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Abstract
The subject of this work are lithographically defined cylindrical nanopillars con
taining a stack of two Iron disks separated by a nonmagnetic spacer. The dimen
sions of the ferromagnetic disks are chosen such th a t a t low magnetic fields, the 
so-called magnetic vortex is stabilized. In zero field, the magnetization of these 
objects is basically parallel to the disk plane and circulates the disk center. In 
doing so, the build-up of large in-plane stray fields is avoided. At the center of 
this distribution however, exchange forces turn  the magnetization out of the disk 
plane, resulting in the formation of what is referred to as the vortex core. 
Magnetic vortices have attracted much attention in recent years. This interest is 
in large parts due to the highly interesting dynamic properties of these structures. 
In this work the static and dynamic properties of magnetic vortices and their be
havior under the influence of spin-transfer torque are investigated. This is achieved 
by measuring the static and time dependent magnetoresistance under the influence 
of external magnetic fields.
The samples allow the formation of a large variety of states. First, the focus is set 
on configurations, where one disk is in a vortex state while the other one is ho
mogeneously magnetized. It is shown th a t spin-transfer torque excites the vortex 
gyrotropic mode in this configuration. The dependence of the mode frequency on 
the magnetic field is analyzed. The measurements show tha t as the vortex center 
of gyration shifts through the disk under the action of the magnetic field, the ef
fective potential in which it is moving undergoes a change in shape. This shape 
change is reflected in a V-shaped field dependence of the gyration frequency. 
Analytical calculations are performed to  investigate the effect of the asymmetry 
of the spin-transfer torque efficiency function on the vortex dynamics. It is shown 
tha t by means of asymmetry, spin-transfer torque can transfer energy to a gyrating 
vortex even if the spin-polarization of the current is perfectly homogeneous. 
Subsequently so-called double vortex configurations are considered. These config
urations involve states where each of the disks is in a vortex state. Methods for 
preparing such states are developed and the spin-transfer torque induced dynamics 
of these configurations is investigated. Rich dynamics is observed, and differences 
in mode frequencies can be identified as being caused by different combinations of 
vortex core polarities. The experiments show th a t double vortex systems are non
linear oscillators which show the property of phase locking to an external periodic 
signal.





Kurzzusammenfassung
Gegenstand dieser Arbeit sind lithographisch definierte zylindrische Nanosäulen, 
welche zwei gestapelte Eisenscheiben enthalten. Diese sind durch eine nichtmag
netische Zwischenschicht voneinander getrennt. Die ferromagnetischen Scheiben 
sind so dimensioniert, dass bei kleinen Magnetfeldern der sogenannte magnetische 
Vortex stabilisiert wird. Im Nullfeld liegt die Magnetisierung dieser Objekte im 
Wesentlichen parallel zur Scheibenebene und umläuft das Zentrum der Scheibe. 
Dadurch wird der Aufbau starker Streufelder in der Ebene vermieden. Jedoch 
drehen Austauschkräfte die Magnetisierung im Zentrum dieser Verteilung aus der 
Scheibenebene hinaus, was zur Ausbildung des sogenannten Vortexkerns führt.
In den letzten Jahren haben Vortices starkes Interesse auf sich gezogen. Das liegt 
zu einem großen Teil an den hochinteressanten dynamischen Eigenschaften dieser 
Strukturen. In dieser Arbeit werden die statischen und dynamischen Eigenschaften 
magnetischer Vortices und ihr Verhalten unter dem Einfluß von Spin-Transfer 
Torque untersucht. Dies wird durch die Messung des statischen und dynamis
chen Magnetowiederstands in Abhängigkeit von äußeren Magnetfeldern erreicht. 
Die Proben ermöglichen die Formation einer großen Vielzahl von Zuständen. Zu
nächst liegt der Schwerpunkt auf Konfigurationen mit einem Vortex in nur einer 
Scheibe, während die andere homogen magnetisiert ist. Es wird gezeigt, daß 
das Spin-Transfer Torque die gyrotrope Mode des Vortex’ in dieser Konfigura
tion anzuregen vermag. Die Magnetfeldabhängigkeit der Modenfrequenz wird 
analysiert. Unter dem Einfluß des Magnetfeldes verschiebt sich das Zentrum der 
Vortexbewegung durch die Scheibe. Die Form des Potentials, in dem der Vortex 
sich bewegt, verändert sich dabei. Diese Veränderung zeigt sich in einer V-förmigen 
Feldabhängigkeit der Modenfrequenz.
Um die Auswirkungen einer Asymmetrie des Spin-Transfer Torque auf die Vortex
dynamik zu untersuchen, werden analytische Berechnungen angestellt. Es zeigt 
sich, daß mittels einer solchen Asymmetrie das Spin-Transfer Torque Energie auf 
einen kreisenden Vortex übertragen kann, sogar im Falle einer perfekt homogenen 
Spin-Polarisierung des Stroms.
Im Anschluß werden sogenannte Doppelvortex-Konfigurationen betrachtet. Dies 
sind Zustände mit je einem Vortex in einer Scheibe. Es werden Methoden entwick
elt, solche Zustände zu erzeugen und ihre Spin-Transfer Torque-getriebene Dy
namik wird untersucht. Es wird vielseitige Dynamik beobachtet, wobei es gelingt, 
Frequenzunterschiede auf unterschiedliche Kombinationen von Vortexkernpolarisa
tionen zurückzuführen. Die Experimente zeigen, daß Doppelvortexzustände nicht
lineare Oszillatoren sind, die die Eigenschaft des Phase-Lockings aufweisen.
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1 Introduction

In the late 1980s the groups of A. Fert [1] and P. Grünberg [2] simultaneously 
discovered the effect of giant magnetoresistance (GMR). The GMR refers to the 
phenomenon tha t the electrical resistance of a system of ferromagnetic layers de
pends on the layer magnetizations. This effect is present even in systems of very 
thin layers and soon led to  the development of a new class of hard disk drive read 
heads, which revolutionized the field of magnetic storage technology. In 2007, Fert 
and Grünberg were awarded the Nobel prize of physics for their discovery. The 
construction of magnetic storage devices of high data densities reflects the ever 
growing demand by our society to consume large amounts of data, however this 
was by far not the end of the story. Moreover, the discovery of the GMR motivated 
an entirely new research area, namely the emerging field of spintronics.
In contrast to  conventional electronics which makes use of the electron charge, 
spintronics aims at controlling and employing the fundamental property of elec
tron spin. Magnetism in metals is dominated by the spin magnetic moments; on 
the other hand, since the spin is an intrinsic property of the electron, it is also 
present in the electric current. The conductivity in ferromagnetic metals actually 
depends on the spin and thus electric currents in a ferromagnetic domain are nat
urally spin-polarized. Theoretical research and experiments performed around the 
beginning of the new millennium [3, 4, 5, 6, 7] demonstrated tha t spin-polarized 
electric currents, beside transporting electric charge, are able to transfer angular 
momentum to the magnetic moments of a ferromagnet. The phenomenon is re
ferred to as spin-transfer torque. This torque can lead to various effects such as 
switching of the magnetization in spin-valves, current-induced domain wall motion 
and steady magnetization dynamics.
Motivated by these successes, a branch of spintronics focuses on so-called spin- 
torque nano-oscillators (STNOs). In STNOs, spin-transfer torque is employed to 
excite steady magnetization dynamics of a nano-sized magnet or a domain. In 
these devices, the charge and spin currents are still coupled. Since for the excita
tion of magnetization dynamics large current densities are needed, the accompa
nying Oersted fields can become strong enough to  dominate over the spin-transfer 
torque induced effects. As a consequence, the devices or at least the current paths 
must be of lateral dimensions below one micron, in most cases requiring intricate 
sample preparation techniques including electron beam lithography.
STNOs are often constructed in the form of point contacts, where ferromagnetic
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CHAPTER 1. INTRODUCTION

multilayers are electrically contacted by a laterally small electrode or they are 
built as nanopillars. Here, one basically has a free standing pillar incorporating a 
stack of alternating ferromagnetic and nonmagnetic disks. In most cases one has 
two ferromagnetic disks, one of them being a polarizer for the current and fixed 
in the sense th a t it is not susceptible to  spin-transfer torque. The other disk, the 
so-called free layer, is the oscillator which is excited by the spin-polarized current. 
The geometry of these contacts allows the detection of the oscillations by mea
suring the time dependent magnetoresistance which typically has frequencies in 
the GHz range, depending on pillar geometry, materials and external fields. Since 
the resulting microwave power em itted by one nanopillar is extremely low (~  100 
pW for metallic contacts), one would need large arrays of such devices to achieve 
powers in a range suitable for applications. Employing instead the larger tunnel
ing magnetoresistance (TMR) in pillars based on MgO tunnel barriers increases 
the output power, but still large numbers of oscillators are needed. The maximum 
power in such arrays is realized if the oscillators operate coherently. One extremely 
useful property of spin-transfer torque oscillators in tha t context is their nonlin
earity, which leads to the phenomenon of mutual phase-locking. This requires a 
coupling between the oscillators which can be achieved by means of spin waves via 
a common ferromagnetic layer [8] or by a common electric current [9].
O ther desirable properties of STNOs are high tunability, i.e. how much one can 
adjust their frequencies by external parameters like the sample current, and nar
row linewidths. Such properties are inherent to  the dynamics of so-called magnetic 
vortices, which are therefore promising candidates for STNOs. Magnetic vortices 
are very interesting objects on their own and have attracted much scientific atten
tion in recent years [10, 11, 12, 13]. The magnetic vortex state appears as ground 
sta te  of magnetization in ferromagnetic disks of suitable geometry. Across the disk, 
the magnetization distribution is parallel to the disk plane and circulates the disk 
center, thereby closing the magnetic flux. At the center, however, the exchange 
force dominates over the shape anisotropy, turning the magnetization out of the 
disk plane. Soon it became clear th a t vortices can be excited by spin-transfer 
torque, by AC in-plane currents [14] as well as by DC perpendicular currents in 
nanopillars [15]. To this day, there exist many experimental studies on vortex 
nano-oscillators where the vortex excitation is achieved via in-plane AC currents, 
or by perpendicular currents with homogeneous spin-polarization, meaning th a t 
the polarizing layer is homogeneously magnetized.
In this work the properties of purely metallic nanopillars incorporating two ferro
magnetic disks (Iron) separated by a nonmagnetic spacer (Silver) are investigated. 
Compared to  the systems described above these contacts are more complex, since 
both ferromagnetic disks are designed in such a way tha t a vortex state is fa
vored at low external magnetic fields. Additionally, the sample is single crystalline
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and the resulting anisotropy enables the stabilization of homogeneously magne
tized states as well, opening up the opportunity to investigate a large variety of 
states in one sample. These states involve configurations with one vortex and one 
homogeneously magnetized layer (single vortex states) as well as double vortex 
configurations. As we will see, in spite of the strong Oersted fields accompanying 
the high current densities needed for spin-transfer torque experiments, the states 
remain very stable, allowing the application of large currents of arbitrary direc
tion without flipping the magnetization. The system thus enables us to study the 
complex interplay between spin-transfer torque and vortex dynamics and provides 
a testing ground for our current understanding of both fields.
The upcoming chapter gives an introduction to the physics needed for an under
standing of the complex behavior of spin-valves. We start by discussing some 
basics of magnetism, with a focus on Iron since this is the material of choice for 
the samples treated in this work. This enables an understanding of the vortex 
structure. In conjunction with the equation of motion for the magnetization the 
so-called Thiele equation, which is the equation of motion for the vortex, is derived. 
The remainder of the chapter introduces the GMR and spin-transfer torque and 
shows how the torque is incorporated into the Landau-Lifschitz-Gilbert equation. 
Chapter 3 covers the experimental techniques, including the intricate process of 
sample preparation and the experimental measurement setup.
The results section is split into two parts: Chapter 4 is devoted to measurements 
on single vortex states. It is shown tha t spin-transfer torque excites the vortex 
gyrotropic mode. On the one hand, this follows from a number of arguments in
volving quantitative considerations of fields and frequencies but additionally, the 
sample provides fascinating direct evidence by showing a frequency-field profile 
th a t is in excellent agreement with the expected characteristics of a gyrating vor
tex. Subsequently we address the question of how a homogeneous polarizer can 
excite a vortex. Previous work [16] proposed tha t in this case, spin-transfer torque 
is not able to  excite the vortex gyrotropic mode. Here it is demonstrated, how
ever, tha t the asymmetry of spin-transfer torque as proposed by Slonczewski [17] 
enables an energy transfer to the vortex.
Chapter 5 focuses on configurations where each of the two disks is in a vortex 
state. These double vortex states comprise 16 different configurations which can 
be grouped into four separate classes. Methods are developed to  prepare members 
of all four classes. Comparison of measured magnetization dynamics to  micromag- 
netic simulations reveals tha t the vortex cores play a decisive role in the system of 
coupled vortices. In [16], a model was proposed which resulted in criteria for the 
onset of magnetization dynamics. The samples investigated in this work provide 
an excellent testing ground for this model. It is shown th a t it does not fully capture 
the rich physics of the samples, but it can be extended in a straightforward way.
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CHAPTER 1. INTRODUCTION

The last experiment highlights the double vortex oscillator from a different per
spective. The oscillation amplitude is found to depend on the frequency, indicating 
th a t the double vortex system is a nonlinear oscillator. It is then demonstrated 
th a t the double vortex system can indeed phase-lock to an external periodic signal, 
a phenomenon which is typical for nonlinear systems.
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2 Fundamentals

In this chapter, fundamental concepts indispensable for analyzing and understand
ing the complex behavior of spin valves will be developed. At first, the focus will be 
set on the principles tha t govern the magnetic components of the sample, in par
ticular the magnetic vortex structure will be introduced. The subsequent sections 
will establish the concepts of Giant Magnetoresistance (GMR) and Spin-Transfer 
Torque (STT).
Spin valves and GMR devices usually consist of alternating sequences of ferromag
netic /  non-magnetic metals. For this work, the Fe/Ag system was chosen. The 
main reason for this choice, besides a well-established material growth process, par
ticularly including good lattice matching conditions, is the advantageous property 
of the Fe/Ag(001) interface to provide for a high spin-polarization of the electric 
current passing through it. An additional interesting feature of Fe/Ag/Fe(001) 
spin-valves is, as will be explained in detail, an asymmetric dependence of the 
spin-torque on the angle between the layer magnetizations.

2.1 Magnetism in Iron

2.1.1 Spontaneous M agnetization in Bulk Fe

The element Iron (Fe) with atomic number 26 belongs to the transition metals 
and is one of the elements most frequently found on this planet. Up to more than 
1000 °C the base-centered cubic (bcc) ordered Fe (so-called a-Iron) is the most 
stable phase. Since in the nano-pillars examined in this work the Fe layers also 
exhibit the bcc structure, many aspects of the magnetic behavior of the spin-valve 
can be understood by taking into account bulk magnetic properties of a-Fe.
The electronic configuration of the Iron atom is [Ar]3d64s2 resulting in the state 
5D4 in accordance with Hund’s rules. From that, one would expect a magnetic 
moment per atom of

(2.1)

where

9j  =
3 J ( J  +  1) +  S (S  +  1) — L(L  +  1) 

2 J ( J  + 1)
3/2 (2.2)
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CHAPTER 2. FUNDAMENTALS

Figure 2.1: The Stoner-model applied to the 3d-band of Iron. On the left side the 
spin-down density o f states is drawn while the spin-up density of states is right to  the 
middle axis. The parabolic lines refer to  the s-p-bands, while the circularly shaped 
contributions symbolize the 3d-band density of states. The centers of gravities of the 
latter are separated by a certain energy amount. At OK, the states are filled up to 
the Fermi energy. The energy splitting gives rise to  an excess o f spin-down electrons 
which therefore are referred to  as majority electrons (hence, the spin-up electrons are 
the minority electrons). The resulting magnetic moment points into the direction of 
the quantization axis.

is the corresponding Lande-factor and

eno h . .
Ms — tt—2 m e

is the Bohr magneton (—e and m e are the electron charge and mass, respectively, 
Ho is the vacuum permeability and h is the Planck constant divided by 27r). How
ever, measurements of the spontaneous magnetization in bulk a-Fe give a value 
of 2.216/xb [18] corresponding to  a saturation magnetization of 1.746 • 106A /m  
assuming a lattice constant of 2.866 Ä [19]. This much lower value, which more
over is a non-integer multiple of /Uß, can be understood by taking into account 
band structure and applying the Stoner-model. W ithin this model it is assumed 
th a t the crystal band structure can be divided into two sets of bands: The first 
set consists of all spin-up, the second of all spin-down states of the system with 
respect to  a given quantization axis. Figure 2.1 displays a simplified picture of 
the spin-resolved density of states (DOS) in the framework of the model. The 
semicircles refer to the 3d-bands, the parabolic lines belong to the s-p-bands. At
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2.1. MAGNETISM IN IRON
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Figure 2.2: Spin-resolved density o f states for Iron obtained from spin-density functional 
theory, showing a clear exchange-splitting of the 3d-states [20],

0 K all states up to  the Fermi energy are filled. The figure shows an energy sepa
ration of the centers of gravity of the 3d-DOS which leads to an unequal amount 
of spin-up and spin-down electrons and hence to a finite magnetic moment. This 
energy shift is called exchange-splitting. Figure 2.2 shows the Fe spin-resolved 
DOS obtained from spin-density functional theory and demonstrates the appli
cability of the Stoner-model for Iron. The flatness of the s-p-contributions is 
caused be a higher degree of delocalization of the s-p-electrons which are therefore 
responsible for electric conductance. The d-electrons are much more localized. 
Interestingly, the exchange-splitting appears to be much stronger for the d-states 
than for the s-p states. (For this reason the corresponding spin-up and spin-down 
DOS parts in figure 2.1 are not shifted.) Band structure calculations [18] also 
show th a t the contribution to the total magnetic moment entirely stems from
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CHAPTER 2. FUNDAMENTALS

the 3d states. Additionally the orbital magnetic moment is strongly suppressed 
(quenched) [18] amounting to only about 5% of the total magnetic moment. The 
exchange-splitting has its origin in the exchange interaction. In the Stoner-model, 
it is constructed by the introduction of a Weiss-field (molecular exchange field) 
resulting in the Stoner condition for the existence of a solution with spontaneous 
magnetization. The Stoner condition can be written in the form [18]

D (E p) >  i , (2.4)

where N  is the number of d-electrons per atom, D(EF) is the density of states at 
the Fermi level and the field Hmo\ introduces the energy splitting between spin-up 
and spin-down bands. Spin-density functional theory uses approximations to  the 
exchange-correlation energy functional. Destroying the spontaneous magnetization 
by removing electrons from the majority band and placing them into the minority 
band instead would be punished by an increase of the system energy.

