist has been chosen with a slightly higher solubility
than the top resist. Hereafter the coplanar wave guide is deposited full film as a tri-
layer consisting of TaN/Cu/TaN by using state of the art cathode RF sputtering tech-
nique (Unaxis Emerald Z660) (see Fig. 19, step 3). The lower TaN layer with a thick-
ness of 20 nm serves as an adhesive promotor to the underlying Al:Os. The Cu layer
is 250 nm thick. The upper TaN layer is deposited with an increased thickness of
100 nm to serve as an etch stop for the subsequent ion milling process (see Fig. 19)
and as a diffusion barrier for Cu simultaneously. By finally detaching the complete
lift-off resist system with the metallization on top by application of NMP, only the
desired coplanar wave guide structure remains (see Fig. 18, step 4).

Steps 5 to 9 in Fig. 19 depict the deposition and structuring of the ferromagnetic
layer. In case of the GMR spin valves this takes place in a state of the art PVD
(Plasma Vapour Deposition) - IBD (Ion Beam Deposition) hybrid cluster tool (Con-
nexion by CVC, Inc.). The hybrid cluster tool combines three vacuum deposition

chambers with an in-situ wafer handling system as shown in Fig. 20.
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Step 5: Sputter etch, full film deposition of spin valve stack

/ spin valve (~30 nm)

Al,O; insulator \ leads (370 nm)
insulator (300 nm)

Step 6: Apply, expose, develop photo resist

photo resist

Step 7: Physical ion milling of GMR layer stack

|

—

Step 8: Overetch of 50 nm to prevent short circuit

Step 9: Resist removal yields CPW with spin valve stack
in different geometries

Fig. 19: Schematic sequence of process steps on wafer level for preparation of the magnetic
elements: Full film deposition of the GMR spin valve stack (step 5) and structuring into desired
geometries by ion milling with a positive photo resist.



Fig. 20: Cluster tool combining three vacuum deposition chambers with an in-situ wafer han-
dling system. The PVD and IBD chambers comprise 6 different metal targets each (magnetic
and non-magnetic). Al,O; can be deposited by the additional reactive PVD chamber.

The physical vapour deposition (PVD) chamber comprises six different metal tar-
gets, magnetic and non-magnetic. The integrated ion beam deposition system (IBDS)
allows deposition from two different metal alloy targets and is mainly used for seed
layer deposition. Established ferromagnetic alloy metals are NissFei, NissFess or
CosFewn. Pure non-magnetic metal spacers can be deposited from copper or ruthe-
nium targets. A third PVD module with a pure aluminium flanged to the system al-
lows AL:Os deposition in a reactive process.

The antiparallel pinned synthetic GMR spin valve was deposited full film onto the
structured CPW (see Fig. 19, step 5). The complex layer sequence is
AlOs / PtMn / CoFe / Ru / CoFe / Cu / CoFe / NiFe / Ta (see Fig. 21). The overall
thickness of the complete stack does not measure more than 300 nm. The thickness

uniformity across the wafer of each deposited layer is vital to the magnetic perform-
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ance of the GMR spin valve stack and is below 3%. The thickness of the Cu spacer is

tuned to the second antiferromagnetic coupling maximum (AFCM).

a)
synthetic
spin valve
closing
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Fig. 21: a) Schematic layer stack of the antiparallel pinned synthetic spin valve studied in this
thesis. The coloured arrows indicate the magnetization direction of the two hard magnetic
CoFe layers of the synthetic spin valve (red and blue) and soft magnetic free layer (green) in
the ground state. b) Typical spin valve magnetization curve measured from -5000 to 5000
Oerstedt with vibrating sample magnetometer (VSM). The arrows show the switchinsg and rota-
tion processes of all three ferromagnetic layers. The method is described elsewhere™.
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Especially the spacer thicknesses (Ru and Cu) require these constraints to achieve
a reproducible GMR effect of typically 15% AR/R as shown in Fig. 9.

In a more detailed description of step 6 in Fig. 19 it splits up into a pre bake proc-
ess step of substrate, the application of the positive photo resist, the exposure with
UV light at the i - line through the reticle with the magnetic structures, the develop-
ment of the resist followed by several inspections of the development process and the
measurement of the accuracy of the alignment to the preceding layer. The mask de-
sign provides alignment structures that assure realignment of subsequent layers with
accuracy better than 150 nm. For PEEM investigations, this accuracy is adequate,
since any significant displacement of the magnetic platelets from the middle of the
strip line causes an inhomogeneous magnetic field at the platelet which in turn leads
to undesired distortions in the PEEM image.

Removing the spin valve stacks from the areas not covered by photo resist takes
place in a dry physical process, since the uniformity of ion milling rate across the wa-
fer is superior to wet etching processes. The process of removing material by bom-
bardment of the wafer with a broad beam of Ar* ions is often referred to as physical
ion milling (see Fig. 19, steps 7,8). To assure that no conducting residues remain on
wafer the ion milling is continued into the underlying Al:Os layer until a depth of
50 nm has been reached.

In step 9 of Fig. 19 the photo resist will finally be removed in the solvent NMP. Af-
ter finalization of the wafer in the wafer front end, the back end processes comprise
mounting the wafer on dicing foil and die separation. Wafer backside thinning has
been abandoned, since a chip height of the basic substrate thickness of 625 um is fa-
vourable to the experiment. The distance of sample wiring to the extractor lens of the
PEEM can be increased this way.

As stated above, the samples studied stand as examples of complex magnetic layer
stacks and represent advanced spin-valve structures, designed to optimize the GMR
effect. They have been successfully implemented into commercial devices by Sensitec

GmbH. The sequence of the layer stack as shown in Fig. 21a) depicts the antiparallel
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alignment of the magnetization direction of the three ferromagnets in ground state.
Here, the two hard magnetic CoFe layers form of the synthetic spin valve (red and
blue) closing the magnetic flux. The magnetic pinning of the lower CoFe layer to the
adjacent antiferromagnet PtMn emerges when annealing the system above the anti-
ferromagnets’s Néel temperature of 275°C for several hours and simultaneously ap-
plying a magnetic field above 1 T. The effect evolves with the formation of an inter-
diffusion layer at the boundary where local magnetic moments freeze due to surface
roughness.

The soft magnetic free layer consists of the bilayer CoFe/NiFe in order to combine
to important features of the spin valve. By deposition of CoFe first, the exchange cou-
pling of to the underlying CoFe is higher than to a NiFe directly. The NiFe in turn
will be deposited on top of the CoFe due to it's soft magnetic properties. The result-
ing transfer curve of such a spin valve reveals that little field is required to flip the
free layer magnetization and drastically change the resistance. A complete transfer
curve measured from -5000 to 5000 Oerstedt with vibrating sample magnetometer
(VSM) is shown in Fig. 21b. The arrows show the switching process of all three fer-

romagnetic layers in the layer stack.
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Fig. 22: Coplanar waveguide with vertical orientation of the bottle neck. In this area, the centre
strip line is narrowed down to 20 ym and equipped with ferromagnetic microstructures with
various geometrical shapes. The structures (samples 1 and 3, indicated by solid arrows) on
this particular waveguide design, have been deposited as multilayer stacks for GMR spin
valves (see Fig. 23). The geometries chosen for investigation are rectangles in two different
dimensions and orientations to the Oerstedt field but with fixed aspect ratio (sample 1) and a
pair of a diamond and an ellipses (sample 3). On a similar waveguide with horizontal orienta-
tion of the bottle neck ultra-thin Permalloy platelets have been deposited. The investigation on
this sample focused on the ring-shaped platelet (sample 2, indicated by dashed arrow) and the
ellipse under 45° orientation.
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The magnetically soft CoFe/NiFe free layer is separated from the CoFe hard layer
by an ultrathin Cu interlayer providing an antiferromagnetic coupling field of
0.6 mT, as derived from the easy axis loop (H || y). The hard axis loop (H || x) reveals
a nearly reversible magnetization rotation. From the initial slope of the hard axis
loop, we deduce a total anisotropy field of 1.5 mT. The difference might be ascribed

to a uniaxial anisotropy due to the field applied during the sample preparation.

@ | 19A Ta (b)
21 A NiFe
10 A CoFe
19A Cu

16 A CoFe
8 A Ru

16 A CoFe

151 A PtMn
1000 A Cu

Fig. 23: Sketch of the sample geometry as a cross section (a) and top view (b). Detailed se-
quence of synthetic spin valve stack. Snapshot of the micromagnetic simulation at 1100 ps
indicates edge domains resulting in an “S” shaped domain configuration of the free layer. Hp;s
and H, denote the exchange bias and the pulse field directions, respectivelyss.

