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1 Introduction
Dear colleagues ard friends of FNA,

It is a great pleasure to present you our new annual report of our group Physics of
Nanostructures (FNA). Again, the report covers highlights of the past year, and in
xEUUPEUOEUWXUOYPEI UWEWUI YPI PwOYIl Uctvé i VieUET wx UOT UI
nanomagnetism, spin-polarized transport and ultrafast magnetic processes. Again, two of
our master students continued the tradition to take care of the final editorial process tand
(again) with great success. The regular reader of our annual report will notice a new
chapter inside the report, collecting examples of group members starring in local and
national journals and newspapers. It has become an attractive collage, showing that FNA
members are widely active and visible in the news. Combined with the picture collection
of social activities at the end of the report, it will provide you a glimpse of the atmosphere

in our group.

As to scientific progress, and particularly the way it was taken up by leading journals, we

had a very special year. Throughout 2009, five articles were published in Physical Review

Letters, one in Nature Materials, and four in Applied Physics letters, just to mention a few.

While certainly not the only way to measure research quality and impact, it does reflect a

bit of the drive, passion and professionalism of our researchers. And, by the way, seeing

PTEQwUT 1T azUl wbpbOUODPOT wOOwWwOOPOW( WEEQwWxUOOPUT wa OUWE w(
the near future.

Among the special highlights of the year, | certainly want to mention the prize Henk

Swagten was awarded at the opening ceremony of the academic year, recognizing him as

the best lecturer of all the TU/e master programs. This prestigious prize is being awarded

annually since three years. The selection committee partP EUOEUOa w Ul EOT OPal Ew ' |
enthusiastic and engaged way of teachingQ wU O O1 UT D OT w( z Gl etk anld UU WU O UET O
FNA has a rich history of winning education prizes, certainly reflecting the attitude of our

PhD students and staff members when it comes to teaching. Winning such a TU/e-wide

prize, however, is felt as a very special achievement.

Looking back on the year, we saw a lot of new master/bachelor students coming and

leaving the group, each of them leaving social and scientific footprints. Moreover, Jeroen

Rietjens and Bastiaan Bergmans received their doctorats, both of them on projects that

illustrate the tight links we have with other institutes world -PBDE]1 d w! EUUPEEOz UwbOUOuU
special in the sense that it was performed at IBM Almaden Research Cener at San Jose,

where Stuart Parkin (Distinguished professor at TU/e) served as a promoter. At this stage |

want to thank all of our researchers, non-scientific staff members, as well as external

collaborators for their important contributions to our succe sses last year.

Finally, |1 hope that the present report provides you a good overview of our activities and
achievements. If you have any questions or suggestions, please feel free to contact us. We
are looking forward to as pleasant an interaction with all of you as before.

Best regards,

Bert Koopmans

7
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=
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2.2 Photos of Group Members
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3 Equipment

Research in the group Physics of Nanostructures is aimed at the engineering and
investigati on of functional nanostructures. Current emphasis is on structures and devices
with application potential in the field of spintronics, (magnetic) data storage, and sensors.

A state-of-the-art infrastructure for preparation and manipulation, as well as in -situ and

ex-situ characterization of nanostructures, is available.

3.1 EUFORAC deposition and in -situ analysis facility

The group Physics of Nanostructures is equipped with a state-of-the-art deposition and
analysis facility EUFORAC, the Eindhoven University nan o-Film depOsition Research and
Analysis Center.

In EUFORAC a complementary cluster of ultra-high vacuum (UHV) deposition and
analysis facilities are present, and exists of:

 MEMULA: Vacuum Generators V80 M MBE: The MEMULA (MEtallic MUItiLAyers)
is a general purpose MBE for deposition of (magnetic) metallic multilayer systems. It
features: a base pressure below 18! mbar; 7 deposition sources (4 Knudsen cells, 3 e
guns); and wedge growth and shadow mask evaporation (roughly < 50 micron
resolution)

T CARUSO: Kurt J. Lesker UHV sputter facility: CARUSO, the Chamber for ARtificial
Ultra-high vacuum Sputtered nanOstructures, is a dedicated, computer-controlled
sputter coater manufactured at Kurt J. Lesker Co. Vacuum Products, and is connected
to the Vacuum Generators V80 M MBE (MEMULA) as shown on the left side of the
picture. The system is configured for sputter-down deposition, using oil -free
diaphragm, molecular drag, and cryopumps.

1  XPS, AES, RHEED, LEED: UHV chambers for in -situ analysis of the deposited layers
with XPS, AES, RHEED, and LEED.
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9 Omicron -1 STM: A chamber for room-temperature scanning tunneling microscopy
using the standard Omicron -1 system.

I Plasma oxidation: A chamber for DC/RF glow discharge oxidation of metal layers
(such as Al), in particul ar to serve as a barrier in magnetic tunnel junctions. The system
includes in-situ differential ellipsometry and an automized dosage system for
reproducible oxidation of ultrathin films.

9 Organic layer deposition: A UHV chamber for deposition and optical th ickness
control of hybrid nanostructured systems of metallic and organic materials.

9 Glovebox: Facility for measuring (organic) samples in an oxygen and water free
environment with options to measure with a modulated magnetic field and with
temperatures down to 10K.

3.2 Scanning Probe Microscopy and Laser laboratories

A series of inter-communicating labs for low -temperature STM and UHV deposition, basic
AFM and MFM, femtosecond pulsed laser set-ups covering a broad spectral range, and a
variety of magneto -optical and other optical characterization techniques, including SNOM.

Multiprobe LT STM surface analysis UHV system

The UHV system is used for sample preparing, thin film deposition and in -situ analysis in
low temperature STM. The LT-STM is also used for a magnetic characterization using
spin-polarized tunneling as well as for single atom manipulation. It consists of:

' Omicron LT -STM: With a basic pressure of 5.16 mbar and can reach temperatures
down to 4.5 K, with a magnetic field at the sample positio n up to 200 Oe. Also, there is
optical accesgo the sample.

 Omicron MBE chamber: Consisting of three e-beam evaporation cells for MBE
deposition, LEED, and a manipulator with sample heating -cooling facilities. Options
to equip the chamber with AES/XPS, RHEED, and MOKE are being investigated.

9 Preparation chamber: The chamber consists of a tip preparation tool, an ion sputtering
gun, and a manipulator with sample heating facility (up to 1200 K). In future, the
chamber will be equipped with sputtering depos ition sources and k-cells.
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TSUNAMI ultra -short pulse lab
High power CW Spectra Physics Millennia V pump laser for pumping the:

9 Spectra Physics TSUNAMI fs/ps Ti:Sapphire laser: Mode-locked Ti:Saphire pulsed
laser (80 MHz, sub 50 fs, and 706 850 nm optics set), with picosecond option.

9 AvTech electrical pulse generator: Generator for pulses with risetime < 100 ps and
repetition rate up to 80 MHz.

1 Set-ups for TR-MOKE: A controllable time delay between the pump (current/field)
pulse and the probing laser pulse gives us a timeresolved measurement of the
polarization change of the incident laser beam due to the change ofmagnetization of
the reflecting ferromagnetic structure. The TR-MOKE consists of a 2x300 mm
mechanical delay line (delay up to 3 - 6 ns); 50 Kz Photo-elastic modulator; and
double-modulation configurations for < 10 7 rad polarization sensitivity.

TSUNAMI - OPAL lab
High power (10 W) CW Spectra Physics Millennia X pump laser for pumping the:

1 Spectra Physics TSUNAMI fs Ti:Sapphire laser: 700-1000 nm optics set and 70 fs
pulse duration; lock -to-clock option for active synchronization with OPAL or second
TSUNAMI in Ne 0.05.

9 Spectra Physics OPAL laser: Optical Parametic Oscillator with 1050 -1350 nm signal
optics set.

9 Spectra Physics Frequency Doubler: Extending the wavelength range to 350 - 1350
nm.

I TiMMS set -up: For measuring picosecond spin-dynamics in semiconductors, with a
100mm mechanical delay line and a 50 kHz photo -elastic modulator. Experiments can
be performed at 5 K when performed in N e 0.09.

MOKE lab
 Homemade RT MOKE magnetometer: For measuring the Magneto Optical Kerr
Effect of thin magnetic films at room temperature. With the use of a microscope
objective the measurement of magnetic structures O1 UU wUT EQwhs OwbOwUPal wb U wx
9 Photo- and electroluminescence: Oriel spectrometer with cooled Andor CCD camera
(- 70°C).
9 Oxford flow cryostat for variable temperature MOKE and TiMMS:  Cryostat for
performing experiments at temperatures downto 5 K.

MFEM/AFM
Variable temperature for measuring the temperature dependence of magnetic domains.
Magnetic field for applying an external magnetic field during MFM measurements.
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3.3 Ex-situ structural, electrical, and magnetic characterization

Stand-alone equipment for ex-situ characterization, which includes X-ray diffraction,
various cryostats (Hes, Hes) for electrical conductance and magnetoresistance
measurements, SQUID and MOKE magnetometry, NMR, and Mdssbauer spectroscopy.

Sorption -pumped He -cryostat
Oxford Heliox VL for current -voltage measurements at 0.3 K in fields up to 8 T.

NMR and SQUID laboratory

 SQUID: Superconducting Quantum Interference Device (Quantum Design), to
measure the magnetic moment of a sample for temperatures between 5 and 400 K at
fieldsupto 5T.

1 NMR: The group FNA runs a sensitive, home-built Nuclear Magnetic Resonance
(NMR) apparatus, dedicated to research the structural properties of ferromagnetic
materials (especially cobalt). The setup is phase-coherent, frequency tuned from 100-
400 MHz, uses fields of 5.5 T, can neasure at temperatures down to 2 K, and has a
sensitivity of better than 0.1 monolayers of Co. Setup is comprised of two cry ostats;
one high magnetic field bath cry ostat and one variable temperature flow cry ostat.