2.1.2 M agnetic Anisotropy

Usually the direction of magnetization in a magnetic domain is not arbitrary. 
In fact, there are different mechanisms causing the magnetic moments to align 
with preferred axes of magnetization. One of these forces, the so-called magneto- 
crystalline anisotropy, was first proposed by van Vleck to originate from the spin- 
orbit interaction [21]. Figure 2.3 illustrates the idea. Due to  the anisotropic 
crystal field, the electron wave functions and thus the orbital moments prefer 
certain directions. The 1 • s-interaction couples the spin direction to  the direction 
of the orbital moment. As a result, distinguished axes exist in the crystal, namely 
easy and hard axes of magnetization. The energy of the system varies as the 
magnetization direction changes. An alignment of the magnetization with an easy 
axis gives a minimum, the alignment with a hard axis a maximum of the energy. In 
the continuum theory of magnetism, the magnetization is represented by a vector 
field M (x) of magnitude Ms, the latter being the saturation magnetization. The 
energy density contribution £ m c a ( x )  from the magneto-crystalline anisotropy in 
a crystal of cubic symmetry can be expanded into

W m c a  =  A'i {m2xm l  +  m 2xm 2z + m 2ym l) + K 2m 2xm2ym2, + ..., (2.5)

the rrii being the components of the unit vector m  =  M /M s. For Iron, reference 
[22] gives the values K\ =  5.2 • 104 J /m 3 and K 2 =  —1.8 • 104 J /m 3 at 4 K. Due to 
its higher order and the small coupling constant, the AVterm is often neglected, 
giving an energy difference between hard and easy axes of about 1.3 • 10- 6 eV per 
atom. Thus the easy and hard axes are the [001] and [111] directions of the crystal
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2.1. MAGNETISM IN IRON

a b 

< ± X ± X ± X * >

Figure 2.3: Illustration o f the principle o f magneto-crystalline anisotropy. Black ar
rows represent the spin moments o f the corresponding orbitals (blue). The spin-orbit 
interaction couples the spin moments to  the orbital moments, which are in turn deter
mined by the "shape" and orientation of the wave function in space. To change the 
spin moment direction means to  reorient the wave functions which leads to changes in 
overlap. Thus, the energy o f the system depends on the magnetization direction.

lattice, respectively, as long as no other forces come into play.
One of such additional forces is the so-called shape anisotropy which is caused by 
the energy of the stray field generated by the magnetization distribution. Since 
the Maxwell equation

V ■ B =  /zqV • (H + M ) =  0 (2.6)

holds for the magnetic induction B =  /z0(H +  M ) with H  being the magnetic field, 
divergence of M  causes divergence in H. The field generated by the magnetization 
can be calculated as follows:
In the absence of macroscopic current densities we have

V x H =  0. (2.7)

T hat means, the magnetic field can be expressed as the gradient of a scalar po
tential

H  =  - V $ .  (2.8)

Equation (2.6) now assumes the form of the Poisson-equation with the divergence 
of M  as a source term:

A<3> =  V • M . (2.9)

Assuming th a t the magnetization goes to  zero abruptly at the surface of the fer- 
romagnet the solution for $  can be written as [23]

t  / \ 1 [  j3  ,V '-M (x ')  1 /  ,n ' • M (x')
*  x ) =  - j -  /  d V —j— v -  +  t  <P da n — V -  2 - 104?t Jy  |x x 4n Js x  -  x '
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CHAPTER 2. FUNDAMENTALS

Figure 2.4: A thin ferromagnetic sample, homogeneously magnetized (a), along the 
long and (b), along the short axis. W hite arrows represent the magnetization direction. 
Surface charges (north pole: red, south pole: green) generate the magnetic field (black 
lines) which will be stronger inside the sample in case (b) due to  the higher proximity 
o f the poles. The consequence is tha t the stray field energy is higher in case (b) so 
that an in-plane magnetized configuration like (a) will be preferred. This is referred to 
as shape anisotropy.

where V and S are the volume and surface of the ferromagnet, respectively. Equa
tion (2.10) introduces the surface charges a = n  • M , with n  being the local 
surface normal of the ferromagnetic volume. If we consider for example a thin 
ferromagnetic film of thickness d and side lengths a with d -C a tha t is homo
geneously magnetized along one of its long sides, the regions where M  diverges 
are two opposite face planes of area ad, separated by the distance a (Fig. 2.4). 
The divergences are related to uncompensated magnetic charges which are sources 
and sinks for the generated magnetic field. In this idealized case, only the surface 
integral of (2.10) contributes. Now consider the configuration, where the film is 
magnetized along the short axis, th a t is, perpendicular to the film plane. Now 
the surface charges reside on the two face areas of size a2. Since in this case, the 
surface charges are much closer to  each other, the field magnitude in the middle 
of the sample will be much higher compared to the case where the sample is mag
netized in-plane. This leads to  a large difference in the stray field energy, which 
can be expressed as [18]

Ed = ^  f  d3i H 2 =  - ^ / d 3x H r M.  (2.11)
J  R3 2- J m

Here, the index d denotes “demagnetization” and the magnetic field generated 
by M  is called demagnetizing field inside the ferromagnetic volume (outside it is 
termed stray field). Thus, when performing the transition from bulk material to 
a thin film, the magnetization is forced into the sample plane to  minimize the 
built-up of stray field energy. The magnitude of the shape anisotropy constant K s 
depends on the saturation magnetization as K s =  /2/x0. The origin of shape
anisotropy can be traced back to  the dipole-dipole interaction of the magnetic 
moments [18] which is dominated by the spin magnetic moments.
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2.1. MAGNETISM IN IRON

Figure 2.5: a: The famous Landau pattern as an example o f a closed-flux structure. 
A t the expense o f domain wall energy, the total energy o f the sample is reduced by the 
avoidance of magnetic surface charges, b: Illustration of the magnetization reversal in 
a Bloch domain wall [26].

In ultra thin films however, the surface becomes more important. In tha t case it 
is possible that due to unbound electrons at the surface and hence less strongly 
quenched orbital moments the preferred magnetization axis can point out of plane 
[18]. The phenomenon is referred to as surface induced magnetic anisotropy and 
has been found in a variety of systems. In particular, u ltra  thin films of a few 
atomic layers of bcc Fe on Ag(OOl) exhibit such properties at tem peratures below 
100 K [24] and even at room tem perature [25]. Since the layer thicknesses in the 
considered nano-pillars are much higher, we will not delve into th a t subject any 
further.
The Iron disks treated in this work have diameters of the order of 100 nm while 
thicknesses are about 10-30 nm. The cylinder axis is a [100] direction of the crystal. 
Under these geometric conditions, the effective easy and hard axes are determined 
by the interplay between magneto-crystalline and shape anisotropies. Due to  the 
high saturation magnetization in Iron, K s ss 1.9 • 106 J /m 3 is about two orders of 
magnitude larger than h \ .  As a consequence, the magnetization tends to  stay in 
the (1 0 0 )-plane where it is subjected to  an effective fourfold magneto-crystalline 
anisotropy with easy axes along the [1 0 0 ] and hard axes along the [1 1 0 ]-directions.

2.1.3 Ferromagnetic Domains and Domain W alls

In general, a ferromagnetic body will try  to minimize its stray field energy by clos
ing the magnetic flux. This is achieved by the formation of domains, i.e., regions 
th a t are homogeneously magnetized along easy axes but with different orientations. 
Exchange interaction and magnetocrystalline anisotropy however, stabilize a ho
mogeneous magnetization along an easy crystallographic axis. Thus, in the regions

19



CHAPTER 2. FUNDAMENTALS

1.0

Figure 2.6: In ferromagnetic disks of dimensions between the single and multi domain 
regime, a variety o f states can be stable. Here, a and b show the onion- and C-states, 
respectively. The influence o f the stray field energy tha t leads to the formation o f the 
vortex state to  be discussed later, is visible in these configurations (figures from Ref. 

[27]).

between different domains, turning the magnetizations from one easy direction into 
another is achieved at the expense of exchange and magnetocrystalline anisotropy 
energy. These transient regions are referred to  as domain walls and the energy as
sociated with their formation increases with the strength of exchange interaction, 
characterized by the exchange stiffness A  ([>1] =  J /m ) and anisotropy constant. 
Only if the stray field energy is larger than the energy needed to form a domain 
wall, the sample will split up into domains. The thickness of domain walls is also 
enhanced by a higher A, but it is a decreasing function of the anisotropy constant. 
For example, in bulk material with an uniaxial magneto-crystalline anisotropy K u, 
the energy density Ew associated with a Bloch type wall (see figure 2.5b) depends 
on A and K u as Ew = 2n \/A K u (an infinite medium is assumed [18]), while the 
wall thickness d scales as d = K \JA /K u. Values of Ew and d due to the magneto- 
crystalline anisotropy in bulk Iron are «  5 • 10- 3J /m 2 and «  50 nm, respectively 
[18]. Since the shape anisotropy in Iron is strong, it may also play a significant 
role, especially if the magnetization is perpendicular to a surface. The important 
scale is the so-called exchange length I which in Iron can vary between I =  %J A j  K\ 
and I = \ J A jK s, depending on whether the cubic magneto-crystalline anisotropy 
or the shape anisotropy prevails.

The complex interplay between exchange, magneto-crystalline anisotropy and 
shape anisotropy energies has remarkable consequences for thin ferromagnetic 
disks:
Disks with thicknesses of a few nanometers and diameters of «  50 nm are too small
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to support domain walls. These objects are instead homogeneously magnetized in
plane along an easy axis. In contrast, large disks with thicknesses and diameters 
in the range of a micron create domains to minimize their magnetostatic energy. 
Between those two regimes there is a transient region where a variety of states 
can occur. In disks of e.g. «  200 nm diameter, first of all, the stray field energy 
for an in-plane homogeneously magnetized state would be larger compared to  the 
case of a small diameter. When increasing the thickness from nanometers to  tens 
of nanometers, new kinds of states like the onion or the C-state (Fig. 2.6) can 
be stable. These configuration already show the influence of an increasing shape 
anisotropy as the magnetization at the edge tends to align tangentially. When 
the thickness is large enough (>  15nm), it is possible for the disk to form a vor
tex state. As will be discussed in detail, the vortex state is a closed flux state 
with an in-plane magnetization tha t circulates an out-of-plane magnetized core 
region. The reason for the out-of-plane tu rn  of the magnetization is the exchange 
interaction th a t would cause a sharp increase of the energy density at the core. 
By turning out of plane, the angle between neighboring magnetic moments is de
creased. For disks of too low thicknesses however, this out-of-plane tu rn  would 
generate a demagnetization field too strong for the vortex state to be energetically 
favorable.

2.2 The Magnetic Vortex State

The magnetic vortex sta te  appears as ground sta te  of magnetization in thin fer
romagnetic disks if diameters and thicknesses are in a certain range. As discussed 
before, very small ferromagnetic elements and particularly disks are unable to 
support the formation of domain walls and are found to exist in a homogeneously 
magnetized sta te  ( “single-domain sta te”). In contrast, particles in the range of mi
crons split up the magnetization pattern into domains. The formation of vortices 
as remanent states is typically observed in disks with diameters of a few hun
dreds and thicknesses of some tens of nanometers. The state is characterized by 
an in-plane magnetization th a t circulates an out-of-plane magnetized core region 
which, at zero applied field, resides at the disk center. The sense of rotation of the 
in-plane magnetization and the orientation of the out-of-plane component in the 
core region are independent from each other. Hence, the vortex can appear in four 
energetically degenerated states. External fields like for example a homogeneous 
magnetic field, applied perpendicularly to the plane, or an Oersted field generated 
by an electric current passing along the cylinder axis of the disk, lift the degen
eracy. In disks of the considered dimensions the vortex has a lower energy than 
a homogeneously magnetized state because it is preferable to avoid the stray field 
associated with the homogeneous states. The prize is a rise in exchange energy,
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Figure 2.7: a: First images o f vortex cores in permalloy obtained by means o f magnetic 
force microscopy [28]. b: Measurement of the out-of-plane core magnetization of 
vortex in an Iron island by spin-polarized scanning tunneling microscopy [29]. c displays 
the spin-contrast o f the in-plane magnetization o f the Fe island.

because neighboring magnetic moments now enclose an angle different from zero. 
The out-of-plane magnetization of the core can be understood as follows: W ith 
decreasing distance to  the disk center, these angles and thus the exchange energy 
density increase. If the magnetization was to stay in-plane, at the core we would 
have angles of up to  180°. To lower these angles and the accompanying energy 
build-up, the exchange interaction turns the magnetization out of the disk plane. 
As a consequence, there is a stray field emerging from the core region. Due to the 
low thickness of the disk, the shape anisotropy is strong and reduces the diameter 
of the core region drastically compared to domain wall widths in bulk material.

A variety of functions has been proposed as approximations for the radial de
pendence of the rnz component. Feldtkeller and Thomas [30] use as an ansatz

and vary the parameter k  s o  th a t the sum of exchange and magnetostatic energy 
is a minimum. Hubert and Schäfer extend this trial function to [31]

imposing ci = 1- Hubert and Schäfer minimize the to tal energy [31] while for 
the m agnetostatic energy a generalization of the expression in [30] is used. Re
markably, the obtained result shows a ring shaped region around the core, where 
the m z magnetization component is reversed. This feature is related to the reduc
tion of stray field energy. Loosely speaking, it helps reducing the volume of the 
stray field. This result is in accordance with micromagnetic simulations (see, for 
example [32]).

m z =  exp ( — 2  n2r2) (2.12)

(2.13)
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A third function was provided by Usov and Peschany [33]:

((«J ~ r W  + r 2) r < a
\ o  a < r < R

where a and R  denote the core and disk radii, respectively. The vortex core is 
a very small object and its radius in Fe is estimated to  about 5nm  [34], Its 
existence was first predicted by Feldtkeller in 1965 [35], but for a long time direct 
imaging remained impossible. First experimental evidence was provided for by 
Shinjo et al. [28] using the technique of magnetic force microscopy. Two years 
later, Wachowiak and coworkers [29] (see also Fig. 2.7b and c) measured the 
out-of-plane magnetization component of vortex core in Iron, showing very good 
agreement with theoretical predictions.

2.3 Equation of Motion for the Magnetization

A magnetic moment ß  in a homogeneous magnetic field H  experiences a torque 
T  =  d L /d t

T  =  ß  x H, (2 .15)

where the angular momentum L =  —ß ß o / l  is connected to  the magnetic moment 
by the gyromagnetic ratio which, for a free electron would assume the value 7 0  =  
geno/2me. Hence the magnetic moment changes in time according to

d~  =  —7M x  H. (2 .16)

This equation can be derived from a classical point of view or quantum mechan
ically by regarding ß  as the expectation value for the magnetic moment. This 
implies for the magnetization

™ ( * )  =  —7M ( x )  x  H ( x ) .  (2 .17)

Besides homogeneous magnetic fields, there are other contributions to  the torque. 
To account for the different sources, one introduces an effective field

Heff = m ’ (2‘18)

where W  is the total energy density tha t consists of several parts. In addition 
to the terms accounting for magneto-crystalline and shape anisotropies we have
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contributions from the
• exchange energy density, which can be expressed as

Wexc = A  ((V m * ) 2 +  (Vm , ) 2 +  (V m J 2) (2.19)

with A  being the exchange constant and from the
• Zeeman energy density corresponding to  a homogeneous external field as dis
cussed above

W e x t  =  —  A*0H e x t  ' M .  ( 2 . 2 0 )

In realistic systems dissipation will cause the magnetization to  finally align with the 
effective field. To account for dissipative processes, a phenomenological damping 
is introduced as an additional torque

™  = - 7M * H , „ + ] | ( m * ^ )  (2.21)

or, equivalently

< 9 M  /Y Oi'Y

■W -  - r f e (M x »•«> -  m h r ) iM *  (M x H-")l - (2-22)

Equation (2.22) is referred to  as the Landau-Lifschitz-Gilbert equation and ex
presses the implicit Gilbert equation (2.21) in the explicit form of the so-called 
Landau-Lifschitz equation [36]. In the form 2.21 it is apparent th a t the damping 
term  is proportional to the “velocity” d M /d f, thus possessing a viscous character. 
q is the phenomenological Gilbert damping constant. From the equations it is ob
vious tha t the magnetization magnitude is conserved. Transforming to  spherical 
coordinates

m (x) =  sin(0(x)) cos(<£>(x))ex +  sin(0(x)) sin(y>(x))ey +  cos(0(x))ez (2.23) 

yields

7  5W  86 . .
slnt -  J ^ T ,W  + a m (2 24a)

-s in (0 )§  =  I f  ^  + Qsin?(^ )^ -- (2.24b)ot fio Ms d(f ot

2.4 Gyrotropic Vortex Motion

In general, solving the partial differential equations governing the magnetization 
dynamics is a complex task. For a variety of problems however, a different approach
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proved successful. These problems involve moving magnetization distributions tha t 
do not undergo significant distortions during motion. Additionally, if the velocity 
is sufficiently small, the magnetization distribution can be replaced by the static 
solution. To derive an equation describing the motion in such a case, we consider 
a magnetization distribution

m (x) =  mo (x — X) (2.25)

tha t is allowed to  shift in space by a vector X, but remains rigid otherwise. The 
following derivation is based on the one given in [37].
The force responsible for displacements of m  can be expressed as

F- = - m = J d' x t-' (2'26)

where E  is the to tal energy.

<5X 66 d X  dip d X  [ ' 1

is the static force density obtained as the variational derivative of the total energy 
density with respect to the position vector X. From equations (2.24a) and (2.24b) 
it is apparent, th a t the variational derivatives of the total energy density 5W/59 
and 8W/8ip are connected to the local torque density acting on the magnetization. 
Inserting the corresponding expression yields the force density balance

f, + U = 0 (2.28)

with

Mo Ms
id =  ~ -

7

( /  dip d 0 \  dO f d d  dip . 2 \  dip \  . .

{ v a T ” ”  a t  j  ä x  +  ( a sln a " 8 “ 1 " j a x /  (2  29)

termed “dynamic” force density because it consists of the kinetic part of the equa
tion. Using now

86_
d X
dip
dX
dd
dt
dip
~dt

V(9 (2.30a)

V ip (2.30b)

dX
d^

dX

■ v e (2.30c)

"dt
■ Vip (2.30d)
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and rewriting in terms of the definitions

g
Ho \ l s

d  = ( d y ) = (  ßo Ms dO_dO_
dx, dx.

+  sin

sin0(V 0 x V<£>) 

2 dip dip'
dx, dx.

equation (2.28) can be w ritten as

dX  , dX  „
f- + g x  d X d ' i r “ 0-

(2.31a)

(2.31b)

(2.32)

Inserting the definitions F s =  f  d3x  f, (static force), G  =  f  d3rcg (gyrovector) and 
Dij = f  d3a:dij (dissipation dyadic), integration over the volume gives

_  dX  ^  dX  „
+  G X ^  +  D - ^  =  °-

(2.33)

Equation (2.33) is known as the Thiele-equation [38], So far no specific form of 
the magnetization distribution has been used. Following Huber [39, 40], we now 
consider a vortex in a thin plane. The 2 -axis of the coordinate system shall be 
perpendicular to  the film plane. Furthermore the vortex shall be centered at the 
origin of the coordinate system and the magnetization shall be independent of the 
2 -direction. For the <p distribution it is assumed that

=  < P +  c t t / 2 , (2.34)

where r and <j> are polar coordinates in the plane and 6, which solely depends on 
the radial coordinate obeys

- {
(1 — p)7r/2 r  =  0 
7t/ 2 r —> oo.