The detailed information about the thicknesses of the layers in the spin valve stack
can be obtained from Fig. 23. Micromagnetic simulations of the free layer already
indicate the existence of edge domains and their dependence on the geometry of the

platelet.
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All samples were mounted on UHV-exchangeable high-frequency compatible
holders in the way shown in Fig. 24. Standard micro sample holders were modified
to host two high bandwidth UHV compatible coaxial connectors. The stripline sam-
ples were mounted on a socket, adapting the distance to the extractor lens of the elec-
tron microscope. This way imaging at high extractor voltages was possible without
arc discharges. With increasing extractor voltage, the resolution increases, the elec-
tron yield rises and emitted electrons are less sensitive to distortions on their trajec-
tory. This leads to a high signal to noise ratio in the image which is beneficial particu-

larly when working at high magnification.

Coplanar waveguide narrowed

_ down to 20um with NiFe or
» ’ 5 / spin valve latelets

Fig. 24: UHV-exchangeable sample holder with the high frequency connectors and the sample
chip comprising the coplanar wave guide and the ferromagnetic platelets on the centre strip
line narrowed down to 20 um (seeFig. 22).
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4.2. Preparation of Single Crystalline Co Platelets

The single crystalline Mo(110) striplines were produced in the following way. In
the first step, a Mo(110) epitaxial film (200 nm) was deposited onto Al:Os in UHV by
electron-beam evaporation. During molybdenum evaporation, the temperature of the
substrate was kept constant at 1000 K. In the second step, the strip-line (coplanar
waveguide with a width of 100 um of the central lead) and contacts were patterned
by standard photolithography. The sample was again transferred into the UHV
chamber and in the third step, the Mo strip-line was cleaned by repeated cycles of
heating in oxygen atmosphere up to 1300 K, followed by flashing at 1800 K in UHV
until the Auger electron spectroscopy (AES) signals of C and O originating from the
Mo surface was below the detection limit. On this sample a Co layer (20 ML) and a
Au capping layer (5 ML) was deposited by molecular beam epitaxy (see Fig. 25a, b).

Epitaxial growth of the Co layer was controlled by low energy electron diffraction
(LEED). The Co/Au layer was kept thin enough to avoid electrical shorting of the
strip line.

The structure of the Mo(110) strip-line and the Co layer were investigated using
low energy electron diffraction (LEED). Atomic force microscopy (AFM) and scan-
ning tunnelling microscopy (STM) were used for the characterization of the mor-
phology and chemical purity of the samples was verified by Auger electron spectros-
copy (AES). The magnetic properties of Co films were investigated ex-situ using

magneto-optical Kerr magnetometry (MOKE).
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Fig. 25: Sample preparation for time-resolved XMCD-PEEM of epitaxial Co platelets on a single-
crystalline Mo(110) strip line on Al,03(1120). a) Schematic layer sequence on sapphire sub-

strate: Au/Co/Mo/Al,O; d) Image of the narrow part of Mo(110) strip-line of a width of 38 ym
and length of 1mm on the sapphire substrate, image taken using optical microscopy after the
photolithography procedure is finished (field of view 1.8 x0.3 mm?. c) AFM image
(42 x 42 pmz) of the strip-line; the white line denotes the scan profile shown in d). Spikes ob-
served along the scan are due to the dust particles53.

We found that the surface of the Mo strip-line is smooth in a large scan area (Fig.
25c). Small grains originating from residues of the photo resist layer and dust parti-
cles are observed. They were removed during the cleaning of the substrate in vac-
uum. The STM measurements performed in situ after the third step of the prepara-
tion procedure, show that the molybdenum surface consists of monoatomic terraces
of widths varying between 10 and 200 nm (Fig. 26a), comparable to the widths of ter-

races observed on single crystal Mo surfaces™. The LEED pattern (b) indicates the
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bece (110) structure of the Mo strip-line surface. Sharp diffraction spots visible in the
LEED pattern confirm a well ordered surface structure of the strip line. We conclude
that the photolithography and etching procedure did not destroy the morphology

and the structure of the molybdenum buffer layer on sapphire.

g
- s
' o 5 .

b) Mo(110)

40nm
[

a) c) Co(0001)

Fig. 26: a) STM image (200 x 200 nm?) of the Mo(110) strip-line surface obtained after the last
step of the preparation procedure in UHV, before deposition of the cobalt layer. b) LEED pat-
tern originating from the Mo(110) strip-line surface obtained at E, =218 eV, and c) LEED pat-

tern obtained for the Co(0001) film (thickness 20 nm) deposited on the Mo strip-line surface at
E, =254 eV >,

The MOKE measurements were performed at different positions of the sample.
Magnetic hysteresis loops obtained for the Co films deposited on the bare part of the
AlOs substrate differ from the magnetization loops measured for cobalt films pre-
pared on the Mo strip-line, demonstrating that the Au/Co/ALQO:s films do not reveal
any magnetic anisotropy. It can be expected that the two-fold symmetry of the bcc

single crystalline Mo strip-line substrate induces a uniaxial in-plane magnetic anisot-
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ropy in the cobalt film, as known from the results of the magnetic measurements for
Co films, prepared on bcc (110) single crystals®®. We observed a uniaxial anisotropy
as illustrated by the magnetization measured using the magneto-optical Kerr rotation
(MOKE) 0x(H) (Fig. 27a and b). The magnetic easy axis of the Co film lies in the
Co[1100] direction parallel to Mo[110], while the hard axis is directed along the
Mo[ 001] direction.

It has to be noted that the hard axis magnetization loop (Fig. 27b) deviates consid-
erably from the reversible behaviour, as one would expect from the minimization of
the free enthalpy density®. A similar, non-reversible loop was observed by Osgood et
al.*%2, and explained by a non-linear contribution to the longitudinal Kerr rotation
Ox(H), resulting from the product of the longitudinal and transversal magnetization

components M: and Mz

Ok (H) =aM,(H)+ bM,(H) M,(H) (12)

The final structuring of the platelets on the central lead was performed by focus-
sed ion beam etching (FIB). I also narrowed the central lead on a length of 1 mm to a
width of 20 um in order to increase the Oerstedt field according to eq. 9.In analogy to
a scanning electron microscope SEM, a focused ion beam is scanned across the sam-
ple surface removing material by physical ion bombardment. Beam downwards, the
ion optical system consists of a primary electromagnetic lens, a lens aperture, beam
blanking plates for x/y-deflection an octupole for stigmation and a final focussing
lens. Today, FIB is most commonly employed for a large variety of applications. Pri-
marily, the technique is indispensible for defect analysis and process control in wafer
level manufacturing due to it’s capability to prepare micron-sized cross sections of
thin films layer stacks. Other applications are device modification of CMOS chips

where electrical circuits are manipulated by cutting away connections and drawing
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new ones by e.g. Tungsten deposition, TEM lamella preparation®, micro structuring
(e.g. trimming the magnetic joke of a hard disk write head) or magnetic patterning of
exchange coupled multilayers®+.

A liquid metal ion source (LMIS) provides a DC beam of Ga* ions (see Fig. 28b).
Gallium is an established metal for ion beam production since its melting point lies

only 5 K above room temperature (T = 29.76°C).
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Fig. 27: a) Easy axis magnetization loop measured for a 15 ML Co film deposited on the
Mo(110) strip-line. The MOKE measurement was performed in the longitudinal geometry and

the magnetic field was applied along the Mo[110]||Co[1100] direction. b) Hard axis magnetiza-
tion loop for the same Co layer as in a), with the external magnetic field applied along the

Mo[001] || Co[1120] direction®.

For all applications mentioned, the stability of the ion beam is of high importance.

At the tip of the heated Ga reservoir a drop of liquid Ga forms from which ions are
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extracted by a ring shaped extractor (typically on Vexr =1 to 3 kV against LMIS). The
high stability performance is achieved by a permanent feed back loop adjusting the
suppressor with opposite polarity to a constant Ga* ion current. This way the beam
current instability is less than 5% of total beam current per hour®. The primary Ga*
ion beam in this application has a DC current of [ =2.2 yA. A number of current ap-

ertures ranging from 1 pA to 20 nA allow tuning the beam current to the desired etch

rate.
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Fig. 28: a) Generation of a focused Ga' ion beam from a liquid metal ion source. Just as in
scanning electron microscopy, the beam can be focused, scanned across the sample and
blanked off the sample. b) Liquid metal ion source (LMIS). The heated reservoir contains liquid
Gallium. The tip of source is that way constantly wetted with a hanging drop of liquid Ga of
which the ions are extracted®.

The tool employed is a FEI Altura 865 dual beam workstation, integrating an SEM

column with a field emission gun (FEG-SEM) with the focused ion beam column. By
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SEM imaging of the surface it can be assured that no Mo or Co residues remain after
ion milling. This way the etch rates of Mo and Co did not have to be determined, be-
forehand. The resolution of the focused ion beam is d =7 nm at Vi =30 kV and the
stage accuracy is better than 1.5 um®. Fig. 29a depicts SEM micrographs of the area
which has been additionally narrowed with FIB to increase the Oerstedt field (red
dashed circle). The enlargements of this region show the 20 um bottle neck in the
micro stripline of originally 100 um (Fig. 29b-c). In a further enlargement (Fig. 29d)

the remaining Co platelets appear bright above a dark background.