Magnetoresistance laboratory

1 MR-setup: Home-built magnetoresistance setup operating at temperatures down to 2
K, fields up to 1.2 T, and suitable to measure a wide range of input impedances (up to
10 giga-ohms).

9 Probe station: Easy access setup to perform roomtemperature magnetoresistance
measurements on non-standard sample geometries. Adaptable to perform Current -In-
Plane Tunneling (CIPT) experiments for quick characterization of (new) materials for
MTJs.

X-Ray laboratory

The X-Ray Diffraction (XRD) setup is a commercial Philips X'Pert system, using Bragg
diffraction of Cu K -alpha radiation for determination of the lattice parameters and texture
of thin films. It is also used for calibrating film thicknesses by reflection of X -rays coming
in at very low angles to the sample surface.

ESR, Domain wall motion setup , and "mini -MR/M OKE" laboratory

i ESR:Variable temperature Electron Spin Resonance is used to investigate a variety of
magnetic materials, such as thin film magnetic layers and magnetic insulators,
focusing mostly on magnetic anisotropy.

1 Domain wall motion setup : Variable temperature (2 ¢ 400K) and high frequency (up
to 6 GHz) magneto resistance (MR) measurement setup equipped with an
electromagnet capable of applying fields up to 1.2 T at a variable angle relative to the
sample plane. The setup uses chip carriers which are wire bonded to structured
samples. The setup is used to measure domain wall velocities in perpendicular
magnetized samples and to perform MR measurements in structured samples.



FNA Annual Report 2009 3. Equipment

17

1 Mini -MR/MOKE: Simple fast-entry setup to quickly determine the resistance of a
magnetic thin film device as a function of magnetic field at room temperature. This
setup has been upgraded to measure theMagneto Optical Kerr effect of thin magnetic
films at room temperature.

3.4 Nanostructuring

The nanostructuring facilities consist of a dualbeam system (FEI Nova NanoLab 600i) with
focused ion and electron beams and an lon Beam Miller (Unilab lonSys 500). Both devices
belong to the NanLab network. The group also has access to the Spectrum Cleanroom
wh ere other fabrication techniques are available.

Seehttp://web.phys.tue.nl/en/the department/department_staff/clean_room/

FEI Nova 600i

Inside the vacuum chamber of this system, characterization, fabrication and manipulation
can be performed in the nanoscale regime. Among other typical experiments, the machine
can perform x-sections for direct inspection or X-ray spectroscopy analysis, TEM lamella
fabrication, circuit mod ification and mask repair.

9 Scanning Electron Microscope : Field emission gun filament, resolution of 1.1 nm at 15
kV, accelerating voltage range 200V-30 kV, and maximum current 20 nA. The electron
source can be either used for imaging or for deposition of different precursors (EBID).

I Focused lon Beam: Ga liquid ion source, resolution of 7 nm, accelerating voltage
range 2kV-30kV and maximum current 20 nA. The ion source is used for imaging,
patterning and deposition of different precursors (IBID).

9 Electron Dispersive X-Ray detector: Si(Li) type detector with SUTW. Energy
resolution of 136 eV capable of detection of every element down to and including Be.
Combined with the scanning unit , can be used not only to acquire single spectra but
also to produce elemental mappings.

1 Gas Injection System s: Different gases can be introduced in the vacuum chamber for
the purpose of deposition or to help ion sputtering. At the moment only deposition
gases are installed in the system, mostly metal based for low resistivity pad
fabrication .

MeCpPt(IV)Me s - Pt deposition

W(COes) - W deposition

TEOS - insulator deposition for high resistivity pads and lines, device edit and
electrical isolation

CioHs - C deposition for protective layers and large area coating

Fe(CO)s - Fe deposition for magnetic device fabrication

1 Kleindieck Nanomanipulators : Two small motors can be installed inside the vacuum
chamber allowing small elements to be manipulated and insitu electrical
measurementsto be performed.

9 Electron Beam Lithography: A RAITH system coupled to the dualbeam permits the
use of the scanning electron microscope as an electron beam lithography tool. This
system adds to the dual beam extra tools like a CAD software editor and alignment
software which permits the writing of complicated features and the possibility to
fabricate designs with multi lithographic steps. The added system can work either
with the electron or the ion beam.


http://web.phys.tue.nl/en/the_department/department_staff/clean_room/
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Detectors: The interaction of the electron and ion beams with matter produce different
products, in the system both secondary and backscattered electrons can be collected to
produce an image. Furthermore, secondary ions can be directly imaged with a CDEM
detector. It is also possible to study TEM lamellas with an STEM detector, producing
Bright Field, Dark Field and High Angle Dark Field images.

Unilab lonSys 500
With this system it is possible to etch by Ar ion milling or deposit SiO2 layer s, transferring
patterns previously defined with a maskby Electron Beam or UV Lithography.

1

==

lon beam source: For ion beam milling using inert gases. Maximum RF power up to
300 W. Homogeneity of collimated ion beam +/-10 % over 30 mm diameter.
Magnetron sputter source : For SiO2 deposition.

Secandary lon Mass Spectrometer : For End Point Detector.
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4 Research Projects

The research at FNA can be categorized into three main fields: Nanomagnetism,
Spintronics, and Ultrafast Spin Dynamics. Within each of these areas a number of projects
are active, supported by a wide range of organizations. In this chapter a brief overview of
the projects is listed. Some highlights of recent results can be found inChapter 5.

4.1 NanoMagnetism

TU/e ¢ postdocs for TU/e research priorities

Postdoc: G. Malinowski Co/Pt-based structures for STT-devices and
ultrafast magnetization dynamics

?Sensing and switching of 'hidden' nanomag nets? QBPR271Y

FOM projectruimte 2009

PhD students: Vacancy Nanomagnetism & STM

Student projects

MSc projects:  C.O. Avci Near surface quantum wells induced by buried

nanoparticles in metals

T.H. Ellis Electron Beam Induced Deposition of Iron
(collaboration with FEI)

P.J. Jacobs An NMR study of Heusler alloys

C.J.T. Lermans Magnetic properties of perpendicularly
magnetized ultrathin Pt /CoFeB Pt films

F.J. Schoenaker Exploring the fabrication of ferromagnetic

nanostructures by EBID (collaboration with FEI)

Traineeships: C.O. Avci Magnetic characterization of Co-Pt single layer
with perpendicular magnetization
T.H. Ellis NMR studies of Heusler compounds
R. Saris Electron and ion beam induced deposition of
tungsten
R.H.E.C. Bosch Determination of the magnetic properties of EBID -

deposited Fe nanowires through the AMR effect
T. Weekenstroo lon Beam Milling
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4.2 Spintronics

2301 POI 1T UPOT wOi WOEOOUUUUEUUUI EwOET Ol UPEwWOUOUDPOEAT U
(EMM.6474)

Flagship NanoSpintronics with NanoNed / Nanolmpulse

PhD student: R. Lavrijsen Spin-Transfer Torque devices & IBID/EBID of
ferromagnetic nanostructures

NWO ¢ VICI 2002 (Swagten)

PhD students: J.J.H.M. Schoonus Spin -injection devices

22xPDOwi OT POT T UPOT wbOwdOOOI EUOEUVUWET YPETI U» wp$3 %61t t+ | WA

NWO -Vici 2005 (Koopmans)

PhD students: F.Bloom Investigating organic magnetoresistance
W. Wagemans Organic spintronics
P. Janssen Novel device options in organic spintronics
J.J.H.M. Schoonus Organic magnetic tunnel junctions

2-0Y1 Owlil U1 OEVwWUOWEUDYT wEOOEPOWPEOOU? wepyY W2/ ( - Yy A
FOM Program 109 - Controlling spin dynamics in magnetic nanostructures (Swagten)

PhD students: J. Franken Novel methods to drive domain walls (starting
March 2010)

Student projects:

MSc projects:  P. Janssen The Nanostencil Process, nanostructuring sub-
micron spin -torque devices
W.J. Engelen Separate Investigation of the Photocurrent and

Injected-current Contributions to the Organic
Magnetoresistance

A.J. Schellekens Exploring spin interactions in organic
semiconductors

M.J.M. van Schijndel  Modelling spin transport through organic layers

J. Franken Domain  wall motion in perpendicularly
magnetized ultrathin Pt/CoFeB/Pt films

G.C.F.L.Kruis LLG simulations of racing domain walls

N. de Vreede Spin torque oscillators

P.E.D. Soto Rodriguez Nano-stencil devices for Spn-transfer torque
switching

Traineeships: T.L. Lemmens Fast OMAR-measurements with MC Spinner
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E.H.M. van der Heijden Frequency dependent measurements of organic

J.P.M.Cortenbach
R.M.P Heijnen
L. Hennen

R. Mensink

magnetoresistance

The flip-chip: A novel way of fabricating layered
organic devices

Frequency dependence of organic
magnetoresistance

The influence of alkali metals on organic
magnetoresistance

Putting physical parameters into the two -site
bipolaron model
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4.3 Ultrafast spin dynamics

? 3 b @ekolved optical investigation of current -DOEUET EWEOOEDPOWPEOOWOOYI

External project at IBM Almaden Research Center, San Jose (CAjsupervisor Prof. Stuart
Parkin)

PhD student: B. Bergman Current-induced domain wall movement

FOM projectruimte 2008

PhD student: K.C. Kuiper Ultrafast magneto-optics and spin transfer

FOM Program 109 - Controlling spin dynamics in magnetic nanostructures (Koopmans)
PhD student:  S. Schellekens Ultrafast spin-transfer torque dynamics in

nanomagnets (starting March 2010)