(2.35)

The vorticity param eter c =  ±1 determines whether the in-plane magnetization 
circulates the core counterclockwise (CCW) or clockwise (CW). Since 9 is the 
angle enclosed by the local magnetization and the 2 -axis, p = 1 (—1 ) corresponds 
to  up (down) vortex core polarization. Now, the expressions for G  and D  can be 
evaluated. For G  we have

G  = Ho
7 / / dr d 0 e zr s i n ö i ^  =  —2np^ ° ^ s Lez =  Gez, (2.36)

r dr  7

L being the film thickness. Calculation of the dissipation m atrix elements is also 
done in cylinder coordinates. All elements with at least one 2  index vanish due
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to the independence of the 2  coordinate of the magnetization inside the film. The 
remaining off-diagonal elements vanish due to  the antisymmetry of the angular 
part:

Now, in order to model a finite disk, the disk radius R  is introduced as a cutoff for 
the integral. One can now argue th a t the main contribution to  the integral comes 
from the parts of the disk which are outside of the small core region. There we 
have dO/dr ss 0. Then a low cutoff ro characterizing the vortex core dimension 
can be introduced. Additionally, the vortex motion is only in-plane so tha t the 
matrix D reduces to a number D. Since sin 0 «  1 in the region of integration, D 
reads:

To obtain the static force density F s, usually the total energy density is integrated 
over the magnetic volume. The resulting energy is a function of the vortex position 
jE'(X). Then F s can be computed via (2.26). When a vortex confined in a disk 
is shifted away from the disk center, the magnetization distribution will change 
so tha t the build-up of surface charges is avoided. To account for this effect, 
instead of the rigid vortex model one uses a so-called two-vortex-ansatz, where 
the boundary condition of vanishing surface charges is approximately fulfilled by 
placing a mirror-vortex outside the magnetic disk [10, 41]. Neglecting effects from 
magneto-crystalline anisotropy, symmetry dictates tha t the resulting force always 
points towards the disk center. If the total energy is expressed up to  second order 
as U’o +  fcX2 / 2, the Thiele-equation reads

For a  =  0, the solution is a movement of the vortex around the disk center while 
the distance from the core to  the disk center remains constant. The sense of 
rotation is determined by the sign of G, which in turn  is defined by the vortex 
polarity p. For positive p. the motion is CCW, in case of negative p. it is CW. 
The frequency of this so-called gyrotropic mode is u  = k/\G\. In case tha t a > 0, 
during the motion, the viscous damping term reduces the energy of the system 
because it is antiparallel to the velocity. Thus, after an excitation (for example 
after a field pulse), the vortex core moves on a spiral towards the disk center.

After integrating the angular part, the last entries are

(2.38)

(2.39)

(2.40)
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2.5 Giant Magnetoresistance

The transport phenomenon known as Giant Magnetoresistance occurs in metallic 
systems consisting of alternating ferromagnetic /  nonmagnetic layers. It refers to 
the property of such systems to exhibit an electric resistivity th a t depends on the 
relative alignments of the layer magnetizations. Today, several magnetoresistive 
effects are known, among which a prominent example is the so-called Anisotropic 
Magnetoresistance (AMR) tha t had been discovered by William Thomson (who 
later became Lord Kelvin) in 1856. The AMR is observed in a variety of ferro
magnetic metals. If an electric current flows through the material, the measured 
resistance will depend on the angle between the respective axes defined by current 
flow and magnetization. For parallel alignment one typically observes a maximum 
of the resistance, while for perpendicular arrangement a minimum is found. For a 
long time, this effect had been employed in magnetic sensors, particularly in read
out instruments for magnetic recording devices. The ever growing demand for 
larger memory fueled the development of techniques for building smaller bits and 
hence, small sensors. The discovery of Giant Magnetoresistance (GMR) by Fert 
and Grünberg (1988) [1, 2] soon led to  a revolution in magnetic storage industry. 
The strength of the effect in combination with the property th a t it occurs in thin 
films with thicknesses on the nanometer scale allowed to  substantially decrease the 
sensor size.
A basic understanding of the GMR effect is obtained by applying the so-called 
two current model. A voltage applied to metal results in an electric current, that 
corresponds to the drift of electrons and in a simplified picture can be viewed as 
a shift of the Fermi sphere under the influence of an electric field. From tha t it 
is clear tha t the relevant processes take place near the Fermi energy. It turns out 
th a t in transition metals, conductivity is mainly due to  s-electrons, which have a 
strong dispersion in contrast to  the d-electrons corresponding to  a higher degree of 
delocalization. Additionally, the conductivities of majority and minority spins are 
different owing to  spin-dependent scattering into empty d-states near the Fermi 
edge. This becomes clear by looking at figure 2.1: Due to  the exchange splitting, 
a t the Fermi level, there are less empty states in the majority d-band compared 
to  a higher number of unoccupied d-states with minority spin. Most scattering 
events are spin-conserving [18, 42], and consequently, according to Fermi’s golden 
rule s-d-scattering will more frequently appear in the minority channel leading to 
a higher resistance compared to the majority spin channel. Thus, there will be a 
spin-polarization of the current defined as
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Figure 2.8: Illustration of the GMR effect in the two current model. The current 
flows perpendicular to  the layer planes. This is referred to  as "current-perpendicular- 
to-plane-geometry" (CPP), in contrast to ClP, where the electron d rift is in-plane. 
The two current model also applies to  the latter case. In this example, majority spin 
electrons (majority spin direction is indicated by the thick black arrows) have a lower 
resistance in each magnet compared to the minority spins. As a result, the total 
resistance assumes a minimum for parallel and a maximum for antiparallel alignment 
of the layer magnetizations.

In multilayer structures besides material dependent bulk spin-channel conductivi
ties, the interfaces generally exhibit spin-dependent resistances tha t can enhance, 
lower or even flip the current polarization. In addition to  these intrinsic proper
ties, extrinsic influences like spin-dependent impurity scattering or the interface 
roughness play a role. Due to the high degree of spin-conservation in scattering 
events, the two current model is applicable in many cases and gives an explanation 
for the GMR: Figure 2.8 shows a layer system of two ferromagnets separated by a 
nonmagnetic metal spacer. It is assumed th a t the magnets are identical and that 
the current flows perpendicular to  the layer planes. This geometry is referred to 
as “C P P ” (Current Perpendicular to Plane) in the literature. The measurements 
throughout this work are performed in th a t geometry and therefore it will be the 
focus of this chapter. Let Rmaj and Rmin denote the resistances for majority and 
minority spin electrons, respectively, in each magnet. If for example Ämaj <  R mm, 
then in the configuration where the layer magnetizations are aligned parallel (P), 
the majority channel would have a high conductance compared to the minority 
channel. In the case of antiparallel (AP) alignment, both channels would have the 
same intermediate resistance. If the spacer resistance is neglected, we have

R F — 2i?maj/?min/( /?maj +  /?min) (2.42a)

RAP = (Ämaj +  Ämin)/2 (2.42b)
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Ferromagnet Nonmagnet Nonmagnet j Ferromagnet |

Chemical potential Chemical potential

Figure 2.9: Spin-dependent electrochemical potentials in the case of a current passing 
through the interface o f a ferromagnet and a nonmagnet. In the upper panel, the 
direction of the magnetization is indicated by the black arrow. The current is flowing 
into the positive x-direction according to  j  =  —(e/a)Vf i0 (a  and ß0 refer to  the 
conductivity and electrochemical potential, respectively)[18]. Spin-accumulation, i.e. 
deviation o f the spin-dependent chemical potentials from the equilibrium values, exists 
at interfaces between ferromagnetic and nonmagnetic metals in the presence o f charge 
transport across the interface. The different conductivities for spin-up and spin-down 
electrons in the ferromagnet lead to  a step in the electron chemical potential which 
can be expressed by the voltage Vas [18]. In multilayer structures, such potential 
steps referred to  as “boundary resistances" depend on the relative layer magnetizations 
leading to  magnetoresistance. (Figure taken from Ref. [18].)

g iv in g

R AP =  R P + ( R p R p l  (243)
V̂“ maj i -̂ min)

resulting in a positive GMR which can be defined as

ek4 P  _ d P
GMR = ----- . (2.44)

Apparently, the result 2.43 is independent of the sign of current polarization. 
Depending on the choice of material, the  difference RAP —  R p can also become 
negative. T hat would be the case if, for example in figure 2.8 in contrast to  the 
left magnet, the right one had a higher conductance in the minority channel than 
in the majority channel.

The two current model assumes the absence of spin-flip events and thus must be
come inaccurate when transport over distances in the order of the spin-flip length 
is considered. A model taking into account spin-flip was developed by Valet and
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Fert [43]. W ithin the framework of the model, the spin-dependent chemical po
tentials and currents in the presence of F /F  and F /N  interfaces are described. If 
electrons are transported across such an interface, the spin-dependent chemical 
potentials will generally deviate from their equilibrium values in the vicinity of 
the interface. An example of this is illustrated in figure 2.9 for currents flowing 
from a ferromagnet into a nonmagnet (left) and vice versa (right). Spin-dependent 
interface resistance is ignored and thus, the spin-dependent chemical potentials are 
continuous at the respective interfaces. In the ferromagnet, the electron electro
chemical potential is a weighted average of the spin-dependent potentials due to 
the different conductivities for m ajority and minority spins. In the nonmagnetic 
metal however, it is just the average. As a result, a voltage drop occurs a t the in
terface, which leads to the definition of the “boundary resistance” . The associated 
deviation of the spin-dependent potentials from equilibrium values is referred to as 
“spin-accumulation” . This effect plays a major role in CPP-GM R while in CIP, it 
should be absent because there is no charge transport across the interfaces. Away 
from the interface, the spin-accumulation decays due to spin-flip processes and 
hence the characteristic length scale is the spin-diffusion length AS(* =  \fD sjrSe, 
where D and r se are the spin-diffusion constant and spin-flip time, respectively [18]. 
For layer thicknesses far below this length, the two current model is recovered. To 
illustrate the effect of a boundary on the resistance, we consider the simple case of 
two adjacent ferromagnets and F2. For the solution of this problem we follow 
the derivations given in [18] and [43]. To compute the boundary resistance, two 
equations are needed. The first describes the behavior of the difference in spin- 
dependent electrochemical potentials A ß  =  ^  — /A  A non-vanishing A ß  means a 
spin density out of equilibrium. In the view of Fick’s law, a gradient in A ß  leads 
to  a spin current density. The spatial variation of tha t current density must be 
related to  spin-flip events, which also cause the spin density to equilibrate over 
time. This leads to a diffusion type equation for Aß,

d2AM = ,9 «x
dx* Dsdrse h]d

The second of these relations concerns the electrochemical potential ß in either
magnet. A constant current density j  shall flow through the system, which is
connected to the electrochemical potential as

¥  =  (2-«)da: a

with a being the conductivity. Similar relations hold for the spin-dependent po
tentials

d ß e tm
£  =  - J m p ’ “ 1' <2J7>
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where <7 ^ ^  and denote the spin-dependent conductivities and current densi
ties, respectively. —e is the electron charge. Following [18], the conductivities are 
related to each other by a dimensionless constant a ,

<7maj =  aa  (2.48a)
ffmin =  (1 - a ) a  (2.48b)

0 <  a  <  1 (2.48c)

Since the spin channel current densities add up to  the total current density, 
j t 4 . j i  =  the following relation holds,

dM d /imaj , d /imin .
+ ( 1 - « ) E  • (2.49)

Integration of the equation yields

H = Q/xmaj +  (1 -  a ) /imin. (2.50)

In principle, there could be a nonzero additive constant, but far away from the 
interface the spin-dependent potential assume the value of //; hence the constant 
equals zero. Equation (2.50) is the second of the two relations.
It is assumed, th a t both magnets are semi infinite. Fj shall occupy the left half
space x  < 0, F2 resides on x  >  0. Far away from the interface, A/i must approach
zero, thus the appropriate ansatz for F\(2) is

= n\(x) -  = Ai exp(x/A i) (2.51)
A fi2{x) = fi]2(x) -  ß^{x) =  A2e x p ( -x /A 2). (2.52)

The indices “1” and “2” correspond to quantities at x  < 0 and x  > 0, respectively. 
Since we assume no interface resistance,

ß\a)( 0 -)  =  /4 a ) (0+) (2.53)

must hold, and therefore we have

Aaii(0~) =  A /i2 (0+) =  A/z(0). (2.54)

This implies
A x = A 2 = A. (2.55)

Two cases are distinguished: In case 1, both magnets are magnetized in the same
direction. W ithout loss of generality, let T be the majority spin for this case and
rename the corresponding solution A = A ^ . T hat means for the conductivities

CT!( 2) =  Ql(2)° (2-56)
am  = (1 — »l(2))cr, (2.57)
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where for simplicity equal conductivities a are assumed for both magnets and the 
index 1 (2 ) corresponds to  magnet Fm - ' lo  compute it , first the spin-dependent 
chemical potentials are expressed via (2.50) as

^1(2) =  Mi(2) +  (1 ~  £*i(2))A/ii(2) (2 .58)

^1(2) =  ^!(2) _  Ql(2)A/ii(2)- (2 .59)

For the spin-dependent current densities, this means

JlT(2) =  —« 1(2)— +  (1  -  <*l(2) ) ^ A / ^  (2.60)

i« 2) = - ( i  -  ai<2))f (2-61)

resulting in

A ji(2) =  j \(2) -  jj[(2) =  (2 q i(2) -  l ) j  -  2 —Qi(2)(l -  a 1(2))— A ^ 1(2). (2.62)

Here, j \  =  j 2 =  j ,  has been used, since the current density is equal on both sides
of the interface. Also, the spin-dependent current densities shall be continuous at 
the interface, since the latter is assumed to cause no additional spin-flips. Hence 
we have A ji(0 - ) =  A j2 (0+) which, in combination with 2.52 yields

( „ ,  -  a,)J  =  £  -4 ". (2.63)

On the other hand, we have

e A l/TT =  a*i(0~) -  M2 (0 +) =  Qi/ij(0_ ) -  (1 -  ai)/z}(0~)

-  [a 2/4 (0+) +  (1 -  q 2 ) ^ ( 0 +)] (2.64)

=  (<*i -  Q 2)A/i(0) =  (q i -  a 2)An ,

where A V " 1 corresponds to the voltage drop at the interface, which apparently 
is due to  the different conductivities of spin-up and spin-down channels on either 
side of the interface. Combining 2.63 and 2.64 yields

A V " -  (« , -  <*)« ( 2 !Ü _ l£ !>  +  I , (2.65)
\  Ai \ 2 )  a

Now consider case 2, where again on the left side, \ corresponds to  majority spins. 
But in contrast to case 1, in the right ferromagnet, J, refers to  the majority spin
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channel. The ansatz is the same as (2.52)-(2.55), but equations (2.56)-(2.62) have 
to  be rewritten for index 2 :

magnetization alignment of the two magnets. Let a be the cross section of the 
contact. The magnetoresistance due to the magnetization-dependent boundary 
resistances then reads

The formula shows, th a t if one or both materials had equal conductivities for each 
spin channel, i.e. ot\ =  1/2 V q 2 =  1/2, RAP — R p would equal zero. By the 
appropriate choice of Qi and » 2 , the magnetoresistance can also be negative.
We have considered the general case of different magnetic materials. Setting Qi =  
» 2  immediately yields the result given in [18] for a ferromagnet /  nonmagnet /  
ferromagnet sandwich in the limit of a thin spacer and thick ferromagnets. In 
this example, any interface resistance has been ignored. In realistic spin-valves 
however, the layer thicknesses are usually in the order of 10  nm, causing interfacial 
spin-dependent scattering to  dominate over bulk resistivities. To include interface 
resistance in the above calculation, one would impose appropriate jumps in the 
spin-dependent electro-chemical potentials a t the interface.

al  = (! -
£>2 = a2cr

(2 .66)

(2.67)

This time, we have

e V =  (qi +  q 2 — l)A /i(0) =  (q! +  q 2 — 1 )A^ (2.68)

yielding

V n  =  («! +  Q2 -  l ) 2

The two interface voltage drops and apparently depend on the relative

( l - 2 a 1) ( l - 2 a a) (2.70)
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2.6 Spin-Transfer Torque

From the considerations of the foregoing section, two sources can be identified 
th a t give rise to  spin-polarized currents. First, in the bulk of a ferromagnet, the 
electrochemical potential of spin-up and -down electrons are equal. However, the 
conductivities for either kind of spin are different from each other and implying 
a polarization of the current. Approaching the ferromagnet/nonmagnet-interface 
from either the ferromagnetic or nonmagnetic bulk, the electrochemical potentials 
split and acquire a certain difference at the interface, i.e. spin-accumulation is built 
up. In general, the gradients of the potentials are different for spin-up and spin- 
down electrons. Therefore in the vicinity of the interface, the spin-polarization 
of the current differs from the bulk value of the corresponding material, where 
the size of th a t zone is determined by the respective spin-flip lengths. Since the 
conductivities in the nonmagnet do not depend on the spin, the spin-polarization 
of the current in the bulk is zero. Thus it is the spin-accumulation tha t drives the 
spin-current in a nonmagnet. The sign and magnitude of spin-polarization on the 
one hand depend on the combination of intrinsic bulk and interface scattering, that 
is, the scattering properties following from the band structure in the bulk and at 
the interface. On the other hand, extrinsic properties and effects like, for example, 
interface roughness or the scattering characteristics of impurities play a role as well. 
In combination with thin film preparation techniques tha t allow the fabrication of 
devices on scales well below the spin-diffusion lengths, it is possible to investigate 
spin-transport across nonmagnetic materials, in particular the transport of spin 
momentum from one magnet towards another across a thin nonmagnetic spacer. 
One of the most intriguing effects discovered is the so-called spin-transfer torque, 
tha t is, the transfer of spin angular momentum from the spin-polarized electric 
current to the magnetization of a ferromagnet.
The effect tha t a spin-polarized electric current can exert a torque on the magne
tization was suggested simultaneously by Slonczewski [3] and Berger [4] in 1996. 
First experimental observation of magnetization switching due to spin-torque was 
provided for by Myers et al. [5] and Katine et al. [6 ], while Kiselev et al. [7] showed 
that, besides switching between discrete magnetic states, spin-transfer torque can 
excite magnetization dynamics. For these experiments C o/C u/C o layer systems 
were used. High current densities are needed to achieve excitation of magneti
zation switching events and dynamics and at the same time influences from the 
accompanying Oersted fields must be kept low. This is realized by strong lateral 
confinement of the current paths. In [5], the C o/C u/C o stack was electrically con
tacted through a small hole in an insulation layer. In the other two experiments 
([6 , 7]), the stack was part of a nanopillar very similar to  the ones used in this 
work. In such nanopillar devices, one ferromagnetic layer is usually much thicker 
than the other, and/or it is pinned by an antiferromagnet, for example. As a con
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sequence, it is much less susceptible to the exerted spin-torque than the remaining 
thin layer, which is therefore often called the “free magnetic layer” . Therefore, 
such . Apparently, one has a C PP geometry, so tha t switching or dynamics of the 
magnetization can be detected by measuring the time-dependent GMR. Devices 
of this kind are often referred to as spin-valves.
The mechanism of C PP spin-transfer torque can be understood by considering a 
single electron entering a ferromagnet from a non magnetic metal. The problem is 
treated in Ref. [44], Let the magnetization of the ferromagnet adjacent to the non
magnet define the quantization axis. In general, the electron Pauli-spinor has two 
non-vanishing components so tha t the corresponding spin moment (more precise: 
the expectation value (S ), S being the spin operator) has a component transverse 
to  the axis of magnetization in the ferromagnet. In this simplified picture, the 
magnet acts on the electron via its spin-dependent potential, which causes the 
spinor components to  see different potential steps when entering the magnetic re
gion. As a consequence, there are separate transmission and reflection coefficients, 
and hence different transmission and reflection probabilities for the spinor compo
nents, resulting in three significant effects:
The first one is referred to  as “spin filtering” . The transmission and reflection 
probabilities depend on the spin index. The mixture of up-and down-components 
making up the incident state and being connected to  the incident spin direction 
is generally not preserved. As a result, the spin-up (-down) component of the 
transm itted part will differ from the spin-up (-down) component of the reflected 
part, leading to different up-down mixtures for reflected and transm itted waves 
and giving rise to a discontinuity in the transverse spin current density.
The second effect is a rotation of the spin direction of the reflected part of the 
Pauli spinor. The rotation is caused by the phase of the product R* /? |, where R- 
and R[ are the spin-dependent (complex) reflection amplitudes.
The third effect concerns the transm itted spinor. In contrast to  the situation in 
the nonmagnetic metal, the spin-dependent potential in the ferromagnet enforces 
different fc-vectors for each spin-component. The result is a spatial precession of 
the transm itted spinor with “frequency” fcj; — fcj,> where positive x  is the direction 
of propagation of the electron. Connected to  this spatial precession is a torque 
density distribution inside the ferromagnet, which by actio = reactio acts on the 
magnetization.
The aforementioned points refer to a single electron. When considering a spin- 
polarized ensemble of electrons it turns out th a t the contributions from the differ
ent parts of the Fermi surface largely cancel out each other: The reflection induced 
rotation angles depend on the fc-vector so tha t when summing over the electron 
ensemble, the total transverse reflected spin-current density falls off rapidly in the 
near vicinity of the interface. Also, the “frequency” under which the transmit-
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Figure 2.10: Sketch o f the model system Slonczewski used in his 2002 paper [17], to 
calculate the dependence of magnetoresistance and spin-torque on the angle between 
the magnetizations M L and M r . The steady current carrying electronic configura
tion in the spacer is divided into left and right moving electrons, which according to 
the PMST assumption (see text) are aligned either up or down with respect to  the 
quantization axis o f the ferromagnet last past through or reflected of. The PMST 
condition is approximately valid for a variety of interfaces, including the Ag/Fe(001) 
system [17, 45],

ted electron spins spatially ro tate obviously depends on the fc-vector. Summation 
over the ensemble leads to dephasing of the spins, and thus the total transm itted 
transverse component of the spin-current density decays in the ferromagnet with 
increasing distance from the interface. As a result the largest part of the transverse 
spin-current component is absorbed by the magnetization of the ferromagnet in 
the near vicinity of the interface.
In 2002, Slonczewski ([17]) calculated the GMR and spin torque dependence on the 
angle enclosed by the layer magnetizations of a typical spin-valve. In his model, 
Slonczewski assumes a device consisting of two ferromagnets separated by a non
magnetic metal spacer. Leads connect this spin-valve to a voltage source. Further 
it is assumed th a t there is no scattering and no exchange in the spacer (the spacer 
thickness is less than the electron mean free path). The spacer boundaries x L 
and xr  (see Fig. 2.10) are defined such tha t regions of the nonmagnetic metal, 
where there still are significant exchange interaction or interface-related scattering 
centers, belong to  the ferromagnetic regions. The electronic configuration in the
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spacer is expressed by a density matrix: The layer magnetizations are M l and M r 
for the left and right magnet, respectively. The electrons flowing from left to  right 
have either been transm itted through the left magnet or they have been reflected 
from it. In the first case, they are either pure spin-up or spin-down electrons (re
ferring to the quantization axis of the left magnet) as dictated by the two-current 
model; in the case of reflection they are assumed to  be pure minority-spin states. 
This assumption results from the condition of perfect majority-spin transmission 
(PMST) [46] and means th a t if an electron spinor impinges on one of the magnets, 
the majority spin component is perfectly transm itted and as a consequence, the re
flected part only contains a minority-spin component. Analog statem ents hold for 
electrons moving from right to left. This is illustrated in Fig. 2.10. Accordingly, 
Slonczewski writes for the density operator