Fig. 29: Preparation of single crystalline Co(0001)Mo(110) strip line with focused ion beam
technique. Images taken by scanning electron microscopy. a) Micro strip line narrowed down
with FIB to 20 ym (dashed circle) at 118 x magnification. b) Enlargement of the bottle neck at
2000 x magnification. c) Region of centre strip line with Co platelets remaining after Ga* ion
bombardment (magnification 1500). d) Further enlargement of single crystalline Co platelets
structured by FIB.
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4.3. Ultra-thin Permalloy Rings and Ellipses

Ion Beam Deposition (IBD) has been chosen as deposition method for soft mag-
netic monolayer films for the numerous advantages of the technique. Unlike conven-
tional cathode sputtering, in ion beam deposition neither target nor substrate are ex-
posed directly to the plasma. A broad beam of noble gas ions is extracted from the
Kaufmann ion source® and directed to the metal target. The distances between ion
source and target and between target and substrate are greater than for cathode sput-
tering and thus better chamber vacuum can be achieved at target and substrate. This
way the temperature of the substrate is not affected by the plasma. Whereas noble
gas ions are embedded into the metal film during conventional sputtering, IBDS de-
posited metal films stand out due to their high purity and the advanced reproduction
of the alloy composition on the wafer with respect to the target. Another advantage
of IBD systems is the possibility to employ ion assist sources, which are directed to
the substrate to control film growth. The energy of the noble gas ion of the assist
source is typically chosen below the threshold of sputtering. This way the impact of
the ions is small enough not to dissipate ions off the growing film, but high enough
to increase the mobility of the atoms in the growing film. For ferromagnetic metals,
this typically leads to significantly reduced surface roughness and a higher magne-

toresistive effect of IBDS ferromagnets than cathode sputtered ones

target revolver

\'. target atoms
substrate |
holder ﬁ)
with wafer AN
' 3.:::Ar+ T, .
primary assist
ion gun ion gun

Fig. 30: Schematic view of an ion beam deposition system with Kaufmann type ion source. The
Ar’ ions generated by the primary gun dissociate metal atoms from the target, which in turn
contribute to thin film growth on the wafer substrate.
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Finally, commercial IBD systems stand out due to the excellent film thickness dis-
tribution of less than 2-3 %.

We were aiming at Py thicknesses as thin as possible in order to create platelets
which would show full magnetic saturation during the field pulse. The ferromagnetic
Permalloy structures deposited by IBDS have a thickness of d =3 nm capped with
1.5nm of Ta as protective coating, which will be removed in vacuum by smooth

sputter etching prior to the synchrotron experiment.
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4.4. Thicker Permalloy Platelets

The standard samples with thicker Permalloy platelets have been prepared by the
group of Prof. C. M. Schneider with the objective to investigate Landau-Lifschitz pat-
terns. Here, the micro strip line of 50 um width was prepared by means of photo-
lithography and subsequent wet chemical etching of a 250 nm thick Cu film on a
SiOx/Si substrate. A bilayer (40 nm Nisi1Fe, 2 nm Cu) was deposited on top of this
micro strip line by DC magnetron sputtering and was micro structured by optical
lithography and ion milling. The Cu cap layer served as a protection against oxida-
tion and was removed by mild ion etching after introducing the sample into the
photoemission electron microscope. The measurement were performed on two rec-
tangular elements of 40 x 20 um? and 40 x 10 um? in size, i.e. aspect ratio of 2:1 and

4:1, respectively.
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Chapter 5

Results



5.1. Magnetization Dynamics in Microscopic Spin Valves

We first recall the behaviour for a single layer of a soft magnetic material. Stand-
ing magnetic eigenmodes have been studied by Krasyuk® in a rectangular permalloy
(NisoFe) platelet of 16 x 32 um? size and 10 nm thickness placed on a coplanar Cu
waveguide, XMCD-PEEM snapshot images are shown in Fig. 31. Because of the inci-
dence of the X-rays at 65° off normal, we are sensitive to the in-plane magnetization
component along the short side of the platelet (x-direction). In the field-free state the
equilibrium magnetization is a symmetric flux-closure domain pattern, comprising
two equally sized domains separated by an 180° domain wall and two end domains
as shown in Fig. 31e (dashed lines). In Fig. 31a, taken in the dynamic mode, the do-
mains at the top and bottom of the platelet are oriented parallel and antiparallel to
the circular photon polarization Peirc (along hv) and thus appear black and white.

The two domains oriented perpendicular to Peirc both appear grey and a 180°-Néel
wall along the y-axis separates these domains with M upward (left) and downward
(right). In the Néel wall, M is oriented to the left; thus the wall appears black. The
external field Hac is applied along the short side of the platelet, thus exciting a forced
precessional mode of the magnetization with a frequency of 1 GHz (the first overtone
of Hac that is phase locked to the storage ring running at 500 MHz). The time evolu-
tion of the magnetization M in the platelet was studied for three different amplitudes
of the magnetic field. Fig. 31b—d shows three snapshots taken at the instant of maxi-
mum magnetic response for field amplitudes I, II and III (0.15, 0.2 and 0.25 mT). The
intensity in the two large domains varies periodically, indicating the predominant
excitation mode of a precession of the magnetization around the effective field axis
directed parallel to the long side of the platelet (y-axis). The system resembles a
driven oscillator, and we observe its dynamical answer to the periodic excitation. The
behaviour is reproduced by dynamic simulations in very good agreement.

In the next section we will see that the experimental results of a magnetically
pinned multilayer stack differ substantially from the soft magnetic single permalloy

layer.
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Fig. 31: Magnetic response of the x-component of the magnetization (bright areas are magnet-
ized to the right, dark areas to the left) in a permalloy platelet of 16x32 pm2 size and 10 nm
thickness for three different field amplitudes | (0.15 mT), 1l (0.2 mT) and Ill (0.25 mT). (a) XMCD-
PEEM snapshot of the domain pattern in dynamic mode at excitation amplitude I; arrows de-
note the local magnetization direction. (b-d) Snapshots of magnetic domain patterns at maxi-
mum magnetic response excited with increasing amplitudes (I, Il and Ill for b, ¢, and d, respec-
tively). (e) Sketch of the magnetic domain pattern in the field-free state (dashed) and when ex-
cited with the AC magnetic field (full lines). (f) Comparison of the experimentally observed
mean shift of the central domain wall (dots) with an analytical model (full curve)7°.

Fig. 32 shows a similar measurement as shown in Fig. 31 but for an antiparallel
pinned synthetic spin valve as described in Chapter 4. In the ground state, the ex-
change bias field forces the microscopic spin valve elements into an almost uniform
magnetization state (weak contrast in Fig. 32, 0 ps). Only in the vicinity of the edges
the magnetization turns parallel to the boundaries, comprising a positive (negative)
value of Mx(t) and avoiding stray field energy.

The magnetic field pulse of amplitude wo Hy=1mT rotates the magnetization
M(r,t) into the direction of the external field. After the pulse has passed, M(r,t) rotates
through the equilibrium position into the opposite direction and finally back to its

initial direction.
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Fig. 32: Sequence of snapshots of the XMCD contrast of a quadratic (5 x5 pm?) and elliptical
(6 pmx3 pm) spin-valve element acquired simultaneously at the indicated time delays. The ex-
ternal pulse field (amplitude y,H, =1 mT with time dependence according to Fig. 23 is applied
along the horizontal x- axis. The easy magnetization direction points along the perpendicular y-
axis. The grey level indicates the magnetization component along the x-axis. For some delay
times, the magnetization vector in the centre of the square particle is indicated by arrows’®.

In order to test the homogeneity of the precession across the structure, we analyze
line profiles taken along the diagonal of the square and the long axis of the ellipse,

see white lines in Fig. 32.
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Fig. 33: Snapshots of the profiles of the magnetization component W,/M along the lines (a) and
(b) indicated in Fig. 32 at the designated time delays. The magnetization component M,(r) is
roughly calibrated by the maximum XMCD value M,, measured during the sequence of images.
The dashed vertical lines in (a) denote extreme positions, see text. The solid lines in (b) denote
the boundaries of the elliptical particle. For clarity, the profiles are vertically shifted by unity®.
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These profiles are shown in Fig. 33a and b for the square and ellipse, respectively.
The profiles reveal that M(r ,t) is not phase coherent in the case of the square. After
an almost homogeneous initial rotation toward the field direction (x), Mx(t) starts to
decrease at 600 ps in the central part faster than in the two areas close to the corners.
This incoherent rotation leads to the wave like pattern at 1000 ps comprising two
nodes along the (x) diagonal. Then, with increasing delay time, Mx(t) increases faster
in the centre, resulting in the two separated minima (occurring at the same position
as the maxima observed at 400-1000 ps). Finally, Mx(t) again reaches a rather homo-
geneous value across the square at 1800 ps. In contrast, similar profiles across the
ellipse shown in Fig. 33b reveal an almost coherent rotation of M(r ,t) indicated by an
almost constant value of Mx(t) for fixed delay times.