Student projects:

MSc projects:  K.C. Kuiper Gilbert damping constant  of ultrathin
perpendicularly magnetized CoFeB/Pt-structures
R. Paesen Ultrafast domain wall dynamics

Traineeships: M. Herps Gilbert damping in Ga -irradiated Pt/CoFeB/Pt
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5 Results

5.1 NanoMagnetism

5.2

5.3

5.1.1 Long-range electron interference at the surface of metals

5.1.2 Reduced domain wall pinning in ultrathin Pt/CoB/Pt with perpendicular
magnetic anisotropy

5.1.3 Domain wall velocity in Pt/CoB/Pt and Controlled Domain wall injection by
Garirradiati on and Oersted field pulse lines

5.1.4 Magnetic properties of Fe nanowires grown by focused -electron-beam-
induced deposition

5.1.5 The Nanostencil Process: Nanostructuring Sub-Micron Spin -Torque Devices

5.1.6 Quantum well states due to subsurface nano-objects

Spintronics

5.2.1 Correlation between spin transport and magnetism using amor phous CoFeB
alloys

5.2.2 Large room-temperature magnetoresistance in silicon

5.2.3 Unraveling the origin of positive and negative organic magnetoresistance

5.2.4 Angle dependent spin t spin interactions in organic magnetoresistance

5.2.5 Frequency dependence of organic magnetoresistance

5.2.6 Role of hyperfine fields and spin diffusion in org anic semiconductors

5.2.7 Magnetoresistance in hybrid organic junctions at the onset of multi -step
tunneling

Ultrafast Spin Dynamics

5.3.1 Femtosecad laser-induced magnetization dynamics

5.3.2 Magnetization dynamics and Gilbert damping in perpendicularly
magnetized CossFes2Bzo

5.3.3 Magnetization dynamics in racetrack memory

5.3.4 Spin dynamics in hybrid spintronic devices and semiconductor
nanostructures
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5.1 NanoMagnetism

5.1.1 Long-range electron interference at the surface of metals
O. Kurnosikov, J. H. Nietsch, M. Sicot, H. J. M. Swagten, Bogmans

General Introduction

The electrons in metals can be scattered at a bulk inclusion. If the electrons are injected at
the surface, then, after the scattering, they can come back to the injection point and
interfere with the incoming ones. The interf erence leads to the modulation of the electron
density at the surface and can be detected by scanning tunneling microscopy/spectroscopy
(STM/STS) (Fig.1). The interference pattern is complicated and depends on several factors:
(i) Strong angular redistrib ution of the electrons during their propagation due to the
anisotropy of the band structure; (ii) the shape of the subsurface reflector, especially if the
reflector is very small, like a buried nano -object. Some crystallographic directions are
forbidden for electron propagation making interference impossible, in other directions
however, electrons can travel over a long distance and interact with and reveal deep nano-
inclusions. This gives the possibility to study the nano -objects buried several nhanometers
below the surface with the STM/STS technique.

Results 2009

We report results showing the long range electron interference provided by the electron
focusing in Cu. We studied electron scattering by near-surface nanocavities in Cu(001).
The nanocavities filled by noble gases, Ar, Ne or He, are the ideal reflectors of electrons
due to their flat facets at the interface. Although, only the variation of electron density just
above the nanocavity was expected as a result of the reflection from the upper parallel
(001) nanofacet, we also observed themultiple long -range narrow interference beams in
the <100> directions (Fig. 2a) superimposed on the atomic structure of the substrate, by
which an apparent c(23 2) superstructure within the beams is revealed (Fig. 3a). The slight
difference between the in-plane lattice constant and oscillation period related to the planar
component of the <101> wave vector, leads to a Moiré pattern that is additionally modified
with a periodic phase shift of the apparent surface arrangements. We developed the
model dealing with injection, propagation, reflection and interference of electrons, as well
as the anisotropy of electronic properties in Cu. The numeric simulation of the interference
pattern shows an excellent agreement betveen the experimental and simulated STM
images (Fig. 2, 3). The origin of the long-range electron interference forming well directed
beams is the effect of the electron focusing.Because of the anisotropy of the band structure
of copper, the electrons are focused in the <110> directions, which coincides with the
reflection from inclined {101} facet of the nanocavity.

Output
Long-range electron interferences at a metal surface induced by buried
nanocavities

O. Kurnosikov, J. H. Nietsch, M. Sicot, H. J. lwagten, B. Koopmans
Phys. Rev. Lett. 102, 066101 (2009)
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Fig 1. Schema of the formation the interference pattern at the surface
of a metal due to electron scattering at the subsurface naneobject.
The interference is registered by STM as a variationof the electron
density at the surface.

16 x 16 hm?2

Fig 2. (a) Experimental and (b) simulated images of beams of electron interferencepattern. The Ar-
filled nanocavity is buried several nanometers below the Cu(001) surface in the center of the images.
The dectrons propagate far away from the center due to electron focusing effect.

10 x 10 nm?2

Fig 3. (a) Experimental and (b) simulated images of the apparent c(22) superstructure as the
resulting the superposition of the fringes of electron interference and the atomic structure of the
Cu(001) surface.
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5.1.2 Reduced domain wall pinning in ultrathin Pt/CoB/Pt with perpendicular
magnetic anisotropy.

R.Lavrijsen, G. Malinowksi, J.H. Franken, J.T. Kohlhepp, H.J.M. Swagtéfo@&mans

M. Czapkiewicz, T. Stobiecki
a AGH Krakow Poland

General Introduction

We have studied the magnetization reversal process in perpendicularly magnetized
ultrathin Pt/CoB/Pt films by means of magneto -optical magnetometry and microscopy.
The addition of boron enhances the effective Barkhausenvolume indicating a decrease in
domain-wall pinning site density and/or strength. This potentially reduced the field and
critical current -density for domain -wall depinning/motion, indicating that perpendicularly
magnetized Pt/CoB/Pt could be an interesting candidate for domain -wall motion studies
and applications.

Results 2009

The magnetization reversal process in perpendicularly magnetized Pt/CoB/Pt has been
studied as a function of boron content. In figure 1 we show the typical magnetization
reversal mechanism in these films. For all studied films we show that the dominant
magnetization reversal mechanism is domain wall motion, this is a prerequisite for
domain wall studies in these materials. Furthermore, we show that the magnetic
homogeneity which defi nes the reversibility is very high even when 32 at.% boron is
added to the Co layer.

In figure 2 the typical hysteresis loop for the films are shown as a function of field sweep
rate during the measurement. First of all we notice a strongly decreasing coercivity when
boron is added; this can be attributed to easier DW motion at low field for high boron

containing films i.e. low DW pinning. Secondly we see an increase in the switching field

when the field sweep rate augments, this is attributed to the thermally activated DW
motion process, and from this increase a scecalled Barkhausen Volume (Ve) can be
determined as is shown in figure 2b. We find more than a factor 2 increase in Vs when the
boron content is increasing to 32 at.% proving that the domain walls move easily in these
materials. This increase in Vs is attributed to the amorphous growth of CoB compared to

Co leading to less grain boundaries which act as strong pinning sites.

Output

Reduced DW pinning in ultrathin Pt -CoB-Pt with perpendicular mag netic anisotropy
R. Lavrijsen, G. Malinowski, J.H. Franken, J.T. Kohlhepp, H.J.M. Swagten, B. Koopmans
Appl. Phys. Lett. 96, 022501 (2010)
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Fig 1. Example of magnetization
relaxation and remagnetization curves
plotted against reduced time, the
experimental curves are derived from
sequences of Kerr microscopy images
obtained for a Co sample (a) and (b)
Coe2Bs sample. Images labeled 1
through 6 are examples of Kerr
microscopy images showing the
magnetization reversal corresponding
to t/tso = 0.5, 1.0, 1.3s indicated in the
graph. The black (grey) area
corresponds to the magnetization
xOPOUDPOT wUx wpEOPOK

Fig 2. (a) Partial (H>0) hysteresis loops
at different fields sweep rates,
increasing from 1.5 mT/s for the
circles to 2.5, 5.0, 1020, 30 mT/s for
the right pointing triangle,
respectively. (b) Barkhausen volume
Ve (left scale) and MsVs (right scale) as
a function of boron content x, the lines
are a guide to the eye. The inset shows
the switching field as a function of
field sweep rate for pure Co and
CossBs2 as obtained from (a) the line
shows a fit to Eq. 2.
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5.1.3 Domain wall velocity in Pt/CoB/Pt and Controlled Domain wall
injection by Ga *irradiation and Oersted field pulse lines.

R.Lavrijsen, J.H. Franken, G. Kruis, J.T. Kohlheigpl.M. Swagten, B. Koopmans

General Introduction

We are investigating the magnetic domain wall (DW) velocity in perpendicularly

magnetized nanostrips of Pt/CoB/Pt. We have shown that in homogenous films the DW

pinning is strongly reduced by increasing the boron doping, this should lead to higher DW

YI OOEPUPI UWEUWUDPODOEUWI Pl OEVUwWi OUWEOUOOWEOxT EWUEOXO
perpendicularly magnetized materials should facilitate current induced DW motion which

is the current goal of the project.

To measure the DW velocity we need to controllably create and measure the position of

Ol T w#6zZUwWEUWEwWI UOEUPOOWOI wiUPOl w3 OwuUl EOPaT wlTI PUwWPI
with Oersted fields generated by a current pulse line, and by directly irra diating the

magnetic nanostripes with Ga* ions to very locally change the magnetic anisotropy. The
xOUPUPOOWO! wOT T w#6zUwbUwdl EVUUI EWEOwWlI EOOWEUOUUT Uwb
detect the magnetization state of the wire allowing the detection of a DW passing through

the hall cross.