( v(k)>0 \ / r(k)<0 \
ik>/r(k)(kK£>CTi) + H ik)/^(ki(fl '̂i

k J a'=±l y  k J
(2.71)

Here, \L, ±1) refer to spin states up and down with respect to  the quantization 
axis defined by the magnetization of the left ferromagnet, and |i?, ± 1) is the cor
responding expression in the /?-frame. a (a') refers to  the L (fi)-frame. The four
quantities f ^ l n '1 are Fermi distributions. From this density operator the spin-up 
and -down electron densities and spin-resolved currents are calculated. The spin 
states of the  two frames are related via

/ t n \R a ' \ - f  cos(0 / 2 ) -  sin(0 / 2 ) \  . ,
(L ,a \R ,a )  — ^  sin($/2) cos(0 /2 ) J ’ ^ 72>

with 9 =  cos_1( M l  • M r /M 2). M L(R) being the magnetization vector of the left 
(right) ferromagnet. The spin-up and -down particle densities in the spacer are 
related to the electrochemical potentials in the spacer infinitely close to the fer- 
romagnets. On the other hand, these potential values are linked to the voltage 
drops across each ferromagnet-lead combination. Assuming the overall length of 
the device being smaller than the spin diffusion length and applying the two cur
rent model for the magnets (which are assumed to have equal dimensions and 
materials, i.e. the problem is symmetric) one can assign to  each ferromagnet-lead 
branch the spin-channel resistances R x and compute the electrical resistance of 
the spin-valve with respect to  the angle 0 between the layer magnetizations:

(R+ +  -R~)sin2 (fl/2) +  2AGR+R .  cos2 (fl/2)
1 '  2sin2 (0/2) +  AG(R+ + fi_) cos2 (0/2)

Here, G =  e2npv / 2 has the dimension of a conductance and characterizes the 
spacer material, np is the to tal electron sta te  density at the Fermi energy and v is
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the mean velocity component of the electrons along the long axis of the nanopillar 
th a t can be estimated by the Fermi velocity vp to v = vp/\/3. A  is the cross- 
sectional area of the pillar. The normalized resistance r then reads:

m - R (  0 ) 1 — cos2 (fl/2 )
R ( n ) - R ( 0 )  1 +  £ cos2 (0/2) ’ '

£ — I AG(R+ + R - ) — 1 or alternatively A2 =  £ +  1 are used to parameterize the 
asymmetry of r(8) with respect to sin2 (0/2). The spin-transfer torque on either 
magnet is calculated to  be

i  =  A ,0)sin(0) (2.75)

where j  is the current density and

5( A’ =  2 Acos2 (0/2) +  A- 1  sin2 (0/2) (2'?6)

is the spin-torque efficiency function. P = (R_ — R+)/(R + + R_) is the current 
polarization. The result can be incorporated into the Landau-Lifschitz-Gilbert 
equation of motion for the magnetization. The spin-transfer torque acting on the 
right and left unit magnetizations are

^  = j i r , i d gi-Ke)mRXtm“ xmL) (277s)

i r  =  s k M 9(A' 0)mi x (m*  * mi)  (2-77b)

and must be added to  the respective expressions for right and left unit magnetiza
tions determined by (2.21). The constant d denotes the (equal) ferromagnetic layer 
thicknesses. In [47], Slonczewski’s equations have also been solved for the case of 
different ferromagnets. In the cases of Ag/Fe(001), Au/Fe(001), Cu/Co(001) or 
Cu/Co(110) the interface resistance for majority-spin electrons is large compared 
to th a t of the minority-spins [45], which supports the PMST condition in these 
systems.

R em ark

Spin-transfer torque can also play a decisive role in ferromagnetic strips or wires, 
where it influences domain wall motion. Shortly speaking, as the conduction elec
tron spins follow the magnetization inhomogeneities along a wire, angular momen
tum  is transferred to the magnetization. Such affects can be taken into account by 
adding two terms to  the Landau-Lifschitz-Gilbert equation. The first one is the so- 
called adiabatic spin-torque [48] which arises when the conduction electrons align
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Figure 2.11: Dependency of normalized resistance r(6) (left) and normalized spin- 
transfer torque g(0) sin(0)/ (AP) (right) on the angle 6 enclosed by the layer magne
tizations for different values o f the asymmetry parameter A.

their spin with the local magnetization when passing through the wire. This term 
has the same physical origin . The second of these term s is the non-adiabatic spin- 
torque caused by the “misstracking” [49] between conduction and local electron 
spins. While the adiabatic term  has the same physical origin as the Slonczewski 
torque, the non-adiabatic torque is a new effect. Both expressions combine to  the 
torque

^  =  - ( u - V ) M  + A M x [(u - V ) M ] ,  (2.78)

where u  is a vector along the electron flow direction. Its amplitude is given by [48]

j P9HB tr, vn\
”  -  m JT ' <279>

where g is the Lande factor [36].
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In this chapter the sample preparation process and the experimental methods are 
described. The sample preparation is a complex process involving a large number 
of steps ranging from growing multilayer systems by the method of Molecular 
Beam Epitaxy (this part has been performed by a R. Schreiber and T. Jansen) 
and various lithography and etching steps tha t in large parts have to be performed 
under clean room conditions. These steps will be described in detail in the following 
section.

3.1 Sample Preparation

The sample preparation process consists of two parts. First, the multilayer sys
tem is deposited onto a substrate which is the starting point for the subsequent 
patterning steps. The development of the deposition recipes reaches back to the 
nineties [50], the lithography process has been established in Jülich by H. Dassow 
[51] and developed further by R. Lehndorff [52].

3.1.1 Layer Growth and Epitaxy

The sample preparation begins with growing the desired multilayer system on a 
substrate. The material deposition takes place under ultra high vacuum (UHV) 
conditions. Throughout this work, all systems were grown by molecular beam 
epitaxy (MBE) on GaAs(OOl) substrate surfaces. The material is heated either by 
an incident electron beam or a heating spiral, evaporates and condenses again on 
the substrate which is kept at a specific tem perature to control the mobility of the 
deposited particles. GaAs has zinc-blende structure where the lattice constant of 
the cubic axes is 5.65 Ä. Figure 3.1 displays a scheme of the stacks used. Prior 
to the material deposition the substrate is cleaned in a propanol ultrasound bath. 
Then the propanol is heated until the boiling point is reached and the substrate is 
transfered into the UHV chamber where it is tempered for about one hour at 600° C 
to  clean the surface from oxygen. Two in situ diagnose techniques are employed. 
Auger electron spectroscopy (AES) is used to ensure tha t the substrate surface 
is free of oxygen: An electron beam excites the surface locally; these excitations 
include ionization of inner core shells. These atoms then have different ways to
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Au capping

" "  Fe
Ag

G aAs(100)

Figure 3.1: Multilayer system used throughout the this work. The layer thicknesses 
vary between different samples, the materials used, however are always the same: On 
top o f the sequence o f seed and buffer layers we have the combination o f Fe/Ag/Fe 
which after patterning acts as the spin valve. It is capped by a gold layer to  avoid 
oxidization o f the iron.

return to  their respective ground states. For light atoms, the Auger process dom
inates over the radiative transitions. The core shell is refilled by an electron from 
a higher shell while the transition energy is transfered to another electron of tha t 
shell. This particle can then escape the atom and is detected at an energy tha t is 
specific for the atomic species. Oxygen has a characteristic peak at 503 eV. Its ab
sence indicates th a t the substrate surface is clean. Low energy electron diffraction 
(LEED) is used afterwards to  check if the GaAs shows a clear crystal structure. 
Here, an electron beam impinges on the substrate which acts as a diffraction grat
ing. The diffraction pattern  is observed on a screen and gives information about 
the quality of the crystal structure. If successful, a 10 Ä Fe seed layer is deposited, 
which enables the subsequent 1500 Ä thick Ag buffer layer to  grow in a single 
crystalline manner. The buffer is tempered for one hour at 300°C. As the phase 
diagram indicates, Ag and Fe do not mix. Thus, interdiffusion at the Ag/Fe inter
faces can be ruled out. The iron seed layer has bcc structure and a lattice constant 
of 2.88 Ä leading to  a low mismatch to the GaAs lattice (1.9%). The Ag lattice 
type is fee with a spacing of 4.09 Ä resulting in an angle of 45° between the [100] 
directions of the Fe and Ag crystals. Next, the spin valve Fe/A g/Fe stack plus an 
additional Au capping layer are deposited where again the lattice [100] directions 
are rotated 45° at each interface because the Au capping, like Ag, also has an 
fee crystal structure with a very similar lattice constant of 4.08 Ä. It serves two 
purposes: First, the  top iron layer is prevented from oxidizing. Additionally, it will 
serve as a part of the top electrode of the nano-pillar. The Fe again exhibits a bcc 
lattice. The deposition of these last four layers is carried out at room tem perature 
a t a rate of 0 .1  — 0 .2  Ä /s.

Ag buffer

Fe seed li

42



3.1. SAMPLE PREPARATION

3.1.2 Nano Structure Patterning

Next, the obtained multilayer system undergoes a series of lithography and etch
ing steps. The lithographic processes take place under clean room conditions; the 
(former1) Institute of Bio- and Nanosystems (IBN) of the research Center Jülich 
provides and maintains all necessary equipment among which there are two mask 
aligners MA- 6  (Süss) and an EBPG 5000+ electron beam lithography system (Le
ica), the latter operated by IBN-personal. For optical lithography the AZ5214 
resist was used throughout this work. The electron beam lithography involved 
Hydrogen Silsesquioxane (HSQ). This electron beam resist consists of polymers 
with the stoichiometric formula (HSi0 3 / 2)2n- By tempering or electron beam ex
posure the hydrogen bonds can be broken. Adjacent molecules may then connect 
via bonding to an Oxygen atom which leads to the formation of cage-like amor
phous structures similar to  Si0 2  [53]. Therefore the HSQ is also spoken of as 
flowable oxide. In this work two sorts of HSQ were used: Initially the so called 
FOx-12 had been employed until it was replaced by XR-1541. The two resists 
turned out to be sufficiently similar to retain the lithographic process.

Starting from the multilayer system an optical lithography step is performed 
to  transfer the bottom  electrode structures for 4 x 4 contacts from the mask (see 
Fig. 3.2) into the resist. Development is achieved using AZ 400K (diluted 1:4 
with deionized water). Using the resulting resist pattern as an etching mask all 
unprotected material is sputtered away by means of ion beam etching (IBE). Here 
the sample is mounted on a plate and exposed to a beam of Ar atoms, generated 
by Argon ions which are accelerated by a potential difference of 500 V. The ion 
beam is then neutralized by electrons emitted from a cathode so tha t a beam 
of neutral Ar atoms hits the sample surface. During sputtering, the sample plate 
rotates and is inclined so th a t its surface normal forms an angle of roughly 50° with 
the axis parallel to  the beam. This etching technique has the usually undesired 
side effect th a t sputtered material partly sticks to  surfaces, including the surfaces 
of the etched structures. These redepositions can grow significantly higher than 
the nanostructures and can cause a variety of problems (for example piercing 
through insulation layers). To avoid short circuiting, the redepositions at the 
bottom  electrode rims will later be covered by a Si3N4 layer. However, letting 
redepositions build up at the sides of the nanopillars should be avoided. How this 
is done will be described in the following.
Subsequently the remaining resist is removed, leaving the sample in a state which 
is illustrated by Fig. 3.3b and is the starting point for the patterning of the 
nanostructures. At first dots of the desired diameter (e.g. 150 nm) are written

1The IBN is now integrated into the new Peter Grünberg Institut
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Figure 3.2: Sketch of the optical masks for bottom (blue) and top (orange) electrodes 
roughly displaying the geometric relations. (The blue and orange regions correspond 
to the chromium-covered parts of the mask.) 440 /tm away from the nanocontact the 
electrodes form a coplanar waveguide with a width of the bottom (top) electrode of 
360/im (410/im). Approaching the contact area, the structures narrow and overlap 
on a 15 x 15 //m 2 square. This is the contact region where the nanopillar is placed. 
The dimensions of the wafer which is illustrated by the black square in the background 
are 1 x 1cm 2. The mask has been designed by R. Lehndorff [52].

by the electron beam into the resist; for development Microposit MF CD-26 is 
employed (Figs. 3.3c and 3.4a). Again the sample is etched using IBE. To reduce 
the mentioned redepositions, an etching technique similar to  the one used in [52] 
is applied: (The following sequence corresponds to sample 1108vrtx-c which is the 
Type I sample as will be defined in the next chapter.) The first etching step is 
carried out at an inclination of roughly 10°, the second step around 80°. Both 
steps have the same duration of 2 min 26 s. This procedure is repeated twice, one 
time with the same durations as before and a second time with a duration of 
45 s for each inclination. This etching sequence yields good results regarding the 
redepositions (see Fig. 3.4b). Even if divided into about twice as many step pairs 
(of predominantly comparable durations) very good etching results are obtained. 
One advantage of this technique is th a t the reduction of redepositions is already 
started  at an early stage of the etching process. During sputtering at a constant 
angle of e.g. 1 0 ° inclination, material would steadily accumulate on the sides of the 
emerging pillar. The mechanism works in such a way, tha t the already structured 
part of the pillar serves as etching mask for the subsequent stages. The consequence 
is, tha t due to the redepositions the pillar diameter grows with increasing etching 
depth resulting in a rather cone-like structure. Performing one long etching step
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Figure 3.3: Different stages of a sample during the preparation process, a, Multilayer 
system with resist structures for bottom electrode construction, b, Sample with fin
ished bottom electrodes. Resist dots are created by electron beam lithography (c) and 
transfered into the layers by IBE. The result is the nanopillar standing on the bottom 
electrode (d). e, Insulation, f, Resist structures for contact window preparation, g, 
Contact window after IBE. h, Sample after deposition of the top electrode material 
and subsequent lift-off.

at a high angle afterwards reduces the redepositions but the result is not as good 
as for a division of the process into several pairs of steps.
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Figure 3.4: a, An HSQ resist dot after electron beam lithography and development 
in Microposit MF CD-26, b, Nanopillar after IBE. The etching process consists o f a 
sequence of steps with alternating inclination angles. 50%  of the etching is done at an 
angle o f about 80°. Division o f the etching process into several pairs of steps from low 
and high angles reduces the pillar width already at intermediate stages. As a result, 
the redepositions reduced significantly also at the bottom of the pillar, c, Image of a 
contact window. The picture shows the AZ-resist mask which spares a square centered 
on the contact region. IBE is used to sputter away the insulation so tha t the tip  of 
the nanopillar is cleared, d, Microscope image of a contact region after deposition of 
the T i and Au layers followed by a lift-o ff procedure. In the overlap region o f bottom 
(Ag) and top (Au) electrodes the contact window is still visible.
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The process is stopped when the appropriate etching depth is reached. This 
sample state corresponds to Figs. 3.3d and 3.4b. The remaining material under
neath the nanopillar will serve as the bottom  electrode. Next, remainig HSQ is 
removed by reactive ion etching (RIE) using a TVifluoromethane (CHF3) plasma. 
At a later stage, the top electrode will be evaporated onto the sample. There
fore two insulation barriers are now deposited: The first one is a layer of HSQ 
which is exposed to an electron beam scan all over the surface with a dose of 
250 pC /cm 2. A subsequent development can be performed but is not necessary. 
To avoid electrical short circuiting by high redepositions piercing through the HSQ 
in the overlapping region of top and bottom  electrodes, the sample is additionally 
covered by a 50 nm layer of Silicon Nitride (SisN^ by means of plasma enhanced 
chemical vapor deposition (PECVD) (Fig. 3.3e). A further optical photo lithogra
phy step (using the image reversal capability of AZ5214) creates an etching mask 
with 10 x 10 /jrn2 windows directly above the contact region (Fig. 3.3f). These 
contact windows are then opened by IBE. Usually an acceleration voltage of 250 V 
was applied. At constant beam current it reduces the etching rate which also re
duces the criticality of timing. The etching is interrupted several times to take 
SEM images (e.g. Fig. 3.4c) and check if the appropriate etching depth has been 
reached. The best proceeding is to stop if contact can be made to the Au tip of 
the nanopillar (Fig. 3.3g). Subsequently, the optical resist is removed and the 
top electrode is constructed: A second image reversal process is used to prepare 
a resist cover tha t spares the regions where the top electrode will be. The image 
reversal process results in the creation of an overhang of the resist, a feature that 
enables an easy removal of the AZ5214 after evaporation of Ti and Au onto the 
sample. The lift-off is performed using aceton and propanol in combination with 
ultrasound baths. The Ti layer improves the sticking of the Au. Its thickness is
5 or 15 nm depending on the sample. The Au layer has a thickness of 200 nm. 
Figure 3.4d displays a light microscope image of a contact region after lift-off. 
This work focuses on two samples of different type. The material stack 011 which 
type I nanopillars are based is