As snapshot images have been taken all 20 ns, the magnetic response could be
traced with high precision as shown in Fig. 34. The circles in Fig. 34a represent the
profile of the field pulse. The response of the component Mx/M is shown in Fig. 34b
comparing the time dependence of Mx(t) averaged over the total field of view (open
diamonds) with the local value Mxs(t) [Mx.(t)] measured in the central circular area of
the square (ellipse) (indicated in Fig. 32) at 0 ps. For better comparison, Mxu(t) was
normalized to the same maximum amplitude as the local values. At first glance, the
time dependences M:(t) are close to each other and resemble that of a critically
damped oscillation. The simultaneous fluctuations of Mx(t) near 600 and 1500 ps are
caused by adjustments of the electron optics and beam injection at the synchrotron.

The local variations of Mx(t) are emphasized in the difference image shown as an
inset in Fig. 34b and by the differences shown in Fig. 34c, revealing the true discrep-
ancies between averaged and local magnetization dynamics.

Residual small edge domains that do not participate in the magnetization rotation
cause the positive (negative) constant offset of Mx(t) for the ellipse (square). For the
ellipse, the difference between local and average magnetization (open circles in Fig.
34c). reveals a broad maximum coinciding with the strong counter clockwise rotation

of M(r,t). This behaviour indicates a slower rebound of the magnetization in the cen-
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tre of the particle that can be explained by the attenuation of the bias field by the in-
plane demagnetization field of the ellipse, which reveals a hard axis parallel to the
bias field. Contrarily, the difference for the square particle (open diamonds in Fig.

34c) shows an oscillation with a frequency of about 1.7 GHz.
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Fig. 34: Dynamic response of a diamond-shaped and an elliptical spin-valve element. (a) Field
pulse Hy(f) (open circles) with a repetition rate of 0.5 GHz. Curves show results for the magneti-
zation component M,(t) predicted by the macrospin (MS) model with low (dashed line) and high
(dotted line) damping coefficient. M,(f) calculated by a micromagnetic simulation”’ (SIM) for the
square pattern is shown by the full line. (b) M,(f) averaged over the complete field of view
[M, m(f), open diamond] and in the central area of the square spin-valve platelet [M, s(f), full
diamond] and of the elliptical particle [full circle] versus time delay. The inset shows a differ-
ence image between images acquired at times 160 and 1260 ps. (c) Difference between local
magnetization and average magnetization for the central areas of the square (open diamond)
and the ellipse (open circle)®.

65



The difference image shown in the inset of Fig. 34b relates this frequency to a spin
wave mode identified by the two circularly shaped black areas coinciding with the
maxima (minima) of the profiles indicated by the dashed vertical lines in Fig. 33a.
Because of the presence of this higher-order spin wave mode, the magnetization vec-
tor rotates faster in the region of these maxima (minima) compared to the nodes posi-
tioned in between, thus leading to a change of the rotation direction of the magneti-
zation vector across the square particle for certain delay times. The period of this
mode is 600 ps, which corresponds to f=1.7 GHz. For the elliptical particle, such a
higher-order mode is not observed. The direction of the magnetization rotation does
not change sign across the diameter. The fundamental eigenmode frequency of the
square estimated from a similar measurement using smaller and shorter field pulses
takes a value of f=0.8 GHz in the field-free time range. Neglecting lateral demagnet-
izing fields and assuming a macrospin model, the ferromagnetic resonance frequency

for exchange biased films is given by

with the gyromagnetic ratio y and the total anisotropy field Ha = Hexen + Hs includ-
ing the exchange bias field Hexe: and an induced in-plane uniaxial anisotropy field Hs.
For the saturation magnetization uoMs =1.3 T, we assumed a weighted average of the
bulk values for NiFe and CoFe (free layer consists of 2.1 nm NiFe and 1 nm CoFe).
Under these conditions, the observed eigenmode frequency of 0.8 GHz corresponds
to Ha=0.6 mT, in eq. (13), in agreement with the quasi-static value of Hea derived
from the easy axis magnetization curve, see Fig. 21b. Single-domain (macrospin)
simulations considering the complete magnetic layer stack suggest that the rotation
of the pinned layer can be safely neglected as will be shown later (Fig. 39). The sin-

gle-domain model has to be adjusted with a high damping constant of o =0.025 and

66



Ha=0.6 mT in order to approximate Mx(t) (see dotted curve in Fig. 34a). The damp-
ing coefficient agrees with results reported by Schumacher et al.* for the free layer of
a very similar spin valve element. Contrarily, a damping constant of o = 0.01, which
is closer to values reported for the unbiased free layers®, results in a second maxi-
mum of Mx(t) at 1800 ps (dashed curve) that is clearly not observed in our experi-
ment. A full micromagnetic simulation of the square using a. = 0.01 and replacing the
exchange bias stack by a constant field yields a closer agreement with the experimen-
tal results (solid curve). It also reproduces the relatively large rebound maximum of
Mx(t) in contrast to the macrospin result. The snapshots of the micromagnetic simula-
tion shown in Fig. 23b reveal the characteristic differences between the square and
the ellipse in agreement with the experiment: While the magnetization has already
rotated back into the equilibrium position in the centre of the square, M still shows a
clockwise rotated position toward the left and right corners. In contrast to this behav-
iour, the ellipse shows a homogeneous magnetization direction along the long axis.
Clearly, the shape is responsible for these differences.

Besides the square and the ellipse rectangles measuring 15x 10 um? and
5 x 10 um? have been investigated on a 20 pm wide micro stripline. Shape anisotropy
points parallel to the micro strip line for the large structure and perpendicular for the
small particle. The directions of exchange bias field Hexa, pulsed Oerstedt field Hy and
the incident light are depicted in Fig. 35c. Both rectangular platelets exhibit an almost
uniform magnetization state, which cannot be observed in unbiased Permalloy plate-
lets?* since for particles with several microns size the Landau-Lifschitz domain con-
figuration is energetically preferred. In contrast to Py, for the pinned multilayers a
quasi-single domain state is observed, even for large platelets. Thus, significant stray
fields occur due to the pinning field Hewch. At higher magnification, a densely packed
system of interacting low-angle Néel walls becomes visible which stabilizes itself and

forms a buckling state (see Fig. 36).
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Fig. 35a: PEEM image of two rectangular spin-valve elements on a 20 pm strip line. (b) Same
with boundaries of the centre strip line as well as contours of the two rectangles measuring
15 x10 pm? (upper platelet) and 5 x10 um? (lower platelet). (c) Directions of the exchange bias
field H.,cn, the pulsed Oerstedt field H, and the incident light hv (projected into the drawing
plane).

Presumably, the formation of buckling domains is also supported by the grain
structure of the underlying Cu stripline. Apparently, the only way for the pinned
free layer to reduce energy is the emergence of edge domains (bright horizontal rims
in Fig. 36) according to the pole avoidance principle!®. Due to the demagnetization

field a reduction of magnetic charge takes place at the rim of the platelet which is

Fig. 36: Element selective XMCD imaging (Ni L; edge) of the free layer of the rectangular spin
valve structures reveals buckling domains with small-angle Néel walls. The overall net mag-
netization appears in the “S” state due to the pole avoidance principle. The red arrows indicate
the averaged local magnetization direction at the edges and in the centre regions, forming the
“S” state in both cases.

68



compensated for by the appearance of volume charges. In other words, charges
prefer to smear out, to decrease magnetostatic energy. This way both platelets in Fig.
36 appear in the “S” state independent of their orientation to the stripline. As the
pulse field Hy is perpendicular to the exchange bias field, it causes an in plane rota-
tion of the magnetization. The initial ground state orientation is essentially parallel to
the strip line due to the exchange anisotropy field Hex: (Fig. 35c). This becomes clear
by analyzing the grey scale values within the regions of the spin valve platelets. Fig.
37 shows an XMCD-PEEM sequence for these elements. As the magnetic field pulse
propagates through the strip line, the magnetization rotates coherently out of its ini-
tial ground state orientation, falls back into it and “overshoots” to the opposite side
after the pulse has passed (see arrows).