Results 2009

In Figure 1 we show a typical sample used for the DW velocity and DW injection
measurements. By pulsing a current through the pulse line a local Oersted field is
generated at the crossing of the pulseline with the magnetic wire. This will create a DW
which can then be pushed into the wire by a field and/or a current. By measuring the time
EIl OP1 1 OwUT1 wOET Ol UPAEUDOOWUI YI UUEOQWEUWUT 1T wxUOET woE
function of the applied field/current, the DW velocity can be measured. The obtained DW
velocity versus field for such a device is shown in Figure 2 for a 600nm wide
Pt(4nm)/Co(0.6nm)/Pt(2nm) wire and for an identical wire made of Co esBs2. Clearly the
field needed to drive the DW in the CoB material is much lower than in the pure Co layer
as was expected from measurements on homogeneoudilms.

When the controlled DW motion measurements are performed over a large range of DW
velocities the transition from the so-called DW creep to viscous flow motion can be
observed, currently we are investigating the effect of wire width, boron doping, e dge
roughness and the effect of adding small DC currents to the field driven DW motion.

Another way of locally creating/influencing the DW motion can be realized by Ga +
implantation using the Focused lon Beam (FIB) of the Nova Nanolab system. The
advantage is that the irradiation can be done at the resdution of the FIB (~10nm) so the
changes to the system can be analyzed by irradiating the sample step by step.

By irradiation or even milling parts of the wire the anisotropy/magnetism can be changed.

Here we show one result where we locally create a DW by a magnetic field at the

irradiated position. This can be used to create DWs with a certain field sequence or even

pin a DW/magnetic domain at a certain position. This is shown in Figure 3 where a partial

haUUI Ul UPUwOOOx wOil wEw!l ws OwbpDPE]I wbhDUI WUEOxOI wUDPODPOEU
consisting of four hall crosses is shown. The second cross is irradiated with Ga, the solid
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line in the figure shows that the irradiated area switches at a lower field indicating the
effect of the Garirradiation on the local anisotropy of the wire.

Fig 1. SEM image of the devices used to measure
the DW velocity. The thin horizontal line is the
magnetic nanostripe, on either side of this line
are the current leads through which a probe
current is inserted into the magnetic wire. The
highlighted area on the first cross indicates the
position where a SiO2 insulating layer is
deposited on top of the nanostripe and the first
lead, labeled P, shows the current pulse line
where the Oersted field is generated to create a
DW. The lines indicated with X1, X2 and X3 show
the probe lines where the local magnetization can
be probed through the anomalous hall effect.
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Fig 3. Simultaneously measured hysteresis loops of the four Hall crosses, showing the order of
switching. Cross 2 (solid line) is partially irradiated with Ga *ions. The schematics to the right show
the magnetic configuration at the indicated fields.
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5.1.4 Magnetic properties of Fe nanowires grown by focused -electron-beam-
induced deposition

R. Lavrijsen, F. SchoenakerHI .Ellis, B. BarcaesCampo, H.J.M. Swagten, B. Koopmans

H. Mulders?, P. Trompenaars
a FEl companyEindhoven, Netherlands

General Introduction

The use of focusedelectron-beam-induced-deposition (FEBID) to locally create electrical
contacts is a widely used technique due to its versatile application as a maskless
technigue with nanometer resolution. The use of magnetic materials, however, is a relative
new area of application due to the inherent low metallic content of FEBID deposits

detrimental to the magnetic properti es. Recently, reports have appeared on highquality Fe
deposits up to 95 at.% Fe fabricated under UHV conditions (10-2 mbar) but no magnetic
characterization has been reported. Another report shows high-quality FEBID Co
nanowires up to 95 at.% Co content grown in HV showing high quality magneto -transport
properties for deposits with a Co content higher than 80 at.%. This has resulted in a
successful device for a field-induced domain wall motion study exemplifying the

widespread application potential for FE BID fabricated magneticnanowires in spintronics.

So far, no study has been dedicated to the magnetic properties of Fe nanowires created
through FEBID. In this presentation we will show that we have obtained high -quality
magneto-transport properties even for low content Fe (75 at.%) nanowires grown under
HV conditions (10-6mbar).

Results 2009

We have investigated the magnetic properties of Fe nanowires grown by focused-electron-
beam-induced deposition (FEBID) using a Fe2(CO)s precursor on a FEI Nova Nanolab 600i
dualbeam system. The Fe wires contain up to ~80at.% Fe as measured by insitu Energy
Dispersive X-ray spectroscopy (EDX). The magnetic properties are investigated using the
Anisotropic Magneto Resistance (AMR) effect and the Magneto Optical Kerr Effect
(MOKE).

In figure 1a we show a typical single-UT OUw, . * $wi avuUI Ul UPUwWOI EVUUI O 00w
long, 500nm wide and 160nm thick FEBID Fe wire with a purity of 75 at.%. In figure 1b we

UT OPwEOQw , 1woOl EVUUI OI OUwoOi wEwk 4 0w iteGrieaSuweddy Y OOwWP DET u
in 4-point geometry. In both cases, the field is applied along the long axis of the wire

(Longitudinal) where MOKE and AMR indicate an easy axis as expected from the wire

geometry. Finally, in figure 1c the AMR effect is shown for the magneti ¢ field applied

perpendicular to the easy axis, in the plane of the wire (Transversal) and with the magnetic

field applied out -of-plane (Perpendicular). The sign and magnitude of the observed AMR

effects in all our wires, as well as the observed switching and saturation fields in the

different geometries clearly indicate the true magnetic nature of the nanowires.

We will continue our investigation on the Fe content optimization and control of the
deposits by a dedicated choice of the deposition parameters glectron beam
energy/current, chamber pressure, H20 introduction, etc.). Furthermore, we will elaborate
on the magnetic properties of the wires focusing on the AMR, resistivity and

magnetization of the wires as function of the Fe content and we will start on new FEBID
nanostructured device applications to show the functionality of the magneticstructures.
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Fig 1. MOKE and AMR measurements of a FEBID Fe nanowire with 75 at.% Fe (a). Longitudinal MOKE, (b)
Longitudinal AMR, (c) Perpendicular and Transverse AMR.
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5.1.5 The Nanostencil Process: Nanostructuring Sub -Micron Spin -Torque

Devices

P. Janssen. R. Lavrijsen, B. Barcones, J.T. Kohlhepp, H.J.M. Swagten, B. Koopmans

General Introduction

Until recently, external applied magnetic fields are
used to manipulate the magnetization in spintronic
devices. However, in 1996 Slonczewski and Berger
independently predicted that it could be possible to
alter the magnetization by applying a current of
electrons through a nanometer sized device. The
prediction of this comple tely new physical effect,
called Spin-Transfer-Torque (STT), attracted a lot of
research attention and is now truly a hot topic within
the research field of spintronics. Since the STT
phenomenon is only quantifiable for devices with
lateral dimensions around 300 nm or less, researchers
are assiduously attempting to create STT devices
using different fabrication processes.

Common approaches to fabricate STT devices involve
a subtractive process, where a thin film stack is
deposited first, and thereafter lithography and
subsequent etching stepsare used to define the final
device dimensions. We have used an alternative
additive approach, where the critical dimensions of
the STT device are obtained by depositing in a
predefined stencil mask. This process, schenatically
shown in figure 1, is called the nanostencil process.

(1) The first step in the nanostencil process is defining
the bottom and top electrodes, separated by an
insulating layer. We have used UV lithography to
define the bottom and top electrodes and Pt is used as
electrode material. Using an E-beam lithography step,
an insulating SiO: layer is created locally between the
two electrodes. An additional PMMA resist layer is
spin coated on the sample to be able to remove
unwanted material in the final process step. (2) Then,
the opening of the nanostencil is created by locally
removing the resist layer and top electrode using a
Focused lon Beam (FIB). (3) Hereafter, an undercut is
created in the insulating layer to clear the bottom
contact under the opening. We have used a selective
HF etch, which only removes the SiOz without
damaging the other layers. (4) After this, the desired

(1) (@)

Fig 1. Schematic overview of the
nanostencil process. (1) The first
step in the process is defining the
bottom and top electrodes,
separated by an insulating layer,
with on top of this tri -layer
structure a resist layer. (2) Then, the
opening of the nanostencil is created
by locally removing the resist layer
and top electrode. (3) Hereafter an
undercut is created in the insulating
layer to clear the bottom contact
under the opening. (4) After this,
the desired STT device is grown
inside the nanostencil and (5) the
device is contacted to the top
electrode. (6) Finally, the unwanted
top layers are removed and only the
desired STT device structure is left
over.
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STT device, consisting of Cu/Co/Cu/Co layers on the
order of 1 - 10 nm thick, is sputtered inside the
nanostencil and (5) the STT device is contacted to the
top electrode. (6) Finally, the unwanted top layers are
removed and only the desired STT device, grown
inside the nanostencil, is left over.

Results 2009

One of the most critical steps in the nanostencil
process is the creaton of the nanostencil opening since
it will determine the lateral dimensions of the STT
device grown inside. To determine the optimal milling Fig 2. SEM image of 300 nm holes,
time, we have developed a measuring sequence which showing the first 4 stages of the
involves Energy Dispersive X-ray spectroscopy (EDX). milling process.