Layer Description
GaAs(OOl) substrate
Fe (1 nm) seed layer
Ag (150nm) buffer and bottom  electrode
Fe (30 nm) nanopillar: bottom  ferromagnetic disk
Ag (6 nm) nanopillar: spacer layer
Fe (15 nm) nanopillar: top ferromagnetic disk
Au (50 nm) nanopillar: cap layer, part of top electrode

During preparation of the nanopillars, the material stack was milled down practi
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cally onto the Ag layer. Measurements of the magneto-optical Kerr effect (MOKE) 
show th a t no significant amounts of Iron are left on the bottom  electrodes. The 
resulting nanopillars have a circular cross-section. The pillar diameters are about 
150 nm as confirmed by electron microscopy.
The following table displays the stack of the second sample (type II):

Layer Description
GaAs(OOl) substrate
Fe (1 nm) seed layer
Ag (150 nm) buffer and bottom  electrode
Fe (25 nm) nanopillar: bottom  ferromagnetic disk
Ag (6 nm) nanopillar: spacer layer
Fe (15nm) nanopillar: top ferromagnetic disk
Au (25 nm) nanopillar: cap layer, part of top electrode

Again, the ion milling of the nano-structures was stopped when the Ag buffer 
layer had been reached. The obtained type II nanopillars have diameters of about 
210 — 220 nm, according to  SEM images.
GMR measurements show tha t both types of nano-contacts have qualitatively 
similar magnetic behavior.
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3.2 Experimental Setup

The setup consists of a Spectrostat static continuous flow cryostat (Oxford) with 
the sample space positioned between the pole pieces of a B-E15f electromagnet 
(Bruker). The magnet coils are controlled by a B-EC1 Bruker power supply. If 
cooling is desired, He4 is pumped through the cryostat and flows around the sam
ple space and through a heat exchanger. The latter has a tem perature sensor and 
heater th a t enable the ITC 503 controller to stabilize the temperature.
During measurements, usually a dc current is applied to  the sample. For that 
purpose a Keithley 224 constant current source is used while voltages are mea
sured by a Hewlett Packard 3458a Multimeter. For high frequency measurements 
first recordings were made with an Hewlett Packard 8564E spectrum analyzer. 
In the course of the work the device was replaced by an Agilent 8565EC spec
trum  analyzer. These instruments are capable of sensing RF voltage signals up 
to 50 GHz (8565EC) and are used in conjunction with an Agilent 83017 A HF- 
amplifier th a t has an amplification of about 30 dB. Also available is a 8722ES 
vector network analyzer from Agilent. Magnetic fields are measured with a FH-46 
hallprobe (Magnet-Physik) tha t during a later stage of the work was replaced by 
a Magnet-Physik FH-55.
Several specially designed sample rods are available to  perform different types of 
measurements. Rod A is used for DC measurements and has an IC socket at its 
tip exhibiting ten contact pins. The sample is glued onto a sample holder tha t is 
mounted on the socket. Ten copper pads on the sample holder are thereby con
nected to the pins. Electrical contact between the pads and the sample is made by 
wedge bonding. Ten wires are led through the rod and connect the IC socket to a 
protection box th a t can be used to shunt the sample through Zener diodes in case 
of an overvoltage. The device allows an arbitrary assignment of the accesses I+ , I 
(current source) and V+ , V~ (voltmeter) to the ten pins. Between this protection 
box and the current source and multimeter, there is another circuit th a t can be 
used for measurements employing the lock-in technique. If sample rod A is used 
(regardless of whether or not a lock-in amplifier is employed), the box is part of the 
measurement circuit because it works as an adapter between coaxial and triaxial 
cables. The devices just mentioned have already been used extensively in previous 
works; hence the reader is referred to [51, 54].
Another rod, referred to as ”B” , is designed for high frequency measurements. 
Contact to the sample is made by spring pins which are connected to SMA cables. 
The rod allows for contacting both sides of the coplanar waveguide simultaneously. 
In Fig. 3.5a, the black circles represent the areas where two sets of spring pins 
connect two SMA cables of rod B to the sample. More details about the device can 
be found in [54]. Rod A and B have in common tha t the applied magnetic field is 
always parallel to  the sample plane. By turning the rods, the field rotates in that
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copper block
(in contact with cryostat
heat exchanger)

SMA cables

MMCX connectors

coplanar waveguides (copper) 

sample

Figure 3.5: a, The sample top and bottom electrodes form coplanar waveguides. 
Sample rod B is designed for high frequency measurements. Spring pins are positioned 
at the black dots and connect the nanocontact to  SMA cables which are led through 
the rod to  the outside of the cryostat. Rod B is limited to measurements with in
plane magnetic fields, b, Sample rod C which is was constructed to perform RF- 
measurements with perpendicular field components. When inserted into the cryostat, 
the applied field is perpendicular to  the long axis o f the rod. By turning the rod around 
this long axis the field can be rotated in and out o f the sample plane. Inside the rod 
SMA cables lead from MMCX connectors at the bottom to standard SMA connectors 
on the top end o f the rod (not shown). The shields o f the three cables are disconnected 
from each other. The MMCX connectors allow to disconnect the sample holder from 
the stick. The MMCX connectors on the sample holder are soldered to  copper pads 
that serve as coplanar waveguides. From these, contact to  the sample is made by 
wedge bonding.
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plane and enables the user to  align it, e. g., with hard or easy magnetic axes of the 
nanocontacts. A third rod (C) has been constructed to measure high frequency 
signals in perpendicular magnetic fields. Figure 3.5b displays the components. 
The sample is glued on the sample holder and bonding wires make electrical con-

a

b

c

Figure 3.6: Experimental setups used in this work, a, DC current four point measure
ment, b, high frequency measurement setup and c a configuration for the investigation 
of the sample response to external high frequency signals.
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tact between the top and bottom  electrodes and copper coplanar waveguides. The 
sample holder has three MMCX connectors, their counterparts on the sample rod 
are soldered to SMA cables.
Figure 3.6 schematically introduces three basic experimental setups. For clarity in 
all three figures the cryostat, tem perature controller, data  acquisition computer, 
hall probe and magnet power supply are omitted. Also the protection and ’’lock- 
in” boxes which would be present in Fig. 3.6a are not shown, since they merely 
pass currents to  and from the sample. Their influence on the measurement is 
negligible. The topmost configuration is used for four point DC current measure
ments (sample rod A), while the setup in the middle enables the detection of high 
frequency signals arising from the sample. Here, sample rods B and C are used in 
two-point-geometry. The DC characteristics still can be measured but addition
ally RF voltages are coupled out through a 11612A Bias-T (Agilent) transm itting 
from 45 MHz to 26.5 GHz. The bottom  panel shows a very similar setup, where 
the vector network analyzer (VNA) is used as a high frequency signal generator. 
This configuration exploits the two-port capability of sample rod B and is used for 
phase-lock measurements. The capacitor decoupling the VNA from DC currents 
is a 0.22 /zF device from Picosecond Pulse Labs.

52



4 Results I: Single Vortex 
Configurations

As has already been denoted in the introduction, the geometry of the Fe disks are 
chosen such that each disk favors the vortex state at low fields. However, due to 
the magnetocrystalline anisotropy, homogeneously magnetized states can also be 
stabilized in the disks. The large variety of possible states resulting from these 
properties can be grouped into configurations where one disk is in the vortex state 
while the other is homogeneously magnetized (we refer to these as “single vortex 
configurations” ) and configurations where each disk is in a vortex state ( “double 
vortex configurations”).
The focus of this chapter1 shall be on the single-vortex configuration (most exper
imental da ta  shown in the remainder of this part stems from the type I-contact 
“I-A”). The first part of this chapter presents experiments on the dynamics of this 
state. The data allows an in-depth analysis of the processes in the sample. The 
sample shows dynamics over a large field range, which opens up a window to the 
character of the forces tha t act upon a confined vortex.
The second part theoretically addresses the question of how a homogeneous polar
izer can propel a vortex by spin-transfer torque.

4.1 GMR measurements

Figure 4.1 displays the magnetoresistance of contact I-A at a sample current of 
1 mA for two different magnetic field directions. Every measurement in this work 
is performed at room temperature. The insets show the measurement geometry. 
As indicated by the “+ ” and “-” signs, the electrical current flows from the bottom  
to the top electrode which are connected to the signal and ground of the aforemen
tioned sample rod B by spring pins. Only one GSG-combination is used, i.e. it is a 
two-point measurement. Therefore the total resistances on the left y-axes include 
contributions from the cables while the right y-axes display the magnetoresistance,

'Large parts of this chapter are taken from the article: Spin-Transfer Torque Induced Vortex 
Dynamics in Fe/Ag/Fe Nanopillars, V. Sluka, A. Käkay, A. M. Deac, D. E. Bürgler, R. Hertel 
and C. M. Schneider, submitted 2010 but not yet published. A version of this paper can be 
found at arXiv [cond-mat.mes-hall]
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Figure 4.1: Two-point measurement of the magnetoresistance at low positive (i.e. 
flowing from the bottom to  the top leads) sample current (1mA). In the measure
ment displayed on the left (right) side, the external magnetic field is applied in-plane 
along easy axis 1 (2). The geometries are illustrated in the insets, where the arrow 
indicates the positive field direction. The arrows along the curves denote the field 
sweep direction.

i.e. the field dependent sample resistance minus the resistance of the saturated 
state. In each inset, an arrow indicates the positive field direction. The external 
magnetic field is applied parallel to the sample plane. In the left portion of Fig. 
4.1 it is aligned with the easy axis from now on referred to as “easy axis 1” , while 
the measurement displayed in the right graph is performed with the field applied 
along “easy axis 2” . In principle, the two axes should be equivalent. The apparent 
difference is likely to  be caused by geometrical imperfections of the nanopillar, for 
example deviations from a perfect cylindrical shape would give rise to additional 
contributions to  magnetic anisotropy. Furthermore, the way the electrodes are 
contacted can give rise to asymmetric current distributions resulting in Oersted 
fields th a t are also not symmetric and have different effective components along 
the two axes.

At high magnetic fields, both ferromagnetic layers are saturated and hence 
their respective magnetizations are aligned parallel yielding the observed low- 
resistive state. As the field is swept toward low magnitudes for either sweep direc
tion, the resistance increases. This is expected, since the two layers act on each 
other through their stray fields, and this coupling destabilizes a state of parallel 
aligned homogeneously magnetized layers. W ithout micromagnetic simulations it 
is not easy to make definite statem ents regarding the magnetic states th a t are 
run through as the field is swept towards zero. Although the field is aligned with 
easy axes, the magnetoresistance curves are mostly continuous, suggesting th a t in- 
homogeneously magnetized states are involved. This appears plausible regarding 
the size of the disks, which is above the single domain regime. Sweeping the field

-400 -300 -200 -100 100 200 300 400
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aligned with axis 2  from saturation through zero, a t both sweep directions there 
is a field interval where a low resistive state is observed. The resistance is as low 
as for parallel alignment of the layers and is stable at field magnitudes as low as 
61 mT. In the view of the antiferromagnetic coupling mediated by the stray field, 
this observation seems contradictory at first sight.
To investigate the sample characteristics under a high current densities, a cur
rent of —17mA is applied (Fig. 4.2, left part), corresponding to a density of 
9.6 x 107 A /cm 2. The electrons flow from the bottom  to the top of the nanopillar. 
The external field is collinear with easy axis 2 and swept from negative to posi
tive (sweep 1, black) and back to negative values (sweep 2 , red). As the field is 
driven to zero from saturation range, both sweeps show an increase of the magne
toresistance. At sufficiently low fields (—51 mT for sweep 1, 8 6  mT for sweep 2), 
the sample enters a state of low resistance tha t persists up to large field values of 
opposite sign (274 mT for sweep 1). There, both sweeps exhibit abrupt jum ps in 
the resistance followed by a decrease as the sample is driven toward saturation. 
Again, the sample enters a low resistive state at field magnitudes where for ho
mogeneously magnetized layers the antiferromagnetic stray field coupling should 
prevail. A plausible explanation of the findings is tha t when in the low resistive 
state, each Fe disk is occupied by a vortex. The two vortices have the same vortic- 
ity, leading to the observed low resistance. At these current densities, the Oersted 
field will be of increasing influence and the vortices are expected to have vorticities 
th a t coincide with the Oersted field sense of rotation.

The problem has been treated by means of micromagnetic simulations by A. 
Käkay from the group of R. Hertel employing the finite element code TetraMag. 
The sample volume is divided into irregular tetrahedrons which have sizes of about
1 nm. The current density distribution of a total current of —14 mA is calculated 
for the particular nanopillar contact geometry. This calculation also takes into 
account the leads. From the result, the Oersted field is computed and used for the 
micromagnetic simulation. The asymmetric input-output configuration of the cur
rent leads to an asymmetry in the Oersted field. On one side of the disk, the field 
is about 41 mT at its maximum while on the opposite side the maximal magnitude 
is 33 mT. The simulation uses the parameters poMs =  2.15 T (saturation magneti
zation), A  =  2.1 x 10- 11 J /m  (exchange constant) and K c =  4 8 k J/m 3 (anisotropy 
constant). A homogeneous magnetic field is applied along easy axis 2. During 
the simulation, the field values are swept from positive to negative saturation and 
back. One sweep corresponds to  a simulation time of 40 ns. A Gilbert damping of 
a  =  0.1 is used. Under these conditions the disk magnetization distributions are 
calculated for the different values of the applied field.
The right part of Fig. 4.2 depicts the simulation results. Displayed is the mean 
(sin2 (0/2)) versus the magnetic field, where 9 is the angle between the magneti-
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Figure 4.2: Left subfigure: GMR versus field dependence o f contact l-A at a current 
o f -17 mA. The field is aligned with easy axis 2. The red and black arrows indicate 
the field sweep directions. A t low field magnitudes, the sample is found to be in a 
state exhibiting a resistance which is comparable to  the saturated state resistivity. The 
antiferromagnetic coupling mediated by the stray field rules out states with homoge
neously magnetized layers, which leads to  the conclusion that each disk is occupied by 
a vortex o f the same vorticity. The right subfigure displays the result o f a micromag- 
netic simulation (see text). The symbols indicate the magnetic states of the sample 
associated with the sweep from positive to negative fields (red). A good qualitative 
agreement with the experiment is found for sweep 2 , confirming the presence o f two 
vortices in the low fie ld / low resistance region. Furthermore the simulation shows that 
on the field interval from 86-197 mT, the top disk is homogeneously magnetized along 
the external field while the bottom disk is in a vortex state.

zations of nodes opposing each other across the spacer. The ferromagnetic layers 
directly neighboring the spacer are considered, the thicknesses of which are de
fined by the mesh. The obtained quantity is a measure for the magnetoresistance. 
Whenever we refer to a “GMR obtained from micromagnetic simulations” in this 
work, we actually refer to this quantity. The simulated and the experimentally 
obtained dependencies of the magnetoresistance on the external field agree well 
for resistance profile measured during sweep 2. Since the computationally ob
tained GMR-curves are symmetric with respect to  the sweep direction, we follow 
the sweep from positive to  negative field values: At fields higher than 200 mT, 
both disks are mostly magnetized along the field leading to  a low resistance in 
this regime. At about 190 mT, a vortex nucleates in the bottom  disk, its vortic
ity determined by the Oersted field sense of rotation. The vortex nucleation is 
accompanied by a jum p in the resistance. As the external field is swept further, 
the resistance increases. Approaching zero field, a vortex nucleates in the top disk 
tha t also has the vorticity dictated by the Oersted field in accordance with the
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calculated low GMR and thus confirming the aforementioned conclusions about 
the low field /  low resistance state. During the field sweep, both vortices shift 
towards the perimeter of the disks. The top vortex is expelled at a field of about 
—320 mT, accompanied by an abrupt jum p in the resistance. The resistivity de
creases with further increasing field magnitude until the bottom  vortex is expelled 
at around —400 mT, leaving the system in the parallel magnetized configuration. 
Because of the symmetry of the two field sweeps in the simulation, the influence 
of the aforementioned Oersted field asymmetry on the GMR versus field behavior 
appears to be negligible.
One remark about the “wiggles” which follow the nucleation of the first vortex in 
the simulated magnetoresistance profile: In the course of the vortex nucleation, an 
excess of energy is set free and dissipated. Since in the simulation, one sweep takes 
place during 40 ns, the motion of the magnetic moments induced by this energy 
excess can still be observed, while in the experiment the dissipation takes place 
almost instantaneously compared to  the time scale of the measurement.

4.2 Microwave excitations

In addition to the dc voltage, at each field value a spectrum resulting from the 
ac part of the voltage was measured. The star symbols in Fig. 4.3a) mark the 
presence of peaks in the spectra. These peaks are caused by the time variation of 
the sample resistance induced via the GMR by the magnetization dynamics. From 
the graphic it is immediately clear tha t the single vortex state is excited by the 
current. We follow Fig. 4.3b) displaying the spectral power density for each field 
value of sweep 2. From 202 to  182 mT, we observe broad spectra, ranging from 
750 — 1680 MHz and showing multiple peaks of different amplitudes. The frequen
cies mostly red shift with decreasing field. At the next field value, all secondary 
peaks have vanished. Starting from 177 mT, single peak spectra are measured 
with a peak at initially 1.275 GHz, which continues the red shift until 136 mT, 
where the frequency reaches its minimum of 1.218 GHz with a FWHM of 3.1 MHz. 
Afterwards the peak frequency increases until 106 mT to a value of 1.356 GHz.
If the current sign is reversed, the resistance profile indicates tha t again we have a 

vortex assumed to reside in the bottom  disk in a similar range of field magnitudes 
(but of opposite sign) while the other layer has a homogeneous magnetization. 
But the rich dynamics observed with the previous current setting do not occur. 
One has to  keep in mind th a t this vortex will have opposite vorticity because the 
Oersted field sense of rotation is reversed with the current sign. In order to  rule 
out thermal activation of the vortex motion, a sample current of —17 mA is applied 
while the magnetic field is swept from positive saturation to about 151 mT. After 
reducing the current to  zero stepwise while keeping the field constant a current
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Figure 4.3: The GMR measurement (a) at -17 mA with the field along easy axis 2 
in the context of microwave excitations. At each field value a spectrum was taken. 
The stars indicate the presence of peaks in the spectra. Figure b shows the spectra of 
sweep 2.

loop is measured at this field from 0 to — 2 0  mA, then to +20 mA and finally back 
to 0 mA. Simultaneously, spectra are recorded. The result of this measurement is 
presented in Fig. 4.4. During the loop no switching is observed in the resistance. 
The frequency obtained at —17 mA (1.244 GHz) is close to  the frequency measured 
during the field loop in Fig. 4.3b, namely 1.252 GHz at 151.7 mT. If the sample 
was in a double vortex sta te  (that is, each Fe disk is occupied by a vortex) these 
two vortices would possess the vorticity of the Oersted field corresponding to  the 
negative current. In this case, as the sweep at —17 mA from negative to  positive 
fields (Fig. 4.3a) shows, no excitations are observed below 200 mT. However, 
there is some peculiarity when one takes a look at second harmonics (the second 
harmonics are not shown for the field sweep): During the field sweep, at 151.7 mT 
the primary peak has an amplitude of about 3.2nW /G H z while the second har
monic amplitude is 0.5nW /G H z. In the current loop (Fig. 4.4 right), the primary 
peak is lower (0.81nW /GHz at —17 mA) while the second harmonic amplitude
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is 0.76nW /GHz. Here, even a third harmonic (0.04nW /GHz) is visible. (The 
amplitudes refer to  recorded, not fitted values.) This can in large parts be ex
plained by taking into consideration, tha t during the measurement of the current 
loop, the spectrum analyzer’s maximum amplitude was set to 299.9 fxV (in contrast 
to  799.8 juV in field sweep 2) and a look at the raw data makes clear th a t some 
peaks are quite close to tha t value so th a t their amplitude might be suppressed. 
Converted into power density this limit is around 0.85nW /GHz at 1.24GHz and 
increases to 1.25nW /GHz at 2.48 GHz. This would explain the suppression of the 
primary peak with respect to the secondary in the current loop spectra. Therefore 
it can be assumed th a t the sample is in the single vortex state. (No statements, 
however, can be made regarding the polarity of the vortex core.) During the cur
rent loop, only for negative current sign clear excitations are observed (see Fig. 
4.4). If the dynamics were caused by thermal excitation, the observed dynamics 
should not depend on the sign of the current. We therefore conclude th a t the 
observed excitations are caused by spin-transfer torque.
We can draw the following conclusions:

The good agreement between the measured resistance versus field profile of sweep
2 and the profiles obtained by the micromagnetic simulation shows tha t the in
vestigated state is a single vortex state. According to  the simulations, the vortex 
resides in the bottom  ferromagnetic disk while the top disk is homogeneously mag
netized. The formation of vortices in the sample is also expected from the disk 
dimensions, which are between the single- and multi-domain regimes and from the 
Oersted field accompanying the high current density during the measurement. 
The observed magnetization dynamics take place in the vortex disk, which can be 
seen by considering the following: First, the vortex state is basically a closed flux 
structure except for the small core region where the magnetization turns out of 
plane. Therefore no significant in-plane stray field arise from the disk containing 
the vortex. This implies tha t the homogeneously magnetized disk is subjected to 
the full applied field which is in the order of 150 mT when peaks are observed. 
If the dynamics took place in the homogeneously magnetized disk, significantly 
higher frequencies are expected. We can estimate these values by first computing 
the Ferromagnetic Resonance Frequency (FMR) using K ittel’s formula [26]:

f  = ^ V B ( B  + 0.85noMs), (4.1)

where demagnetizing factors have been chosen to take into account the geometry 
of a disk [55]. This results in an FMR frequency of 15GHz. From this value 
and the experiment of Kiselev and coworkers [7], a possible large angle precession 
mode is expected to be in the range of 5 GHz, which still is much higher than the 
measured frequency. From tha t it is concluded tha t the dynamics take place in 
the vortex.
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Figure 4.4: Current loop demonstrating the asymmetry o f the dynamics with respect 
to  the current sign: At first a sample current o f -17 mA is applied and the field is 
driven from positive saturation to +151 mT. Then the current is reduced to  zero 
stepwise and monotonously. Subsequently, the sample resistance is recorded while the 
current is swept from 0 to -20 mA, from -20 to  +20 mA and from +20 back to 0 mA. 
The measurement is presented in the left graph. A t each current value, a spectrum 
is recorded. These are displayed by the right figure in the chronological order o f the 
measurement. The resistance versus current loop shows no switching, indicating the 
sample stays in the prepared state. Furthermore the frequency at -17 mA during the 
sweep is 1.244 GHz (at 151.1 m T), which fits well to  the frequency obtained during 
the field sweep (see Fig. 4.3b), where at 151.7 mT a frequency o f 1.252 GHz is found, 
indicating tha t the sample is in the single vortex state. The frequency increases with 
current magnitude which is likely to be caused by the increasing Oersted field that 
contributes to  the magnetostatic potential in which the vortex is moving. The slope 
is roughly 10 M H z/m A while the effective field acting on the vortex is estimated to 
around 15 mT. The star symbols indicate the presence of peaks in the spectra. The 
measurement demonstrates tha t the magnetization dynamics is not caused by thermal 
excitation but by spin-torque.

Sample Current [mA] # of spectrum (chronological order)

Considering the profile of the measured frequency versus field relationship, we 
note th a t it has the shape of a “V” , the minimum frequency being found at an 
external field of 136 mT (Fig. 4.5). The micromagnetic simulations sta te  tha t this 
field value is close to the computed strength of the dipolar field exerted by the 
homogeneously magnetized disk on the spacer facing part of the vortex disk. The 
dipolar field, which emerges from the homogeneously magnetized disk, counter
acts the applied field. If we now assume tha t a t the point where the frequency 
minimum is observed, the dipolar field acting on the vortex and the applied field 
cancel out each other, we can immediately explain the V-shaped frequency profile: 
W hen the vortex enters the bottom  disk, the effective field it is exposed to has
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Figure 4.5: Enlarged image of the spectra of the single vortex state excitations depicted 
in Fig. 4.3. The V-shaped dependence o f the peak frequencies on the applied field 
reflect the change o f the potential in which the vortex is gyrating as its average position 
determined by the minimum of that potential is shifted by the field. The "symmetry 
point” Hs «136 mT is in good agreement with the computed amplitude of the stray 
field at the spacer facing part o f the vortex disk arising from the homogeneously 
magnetized disk.

a strength of about 60 mT. The center of motion of the vortex core corresponds 
to  the minimum of the magnetostatic potential. Initially this position is located 
at the rim of the disk, but as the effective field decreases, it moves towards the 
opposite side of the disk. The disk center is reached at around 136 mT, when the 
effective field acting on the vortex is vanishing. Here, the frequency assumes its 
minimum, which is consistent with the expected symmetry properties of the vortex 
system. Decreasing the applied field shifts the center of motion further towards 
the opposite rim until an effective field of about —50 mT is reached. (After this 
point, a vortex nucleates in the top disk.) The V-shaped frequency profile reflects 
the change of the shape of the potential in which the vortex is moving. The form 
of the potential depends on the magnetic field. For high fields, the energy mini
mum is located near the disk rim. The potential has a strong curvature, causing 
a high frequency of the gyrotropic motion. At zero field, the potential minimum 
is located at the disk center and the curvature is assuming its lowest value. The 
result is a minimal value for the frequency. When the vortex average position is 
shifted further towards the opposite rim, the curvature and thus the frequency
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increase again. The above conclusions can be summarized as follows:
The vortex is excited by spin torque and moves around an average position. This 
average position shifts through the disk as the magnetic field is swept. The cur
vature of the potential a t its minimum also changes with the field, which results 
in the V-shaped frequency versus field dependence.
In the literature vortices excitation by the aforementioned adiabatic/non-adiabatic 
spin-torque, in-plane AC currents and time-dependent fields have been covered ex
tensively, (see for example [8 , 13, 14, 56, 57, 58, 59, 60, 61, 62]), while the  treatm ent 
of vortex excitation by C PP  spin-torque is mostly restricted to  spin-currents with 
out-of-plane polarization ([16, 41, 63, 64, 65, 6 6 ]). There are experiments using 
an in-plane polarizer [15, 67], but still it is not clear, how exactly the vortex is 
excited. In the following section, the role of spin-torque asymmetry proposed by 
Slonczewski, is investigated.

4.3 Vortex gyration under influence of a 
homogeneously polarized current

The excitation of the gyrotropic motion of a vortex by a spin-polarized current 
is conventionally described by extending the Thiele equation with a spin torque 
term  [41, 6 6 ]. However, this approach denies the possibility to  excite a vortex 
with a current th a t is homogeneously in-plane polarized [16]. Khvalkovskiy et 
al. [16] pointed out tha t an inhomogeneous polarizer can supply the vortex with 
energy. Here, we will propose another mechanism by showing that even a perfectly 
homogeneous polarizer can pump energy into the gyrotropic motion of a vortex 
via spin torque, if the angular spin torque efficiency function is asymmetric. We 
start with the Landau-Lifschitz-Gilbert equation with spin torque obtained by 
combining equations (2.21) and (2.77a)

=  —7 m  x H eff +  a m  x + ajg(A, ß)m  x (m  x p), (4.2)

where m  e  m j  and p  =  m i)  are now vector fields of unit length denoting 
the normalized magnetization and the polarization, respectively, a  is the Gilbert 
damping parameter, 7  the gyromagnetic ratio and j  the current density. According 
to (2.18), the effective field is defined as

-  ” o t  <4-3)

where W  is the energy density of the disk and Ms is the saturation magnetization. 
The spin torque coefficients are a  =  'yh/ (2/i0Msed) with e being the modulus of
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the electron charge and d the disk thickness as used in section 2.6. For simplicity, 
Slonczewski’s g(A,/?) (see section 2.6, Eq. (2.76)) is used as spin-transfer torque 
efficiency function.

PA
3(A’ ^  =  2(Acos2 (/?/2) +  A -1 sin2 (/3/2)) (4'4)

The more general case involves asymmetric ferromagnets [47]. ß, to  be distin
guished from the polar angle 9, is the angle between p  and m , i.e. cos(ß) = m  • p. 

The quantities P  (spin polarization), R± (channel resistances), A (spin-torque 
asymmetry), G ( “conductance” ) and A  (pillar cross-section) shall be defined as 
in section 2.6. Let p  from now on be homogeneous and constant in time. By 
combining Eqs. (4.2) and (4.3) we get the power density absorbed by the disk:

dW  a^oMs
dt 7

9m
dt

x  m  ) • p. (4.5)

The total power is obtained by an integration of Eq. (4.5) over the disk volume. 
Let the cylinder axis of the disk be the 2 -axis while the disk is parallel to the 
x-y-plane. The direction of m  is then described by the two angles <p(x,t) and 
9(x, t) where ip is the azimuthal angle (ip = 0 is the ^-direction) and 9 is the angle 
between m  and the 2 -axis:

m  =  sin(0) cos (<p)ex + sin(0) sin(ip)e!/ +  cos (0)ez. (4.6)

We switch to cylindrical disk coordinates (radius p, azimuth \ i  height z). In order 
to  carry out the integration we assume tha t the magnetization distribution obeys 
the conditions:

^(P, X;a , Xv) =  <p(p, X -  Xv\ a, 0) +  \ v  (4.7a)

0 =  0(p, X -  Xv\ a) (4.7c)
89 dd

=  (4'7d)

where a and \v  are the polar coordinates of the vortex core, respectively. It it 
assumed tha t the magnetization distribution is independend of the 2 -coordinate. 
The conditions above state tha t m (a, \v)  is related to m(a, 0) by a rotation around 
the 2 -axis. They are for example fulfilled by the well known double vortex ansatz 
[1 0 ] (using the notation of [6 8 ])

<p(p, x ; a, Xv) = M p >  X -  Xv) +  Xv, (4.8)
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M a x )  =  tan 1 ( p s m x  J (4.9)
\ p c o s x ~ a J

i (  p s in v  \  7T
+  tan ----- f ----- ±

p cos x — R2/a  )  2 ’

where R  is the disk radius and 9 is some bell shaped function like, for instance 
Feldtkeller’s and Thom as’ ansatz

9 =  arccos[± exp(—2ft2r 2)] (4-10)

with

In Eq. (4.10), the +  refers to  a positive, the — to a negative core polarity and 
k determines the core radius. In order to obtain an expression for the energy 
the vortex absorbes due to spin torque during one revolution when moving on a 
constant orbit radius a a t constant frequency io one has to  evaluate the expression

ESt t  =  -  J dt da;3 ajg  x m j  p. (4.11)

Chosing p r  =  (1,0,0), Eq. (4.11) can be transformed to

ESTT= - d  [  [  d p d x p ^ ^ i crj3(A ,sin0cosv?(p,x +  \'t,;a,X«))
Jo M  J a 7 ,

(4.12)
9 m  x m  ) x k(x„)

X v = 0dt

with g (A, s in 0 cosip) =  g(A, cos/3) :=  g(A,ß). kT(x„) =  (sin Xv, cos Xv, 0) is a 
vector related to  the actual vortex position. To proceed further it is useful to 
express g in term s of the param eter £ :=  A2 — 1. £ =  0 now corresponds to  the 
symmetric case where we perform a Taylor expansion in £:

g& ß) =  f + ( 4 ( c°s/ ?+1 k ) "
n=0 '  '

(4.13)

This expression only converges for all angles if —1 < £ < 1. Keeping the first order 
(n =  0) term  in £ and inserting it into Eq. (4.12) yields:

d-EsTT
de

7T hPj J da;2 m j[m  x m]2. (4-14)
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Figure 4.6: Total energy versus time of all four simulations for t < 20ns.

The formula clearly shows th a t only the core region contributes to the energy up
take. The sign of the integral is independent of core polarity and chirality because 
vortices of opposite polarity revolve at different sense of rotation. The integrand 
in Eq. (4.14) is sensitive to the core shape. Since moving vortices are accompanied 
by a dip in the m 2-magnetization [69, 70], we take a magnetization distribution 
of a moving vortex obtained from an OOMMF-simulation for computation of ex
pression (4.14). By comparison to the energy dissipated during one period

^ d a m p f i t  [
dm 2

d-Ê STT
7 Jo Jv dt d£

(4.15)
4=0

the critical current for steady gyration is estimated to about 3.36 x 109 A /cm 2 (for 
P = 0.85, A =  1.41 and d = 30nm). The vortex absorbes energy for negative j  
(meaning th a t electrons flow from the polarizer into the vortex) and positive £ 
corresponding to  A > 1 .

If either the sign of j  or £ is flipped, the term will lead to an additional damp
ing force. The current density estimated above is one order of magnitude higher 
than usually applied currents. This suggests tha t the effect is not the only cause 
for steady gyration. However, simulations clearly confirm i t ’s existence (Fig. 4.7, 
Fig. 4.6 shows the first 20ns of the energy developing). We perform four sim-
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Figure 4.7: Time dependence o f the total energy of the vortex derived from OOMMF 
simulations. A vortex initially moving on an intermediate radius is relaxing while spin 
polarized currents of four kinds are applied. Each simulation has the same initial 
state. Sinusoidal lines: vortex energy. Straight lines: Fit o f exponential decay function 
y =  A exp(—x /r )  +yo- Black: electron flow favors parallel alignment and A =  1.41. 
t  =  2.4257 ±  0.0008 ns. Red: electron flow favors antiparallel alignment and A =  
1.41. t  =  2.0326 ±  0.0005 ns. Orange: electron flow favors parallel alignment and 
A =  1.0. r  =  2.2236 ±  0.0005 ns. Blue: electron flow favors antiparallel alignment 
and A =  1.0. t  = 2.2087 ±  0.0005 ns.

ulations (by OOMMF, lateral cell size 2nm , one 2 -node, disk diameter 150 nm, 
disk thickness 30 nm, /ioMs =  2.14 T, Ki =  4 8 k J/m 3) with the same initial mag
netization distribution which is a vortex moving on an orbit with an intermediate 
radius. The homogeneous polarizer points into the ^-direction. A current of den
sity 1.5 x 10s A /cm 2 is employed. In the first simulation (black lines) the current 
sign is chosen such th a t parallel alignment is favored, while A =  1.41 correspond
ing to £ =  0.988. According to  Eq. (4.14) in first order in £ the spin current must 
lower the effective damping in comparison to  simulation three (orange), where we 
have the same current but £ =  0. Simulation two (red) is the same as simulation 
one, but this time the electron flow is reversed so th a t the current now favors the 
antiparallel configuration. In th a t case we expect the strongest damping. Simula
tion four (blue) has the same parameters as three, except th a t the current sign is 
negative this time. The damping should be the same as in simulation three. As is
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shown in Fig. 4.7 all cases qualitatively reproduce the analytical findings: From a 
fit of an exponential decay function to the data, damping parameters are extracted. 
Indeed, simulation one exhibits the smallest damping corresponding to the largest 
time constant r  «  2.426 ns, simulation two has the largest damping (r  sa 2.033 ns) 
and simulation three has an intermediate value as expected (r ss 2.224 ns). Simu
lation four yields r  «  2.209 ns which is very close to the result of three as it should 
be. In realistic cases A can be much larger. For the Fe/Ag/Fe(001) system at 
low temperatures, we have a theoretical value of A =  4 leading to £ =  15 ([71] 
and references therein). Eq. (4.13) converges uniformly for all ß  £ [0,7r] only if 
|£| <  1, but was well suited to calculate the derivative Eq. (4.14). However, it 
fails if one wants to compute the energy contribution for larger |£|. In this case 
one can expand in cos ß:

This series uniformly converges on ß £ [0, 7t] for every A.
In this section, the energy absorbed by a ferromagnetic disk containing a vortex 
under the influence of a spin-polarized current has been investigated for the case 
of a homogeneously in-plane magnetized polarizing layer. Eq. (4.14) is the expres
sion for the derivative with respect to the asymmetry parameter £ of tha t energy 
absorbed during one revolution of the vortex core. Thereby, the core moves a t con
stant angular speed and constant distance from the disk center. The right hand 
side of Eq. (4.14) has been computed from a magnetization distribution of a mov
ing vortex, obtained by an OOMMF-simulation and is found to be non-vanishing 
(more precisely, it is negative). This shows, tha t spin-torque asymmetry indeed 
has an influence on the energy uptake. As described above, it can lead to reduc
tion or enhancement of the damping, depending on the sign of the product Pj£. 
The OOMMF simulation results show the same qualitative behavior as expected 
from Eq. (4.14) and thus strongly support the idea. The estimation of the critical 
current gives an idea about the size of the effect. From Eq. (4.15) it is clear that 
the critical current is proportional to £-1 . The value of £ used for the estimation 
is smaller than, but close to 1. For £ =  1, the series (4.13) does not converge at 
all points anymore, and it is expected tha t when approaching £ =  1 , higher order 
terms should be included. It is not clear a t this point, how exactly these terms 
will contribute to  the effect, cos/? is identical to  m x, which is changing its sign 
depending on the position on the disk and there is an alternating sign (—)n in Eq.
(4.13). Due to their simplicity (only one z-node has been used), the performed 
OOMMF simulations certainly give only qualitative rather than quantitative re
sults.
The above considered model still does not explain the experimentally observed

(4.16)
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excitations of the single vortex state for two reasons. First, the effect is very small 
leading to critical current densities an order of magnitude above the sustainable 
values. Moreover, in our samples excitation of the single vortex configuration is 
observed for an electron flow from the vortex into the polarizer. This is in agree
ment with measurements by Lehndorff [67] who also investigated the Fe/Ag(001) 
system. The spin-torque asymmetry effect would lead to  an enhanced damping 
in this case. However, in the experiment reported by Pribiag et al [15], it would 
act supportive. Thus, the qualitative description of the experiments is beyond the 
scope of the model.
Nevertheless the qualitative agreement between simulation and analytic results is 
excellent and strongly suggests th a t the effect, despite its smallness, is present in 
the sample. The last section thus shows how spin-torque asymmetry effects vor
tex gyration. The expression (4.14) for the asymmetry derivative is exact in the 
framework of the model. Furthermore, the expansion (4.16) shows how in principle 
the energy can be calculated to  higher orders, even for values of £ larger than  one.
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5 Results II: Investigation of double 
vortex configurations