The grey scale, giving the component Mx(t) according to eq. (7) is quantified in Fig.
38. It can be deduced that the normalized grey scale intensity averaged over each
platelet has a negative component for both particle sizes. After following the mag-
netic excitation (white appearance of the platelets in Fig. 37), the particles reveal an
averaged black XMCD contrast, i.e. Mx(t) turns negative even though the platelet has
never been excited in this direction. This behaviour cannot be explained assuming
static magnetic behaviour but supports conservation of angular momentum accord-

ing to the Landau-Lifschitz-Gilbert formalism.
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Fig. 37: Series of XMCD-PEEM snapshots showing the dynamics of magnetization in the free
layer of two GMR spin valve elements under remagnetization. The upper rectangle measures
15 %10 pmz, the lower 5 x 10 pmz. Arrows denote average magnetization directions.
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Since the response for fast field pulses are almost critically damped (see 100 ps and
200 ps curves in Fig. 38b and c), fast magnetic switching is possible®”2. Similar multi-
layer stacks have already been implemented successfully as read elements for fast

magnetic bits” stray field readout in hard disc drives.
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Fig. 38: Dynamic response of two rectangular spin-valve elements extracted from Fig. 37. (a)
Stripline output signal for three different pulse widths (100, 200 and 500 ps). Grey scale inten-
sity (normalized) of the 15 x10 um? structure (b), and 5 x10 ym? structure (c).

71



The Object Oriented Micromagnetic Framework”™ (OOMMEF) has been used to
simulate the magnetization dynamics of al three ferromagnetic layers in the GMR
spin valve. Standard micromagnetic simulations require a size of the basic cell for the
calculation which is small against the size of the platelet but still within the magni-
tude of the magnetic exchange length. Thus, computational power usually limits the
dimension of the simulated platelets. Two models have been compared for platelets
with the same aspect ratio as the ones experimentally studied. The macrospin model
resembles the quasi-single-domain state of the platelet and assumes coherent rota-
tion. Here, the cell size for simulation has intentionally be set equal to the size of the
platelet. In the micro spin model, in contrast, the cell size for simulation has been
chosen small enough to appropriately respect the magnetic exchange length
(10 x 10 x 3 nm). In both cases the damping constant for the simulation has been set

toa=0.1.
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Fig. 39: Micro-magnetic simulation of the magnetization dynamics of a GMR spin valve for a
square field pulse (a) assuming a simple macro-spin model. The red and green curves in (a)
show the pulse profile and the M, component, respectively. The arrows in (b) denote the mag-
netic rotation of each ferromagnetic layer in the spin valve stack according to the time steps 1
to 7. The color code denotes the magnetization direction as defined in (b).
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Fig. 40: As in Fig. 39, the red and green curves in (a) show the square pulse profile and the M,
component, respectively. The large and small arrows in (b) denote the magnetic rotation of
each ferromagnetic layer in the spin valve stack according to the time steps 0 to 6. The color
code denotes the local magnetization direction as defined in (b).
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In Fig. 39 and Fig. 40 the results of micro-magnetic simulations with OOMMEF us-
ing the NIST code of a GMR spin valve are presented. For simplicity, a step like ex-
ternal field with amplitude 20 mT has been applied (red curve) in (a), respectively.
We assumed the following material parameters (see Fig. 41):

All three ferromagnetic layers and the non-magnetic spacers are 3 nm thick. The
saturation magnetization Msat has been set to 1400 kA/m for free layer and to
2000 kA/m for the hard ferromagnetic layers. The coupling of the lower ferromeagnet
to an imaginary antiferromagnet was introduced by a biasing field of 40 kA/m acting
on FMI.

The macro-spin model (see Fig. 39) assumes a single domain state, i.e. the mag-
netization rotation within the platelet is per definition coherent. The magnetic rota-
tion of each ferromagnetic layer in the “mono”-spin model is shown for several se-
lected time steps. As expected the soft magnetic free layer rotates freely into the field
direction, whereas the magnetization of the hard magnetic layers rotates only faintly.
The rotation of the hard magnetic layers can thus be neglected at our given field
pulse amplitudes.

In the micro spin model (see Fig. 40) the free layer reveals edge domains in the “S”
state as observed experimentally (cf. Fig. 36). Surprisingly, the simulation however
shows, that the underlying hard magnetic layers are both in a “C” state, but with op-
posite orientations.

The magnetic exchange coupling between the three ferromagnetic layers in the
spin valve element can thus be described classically as three rotational objects con-
nected by two springs with different spring constants, where ki « k2 as depicted in

Fig. 41.
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Fig. 41: Spring model illustrating qualitatively the coupled three-layer system, like rotating ob-
jects with high moments of inertia, the hard magnetic layers FM1 and FM2 are connected by a
spring constant k,. In the same way the free layer FL is connected to the upper hard magnetic
layer with a spring constant k;. Simulation shows that the rotation of FM1 with respect to FM2
can be neglected because k; « kj.

The important results of this simulation of the modelled three-layer system are:

e The mono spin model shows almost no response of the hard magnetic layers

FM1 and FM2
e The micro spin model shows pronounced edge domains in the “C”-state for
the hard magnetic layers (FM1 and FM2). The edge domains in the free layer

FL reveal an ”S”-state

e The dynamics of the free layer substantially deviates from a coherent re-

sponse.

76



5.2. Epitaxial Co Platelets on a Single-Crystalline Mo Strip Line

Fig. 42 shows the time dependence of the field pulse as measured behind the epi-
taxial strip line on ALQOs. Due to the small damping in the Al2Os(1120) substrate
compared to the Si substrate used for the Permalloy platelets, the field pulse shows
an equally sharp leading and trailing edge, reproducing exactly the output of the

pulse generator.
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Fig. 42: Temporal profile of the magnetic field pulse Hy(t) on the single-crystalline Mo(110) strip
line on Al,O; substrate®.

The maximum field amplitude calculated from the current signal measured after
the pulse has passed the strip line amounts to 6 mT. Co films grown on Mo(110)
show a uniaxial anisotropy with the easy axis along the Mo[110 ] direction, that in
turn is aligned with the strip line axis®. The anisotropy constant determined from
Kerr magnetometry measured before the final FIB structuring is Ky =0.47 x 105 J/m?
corresponding to an anisotropy field of poHamiso =50 mT. The deviation from the re-
sults measured for Mo capped Co/Mo(110 ) films® might be attributed to the surface

anisotropy induced by the Au capping. Moreover, a decrease of the magnetic anisot-
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ropy due to structural damage in the course of the FIB structuring has to be taken
into account.

Fig. 43 shows an XMCD-PEEM snapshot sequence with increment 20 ps in the
leading edge (starting at 200 ps) of the field pulse in Fig. 42). Unfortunately, the sam-
ple was destroyed by electrostatic discharge after image (g) was taken.

The uniaxial anisotropy defines the magnetization direction at equilibrium along
the strip line. A homogeneous magnetization state as shown in the Fig. 43a is typical
for these epitaxial grown platelets. The dark colour of the platelet in Fig. 43a indi-
cates a magnetization component antiparallel to the incident X-ray beam before the
field pulse arrives (see arrow). During the steep leading edge of the field pulse we
observe a reversal of the XMCD asymmetry revealing a change of sign of the hori-
zontal magnetization component. Consequently, the magnetization has rotated by at
least 45° in Fig. 43g as indicated by the arrows on the right. A quasi-static field of

6 mT would only cause a small rotation of 7° for the given field and anisotropy.

Fig. 43: XMCD-PEEM snapshot sequence of epitaxial Co platelets on a single-crystalline

Mo(110) strip line on Al,O;. Sequence (a-g) shows the change of magnetization state with time

steps of only At =20 ps. The series was taken in the rising edge of the field pulse (between

?I;)Or%]and 320ps in Fig. 42). Sizes of Co particles on the strip line are 5 x 10 umz and 10 x 5 umz
ef.
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This unexpected large response might be attributed to a decreased magnetic ani-
sotropy deviating from the measurement on the unstructured area of the sample. The
Co elements have been structured by focused ion beam (FIB) milling. We know from
other experiments® that the anisotropy can change upon ion bombardment. In addi-
tion, we observe a non-uniform response of the magnetization. Close inspection of
Fig. 43f-g reveals bright rims, i.e. a larger positive asymmetry (positive horizontal
magnetization component) at the left and right edges of rectangular elements. This
observation indicates a stronger dynamic response of the magnetization at the edges
where the field enters and leaves the ferromagnetic particles. This is quite surprising
since one would expect a stronger response just at the other edges because of the
demagnetizing field occurring at the poles of the magnetic sample. On the other
hand the demagnetizing field is negligibly small for the ultrathin film investigated
here and a lateral inhomogeneous magnetic anisotropy due to the structuring might
be the reason for this observation.

From the MOKE loop in Fig. 27 it can be deduced, that the coercivity field neces-
sary to magnetically saturate these platelets is at least 25 mT. The field pulse gener-
ated by the Oerstedt field was probably not sufficient to drive the magnetization into
complete saturation.