We created a series of 300 nm holes, with increasing

milling times, on a sample consisting of PMMA(180

@ @ © @ 06
PMMA
nm) / Pt(20nm) / SiO2(50 nm) / Pt(20nm) on a Si Pt
substrate as shown in the SEM image in figure 2. sio, L
Then, we performed EDX measurements on the t
si

sample, collecting the EDX signal for Si, Pt and C
inside the milled hole. The EDX results are shown in
figure 3. While direct imaging makes difficult to
determine the obtained depth, the evolution of EDX
signals clearly reveals which layers have been milled
in every step.
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The top panel of figure 3 shows the five different c
stages in the milling process, which can be related to Increased Milling Time ——
the five regions in the graph. The optimal milling time,

as already shown in the second step of figure 1, is Fig 3. The EDX signal for Si, Pt and
achieved in region (3) of figure 3. Using this method it C inside the 300 nm holes, where
is also possible to determine the optimal milling time ~ Y! 1w r Yl w EBF T UL OL
for an arbitrary sized nanostencil opening. milling process are shown.

To conclude, we have been successful in the
fabrication of the desired nanostencils and we
succeeded in depositing, imaging and measuring
structures grown inside the nanostencil. A cross \_
sectional SEM image of a 200 nm nanostencil after
deposition and subsequent lift -off is shown in figure 4. 4 200mm p—

Finally, we were able to perform a first preliminary

transport measurement on a fully integrated Fig 4. A cross-sectional SEM image
nanostendl STT device. Further optimization of the of a 200 nm nanostencil after
growth and shape of the device structure grown inside ~ deposition and subsequent lift -off.
the nanostencil is currently in progress.
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5.1.6 Quantum well states due to subsurface nano -objects
0. Kurnosikov, C.O. Avci, H.J.M.Swagten, B. Koopmans

General Introduction

The electron confinement between a surface and an interface induces a quantum well
(QW). If the reflecting interface is squeezed in its size down to several nanometers, the QW
states becomes spatially limited and can be observed at the surface by scanningunneling
microscopy/spectroscopy (STM/STS) as the nanometersized spots revealing the oscillating
differential conductance. However, the small size of the reflector significantly reduces the
efficiency of the quantum resonator, that only shallow QW can be realized. The efficiency
of the resonator can be enhanced by using the focusing effect in solids. Due to the
anisotropy of the band structure of the host material, the electrons can favor one or a few
specific directions with extremely low decay. We use this effect to get the QW state from
the reflectors, buried several tens nanometers below the surface. Moreover, due to the
focusing effect, the resonant scattering only from a few atoms at interface can result in the
Qw.

Results 2009

We exploit an Ar -filled nanocavity buried in copper as a nanoreflector. To profit from the
focusing effect originating from the anisotropy of the copper band structure, the (110)
orientation of the Cu crystal is chosen. In this case, the focusing direction is perpendicular
to the surface. As a result, we observed the QW formed by very deep nanocavities in spite
of the fact, that the reflecting (110) interface of nanocavity is presented by the smallest
facet. Fig. 1 presents two different cases for the nanocavities buried 4 m and 33 nm below
the surface as confirmed by period of oscillations of the differential conductance (Fig. 1(c,
e)). Additionally to the QW formed by the (110) facet that was initially expected, we also
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same nanocavity (Fig. 2). However, another period of oscillation indicates that the reflector
is different. We developed a model and made the numerical simulations of the
conductance map. The origin of the additional QW is the scattering at the facet edges
connecting the {100} and the {011}, or the {111hnd the {011} facets. At these edges the
atomic structure of the interface is presented by chains of atoms with the resonance back
scattering. The electronic flux after this reflection is enhanced in the [110] direction due to
the focusing effect and yields to a remarkable signal at the surface.
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Fig 1. (a) Schematic drawing of QW
formation due to reflection of

electrons  from a  subsurface
nanoreflector; (b) and (d)
conductance maps above the buried
nanocavity: the long (110) facet forms
the QW of the similar shape; (c) and
(e) oscillation of the conductance in
the centre of QW proving the depth

of location of the subsurface
nanoreflector. The depth of location
corresponds to: (b) and (c)t 4 nm, (d)
and (e)+ 33 nm.
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Fig 2. (a) projection view of the nanocavity; (b) the central spot corresponding to the QW due to the
electron reflection from (110) facet is always surrounded by the extra spots; (c) the period of the
oscillation of the differential conductance in the central spot does not correspond to the period of
oscillation at the satellites. The oscillation between the satellites differs by the phase.

Fig 3. Simulation of a differential
conductance map. The differential
conductance variation in the centre is the
result of the back reflection from the
(110) facet. Other satellite spots originate
from the resonant scattering on the
atomic chains at the edges of some facets.
The phase variation in the spots is due to
a slide asymmetry of the shape of the
nanocavity. The focusing effect provides
sharp boundaries and narrow lines due
to almost one direction of propagation of
electrons.
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5.2 Spintronics

5.2.1 Correlation between spin trans port and magnetism using amorphous
CoFeB alloys

P.V. Paluskar, R. Lavrijsen, M. Sicot, J.T. Kohlhepp, H.J.M. Swagten, and B. Koopmans.

General Introduction

Ternary CoFeB alloys are arguably the most widely used ferromagnets in spintronics
today. They have contributed to huge tunneling magnetoresistance (TMR) in AlOx and
MgO based magnetic tunnel junctions (MTJs) and facilitated record-low switching currents
in spin-torque based MTJs. Although their emerging importance in spintronics is
unquestionable, neither has there been a theoretical and experimental analysis of their
atomic and electronic structure, nor has the impact of these properties on their tunneling
spin polarization (TSP) been investigated. Recall that the TSP is the fundamental
parameter responsible for the TMR effect. In this contribution, we will focus on the long -
debated correlation between spin-tunneling transport and magnetism.

Results 2009

Spintronics exploits the fact that s-like conduction electrons in transition metal
ferromagnets get highly spin -polarized as a consequence of their interaction with localized
d-electrons. Naturally, the extent to which this interaction influences the electronic
structure of the conduction electrons, and the possibility of controlling the transport
properties of these metals through this interaction, is an issue of vital importance. Here,
we report a correlation between the spin polarization of tunneling electrons (TSP) in
AlIOx/CoFeB junctions and the magnetic moments of amorphous CosoxFeBzo alloys; see
Fig. 1. Such a correlation is surprising since the TSP involves dike electrons close to the
Fermi level (EF), while the magnetic moment mainly arises due to all d -electrons below Er.
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Fig. 1 Left: magnetic moment of the CoFeB alloy measured with SQUID, showing the well -known
Slater-Pauling behavior of magnetism; right: tunneling spin polarization TSP (open symbols) and an
estimation from a simple model (solid symbols); see Phys. Rev. Lett. 102 016602 (2009).
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We conclude that, as the Fe contat in the alloy decreases, the changes in the dband
exchange splitting, spin moments and orbital moments, as experimentally obtained from
x-ray absorption and magnetic circular dichroism, force a transition from weak to strong
ferromagnetism on the iron atoms. More importantly, through the s -d interaction, this
transition has a marked influence on the measured TSP. We believe that, with this
demonstrated tunability and insight into their magnetic, electronic and transport
properties, CoFeB alloys open seve&al new possibilities to control, engineer and enhance
the performance of spintronic devices.

Output

Correlation between magnetism and spin -dependent transport in CoFeB alloys

P. V. Paluskar, R. Lavrijsen, M. Sicot, J. T. Kohlhepp, H. J. M. Swagten, akdddmans
Phys. Rev. Lett.102, 016602 (2009)
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5.2.2 Large room-temperature magnetoresistance in silicon
J.J.H.M. Schoonus, P.P.J. Haazen, H.J.M. Swagten, and B. Koopmans

General Introduction

Silicon holds exceptional promise for magnetoelectronics, by virtue of its long spin
coherence and compatibility with the current CMOS technology. Within the past decades,
the influence of a magnetic field on the carrier transport in silicon devices has been
investigated frequently. As a possible implicit contribution f or future silicon based
spintronics devices, and in line with a reported novel magnetoresistance in semi-
insulating -GaAs Schottky diodes, we have shown recently a robust low temperature
positive resistance change up to eight orders of magnitude in lateral boron-doped
Si/SiO/Al devices. In contrast to other reports, this magnetoresistance is significantly
higher at relatively small magnetic fields (-1 MA/m), and a first step towards a
comprehensive explanation has been given.

Results 2009

We have speculatal that the charge acceleration across an interface barrier provides the
energy to trigger an autocatalytic process of impact ionization. A small magnetic field
probably causes shrinkage of the acceptor wave functions and the overlap by the tails is
reduced for an average pair of neighboring acceptors. Thereby, the effective acceptor
energy level increases with respect to the valence band by which the activation energy for
impact ionization significantly increases, strongly suppressing the current. So far, d ue to
using a relatively large concentration of boron shallow acceptors, the magnetoresistance
effect only reveals at low temperatures (see Phys. Rev. Lett100, 127202(2008)).

The application prospects are a strong motivation to scale up this huge magnetoresistance
to room temperature. The device could be suitable as a magnetoresistive sensor for high
density data storage, form the basis of an avalanche spinvalve transistor, or being a
component to construct spin logic. We have first investigated two dev ice geometries by
which we can provide direct and/or more accurate evidence of the underlying mechanism
causing this extremely large magnetoresistance, and thereby establish the key ingredients
for room temperature magnetoresistance in silicon.
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Fig 1. (a) Low ohmic contacts: magnetoresistance as function of the acceptor concentration. The line
is a guide to the eye (b) Native oxide: magnetoresistance as function of the applied magnetic field for
a lateral Al/SiO2 Si:B (8-1@?cm-3; 2 K\Wem) device.
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First, a measurement in a four terminal lateral geometry confirms that the
magnetoresistance indeed originates from the bulk silicon. Second, using a vertical device
geometry, the magnetoresistance increases for a larger angle between the cuent and the
applied magnetic field, which is in line with an interpretation of the magnetoresistance by
means of a nonuniform deformation of the wave function. Triggered by calculations that
the effect of a magnetic field on the wave function becomes stronger with increasing
distance from the impurity center, we present evidence that the magnetoresistance
strongly depends on the amount of impurities; larger magnetoresistance effects are
observed for lower impurity concentrations (see Fig. 1a). In the limi t that the amount of
boron shallow acceptors become comparable to the background impurities, which
probably are deeper states that are still frozen out at room temperature, the constant
voltage magnetoresistance is for the first time higher than 1000% at 0 K (see Fig. 1b).