Besides the demonstration and discussion of the spin-torque-excited single vortex 
configuration of the nanopillar, in the last chapter it has been anticipated tha t 
these samples allow the formation of states where each ferromagnetic disk is oc
cupied by one vortex. Since a single vortex is determined by its core polarity 
and vorticity, the family of what we will refer to as double vortex configurations 
consists of a total of 16 members. These states are highly interesting, since they 
offer a look at the interplay between spin-transfer torque and vortex dynamics, 
two research areas which have drawn much attention on their own. We will see 
tha t the double vortex system is very complex and presents a rich variety of phys
ical phenomena, ranging from GMR and current induced magnetization dynamics 
of coupled oscillators to the area of nonlinear systems, exhibiting phase-locking 
properties.
The considered samples are optimal for the investigation of these states in the 
sense tha t certain stability criteria are met. The geometry of each of the disks is 
such th a t the vortex is a remanent state. Since the vortex is basically a closed 
flux structure the double vortex states are remanent states as well. This degree 
of stability is necessary but not sufficient. A full investigation of the influence of 
spin-transfer torque on these configurations requires the application of high cur
rent densities which are accompanied by strong Oersted fields. These fields can 
destabilize the sta te  if their sense of rotation is opposed to the vorticity of at least 
one of the vortices. However, as will be shown in the course of this chapter, the 
stability of the investigated samples is very high, allowing extensive investigations 
of double vortex states under the influence of spin-transfer torque of arbitrary sign. 
One particular interesting property of these states concerns the way the vortices 
are excited: Earlier studies of vortex motion excited by spin-torque involved AC- 
currents traversing a vortex laterally, or CPP-geometries with an homogeneous 
polarizer and one vortex in the free layer, which is what we call a single vortex 
state. There, the excitation is achieved by applying a DC-current. Compared to 
excitation via resonant AC-currents, a DC bias is technically easier to apply, which 
makes the C PP geometry more interesting for applications. Here, in contrast to 
single vortex state, double vortex configurations are expected to be optimal states
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for the excitation of a vortex since, loosely speaking, they constitute the analog 
of single domain devices in the parallel or antiparallel states. Let us consider the 
part of the polarizer which is bounded by the polarizer/spacer-interface on the one 
side and which on the other side reaches a small distance of the order of the ex
change length into the ferromagnetic volume. We divide this flat cylinder further 
into subvolumes of homogeneous magnetization. On the other side of the spacer, 
the corresponding part of the free layer is considered and divided into subvolumes 
analogously. Now let each of the polarizer-subvolumes act as a polarizer for the 
corresponding subvolume of the same lateral coordinates belonging to  the free 
ferromagnetic layer, tha t is, the subvolume at the “opposite” side of the spacer. 
In this picture it is apparent, th a t a t least for small amplitude gyration, almost 
every part of the polarizing layer contributes to  the excitation. Considering the 
16 distinct double vortex states and taking into account the two possible sample 
current polarities, we end up with a total of 32 configurations.
At this point we introduce a notation to address the various states belonging to 
the class of double vortex configurations: In the remainder of this chapter, P /A P  
shall refer to equal/opposite vorticities with + / — indicating the vorticity of the 
vortex in the thick disk. The pillar is upright if the thick disk is at the bottom, 
the thin disk a t the top. + / — shall refer to the vorticity, th a t is, counterclock
wise /  clockwise sense of rotation of the in-plane magnetization if the nanopillar 
is viewed from top. If necessary, to  specify the particular vortex core polarities we 
will add arrow symbols TT to th a t notation, where the left (right) arrow represents 
the polarity of the top (bottom) vortex. As an example, APj] refers to a double 
vortex sta te  with opposite vorticities and polarities, where the bottom  vortex has 
clockwise vorticity with the core pointing down. As an example, Fig. 5.1 shows 
four different double vortex states, one representative for each of the four classes 
(A )P ±, with the corresponding notation.
In the simplified picture of fixed polarizing layer and free layer, we expect half 
of them to give rise to  magnetization dynamics. This intuitive result is in ac
cordance with reference [16], where a spin-force term  for the Thiele equation is 
derived assuming a circular polarizer, tha t is, a polarizing layer th a t has a circu
lar magnetization distribution like a centered vortex but without an out-of-plane 
core. The authors, who also performed micromagnetic simulations to  compare the 
influences of the circular to  those of a vortex polarizer, state th a t the contribution 
from the vortex core in the polarizing layer to the characteristics of the dynamics 
is negligible. The result is tha t for the circular polarizer, independent of the free 
layer vortex core polarity, the gyrotropic motion is excited. If the vorticities of 
the polarizer and the vortex are identical, in order to excite the vortex motion 
in the free layer, the current polarity has to be chosen such tha t the electrons 
flow from the free layer-vortex towards the fixed circular polarizer. The situation
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Figure 5.1: For double vortex states, each of them representing one o f the four classes 
P + , P~, A P + and A P ~ . Blue and orange arrows represent the in-plane part o f 
the vortex magnetization, while black and red arrows indicate the perpendicular core 
magnetization.

is analogous to  the case of a single domain nanopillar with a fixed polarizer and 
a free layer in the parallel state, where an electron flow of this direction would 
destabilize the parallel configuration. For opposite vorticities, the current polarity 
must be reversed.

The focus of this chapter will be on nanocontact I-B which is of type I and 
has been investigated extensively in the course of this work. As a start we will 
characterize the contact by its magnetoresistance. The subsequent sections will 
trea t the particular states and their properties regarding the interaction with spin- 
polarized currents. All measurements are performed at room temperature.

5.1 GMR measurements: low versus high sample 
currents

The left part of figure 5.2 shows a four-point resistance measurement of nanocon
tact I-B (Fe disk thicknesses 15/30 nm) at room tem perature. For the measure
ment, a sample current of 1 mA is applied. The external field is aligned with a 
hard axis of magnetization. We observe the expected increase of the resistance due 
to  stray field coupling of the ferromagnetic disks when the field is swept from high 
to  low magnitudes. Both sweep directions yield very similar curves. However, at
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this point it is not obvious which micromagnetic states are involved1. For the time 
being we obtain the resistance in the saturated state, which is R p «  2.3 Cl.
The right part of figure 5.2 is a two-point measurement of the sample with the 
field parallel to an easy axis and a sample current of 0.5 mA. The flat resistance 
profile at low field magnitudes indicates th a t in these field intervals, both Fe disks 
are homogeneously magnetized along an easy axis. In this field region, the dipolar 
coupling between the layers prevails and thus the sample must be in the antipar
allel state. Since the four-point measurement yields the absolute resistance, and 
from the two-point measurement we know the difference between the parallel and 
antiparallel sta te  resistances, these measurements can be combined to give the 
sample GMR of roughly 2.1%.
At high current densities the magnetic behavior of the nanopillars significantly 
changes. Figure 5.3 compares the experimental data  (left) to  the result obtained 
from the micromagnetic simulation (right), tha t has already been mentioned in 
the previous chapter. In the experiment, a sample current of —14mA (the same 
current as in the simulation) is applied, corresponding to a current density of 
7.9 x 107 A /cm 2. There is good qualitative agreement between experiment and 
simulation. In the following, we will consider the sweep from high positive to neg
ative fields in the experimental curve. Coming from positive saturation, a jum p of
10 niO at 219 mT signals the nucleation of a vortex. The simulation states th a t the 
vortex in most cases appears in the bottom  Fe disk and th a t it has the vorticity of 
the Oersted field. Until 79 mT, the nanopillar resistance increases almost linearly 
with decreasing field as the vortex laterally shifts through the disk in order to 
minimize the magnetostatic energy. The same qualitative behavior is observed in 
the simulation. The increase is followed by a jum p into a double vortex state, 
where both vortices have the vorticity of the Oersted field, yielding a low resistive 
state. Interestingly, the resistance is about 2 mfi below the saturation value. Up 
to  now it is not clear what leads to th a t peculiar effect. Others [72] have suggested 
th a t the parallel configuration of magnetic layers does not always yield the lowest 
resistance. Since due to  the Fermi motion the electrons traverse the sample many 
times during their drift though the pillar, the double vortex state is not exactly the 
analogue of a parallel state of homogeneously magnetized layers. But we think, 
th a t this point is rather speculative.
Until a field of —182 mT, the resistance increases roughly 5 mO. Due to the dif
fering thicknesses of the two Fe disk, each vortex has a slightly different response 
to  the magnetic field [73], This certainly causes the 5m fi increase. The following 
jum p upwards in resistance indicates th a t one of the vortices is expelled which, 
according to  the simulations, is the top vortex. After the top vortex has left the 
disk, the remaining vortex is expected to relax to  a new equilibrium position ac-

*We will return to this question in section 5.3
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B [mT] B [mT]

Figure 5.2: Left: Four-point (absolute) resistance measurement o f contact I-B at a 
sample current o f 1 mA. The external magnetic field is applied along a hard axis of 
magnetization, which is reflected in the continuous behavior of the GMR versus the 
field, when the latter is driven from high to  low values. From this measurement we 
obtain the resistance Rp  «  2.3 f i .  R ight: A two-point measurement with the field 
along a easy axis of magnetization (sample current 0.5 mA). The measured resistance 
includes that of the cables, resulting in an offset. The fla t profile of the high resistive 
state at low fields indicates that both disks are homogeneously magnetized in opposite 
directions. Combining the two measurements gives a GMR o f 2.1%. A linear function 
has been added to the two point measurement data for drift compensation.

cording to  the change in the effective field tha t results from the now present stray 
field of the top layer. During the remaining part of the field sweep, the bottom  
vortex shifts to  the side until it is expelled, too.

For completeness, Figs. 5.4 displays a GMR loop recorded in the same configu
ration as in Fig. 5.3 (left part), except tha t this time a spectrum is taken at each 
field value. In agreement with the results of the last chapter, the sample shows 
the excitation of the single vortex state for negative current polarity. However, in 
this nano-contact the excitation of single vortex states is observed only at shorter 
field intervals, at least for this particular current magnitude. A comparison of the 
excitations at similar fields gives a frequency of about 1.305 GHz at 197mT for 
contact I-A (obtained from the measurement shown in Fig. 4.3) and 1.289 GHz at 
199 mT for I-B2 Since the Oersted field in the two measurements is not the same, 
a direct comparison of the frequencies is not possible a priori, but as indicated by 
Fig. 4.4, the difference of 3 mA should cause a shift of roughly 30 MHz. These fre
quencies do not differ too much. However, from 239.6-254.9 mT, the frequency in

2Here, the first frequency value is just the position of the maximum in the spectrum, since 
several peaks are present which might influence a fit. The latter frequency is obtained by 
fitting a Lorentzian.
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B [mT] Bex, [mT]

Figure 5.3: Left figure: Experimentally obtained GMR versus field dependence at a 
current o f -14 mA corresponding to  a current density o f 7.9 x l0 7 A /cm 2. The electron 
flow is directed from the bottom to the top o f the nanopillar as indicated by the 
inset. (A linear function has been added to compensate drift.) The right figure once 
more displays the result o f the micromagnetic simulation, which shows good qualitative 
agreement with the recorded data.

I-B (sweep 2) increases from 1.471 to  1.571 GHz, while in I-A (sweep 1), it increases 
from 1.521 to about 1.538 GHz on the field interval from 273.7 to 288.9 mT. The 
latter interval is located at higher field values than  the former, and thus one would 
expect the corresponding frequencies to  range higher, too. The exact reasons for 
these differences are unknown, but we believe tha t it can be attributed to  small 
differences in the pillar geometry. Nevertheless, it is still consistent to assume tha t 
in both nanocontacts the same disk is excited: First, the current sign is the same 
in either case. Second, if different disks were excited, one would expect larger 
discrepancies in the frequencies since the gyrotropic frequency scales with the disk 
aspect ratio [10]3. Third, the micromagnetic simulations clearly state th a t in the 
single vortex configuration the vortex is in the bottom  disk.

3Strictly speaking, it is the vortex eigenfrequency at zero field that scales with the disk aspect 
ratio. Unfortunately, while the measurement of I-A clearly showed the frequency minimum 
associated with the cancellation of the external with the dipolar field, in I-B the field intervals 
where excitations are observed are too sporadic to provide clear evidence.
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Figure 5.4: Top: GMR versus field sweep from positive to  negative values (sweep 1) 
for contact l-B under the same configuration as in Fig. 5.3. The star symbols mark the 
presence o f peaks in the spectra. A spectrum is recorded at each field value. B o tto m : 
Sweep 2 of the same measurement. The electron flow direction is from the bottom to 
the top electrode, which is consistent with the observations of contact l-A presented 
in the previous chapter.
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5.2 Double vortex configurations of type P +

The measurements of contact I-B just shown involve a negative sample current, 
th a t is, the  electrons flow from the bottom  to the top electrode. If the current 
is reversed, similar GMR signatures are obtained. Again magnetodynamics is 
observed, however, a different kind of sta te  is excited. Figure 5.5 displays the field 
loop with the sweep directions indicated by arrows. Coming from saturation, at 
low fields the pillar switches into a double vortex state, at 8 6  mT for the sweep 
from positive to negative values (sweep 1) and at —76 mT for the other direction 
(sweep 2). Here, both vortices have the vorticity according to  the positive current 
Oersted field sense of rotation and according to  the definition at the beginning of 
this chapter we will refer to  this kind of configuration as P +. The spectra clearly 
show excitations of this state with frequencies around 1 GHz. At each sweep, there 
are two field intervals where excitations are visible, and these intervals are located 
approximately symmetrical with respect to  zero field. At low fields (—26 to 45 mT 
for sweep 1 and —40 to 51 mT for sweep 2) the excitation amplitude, if present 
a t all, is too low to be clearly observable. The measurement is repeated again 
with the same configuration as in Fig. 5.3 (left), but with a sample current of 
15 mA. The top panel of Figure 5.6 shows the sweep from positive to negative 
field values (sweep 1 ) while in the bottom  panel, the second sweep is displayed. 
First, the  sample is saturated at positive field (480 mT), then 'the  field is driven to 
about 99 mT where the field loop starts. The highest negative field is —235 mT. 
The measurement shows tha t also at low fields, dynamics is still present. The 
observed excitation frequencies are between 1.0 and 1.2 GHz. It is remarkable that 
the dependence of the excitation frequency on the field appears to be asymmetric 
with respect to zero field. This property is observed for both sweep directions. 
Figure 5.7 shows the result obtained from Lorentzian fits to the spectra, tha t is, 
the integrated excitation power versus the applied field for sweep 1 (the result for 
sweep 2 is similar). Here, the field dependence is even, meaning th a t for either sign 
of the field the excitation power is an increasing function of the field magnitude. 
For the next field loop, the sample first is saturated at negative field (—480 mT) 
while again a current of 15 mA is applied. Subsequently, the field is swept to the 
s tart value of the loop, which is —146 mT. Initially, the field is swept towards 
positive values. At 235 mT, the sweep direction is reversed. The loop, the results 
of which are displayed in Fig. 5.8, ends at —148 mT. This time the frequency is 
a “W ”-shaped function of the field, clearly visible for the second sweep where the 
low field excitations are strong enough. Figure 5.9 shows the excitation power as 
a function of the field obtained from Lorentzian fits, which similarly to Fig. 5.7 
has an even dependence.

Micromagnetic simulations have been performed by A. Käkay for the case of a 
P^.. A sample current of +14 mA is applied in the simulation. The current density
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Figure 5.5: Dependence o f the GMR on the external field for sweeps from positive to 
negative (top picture) and back to positive values (bottom picture) while a positive 
current is applied (+14 mA), meaning an electron flow from the top to  the bottom 
electrode. A t low fields, the nanopillar is in a double vortex configuration where both 
vortices have the vorticity induced by the Oersted field. The upper panels display the 
spectra taken during the sweeps. Blue star symbols on the GMR curves indicate the 
presence o f peaks in the spectra.
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Figure 5.6: Top: Field sweep from 99 to  -235 mT (sweep 1) at a current o f 15 mA 
and high frequency spectra taken during the measurement. The star symbols indicate 
the presence o f peaks in the spectra. (The decision if there is an excitation is guided by 
the eye, as usual.) Despite being very weak, correlations in the frequency dependent 
power density suggest the presence o f dynamics also in the low field region. B o tto m : 
Sweep 2 (from -235 to 100 m T) belonging to the same field loop. Again the frequency 
is an asymmetric function of the field, with its highest values for high positive field 
values.
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Figure 5.7: Excitation power versus external field for sweep 1, obtained from Lorentzian 
fits  to  the spectra. In contrast to  the dependence of the excitation frequency on the 
field, the power is an even function of the latter.

distribution is asymmetric (the asymmetry is caused by the geometry of the top 
and bottom  leads), and as a consequence the resulting Oersted field included by 
the simulation has a small asymmetry, too, amounting to about 5m T  between 
opposite edges of the pillar. The simulation uses the values ßoMs = 2.15 T for 
the saturation magnetization and A  =  2.1 x 10-1 1  J /m  for the exchange constant. 
The cubic magnetocrystalline anisotropy constant is set to 48 k J /m 3. Spin-torque 
is present in the simulation in the form of Ref. [74] with the polarization parameter 
set to  P = 0.7. This form of spin-transfer torque differs slightly from the form 
presented in section 2.6. It corresponds to the first derivation given by Slonszewsky 
in 1996 [3]. In the simulation, the sample volume is discretized. In the bottom  
disk, the layer consisting of the subvolumes being closest to the spacer acts as the 
polarizer for the top disk, and vice versa. In tha t way, reflected electrons are also 
taken into account in the spin-transfer torque computation. The simulation shows 
th a t as a result of spin-transfer torque, both vortex cores circulate each other, 
tha t is, both vortex gyrotropic modes are excited but 180° out of phase. The 
obtained frequencies are close to the experimental results: For external magnetic 
field values of —40, —60 and — 80 mT, the obtained frequencies are 1.06, 1.16 and 
1.1 GHz. These values are in excellent agreement with the experimental results. 
These results confirm tha t a vortex in the polarizing layer can drive a vortex in 
the free layer through the action of spin-torque. It is also clear why the low field 
excitation amplitudes are small: At lower external fields, the centers of gyration 
are closer to  the disk centers, resulting in a highly symmetric motion. Since at low 
fields, the oscillating GMR-induced resistance emerges from the time dependent
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Figure 5.8: Top: First field sweep o f the loop from -146 to 235 mT and back to
-148 mT. Prior to  the loop, the sample is saturated in a high negative field, then the 
starting field value is approached directly. The sample current is +15 mA. B o tto m . 
Second field sweep of the same loop. Here, the low field dynamics is clearly visible. In 
contrast to  the results in fig. 5.6, the excitation frequency has an even dependence on 
the applied field.
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Figure 5.9: Integrated power obtained from Lorentzian fits to  the data shown in fig. 
5.8, yielding an even dependence on the field, similarly to  fig. 5.7.

B [mT] time of measurement

Figure 5.10: Left picture: A measurement where a dip (see text) occurs in the second 
sweep (black) of the GMR curve. The circles and stars mark the appearance of peaks 
in the spectra, where the color code corresponds to  the sweep numbers. The right 
graphic shows the spectra taken during the measurement in chronological order.

changes in lateral core-core distance, the resulting signal amplitude will also be low. 
At high fields however, the vortices are shifted towards the rim of the nanopillar, 
and under the general assumption of different gyration amplitudes for the two 
vortices (which is also confirmed by the simulations) the time dependent variation 
of the core-rim distances will give an additional contribution to the microwave 
amplitude. This explains the increase of microwave power with increasing fields. 
Still it is not clear what causes the different observed frequency-field dependencies.
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Figure 5.11: GMR curve exhibiting the (weak) "wavy” dependence of the resistance 
on the field in the double vortex state.