The sequence in Fig. 43 proves a time resolution better than 20ps. Between (d) and
(e) and even more pronounced between (e) and (f) and (f) and (g), we observe
marked changes of the asymmetry patterns. This result is in good agreement with
our earlier measurements on permalloy particles?®, where we found a time resolution
of 14 ps. Given the photon pulse width of approximately 5 ps in the low-a mode, the
main contribution stems from jitter in the electronic set-up, i.e. bunch-marker from

BESSY and magnetic pulse generator.
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5.3. Propagating Magnetic Eigenmode in Ultra-Thin Py Ellipse

Fig. 44 shows a sequence of snapshots of XMCD-PEEM images taken with 25 ps
time increment for an elliptical Permalloy particle with 3 nm thickness. As described
in chapter 4.3, the Py has been deposited by Ion Beam Deposition. Field pulses of
about 500 ps width and an amplitude of 1.5 mT were applied, again with a repetition
rate of 500 MHz. Since the maximum of the applied field pulse is larger than the
quasi-static value that would be needed to saturate the particle, we assume that the
observed magnetization dynamics does not depend on the initial state before the
pulses were applied. Note that in this experiment the pulse field is oriented perpen-

dicular to the photon beam, see arrows in Fig. 44.

Fig. 44: XMCD-PEEM image series of a propagating spinwave in the upper part of an elliptical
thin-film structure (semi-axes 6 pm x 12 ym, 3 nm thick). The dashed line in the 0 ps image de-
notes the position of the line scan shown in Fig. 45™°.

The snapshots were taken with increasing delay time between magnetic field
pulse and the bunch marker signal of the storage ring. Here, the delay time ¢t =0 ps
roughly corresponds to the maximum of the field pulse. We infer absolute values
from flux-closure magnetization states of smaller particles before the field pulse
measured in the same run. This calibration results in the fact that at t =0 ps the mag-
netization close to the upper boundary of the elliptical particle is oriented nearly
perpendicular to the orientation of the pulse field in contrast to the expectation for a
quasi-static behaviour. This observation is in course agreement with a dynamic simu-
lation.

In order to view the spatiotemporal behaviour of the XMCD contrast quantita-

tively, a line scan along the dashed line in the image series in Fig. 44 has been plotted
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as function of time. The result is displayed in Fig. 45. All XMCD asymmetry profiles
shown in Fig. 45 deviate considerably from conventional domain wall profiles ob-

served during quasi-static remagnetization processes.
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Fig. 45: Profiles of the set of XMCD-images along the line shown in the left image if Fig. 42 for
increasing time delay. The profiles indicate the magnetization component M,(f) along the inci-
dent light. The delay times cover the time range during the maximum of the field pulse. Arrows
denote a propagating phase front. The vertical lines denote the boundaries of the particle7°.

The domain wall width for quasi-static conditions is determined exclusively by
exchange constant and magnetic anisotropy resulting in values of the order of
200 nm for Permalloy, cf. Néel wall widths in Fig. 31. The profiles shown in Fig. 45
instead resemble a wave pattern with a wavelength comparable to the dimensions of
the particle, i.e. few micrometers. The shape of the wave pattern evolves during in-
creasing time delay from an asymmetric maximum with only positive values at
t=0 ps (bottom profile) to a symmetric wave with two maxima and a minimum in
between at t > 250 ps.
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Considering a fixed position on the particle we observe an oscillating behaviour in
time for the magnetization component. At an adjacent position a similar oscillation in
time occurs, however, with a phase shift. This is a clear indication of a travelling
spinwave (comp. Fig. 8). On the other hand, the boundary condition (boundaries de-
noted as vertical lines in Fig. 45) cannot be neglected for the description because of
the long wavelength comparable to the particle dimensions. This case can be seen as
an intermediate case between free travelling spin waves and standing waves as de-
scribed above. Moreover, the rotation angle of the magnetization vector is large com-
pared to thermally excited spin waves, which will certainly influence the phase ve-
locity of spin waves because they are inherently non-linear.

For delay times between t =100 ps and t =250 ps the shape of the spin wave is al-
most stable and the wave travels with a constant velocity. The velocity can be in-
ferred from the motion of a point with constant phase of the wave, i.e. phase velocity.
We use for this purpose the zero crossing as indicated in Fig. 45 by the arrows, result-
ing in an appearing phase velocity of vpn = 8100 m/s. This value is clearly higher than
values typically reported for the velocity of domain walls (up to 100 m/s). Even the
recently reported much larger values of 1500 — 2000 m/s7#757 remain smaller com-
pared to the velocity determined here. Since the motion with constant velocity is rela-
tively short and also does not take place in a homogeneous film the comparison to
free spin waves has to be done with some care. The change of the shape also indi-
cates that the phase and group velocity are different. However, similar values as in
our case were found in homogeneous permalloy films for the group velocity of a
magnetostatic surface wave”. The unexpected high domain wall speed could be as-
cribed to the very low thickness of the Py layer (3 nm), along with the very good

quality and high purity due to IBDS preparation technique.
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5.4. Magnetization Dynamics of Ultra-Thin Py Rings

In this experiment again the incident light lies in the horizontal plane. The copla-
nar waveguide lies in this plane, too, as depicted in Fig. 46. Areas with vertical local
magnetization vector appear grey whereas regions with horizontal component ap-
pear black and white, respectively. A ring in vortex state therefore features grey sides

left and right, a black top and white bottom pole (see Fig. 4a).

Fig. 46: Horizontal orientation of centre stripe of the wave guide, equipped with Py rings (white)
of 3 nm thickness and different sizes. The plane of photon incidence lies horizontal as well.
The Oerstedt field H, (perpendicular to the current /) is oriented vertical in the region of the ring
structures.

The magnetic emergence of a ring in the onion state (see Fig. 4b) in X-PEEM re-
sembles a lifesaver. As a metastable state, the onion configuration is accessible from
magnetic saturation (see Fig. 4c) in a reproducible way. With decreasing ring diame-
ter however, the energetic difference between the onion state and the flux-closure
vortex state decreases. It was observed during the experiment that rings smaller than
6 um outer diameter undergo spontaneous transitions from onion to vortex state and
vice versa.

An IBD-Permalloy ring of 3 nm thickness with inner diameter of 6 um and outer
diameter 15 um in the onion state is shown in Fig. 47. The left columns show a mi-
cromagnetic simulation, the XMCD-PEEM image sequence is shown in the right col-
umns. Initially (t=-100 ps) the ring is in the onion state. By applying a magnetic
field in vertical direction the ring gets magnetically saturated (f =900 ps in the simu-

lation; 690 ps in experiment) and comes back into the onion state (¢ = 1700 ps).
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Fig. 47: Magnetization dynamics of a permalloy ring of 3 nm thickness with inner diameter of
6 um and outer diameter 15 pm. Column (a) shows micromagnetic simulated reaction on the
field pulse. Column (b) shows the XMCD-PEEM image sequence. The component of the mag-
netization vector M,(t) is obtained from the greyscale level in the regions A and B, respectively.

The graph in Fig. 48a shows the measured of the field pulse profile during this
experiment. An Oerstedt field pulse with 1.5 mT amplitude was achieved at the
20 nm wide micro stripline. The normalized x-component is obtained from the grey
scale level of the areas of interest A and B denoted in Fig. 47 (first images in (a) and
(b)). Fig. 48 shows the value M:/M; for simulation (b) and experiment (c). As the
magnetization direction in the selected micro regions turns from horizontal to verti-
cal with opposite sign, however, it overshoots the twelve (six) o’clock position in the-
ory and experiment.
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Fig. 48: Local response in micro areas A and B (denoted in Fig. 47) for a magnetic field pulse of
1.5 mT (a). Results of micromagnetic simulation (b) and experiment (c) for the horizontal com-
ponent of magnetization M,(t) obtained from grey scale intensity in the image sequence.

The simulation assumed a ring with the outer diameter of 5 um, a saturation flux
density of Bsat=0.8 T and a damping coefficient of oo =0.005. The cell size for the
simulation was 5 nm?.

Again, this effect cannot be explained by quasi-static rotation phenomena but
originates in the conservation of angular momentum. The agreement with the ex-
periment is fairly good concerning the local response in Fig. 48. The experimental
XMCD contrast images appear more “grainy” because of local structural inhomoge-
neities and a possible system of small-angle Néel walls as also observed for the spin

valve sample (see Fig. 36).

85



5.5. Dynamic Response of 90° Néel Domain Walls

The effect of the magnetic field pulses on the thicker Permalloy micro patterns de-
scribed in chapter 4.4 is shown in Fig. 49a-h, which compiles a sequence of images
taken with a time increment of At =10 ps. The direction of photon incidence (projec-
tion onto the sample surface) and the pulse field Hy(t) are directed from left to right
(parallel to the short edge of the particles) and bottom-up (parallel to the long edge of

the particles), respectively, as given in the inset.

Fig. 49: XMCD-PEEM image sequence of rectangular Permalloy particles taken during the steep
rising edge of the field pulse at t=100 (a) and 110 ps (b) as well as difference images calcu-
lated from image pairs taken at =110 (c), 120 (d), 130 (e), 140 (f), 150 (g) and 160 ps (h) and
t=t-At, At=10 ps. Directions of light incidence hv (projection on the sample surface) and
pulse field H, are indicated in the inset™.