In a recent paper, Nature 457, 1112 (2009), Delmcet al.have also achieved large values of
magnetoresistance in doped silicon (in their case exclusively using Ohmic contacts). Note
that this paper is published after our initial discov I Ua w ©Extremely large
magnetoresistance in boron-doped silicon? OQwU T 1 w/ | 410G 127202(Z008% | U038 w

Output

Unravelling the mechanism of large room -temperature magnetoresistance in silicon
J.J.H.M. Schoonus, P.P.J. Haazen, H.J.M. Swagten, B.nKarop

Journal of Physics Dt Applied Physics 42, 185011 (2009)
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5.2.3 Unraveling the origin of positve and negative organic
magnetoresistance

F.L. Bloom W. Wagemans, M. Kemerink, and B. Koopmans

General Introduction

An exciting new area of research in organic electronics is organic magnetoresistance
(OMAR). OMAR is a surprisingly large room temperature magnetoresistance (MR)
observed in simple organic-LED like devices. OMAR can be quite large at low magnetic
fields (MR > 10% at 10mT). These properties made the &covery of OMAR very surprising
since such large low-field MR effects have never been observed before at room
temperature, in either organic or inorganic materials, without the use of magnetic
materials. Another surprising property of OMAR is that the sig n of the MR can change
depending on the temperature or applied bias. Understanding this puzzling effect should
shed light on what is the microscopic model responsible for OMAR.

Results 2009

In this work, we investigate the sign change experimentally and by device modeling. Our
experiments show, in both semiconducting small molecules and polymers, that the sign
change occurs at the onset of bipolar conduction of the device. We also observed that the
sign change can be described by the superposition of two MR effects of opposite sign.
These separate MR effects are likely due to the mobilities of electrons and holes having
different responses to a magnetic field, but it is unclear why their responses should have
opposite sign. It is possible that the current could have a response that is opposite to the
change in mobility if one contact is ohmic and the other contact is injection limited. In
devices with an ohmic majority charge carrier contact and an injection limited minority
charge carrier contact the minority carrier contact can operate like a constant current
source. Therefore, if the mobility of the minority charge carriers is decreased, their density
must increase to keep the current in that channel constant. This in turn reduces the
Coloumb repulsion between the fast majority carriers, resulting in their density and an
increase in the current (Fig. 1bY 1c). So adecreas@ the minority carrier mobility can lead
to an increasén the current.

To resolve this we modeled how the current density (J would be affected by changes in
the charge carrier mobility induced by a magnetic field, in the framework of space charge
limited conduction (SCLC). In our models we show that when the mobility of both carriers

is increasedJ can decrease once the device becomes slightly bipolar and thg(V) deviates
from unipolar SCLC behavior (Fig. 2a,b). These device modelsqualitatively match well to
experiments we had previously performed (Fig. 2c,d). This phenomenon has never been
observed before and it shows that the sign change may not be due to a change in
microscopic mechanism, but could be due to device physics.
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Fig 2. (a) The modeled JV) (solid). The upper and lower limit of the current is given by bipolar
SCLC (dashed) and unipolar SCLC (dashed) respectively. (b) The relative change in current
density due to increasing the mobilities of both the majority and minority charge carriers. The (c)
JV) and (d) corresponding MR behavior for a sample with an MDMO -PPV active layer. The vertical
dashed lines correspond to the voltage at which the sign change occurs as well as the onset of
bipolar injection.

Output

Sign inversion of magnetoresistance in space -charge limited organic devices
F.L. Bloom W. Wagemans, M. Kemerink, and B. Koopmans

Phys. Rev. Lett.103 066601 (2009)
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5.2.4 Angle depen dent spin ¢ spin interactions in organic magnetoresistance
W. Wagemans, A. J. Schellekens, M. Kemper, F.L. Bloom and B. Koopmans

General Introduction

In organic devices, considerable changes in the current have been observed when applying
a magnetic field, an effect called organic magnetoresistance (OMAR). OMAR is generally
believed to originate from spin correlations of interacting charge carriers. The spin
character of such pairs is mixed by the random hyperfine fields, which can be suppressed
by an external magnetic field. Gaining a better understanding of the physics of OMAR will
improve knowledge of (spin) transport in 0 rganic semiconductors and could help towards
possible applications, for instance in adding the possibility of sensing magnetic fields to
cheap organic electronic devices.

So far, in literature, it has been claimed that OMAR is independent of the orientation of the

applied magnetic field. Indeed, the effect is not just observed for a specific angle between
the magnetic field and the current (like the Hall Effect). The models suggested for OMAR,
like the electront hole (et h) pair model and the bipolaron model, do not predict any a ngle
dependence of OMAR. We show that changing the orientation of the applied magnetic

field, with respect to the ap plied electric field, results in a small but systematic change in
the magnitude of OMAR. We show that anisotropic spin tspin interactions are a likely
candidate to explain the observed effects.

Results 2009

We performed our experiments on typical OLED -like devices with tris -(8-hydroxy quino-
line) aluminum (Alg s) as the active layer. A clear difference in MC is observed between
parallel (¢ w &)@y Berpendicular (¢ wé JeNgyirBent of the magnetic field with respect to
the sample normal [Fig. 1(a)]. The MC for the perpendicular case is larger than the parallel
case The MC for intermediate angles shows an oscillation as a function of ¢ on top of a
slowly increasing signal [Fig. 1(b)]. Vertically plotted is MC ., which was obtained from
fitting the MC( B) curves with a typical 'non -Lorentzian' that is commonly seen in OMAR
measurements: MC(B)= MC, B2/ (| B| + Bo)2 where MC,; is the MC at infinite magnetic
field and Bo is the half width at quarter maximum. Within the accu racy of the fits, no

(a) [ T T T T T T T T T
3L ]
g 2l 1
O
=
1k ]
0 ] 47h A 1 A 1 A 1 A I
0 90 180 270 360
B (mT) q

Fig 1. (a) Two MC(B) curves measuredat 12 V for ¢ w & andygSw & uwNhycSas indicated. (b) MC at
infinite field , from fiting MC(B) curves with a non -Lorentzian, as a function of angle fitted with
co(G) plus a linear contribution.

change in Bo is observed. The data can be accurately fitted with acos(g) dependence. The
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slow increase in signal is due to slight conditio ning of the device, a commonly observed
increase in magnitude with extended o peration of the device. Additional measurements

confirm the cosX(g) dependence and exclude measurement artifacts to be responsible. It is
shown that the angle dependence is intrinsic to OMAR. By changing the angle of the
magnetic field, the processes involved in OMAR are apparently modified.

The combination of two spin -¥ particles has four total spin states: one shglet and three
triplets. At zero applied field, the random hyperfine fields allow mixing between all four
states. However, on applying a large external field, the triplets Zeeman -split in energy and
the singlet and only one of the triplet states can mix. This reduced mixing results in the
change in current that we call OMAR. As we observe an angle dependence at large fields,
this mixing between the singlet and one triplet state has to be affected. The mixing at high
fields can be altered in two ways. First, the strength of the hyperfine fields can be different
for different orientations of the external field. Second, there could be a small angle-
dependent energy difference between the singlet and triplet state, caused by spint spin
interactions. The two relevant spintspin interactions are dipole coupling and exchange
coupling.

By modeling OMAR and including the two different origins (energy splitting or hyperfine
coupling), we showed that both can explain the experimentally observed angle
dependence. In Fig. 2, we show the results using the ¢ h model with angle -dependent
energy splitting. Correct line shapes [Fig. 2(a)] are obtained. With only an energy splitting
from dipole coupling [Fig. 2(b), J= 0], additional features in the angle dependence, absent
in the experiments, are observed, which are removed when also a snall exchange coupling
is included.

These experiments confirm that OMAR is caused by spint spin interactions. Two possible
origins have been suggested, which could be distinguished by a smart choice of materials.
The investigation of the angle dependence cauld provide another way of investigating the
spint spin interactions in organic materials and might help to further understanding of
OMAR.
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Fig 2. Simulated MC for the eth model with a preferential orientation of the pairs. (a) MC for two
orientations of B with dipol e-energy prefactor D = 0.08n and exchange-energy prefactor J=-0.1Bxr.
(b) Angle dependence of the MC at infinite field with and without exchange co upling, fitted with
|cico(G) ¢ cof .
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5.2.5 Frequency dependence of organic magnetoresistance
P. Janssen, W. Wagemans, E.H.M. van der Heijden, M. Kemerink, akdddmans.

General Introduction

Due to their ease of processing, chemical tunability and possible low costs,
organic semiconductors provide exceptional promise for (future) electronic applications.
Recently, it was discovered that the current through an organic semiconductor,
sandwiched between two non-magnetic electrodes, can be changed by applying a small
(~10 mT) extenal magnetic field. This large (up to 20%) room temperature
magnetoresistance effect is called organic magnetoresistance (OMAR). Up to now, several
models have been proposed to explain OMAR, but the exact origin is still debated.