Due to the alignment between the local magnetization and the direction of light
incidence, only three distinct contrast levels (black, white and gray) appear. The
XMCD-PEEM image in Fig. 49a shows the domain structures of the particles under

study at =100 ps, i.e. at the onset of the field pulse. These structures are schemati-
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cally shown by solid lines with arrows denoting the local magnetization direction.
They are very similar to the initial flux closure (Landau) domain patterns of these
structures. Following the evolution of this pattern in time, we observe that the do-
main structure is visibly affected, i.e., the magnetization distribution is locally de-
formed. The domain boundaries shift significantly within the next 10 ps (t =110 ps),
see Fig. 49b. The dotted lines in Fig. 49b mark the new positions of the domain
boundaries, as given by the contrast changes from black to white. These field-
induced changes may be emphasized, if the domain pattern from Fig. 49a is sub-
tracted from the image in Fig. 49b (see Fig. 49c). Fig. 49c-h show a series of difference
images calculated from image pairs taken at subsequent points in time ¢ =110 (c), 120
(d), 130 (e), 140 (f), 150 (g), 160 ps (h) and t" =t - At (4t = 10 ps). The fact that these dif-
terence XPEEM images exhibit distinct features indicates two important findings.
First, the actual time resolution is significantly smaller than the chosen step width.
Second, the observed changes are reversible and appear during all (or at least most)
of the cycles in our stroboscopic experiment. The results of measurements given in
Fig. 49a-h correspond to the current pulse leading-edge (100 ps <t <160 ps), denoted

as area I in Fig. 14a.

Fig. 50: XMCD-PEEM image sequence of Permalloy particles taken in the region of the pulse
maximum at ¢t = 200 ps (a) and difference images corresponding to the pairs t =220 (b), 240 (c),
260 (d), 280 (e), 300 (f) and 320 ps (g) and t =t - At, At=20 ps. Line AB denotes the 90° Néel
domain wall. Near the line AB the contrast of the region marked by the arrow varies (b-g)5°.
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A closer inspection of the data in Fig. 49 reveals that the changes during the time
sequence are mostly confined to the domain boundaries. The larger particle responds
stronger than the smaller one. In addition, the changes do not follow a simple trend,
but rather an almost oscillatory pattern, although we are still on the rising edge of the
pulse. This shows up very clearly when comparing Fig. 49c and e, in which the con-
trast indicating the response of the domain boundaries is reversed.

Therefore, the behaviour of the magnetization at the domain boundaries is more
complex and cannot be described by a simple linear motion, i.e. a domain wall shift
as in the case discussed in Ref.2. It further proves the significance of the higher Fou-
rier frequencies contained in the steep rising edge (see Fig. 14b). In the further course
of the field pulse changes occur at different locations in the magnetization pattern, as
depicted in the sequence in Fig. 50a-g. In the following, we will concentrate on the
dynamic behaviour in the region close to the maximum of the field pulse (Fig. 14,
area II). Near the flat maximum the overall response is weaker than during the rising
edge which again points on the importance of the Fourier components with a strong
damping of these high-frequency modes in the particle. In this sequence the smaller
particle shows a contrast whereas the larger one yields practically no response. Fig.
50b-g demonstrates the changes in the magnetization distribution in the area contain-
ing the 90" Néel wall marked by the line AB in (a) between the domains in the Lan-
dau pattern. The difference XMCD-PEEM images taken at time t = 220 (b), 240 (c), 260
(d), 280 (e), 300 (f), 320 ps (g) and t" =t - At (4t =20 ps), map the evolution in time. As
can be seen, close to the line AB the contrast in the region marked by the arrow varies
distinctly. This is caused by a change of the magnetization direction in the region
adjoining the 90° Néel domain wall AB. The dynamics of this contrast change is

compiled in Fig. 51a.
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Fig. 51: (a) Intensity profiles j of the grey values in Fig. 48 along the dotted line marked in Fig.
50a for the XMCD asymmetry images taken between time t =200 and 300 ps. The right ordinate
gives the corresponding angle dependence a(x). The magnetization angle « is counted from
the illumination direction (its projection on the particle plane) as depicted in the inset. The
dashed vertical line denotes the centre of the region marked by the arrow in Fig. 50b-g and

corresponds to the position of line AB in Fig. 50a. (b) The angle of the local magnetization di-
rection «(f) in the region marked by the arrow in Fig. 50b-g as function of time®.

It gives a series of intensity profiles j(x) through the region under study extracted
from the XMCD-PEEM images taken between t =200 and 300 ps. These profiles are
recorded along the dotted line being perpendicular to line AB (Fig. 50a). According
to eq. (7) the grey level in the XMCD contrast is proportional to cose, where « is the
angle between the directions of magnetization in the particle plane and projection of
direction of photon illumination onto this plane. The angular dependence o(t) (Fig.
51a, right hand scale) can be directly extracted from the intensity profiles j(x) (left

hand scale). The extreme values o = 180° and 270° on the right-hand scale correspond
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to the grey levels for the magnetization direction being antiparallel and perpendicu-
lar to the projected photon impact direction, respectively.

We clearly see that the profiles a(x) in Fig. 51a shift to the right and deform as ¢ in-
creases. This is a further indication that we cannot interpret the series of curves in
Fig. 51a in terms of a quasi-static movement of the 90° Néel domain wall AB.

The vertical dashed line in Fig. 51a corresponds to the centre of the region marked
by the arrow in Fig. 50b-g. From the variation of a(x) along this line, we can extract
the time dependence of the angle a(t) as shown in Fig. 51b. An inaccuracy in the de-
termination of the angles can be caused by the fact that not all of the 10® cycles of the
passage of the magnetic field pulse are characterized by complete repeatability, or
there is a non-negligible out-of-plane component of the transient magnetization. It
means that the real curve a(t) can be shifted to somewhat higher angles. As is seen in
Fig. 51a, the monotonous character of the shift of the intensity profile lines j(x) is dis-
turbed from the left to the right with increasing ¢. This can be induced by the above-
mentioned effect as well as by the wave character of spin wave propagation. The lat-
ter reason is the most probable and it can explain an oscillating variation of the posi-
tion and inversion of the contrast of the region marked by the arrow in Fig. 50b-g.

Any change of the magnetic configuration on such a short time scale is accompa-
nied by the emission of spin waves. The top panel of Fig. 52 shows the result of a
simulation of spin waves generated at a 90" Néel domain wall. This computer simu-
lation was realized with the help of the program OOMMTF for a Permalloy particle of
rectangular shape with aspect ratio 2:1. The magnetic field pulse profile was chosen
similar to the measured one shown in Fig. 14a. The local directions of magnetization

in Fig. 50 are shown as small arrows.
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Fig. 52: Emission of spin waves from 90° Néel domain walls (simulation using the NIST OOMMF
code™). Top row: Micromagnetic simulation showing the time evolution of the magnetization
(bright areas are magnetized to the right, dark areas to the left) in a Permalloy particle with
linearly reduced dimensions (4 pum x 2 ym x 10 nm) for delay times t=0 (a), 500 (b), 1000 (c)
and 1500 ps (d). Bottom row: Corresponding divergence of the magnetization on the surface of
the particle5°.

The simulation was carried out with a step width of 10 ps, a cell size of 40 nm,
Bswr=1T and o = 0.008. The results for time steps of 500 ps are given in the top row of
Fig. 52. From the comparison of adjacent images, one sees distinct shifts of 90° Néel
domain walls and deformations of the domains themselves. They are close to ex-
perimentally observed shifts. The stronger the local magnetic field, the larger the
shifts. The first ones are visualized in the bottom row of Fig. 52 as gray levels denot-

ing the divergence of the magnetization. These variations are shown with the step of

91



50 ps in more detail for the area marked by the white square in Fig. 52 as difference
images of magnetization divergence in Fig. 53.

Considering the high Fourier frequency components in our experiments, we can
assume that particular spin wave modes are driven almost into a resonant behaviour,
comparable, for example, to a parametric oscillator. It has also been shown recently
that spin waves may propagate through domain walls”. The overlap of these spin
wave modes and the non-collinear magnetization distribution in the domain wall
itself give rise to a local variation of the magnetization and may explain the deforma-
tion of the profiles observed in Fig. 51a. We can try to estimate the period of this
mode from Fig. 51b. It can be determined from the condition that the magnetization
direction in the spin wave should change by a = 360" during a full period. The period
T is equal to about 900 ps (the frequency is about 1 GHz) because, as is seen from Fig.
51b, the angular velocity of the magnetization precession reaches a maximum slope

of 0.4°in 1 ps.

Fig. 53: Difference images of magnetization divergence for the area designated by the white
square in Fig. 52 at time t= 550 (a), 600 (b), 650 (c), 700 (d), 750 (e), 800 (f), 850 (g), 900 ps (h)
and 950 ps and t = t - At, At = 50 ps™’.
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The characteristic time of the magnetization reversal (o =180°) is T/2, i.e. about
450 ps. A movement of a 90" Néel domain wall means that in the region of the do-
mains adjacent to the wall, on one side the magnetization direction turns by the angle
of a.=90" and becomes parallel to the domain magnetization direction on its other
side. It means that the second domain grows on the expense of the first domain, and
in such a manner the domain wall moves. The characteristic time needed for this 90°
rotation process is T/4, i.e. about 225 ps. This result is close to the data available in the
literature®. For example, the study of the magnetization dynamics of similar samples
performed by means of MOKE (square Permalloy particles with edge lengths of or-
der of a few microns and 18 nm thick) showed that the intrinsic frequency of the
magnetization reversal corresponds to modes of a few gigahertz’. Besides, the fre-
quency depends an the particle dimensions dependence (it increases as the particle
lateral size decreases). The velocity of the 90" Néel wall AB is determined from the
shift along the abscissa of the profiles in Fig. 5la taken with time increments of

At =20 ps. The maximum velocity is 15.000 m/s.
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Chapter 6

Conclusions and Outlook



Conclusions and Outlook

A stroboscopic pump-probe technique has been applied for the investigation of
the dynamics of ferromagnetic particles responding to ultrafast magnetic field pulses
(resulting from a current pulse through a micro stripline). The time resolution is de-
termined by the photon pulse width as well as the jitter of the bunch-marker and cur-
rent pulse generator output. In the performed measurements in the low-alpha multi-
bunch mode of BESSY the photon pulse width was <2 ps and the jitter was about
15 ps. The resulting total time resolution was thus essentially restricted by the jitter.
It is determined by the pulse electronics, the length of the connecting cables etc. It
means that a time resolution in the 10 picosecond range can be achieved with the
help of the applied technique. Thus, the observation of fast processes in the gigahertz
range became only possible due to the joined effort of producing ultra short X-ray
pulses at BESSY II (operated in low alpha mode) and setting up a time-resolved
PEEM experiment. In it's standard operation mode, BESSY II delivers photon pulses
of typically 50 ps width. Since improving the knowledge in the field of magnetization
dynamics becomes increasingly important, stroboscopic PEEM exploiting X-ray
magnetic circular dichroism (XMCD) is on its way to contribute significantly to this
field.

One main system studied was a multilayer spin valve structure fabricated by in-
dustrial standards in the wafer fab of Sensitec GmbH, Mainz. The silicon wafers were
processed in thin film technology suited for manufacturing high performance mag-
netoresistive sensors. 125 mm wafers have been processed in a class 100 clean room.
Deposition and structuring of the layer stack of the coplanar waveguide equipped
with GMR spin valves was done with standard lithography at A =365 nm and dry
etching and ion milling techniques.

In conclusion, we find that the magnetization dynamics of the free layer of a GMR
spin valve stack deviates significantly from a simple phase-coherent rotation as ex-
pected from the macrospin model. The dynamic response of the free layer is a super-

position of an averaged critically damped precessional motion and localized spin
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wave modes, which depend on the shape of the micro pattern. A micromagnetic
simulation qualitatively reproduces the observed spin wave mode for the square
platelet. In principle, higher-order spin wave modes provide an additional efficient
channel for energy dissipation and thus should result in a higher effective damping
coefficient (oo =0.01), as observed in our experiments. First, we found the damping
coefficient to be independent of the shape of the spin-valve element, thus favouring
the model of nonlocal magnetization damping. However, building the difference in
the magnetic rotation from the central region of the diamond shaped (5 x5 pum)
platelet and the outer rim reveals a standing spin wave with a period of T =600 ps,
which corresponds to a frequency of f=1.67 GHz.

Micromagnetic simulation suggests that the reaction of the hard magnetic layers in
the spin valve stack can be neglected and that a simple monospin model can describe
neither sufficiently the observed spin wave modes nor the occurrence of edge do-
mains. The strong exchange coupling leads to the complementary formation of “C”
states in the lower and the upper ferromagnet. As expected, the stray field of these
compensate at the free layer. Due to the weak coupling of the free layer to the upper
ferromagnet, the edge domains in the free layer form an “S” state to minimize stray
field Haemag.

For quantitative comparison with these coupled-layer structures, we investigated
single film structures of Permalloy (thickness of 40 nm) on the central strip line of a
coplanar waveguide. We found an induced magnetic moment in a rectangular plate-
let oriented perpendicular to an exciting oscillatory magnetic field, when the system
is excited just below the resonance frequency. The magnetization distribution adapts
itself to increase the energy dissipation and thus causes an overall increase of en-
tropy. Above a threshold, the near-resonance spin wave mode exerts an effective
force perpendicular to the central 180°-Néel wall that is balanced by the restoring
force of the stray field energy.

In ultrathin elliptical Py particles (semi axes 6 umx 12 um, 3 nm thick) oriented

with the long axis at an angle of 45 degrees with respect to the exciting field, we ob-
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served travelling spin waves. High precision in time domain and a snapshot series
with 25 ps time increment ensured sufficiently high time resolution. The phase front
of the spin wave with large precessional angle propagates with a velocity of
8.100 m/s, i.e. much faster than typical domain walls in Permalloy. Velocity and
change of wave shapes indicate that the observed phenomena are closely related to
spin waves in homogeneous media.

Rings made of ultra-thin Py (3 nm thick) appear in the so-called “onion state”
since the experiment allows to access this meta-stable state from magnetic saturation.
In this state a net flux traverses the ring but within the ring flux-closure like domains
are formed. The field pulse drives the structure into saturation. However, that state is
energetically unfavourable and decays rapidly (within 400 ps) into the onion state
after the field pulse has passed. The micromagnetic simulation of a 5 um sized ring
assuming Bs«f =0.8 T and a damping coefficient o = 0.005 qualitatively and quantita-
tively reproduces the observed over-critical damping.

The high time resolution allowed us to study the dynamics of the deformation of
90" Néel walls in Py structures with a Landau flux closure pattern due to the action of
a magnetic field pulse on these particles. The characteristic time for magnetization
reversal estimated from this is half of the precessional period T/2 =450 ps. The do-
main wall is displaced out of equilibrium during action of the field pulse with a
maximum velocity of 15.000 m/s, i.e. much faster than typical “quasi-static” wall ve-
locities.

We succeeded to grow an epitaxial Co (0001) platelet on an epitaxial Mo(110)
stripline, that was deposited and structured on a single-crystalline sapphire (1120)
substrate. A homogeneous magnetization state was observed for the epitaxial grown
platelet. Under excitation with a 6 mT field pulse of 500 ps pulse width, the two rec-
tangular platelets with 0 and 90° orientation to the micro strip line show an unex-
pected large response, which might be attributed to a decrease of anisotropy due to
structuring the sample. The magnetization has rotated by at least 45°, whereas 7° are

expected for given field and anisotropy. The asymmetry is higher at the short edges
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of the structures, indicating a stronger dynamic response at the edges where the field
enters and leaves the magnet.

Finally, a variety of ferromagnetic systems were successfully investigated with TR-
PEEM using XMCD. The method has proven to be suitable for the investigation of
spin wave phenomena in micron-sized structures. This is due its adequate position-

ing in the landscape time and lateral resolution.
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MRAM
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PEEM
PVD
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SEMPA
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TEM Wave
TMR
TR-PEEM
UHV
VSM
XMCD
X-PEEM

Auger Electron Spectroscopy
Anti-ferromagnet
Antiferromagnetic Coupling Maximum

Berliner Elektronen-Speicherring Gesellschaft fur Synchrotronstrahlung

Brillouin Light Scattering

Coplanar Wave Guide

European Synchrotron Radiation Facility, Grenoble
Focused lon Beam

FerroMagnet

Free Layer

Full Width at Half Maximum

Giant MagnetoResistive Effect

Hard Disc Drive

lon Beam Deposition System

Low Energy Electron Diffraction

Magnetic Force Microscopy

MonoLayer

Magneto-Optical Kerr Effect

Magnetic Random Access Memory

MacroSpin

Non-magnetic Layer

N-Methyl-2-pyrrolidinone

Object Oriented Micromagnetic Frame

Photo Emission Electron Microscopy

Plasma Vapour Deposition

Permalloy

Radio Frequency

Scanning Electron Microscopy

Scanning Electron Microscopy with Polarization Analysis
Signal to Noise Ratio

Spin Polarized Scanning Tunneling Microscopy
Scanning Tunnelling Microscopy

Transmission Electron Microscopy

Transversal ElectroMagnetic Wave

Tunnel MagnetoResistive Effect

Time Resolved - Photo Emission Electron Microscopy
Ultra High Vacuum

Vibrating Sample Magnetometer

X-ray Magnetic Circular Dichroism

X-ray Photo Emission Electron Microscopy
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