In organic devices, many processes occur which could have an éfecton OMAR, all having
characteristic time scales. The charge transport in organic semiconductors materials is
governed by hopping transport which occurs at typical time scales of 108¢ 101! s, Charge
trapping has been suggested to enhanceOMAR, for instance via space chargeand as
shown by electrical conditioning of the devices. Traps in the devices have a typical
trapping time from ms up to hours. Another typical timescale is the transit time, which is
directly linked to the mobilities of the carriers, g =L%pV , with L thickness, i mobility, and
V voltage. Note that 3 for electrons and holes is usually different due to the different
mobil ities. If we would be able to perform measurements on OMAR on any of these
timescales, we might be able to obtain cues about the processes relevant for OMAR, and
thus possibly discriminate between the proposed models.

Results 2009

To study the frequency dependence of OMAR we have measured the change in (AC)
current through the sample due to a small oscillating magneti c field applied op top of a

DC magnetic field (d I/dB technique, see inset Fig. 1). By dividing the di/dB signal at a fixed

B by the current, we get a measure for the magnetoconductance (MC) called dMC/dB.

Figure 1 shows dMC/d B as a function of frequency for different voltages . From Fig 1. it can
be concluded that the MC decreases with increasing frequency. At low voltages, the

decrease is more pronounced than at higher voltages. The voltage dependence of the MC
at fixed frequencies is shown in Fig. 2. At low frequencies, a typical MC(V) curve is
obtained, which first increases with increasing voltage, has a maximum, and then slowly

decreases. For increasing frequency, the MC(V) curve collapses, with the strongest
reduction at low voltages.

In addition to the response of the current to an AC magnetic field, we measured the
response to an AC voltage, which is the admittance Y = G + i6C, where G is the
conductance and C the capacitance. The results for the apacitance as a function of

frequency for diffe rent DC voltages are shown in Fig. 3. ForVa wA w5 wEwOI T EUDPYI WEEXEE-

is obtained for a certain frequency range, which is attributed to the presence of minority
carriers. The negative capacitance disappears when the frequency becomes comparable to
the inverse transition time of the minority carriers .
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The absence of a negative contribution to the capacitanceseems to be correlated to the
suppression of the MC. To get a quantitative measure, wefit the frequency dependence of
the MC with a stretched exponential A 1 B x fi@o]]gevhere fo is the characteristic frequency
and dis astretching parameter. In Fig. 4, both fo and the frequencies where the capacitance
is 95% of its low voltage value, fc, are plotted as a function of voltage. A clear correlation
between the two frequencies is observed, indicating that the (transit time of the) minority
carriers play(s) a crucial role in the frequency dependence of OMAR.

In conclusion, we have shown frequency-dependent OMAR measurements using a
superposition of a DC and AC magnetic field. We observe a decrease of MC with
increasing frequency. The decrease is stronger for lower voltages, which is shown to be
linked to the presence of a negative capacitance that disappears when the frequency
becomes compamble to the inverse transition time of the minority carriers. Currently
device simulations are performed to gain further insight in the transport in these devices
and possibly allow us to discriminate between different models.
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Fig 3. Capacitance as a function of frequency of
the AC voltage (50 mV) for different DC
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voltage value is indicated using the open
symbols. The inset shows the corresponding
conductance measurement

Fig 4. Characteristic frequencies of the decrease
of MC (closed symbols) and of the negative
capacitance ppen symbols) as a function of
voltage. Obtained from fitting the dMC/dB data

in Fig. 1 and the point where the negative

capacitance is 95% of its low wltage value in

Fig. 3, respectively.
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5.2.6 Role of hyperfine fields and spin diffusion in organic semiconductors

W. WagemansA.J. Schellekens, F.W.A. van Oost, B. Koopman&, Bobbenr,

M. Wohlgenanntand B. Koopmans
a Group Theory bPolymers and Sofflatter, Department of Applied Physics, TU/e
b Department of Physics and Astronomy and Optical Science and Technology Center, University of lowa

General Introduction

Organic spintronics aims at new device functionality by combining the field of magneto -
or spin-electronics with that of organic or plastic electronics. Two classes of phenomena
have recently been experimentally demonstrated: Organic Magentoresistance (OMAR), i.e.
> 10% room temperature magnetoresistance (MR) effects at small fields (5 mT) in deices
without any ferromagnetic components, as well as MR in Organics Spin-Valves (OSVs)
with either ultrathin organic spacers as tunnel junctions or spin -injection devices based on
thicker organic semiconductor layers. In this project we focused on the role of the random

hyperfine fields due to the hydrogen nuclei and sensed by carriers in the p, molecular
orbitals. We found that the small hyperfine fields (typically a few mT) play an essential
role both for OMAR and OSVs. Throughout the years, theoretical frameworks for both

types of devices have been developed.

Results 2009

In the past few years, a general consensus has arisen as to the importance of hyperfine
fields for the intrinsic organic magnetoresistance by mixing singlet and triplet pairs of
charge carriers. A bipolaron model based on polaron pairs of like charge, explaining many
features of OMAR, has been proposed by our consortium. Monte Carlo simulations on
large grids of molecular sites with an energetic disorder in the energy levels, as well as
simple (analytical) two site extensions thereof, have been worked out in full detail.
Knowing the importance of the hyperfine fields for OMAR, a crucial role on the spin
diffusion may also be anticipated.

A combined experimental and theoretical study has pinpointed the effects of the
precession of spins on molecular sites in hybrid organic spin valves, right at the onset of
two -step tunneling via such sites (see section 57 in this annual report). In parallel, Bobbert
et al developed a quantitative theory for spin relaxation in the presence of random
hyperfine fields in disordered semiconduc tors. From Monte Carlo simulations and an
analysis of the waiting -time distribution of the carrier we predict a surprisingly weak
temperature dependence, but a considerable magneticfield dependence of the spin-
diffusion length. Such a dependence can be eaily understood. At low applied magnetic
fields, the carriers precess around the random local fields while they hop through the
organic medium (Figure 1). This leads to a rapid decrease of the spin polarization, i.e. a
small spin diffusion length. At large fields applied collinear with the magnetization of the
electrodes, local magnetic fields line up along the spin direction and the spin diffusion
lengths is increased significantly. To illustrate its effect on the MR traces of an organic spin
valve, we simulated such traces using a simple phenomenological model. We describe the
organic film by a reservoir for carriers with spin up and down, link the finite spin -
diffusion length to the spin -flip rate between the two reservoirs, and derive an equation
for the spin accumulation by solving the rate equations. Thus we show that characteristic
features in experimental MR traces at low magnetic fields can be explained well by the
magnetic field dependence of the spin diffusion length (Figure 2).
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In ongoing work we extended this approach to non-collinear arrangements of applied field
and magnetization. We found a pronounced reduction of the spin diffusion length upon
applying a magnetic field perpendicular to the spin polarization. Thus, the spin
polarization in the organic layer can be tuned by changing the angle of the applied
magnetic fields. Preliminary results show how this spin polarization affects the spin
correlations of charge carriers and, as a consequence, the intrinsic OMAR effect when
performing it with magnetic electrodes. Thereby, we start to establish a bridge between the
fields of OMAR and OSVs.

Output

Theory for spin diffusion in disordered organic semiconductors

P.A. Bobbert, W. Wagemans, F.W.A. van Oost, B. Koopmans and M. Wohlgenannt
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Fig 1. Artist impression of spin diffusion in the presence of random hyperfine fields, in this case for
the molecular semiconductor Alq s.
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Fig 2. Full curves: fit of the model discussed in Bobbert et al text to the experimental

magnetoresistance (MR) tracestaken from Xiong et al., Nature 427, 821 (2004)symbols). Dashed

curves: results neglecting spin relaxation. Thick/thin lines: up -/down -field sweep.
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5.2.7 Magnetoresist ance in hybrid organic junctions at the onset of multi  -step
tunneling

J.J.H.M. Schoonus, P.G.E Lumens, W. Wagemans, J.T. KohlRepdpBobbertH.J.M.
Swagten, and. Koopmans

General Introduction

Organic semiconductors hold exceptional promise for applic ations, by virtue of ease of
processing and chemical tunability, which has resulted for example in low cost, flexible

organic light -emitting diodes and field -effect transistors. Currently, these synthetic organic
materials are exploited due to their tunabi lity of the charge-carrier transport properties.

But weak spin-orbit interactions promise also long spin coherence times, revealing new
challenging physics and offering exciting opportunities for spin -based organic electronics.
Spin-polarized electron tunn eling has been observed through an ultrathin Alq s layer by
Moodera et al. Beyond the tunneling regime, Xiong et al. have reported electrical spin
transport in LSMO/Alg s/Co, and estimated a spin diffusion length of 45 nm at 4 K,
reducing to zero around 220 K. Longer spin diffusion lengths are potentially reached in

high mobility single -crystalline organic semiconductors. Although planar -type spin valves
are being investigated to exclude widely debated issues of transport via interdiffused

clusters, there isstill a lack of consensus about the role of defect states, and little is known
about the spin relaxation mechanisms.

Results 2009

In organic semiconductors, composed of atoms with low nuclear charges, the spin
relaxation due to spin-orbit interaction is s mall. In spite of this, if the time in between two
successive hops is long (often >10 ns), the electron spin on a localized molecular site can
become particularly sensitive to the randomly orientated local hyperfine fields produced

by the hydrogen nuclei (Fig. 1). Observation, as well as a comprehensive explanation, of
spin transport via one or more controlled intermediate hops in an organic semiconductor
will be an important progress towards the description of spin transport and spin
relaxation in organic semiconductors.

Fig 1. Spin injected into molecular site precesses around the sum of the hyperfine field Hn and the
applied magnetic field H a, changing its orientation before tunneling to the second electrode.

We show on the basis of CoFeB/ AkOs (1.5 nm)/ Algs (0-4 nm)/ Co spin-valves how
hyperfine fields can influence the spin injection and spin transport in organic
semiconductors, and thereby could have a serious impact on the design of new organic
spintronics devices. By only varying one parameter, namely the thickness of the Alqgs layer,
the carrier transport will change from direct tunneling through the compound barrier (no
hyperfine coupling) to indirect tunneling via a low density of localized, intermediate
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electronic states near the Fermi level,assumed to be randomly distributed in the organic
film (hyperfine coupling present).

A model is introduced that describes the competition between direct tunnelling and
indirect tunnelling. From a comparison with experimental results using the density of
electronics gates as the only fit parameter, we conclude that for hybrid barriers with more
than 2 nm Algs, transport by multiple step tunneling dominates over transport by direct
tunneling.

Furthermore, the model predicts in the regime of indirect tunnel ling an intrinsic loss

(factor 2) of a magnetoresistance due to an extra hop as well asanother intrinsic loss of
magnetoresistance due to hopping via states with unequal transmission through both

barriers. Finally, the role of spin precession in the presence of hyperfine coupling at the

intermediate site has been analyzed. After carefully choosing the parameters, this leads to
qualitative predictions for the magnetoresistance traces. Several features predicted by the
model (see Fig.2d| f) are present in our experimental results, for which we systematically

measured magnetoresistance as a function of the Alg barrier thickness (see Fig. 24 c).
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Fig 2. Magnetoresistance for a hybrid Al20s / Alqs barriers with variable Alq s thickness, both
measured (a-c) and modeled (d -f). The transition from direct to multi -step tunneling is illustrated.
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5.3 Ultrafast Spin Dynamics

5.3.1 Femtosecond laser-induced magnetization dynamics

B. Koopmans, G. MalinowskF. Dalla Longa K.C. Kuiper, D. Steiaaf M. Féhnle, T.
Rottr, M. Cinchettp, and M. Aeshlimanrp

a Max-PlancklInstitut fir Metallforschung Stuttgart Germany
b Department of Physics and Research Center OPTIMASyersity of KaiserslauternGermany

General Introduction

All -optical techniques exploiting femtosecond laser pulses have opened the way towards
the exploration of the ultimate limits of magnetization dynamics, providing means to
manipulate magnetic systems at down to femtosecond time scales. Apart from addressing
fundamental issues in the field of (nano)magnetism the approach is also considered to be
of extreme relevance for future progress in (high data rate) magnetic recording and
spintronic applications. In 1996, Beaurepaire and coworkers found that magnetic order in
ferromagnetic transition metals can be quenched within a few hundr ed femtoseconds after
laser heating. In contrast, earlier work by Vaterlaus et al. on gadolinium reported a much
slower response of 100 + 80 ps, i.e. a factor of thousand slower! The apparent
incompatibility of the two results, combined with the large unce rtainty in the earlier
measurements on gadolinium, has fuelled intense scientific discussion about its origin, and
even whether results for gadolinium could be trusted at all.

Results 2009

Recently, in a joint effort with researchers from the MPI Stuttgart and the University of
Kaiserslautern we succeeded in providing a coherent explanation for the contrasting
results for the different materials. We introduced a theoretical framework based on Elliott -
Yafet type of spin-flip scattering that successfully explains all phenomena and timescales
on equal footing. Calculations were based on a simple model Hamiltonian describing
(spinless) free electrons, representing phonons within the Einstein or Debye model, and
treating spin excitations using a mean-field Weiss model. Thus we derived a microscopic
version of the three-temperature model (Fig. 1¢c and d), describing the magnetization
dynamics by a simple differential equation. Figure 1a and 1b show calculated profiles of
the electron (dark grey) and lattice (black) temperature, as well as the magnetization (light
grey) after pulsed laser heating for Ni and Gd, resp., using spin scattering probabilities of
0.19 and 0.08, resp. Despite these similar values, the calculated transients match well with
experimentally observed demagnetization time scales of ~ 100 fs and ~ 50 ps, resp. The
values of the spin-flip probability were shown to agree well with ab initio calculations of
the spin-mixing in these materials. Moreover, laser-fluence-dependent studies on Ni and
Co showed a behavior very similar to the model's predictions. Finally, it is seen that
during the first ps, a fast lost of 25% of the magnetic moment of Gd is observed, in good
guantitative agreement with recent experiments.

These results can be understood by futher inspection of the theory. It is found that the
demagnetization rate is governed by the ratio of the Curie temperature to the atomic
magnetic moment. Comparing Ni and Co, this ratio is almost identical, explaining the
similar dynamics for the two tran sition metals. However, Gadolinium has twice a lower
Curie temperature than Ni, while its atomic moment is a factor of 13 larger (Fig. 1f and g).
Thus, the demagnetization process gets so slow, that the demagnetization is not yet
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completed once the electran and lattice systems have reached mutual thermal equilibrium.

This explains both the much longer time scale, as well as the occurrence of a twestep
process. More generally, we constructed a generic view on laserinduced demagnetization,
introducing a pha se diagram separating two classes of dynamics. After having made this
significant step forward in our understanding of laser -induced ultrafast demagnetization,

next challenges will be the implementation of more realistic spin excitation spectra, and

applyi ng the models to more complicated magnetic materials (including ferrimagnetics),

and new laser-based scenarios (including switching by circularly polarized light).
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Explaining the paradoxical diversity of ultrafast  laser-induced demagnetization
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Fig 1. Calculated dynamics of laser-induced demagnetization for Ni and Gd. (a), Ultrafast
demagnetization m(t) (light grey ), as well as Te(t) (dark grey) and Tp(t) (black) profiles, simulating
experimental results for Ni. (b), Similar for the two -step process, as observed for Gd(c), Schematic
representation of the three-temperature model for Ni, as a representative for the 3d transition
metals. Energy equilibration is indicated by two -sided arrows; angular momentum flow is
controlled by interaction with the lattice (dashed arrow). (d), Similar for Gd, with the extra 4f
system. (e), Elliott¢Yafet spin-flip scattering on emission of a phonon, taking over angular
momentum. (f), Spin-flip scattering in the 3d4sp band of Ni. The darker shading represents the
number of uncompensated spins. (g), Similar diagram for Gd; scattering is occurring only in the

5d6sp band with small magnetic moment, whereas localized 4f states predominantly contribute to
the magnetic moment.
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5.3.2 Magnetization dynamics and Gilbert damping i n perpendicularly
magnetized Co ssFes2B20

G. Malinowski, K.C. Kuiper, R. Lavrijsei.J.M SwagtenandB. Koopmans

General Introduction

The magnetization dynamics of thin magnetic layers with perpendicular anisotropy is of
great scientific and technological interest since they are potential candidates as high
density magnetic media or in spintronics a pplications. Recent developments in the field of
spin transfer torque in magnetic nanosctructures emphasized the necessity to understand
and control the physical processes involved in the magnetization dynamics. Indeed, the
threshold current for magnetic e xcitation in nano -oscillators, the velocity of a magnetic
domain wall and the critical current required to trigger its motion as well as the time scale
for magnetization reversal in future magneti ¢ random access memories (MRAM) depend
on the magnetization Ul OEREUDOOWEOE WUl UUwOOwUT | w&DPOEI UUWEEOX b
the Landau-Lifshitz -Gilbert equation of motion.

Results 2009

The samples used in this study consists of a Pt (4 nm) /CoFeB (t)/Pt (2 nm) trilayer with a

perpendicular magnetic anisotropy. The magnetization dynamics was studied by polar

time resolved magneto-optical Kerr effect (TRMOKE) measurements. A variable magnetic

i Dl OEwWPUWExxOPl EWEUWEOWEOT Ol woahk Swi UOOwWUT 1T wxOEOI 6
Fig. 1la shows a typical set of TRMOKE measurements. After ~20 ps, a damped precession

of the magnetization occurs following the change in the anisotropy induced during the

laser excitation. After subtracting the demagnetization peak and the background shown as

a dashed line in the bottom part of Fig. la, oscillations in the Kerr rotation due to

magnetization precession become more obvious (ig. 1b). From these measurements, the
OUEDOOEUDPOOwI Ul U1 OE a w qpPRknubet® Beuekiradteds #hé& heyv®@1 w UD O1 w U
Ul OEUTl EwOOwWUT 1 w&DPOETI UDWEEOxPOT wx EBtROTHefiedwEAa w0l B U wl
dependence O uisYplotted in Fig. 2a. Strikingly, for each CoFeB thickness, a similar

evolution of Y with the applied field is observed. In the high field regime, Y tends to a

constant value while it continuously increases when the field is reduced. In the case of

very thin films, the magnetization d ynamics is known to be sensitive to local variation of

the magnetic properties. Therefore, we solved the LLG equation, using a macrospin

approximation and implementing a distribution of the effective perpendicular anisotropy

which modifies the effective fi eld.

The calculated value of the oscillation frequency and the effective damping are shown in
Fig. 2a. A square distribution of the effective perpendicu lar anisotropy centered on its
average value was used.

From the simulated curve, we can extract the higi wi D1 OEwOPOPUWYEQ@BHewOi wOT 1 wE
Y E U D E U pwiartrine @b FeBrthickness is plotted at the bottom of Fig. 2b. A clear increase

DUWOEUI UYT EwbPi 1T OwOT 1 w" 0%l ! wOEal UwEIT EO&anbeuUT POOT UB w
attributed to the spin pumpin g effect which is the most relevant mechanism in this very

thin thickness range. Hence, by only varying the CoFeB thickness, we can control the

effective damping and therefore study its influence on current and field induced domain

wall motion.














































