The first idea is th a t the core degrees of freedom might have a significant influence 
on the double vortex dynamics, since the cores determine the sense of rotation of a 
(uncoupled) vortex excited in the gyrotropic mode. In the nanopillar, the situation 
is more complicated because the vortices are coupled by spin-torque and stray fields 
arising from the core magnetizations. The simplifying analytical calculations in 
Ref. [16] rely on a fixed polarizer. It is not immediately clear, how the dynamics 
of the fully coupled system will depend on the core magnetizations.
To investigate a possible influence of the core polarities, similar field loops are 
measured with the sample mounted on sample rod C which is tilted about +  or 
-10° so th a t at an applied field of strength B, there is an out-of-plane component 
of

B± «  ± 0 .17£ . (5.1)

By choosing the saturation field sign, the bottom  vortex core polarity could in 
principle be determined when the field is driven from saturation through the bot
tom  vortex nucleation point. As an example, one might choose the tilt angle of 
the sample rod in such a way th a t at positive field, there is a positive out-of-plane 
field component. After saturating the nanopillar at positive field and driving the 
field to zero, a double vortex sta te  with both cores in the “up” state would be 
created. By again sweeping the field to a value in the single vortex field region 
and back to  zero, one would gain control over the top vortex polarity.
In some of the obtained measurements, the signal to  noise ratio is not as good 
as in the data  just shown, but there appear to be three or four different kinds of 
frequency-field signature: The first (signature (a)) is the one shown in Fig. 5.6. It 
has the shape of a “tilted N” . The panels of Fig. 5.8 appear to show two different
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signatures. The first one (signature (b)) has frequencies above 1.0 GHz and resem
bles a “compressed W ”, while the latter (signature (c)) reaches down well below 
this value and is “W ”-shaped. The right part of Fig. 5.10 displays two signatures 
which look different from each other. However, the chronologically earlier one of 
these could be identical to signature (a), the “tilted N” , because there seems to 
be a weak band of excitation frequencies connecting the inner ends of the two 
stronger features. The other one appears to be a new profile (d). The occurrence 
of a particular signature seems to correlate with small details in the GMR curve, 
which in the .P+-states can be slightly “wavy” as for example in Fig. 5.11 or flat, 
neglecting a small curvature apparently connected to  the different susceptibilities 
of the two vortices. Several recordings show a dip in the resistance (see Fig. 5.10 
for the dip (red line) and frequency signatures). However, there seems to be no 
clear correlation to the vortex polarities one would expect from the out-of-plane 
fields.
It is interesting tha t there are frequency signatures which are not symmetric with 
respect to the zero field. This is also observed when using sample rod B, where 
the out-of-plane field component should be close to vanishing. The feature seem
ingly correlates with the observation of particular GMR-curve shapes. One might 
argue tha t it has only been observed in this individual nano-contact. For example, 
contact I-A shows a different behavior (see Fig. 5.12). However the degree of sym
metry of I-B measurements is extraordinarily high, implying tha t the nanopillar 
has almost perfect geometry and thus strongly suggesting tha t the observed effects 
are not caused by defects but are due to fundamental physics.
Since in a nearly perfect system the cores are the only remaining degrees of free
dom for the P + state, this strongly supports tha t the observed features are actually 
caused by different combinations of core polarities. The lack of correlation to the 
perpendicular fields used for the sta te  preparation then indicates that there are 
additional influences which determine the core polarities. One such influence could 
be the magnetostatic interaction between the vortex cores.
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Figure 5.12: Field loop of contact l-A for a sample current o f 20 mA, the magnetic 
field aligned with an easy axis. The frequency-field relationship differs from those of 
pillar I-B. However we have shown the magnetic behavior o f l-A to exhibit significantly 
stronger asymmetry than tha t of I B, the latter showing a nearly symmetric GMR 
profile. Additionally, l-A has not been investigated as extensively as I-B in conjunction 
with positive currents.
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5.3 Double vortex configurations of type A P +

We move on to  another class of double vortex states, which we refer to as A P +. 
As clear from the previous section, these states are characterized by a vortex in 
the bottom  layer which has the vorticity according to a positive sample current, 
meaning electron flow from the top to  the bottom  electrodes. The top vortex how
ever has the opposite vorticity. These states do not occur during usual field loops 
and thus have to be created by proceeding through a number of preparation steps. 
Making the simplifying assumption of the thick layer acting as a rigid polarizer, 
for this antiparallel magnetization configuration we would expect microwave exci
tations induced by spin-torque for an electron flow directed from the bottom  to the 
top disk. Regardless of the sample current polarity, the Oersted field destabilizes 
one of the vortices and thus a compromise between excitation and stability of the 
system must be found. Figure 5.13 captures the field and contacting configuration 
of the measurements tha t will be presented in this section. The applied field is 
aligned with the same easy axis as in the previous section, but this time the sam
ple is contacted from the opposite side as depicted in Fig. 5.13a. The sample is 
mounted onto sample rod C which is tilted so th a t the applied field B  is turned 
out of the sample plane about an angle of 27°, resulting in a perpendicular field 
component

B _l sa 0.45B. (5.2)

To prepare the desired double vortex state, a sample current of +15 mA is applied. 
The contact is saturated at a positive field and afterwards the field is ramped to 
zero. From the previous experiments it is clear, tha t at this point the nanopillar

Figure 5.13: Input-output and field configuration for the measurements in this section. 
The black arrows indicate the positive field direction, a: The in-plane field component 
is applied along the same easy axis as in the last section. However, the bottom 
electrode is contacted from the opposite side, b: Side view of the wafer, where the 
shaded region represents the structured side of the sample. The field vector is tilted 
at an angle o f a  =27° out of the sample plane. It follows that for a positive applied 
field, there is a positive out-of-plane field component.
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must be in a P + state. Now the sample current is tuned to  —10mA stepwise and 
monotonously. Subsequently, the field is driven to  254 mT, where the field loop 
has its starting point. Driving the applied field to this value expels one of the 
vortices from the pillar. The result of the subsequent field loop is shown in Fig. 
5.14, where the spectra taken during the first sweep (red curve) are also displayed. 
Following the red curve, we see a continuous increase of the resistance until the

-400 -200 0 200

B [mT]

Figure 5.14: Field loop 1: Sweep 1 (red) runs from 254 to -481 mT. The spectra 
measured during sweep 1 are displayed in the upper panel. A t low fields, the sample 
switches into an AP+ state. This transition is accompanied by the onset o f a mode 
w ith a frequency around 720 MHz. A fter negative saturation the field is driven back 
towards positive values. The star symbols mark the presence o f peaks in the spectra. 
While green and blue colors distinguish between the modes observed during sweep 1, 
the purple symbols represent single vortex excitations appearing at the end of sweep 
2 , the spectra o f which are not shown.

field reaches 59 mT. At seven successive field values (green stars) before tha t field 
value, peaks are present in the spectra. After this initial increase of resistance, 
there is a small downwards jum p of 3m fl. The resistance continues to increase 
resulting in a round profile with a maximum at zero field. The following decrease 
in resistivity continues until —202 mT where it is interrupted by an upwards jump 
of 4m £l After this discontinuity, the resistance further decreases and at —271 mT 
steps down to the saturation value. The results described above can be understood
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as follows:
At the beginning of the measurement, the nanopillar is in a single vortex state, 
where the remaining vortex still has counterclockwise vorticity. The sample current 
applied during the sweep is —10 mA resulting in an Oersted field of approximately 
27 mT at the disk rim. This field initiates the nucleation of a vortex in the pre
viously homogeneous layer at an external field of 59 mT. Before the nucleation, 
we observe magnetization dynamics which most certainly emerges from a gyrating 
vortex. The frequencies are around 1.13 GHz. At field values below 59 mT, the 
sample is in a double vortex state with the new vortex possessing the vorticity 
of the actual Oersted field, th a t is, opposite to the vorticity of the other vortex. 
The transition into th a t new state is also observed in the RF-spectra, where it is 
accompanied by a frequency step of about 480 MHz into a new mode (indicated 
by the blue stars). The resistance difference between the values for zero field and 
saturation is 45 mfi, which is close to  the difference of 50 mfi between parallel and 
antiparallel aligned homogeneously magnetized layers. This is expected for an A P  
double vortex configuration. As the field is swept towards negative values, the 
magnetostatic potential minima of the two vortices shift into opposite directions 
which reduces the resistance continuously. During the field sweep, the emitted 
power first decreases with decreasing field magnitude and reaches a minimum at 
5m T. Afterwards it increases again (see Fig. 5.15). At a field of — 54 mT, the 
frequency jumps down slightly, followed by an increase with field magnitude (these

B [mT]

Figure 5.15: Power o f the excited A P + mode shown in Fig. 5.14 obtained from
Lorentzian fits to  the spectra. The minimal power is found at low field strength 
(5 mT) while as the field magnitude is driven to higher values, the power increases 
independently o f the field sign.
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peaks are represented by the green star symbols). These peaks are of low ampli
tude and mark the end of the dynamic regime. Interestingly, the resistance versus 
field curve is continuous suggesting th a t the nanocontact still is in the A P  double 
vortex state. The discontinuity a t —202 mT then would be caused by the expel 
of one of the vortices; the resistance profile after the jum p resembles the profiles 
obtained before for the single vortex states (see, for example Fig. 5.5, top panel, 
from —200 to —300 mT). If th a t considered sta te  indeed was a single vortex state, 
there would be two possibilities: (a), The vortex is in the top disk with the vortic
ity of the Oersted field or (b), it is in the bottom  disk. In tha t case the vorticity 
would be opposed to th a t of the Oersted field.
Folding the positive field branch of sweep 1 onto the negative field region reveals 
tha t the two single vortex states might very well be identical. We now have to 
remember th a t initially (before the field was driven towards the starting value of 
the loop) the sample was in a P  double vortex state. The configuration differed 
from the one in the previous section4 because here vorticities are opposed to  the 
Oersted field sense of rotation, but since both vortices were subjected to the same 
Oersted field it is plausible th a t as the field is driven to  higher positive values, 
again it is the top vortex th a t is expelled first. From this we can draw two conclu
sions: First, the observed double vortex sta te  is of type A P +. Second, the vortex 
of the single vortex sta te  observed after —202 mT during sweep 1 is in the bottom 
disk.

In Fig. 5.16, the 4-point measurement from the beginning of this chapter (Fig. 
5.2, left) is depicted together with the resistance profile of the A P + state (blue), 
the latter being shifted to lower values by a constant for an easier comparison. The 
strong similarity of the two sweeps from positive to negative fields makes clear tha t 
an AP~  double vortex state occurs during the low current (1 mA) 4-point mea
surement. Compared to tha t, in the high current (—10 mA) case the top vortex is 
expelled later, which is due to  the increased Oersted field. The reason is tha t this 
field has the sense of rotation coinciding with the top vortex vorticity.

Figure 5.17 shows the result of a slightly different measurement. In order to 
prepare a P + state, prior to  the measurement the field is driven from positive 
saturation towards zero while a sample current of +15 mA is flowing. Then the 
sample current is changed to  —10mA stepwise and monotonously. In contrast to 
the previous measurement, the field is driven to  a negative value (—191 mT) th a t is 
the starting point for the field loop. Thereby, the top vortex is expelled. The first 
sweep reaches from —191 to 477 mT, the second one goes back to  negative values 
and ends at —196 mT. Following sweep 1 (black curve), we see a kink in the GMR

4 For that case, micromagnetic simulations show that when the magnetic field is increased, the 
top vortex is expelled first. This result should not change for a reversed Oersted field, since 
both vortices are subjected to the same field.
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Figure 5.16: Comparison o f Fig. 5.2 (red and black lines) to  the GMR profile of
Fig. 5.14 (blue, this line has been shifted by a constant; displayed is the GMR versus 
the in-plane component B\\ «0.891.B). The similarity of the graphs reveals that the 
initially shown 4-point measurement at low fields certainly shows a double vortex state 
with vortices of opposite vorticities.

profile at —77 signaling the formation of a new top vortex, its vorticity determined 
by the Oersted field. As the field is swept further, the two vortices (more precise: 
their average positions) move through the disk in opposite directions resulting in 
the observed round GMR profile. During th a t period, magnetization dynamics is 
observed until the field reaches the value of 40 mT. Shortly after 45 mT, a small 
upwards jum p in the resistance is seen, which marks the expel of one of the vor
tices. The remaining vortex has left the sample at 230 mT.
Comparing these results to Fig. 5.14, we observe two major differences: First, the 
first and second vortex expels already take place at significantly lower fields. A 
possible explanation is tha t this time the bottom  vortex, which has the vorticity 
opposite to the Oersted field of the measuring current, leaves the sample first. 
The second difference is remarkable: In contrast to  Fig. 5.14, the excitation fre
quency is clearly higher («  0.97 GHz at zero field compared to «  0.72 GHz). Ad
ditionally, a close look at the GMR profiles of the double vortex states shows that 
the new one is less round; there are three intervals where the curvature is rather 
small but with different slopes, resulting in two corners. During the leftmost of 
these intervals, the slope of the frequency profile also differs from th a t of the ad
jacent interval what can be seen easily from the spectra. We will refer to this as 
the “angled” profile.
This leads us to the conclusion th a t the observed A P + sta te  is not identical to the 
previously described one. The difference is very likely to  arise from another com-
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Figure 5.17: Field loop 2, starting at positive fields. Following sweep 1 (black), the 
contact switches into an AP+ state different from the one observed during measure
ment 1. One difference is the more "angled" GMR profile at low fields. The more 
obvious difference is the frequency of the mode, which is 0.97 instead o f 0.72 GHz.

bination of vortex core polarities. At first sight, this seems to  follow directly from 
the difference in sta te  preparation. According to  the out-of-plane field component, 
in case 1 we should have a configuration with both cores oriented “up” , while in 
the second case, the bottom  vortex should have the “up” and the top vortex the 
“down” polarity.
A. Kakay numerically investigated all four A P + configurations using the TetraMag 
code. The results are summarized as follows: The simulated system consists of 
two Iron disks, separated by a 6  nm thick nonmagnetic spacer. The top disk has 
a thickness of 15 nm while tha t of the bottom  disk is 30 nm. The whole pillar has 
a diameter of 150 nm. The system thus corresponds to the dimensions of contact 
I-B. The simulation does not include spin-transfer torque, but an Oersted field 
corresponding to  —10 mA is applied. This field is slightly asymmetric resulting 
from the asymmetric contacting of the nanopillar (the same principle as in the 
last chapter). The current distribution used in the simulation does not correspond 
exactly to  Fig. 5.13a, but rather to the situation where the “minus” is on the 
lower half of the bottom  electrode. This detail, however, is expected to have no 
significant influence on the results, because the resulting Oersted field asymmetry
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State Frequency of lowest mode [GHz]

AP+
0.71
0.71
0.87
0.87
0.6

Table 5.1: Results of micromagnetic simulations by A. Käkay for the particular mem
bers o f the A P + branch. The frequencies correspond to the gyrotropic motion of the 
top vortex. Interestingly, the cases o f parallel core alignment are degenerate, as are 
the cases of antiparallel alignment. These frequencies are in excellent agreement with 
the experimentally oberved peak frequencies.

is small compared to the field itself and because the two cases can be transformed 
into each other by a rotation. This transformation also rotates the external field, 
but in the simulation this field is set to the small value of 3 mT, oriented parallel 
to  the long axis of the bottom  electrode. From the start of the simulation, the 
sample is in a A P + state, meaning tha t viewed from top of the pillar, the bot
tom vortex vorticity is counterclockwise and the top vortex has clockwise vorticity 
which coincides with the Oersted field sense of rotation. The remaining degrees of 
freedom tha t determine the specific state are the vortex core polarities. We have 
already introduced the notation at the beginning of this chapter.
The normal modes of each of the four states are found by applying a Gaussian 
shaped field pulse of 200 mT in amplitude and 200 ps in pulse width along an easy 
axis. The pulse reaches its maximum amplitude in about 500 ps. 100 ns of the time 
dependent magnetization from each node of the sample are Fourier transformed 
and subsequently the spectra of the various nodes are summed up. The resolution 
of the Fourier transform is 10 ps, resulting in a frequency resolution of 10 MHz. 
The system modes are identified via their peaks. A windowed back Fourier trans
form of a particular peak yields the magnetization dynamics of the mode. In all 
cases the lowest peak is identified with the gyrotropic motion of the top vortex. 
The following table compiles the simulation results. The last row is a result from 
the AP^  state which is obtained by reversing the vorticities of the A P ^  configura
tion. The same frequencies result from the spectra of the time dependent GMR5. 
The results can thus be summarized as follows: For parallel core polarizations, the 
A P + states have a lower frequency of about 0.71 GHz while for the antiparallel 
case the frequency is higher, namely around 0.87 GHz.
We now turn  back to the experiment. According to  our sample state preparation

5As explained in section 4.1. when we refer to  a GMR calculated from simulations we refer to 
the expression (sin2(0/2)) averaged over the pillar crossection.
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procedure the investigated A P + states must have been the A Pjt and APX config
urations. Next, we drive a preparation sequence th a t would create a APfa state. 
The corresponding measurement is shown in Fig. 5.18. Surprisingly, the GMR
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Figure 5.18: Measurment 3: The first sweep (red) starts at 252 mT towards negative 
saturation. Taking into account the sequence performed prior to  the start o f the loop, 
the observed double vortex configuration should be the APt, state. However, GMR 
and frequency profiles seemingly coincide with the results of measurement 1.

and frequency profiles seem to coincide with the ones shown in Fig. 5.14. A fourth 
measurement is performed. The result looks very similar to  the one shown in Fig. 
5.17. We can summarize as follows:
The GMR profiles in conjunction with the sample state preparation method and 
the observed magnetization dynamics lead to  the conclusion th a t A P + states have 
been created successfully. By applying a perpendicular field we tried to influence 
the core polarities. Indeed, small differences in GMR versus field curves have been 
observed. At least two or even three (the fourth measurement mentioned above 
looks quite similar to  the second one, but the GMR-curves differ slightly) different 
A P + states have been observed. Thereby two different frequency modes are identi
fied, one at 0.97, the other at 0.72 GHz. Measurement one and three basically have 
the same GMR profiles and frequency versus field curves; measurements two and 
four also differ only in tiny details from each other (see Fig. 5.19). The micromag
netic simulations are in very good agreement with these findings. Here, the states
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with parallel core polarizations exhibit a low frequency while the antiparallel core 
configurations lead to a high frequent mode. These peaks are found to arise from 
the gyrotropic motion of the top vortex. Experiment and numerics even agree well 
on a quantitative level, since frequencies measured at zero field are very close to 
the calculated ones. Due to  this good agreement we can even make statem ents 
about the core configurations: The 0.72 GHz modes correspond to the parallel, 
the 0.97 GHz modes to the antiparallel core configurations.
Comparison to our state preparation techniques involving perpendicular field com
ponents shows tha t apparently, these fields are not the only quantities determining 
the core polarities. This is in agreement with the findings of the foregoing section. 
An interesting question is how the vortices gyrate if they possess opposite core 
polarities. The simulations yield an intriguing result for the APj^ state: After 
the excitation by means of the field pulse, the bottom  vortex gyrates against its 
natural sense of rotation. The top core seems to  drag its bottom  counterpart with 
it, which is a result of the action of the core-generated stray fields. More precisely 
speaking, the top layers of the bottom  disk are subjected to the drag, and the 
amplitude of the core motion (the radius of the orbit) is lower than th a t of the top 
vortex core. Considering the strength of the effect along the bottom  disk layers, 
the amplitude further decreases with increasing depth.

Figure 5.19: Comparison o f the GMR profiles obtained from measurements 2 (L e ft) 
and 4 (R ig h t). The profiles show small differences at low fields (blue regions); profile
2 exhibits sharper corners compared to  4 which is likely to be caused by a difference 
in core configurations.

93



CHAPTER 5. DOUBLE VORTEX CONFIGURATIONS

5.4 Double vortex configurations of type A P

The remaining four members of the AP  branch are of type A P ~, meaning that 
the bottom  vortex has the vorticity according to a negative sample current (clock
wise if viewed from top). Again, we expect excitations of the gyrotropic mode for 
an electron flow from bottom  to the top disk (negative sample current), so tha t 
the bottom  vortex is stabilized by the Oersted field. From the last section it is 
clear how such states can be “reached” . While a high negative sample current 
is applied, the sample is saturated and subsequently the field is reduced to zero, 
leading to  an P~ state. Then the sample current is carefully reversed to a high 
value of positive sign. The field is increased to expel the top vortex, then it is 
driven back to  zero to  nucleate the top vortex again, but this time with opposite 
vorticity. To perform high frequency measurements, the sample current is set back 
to  negative values. Contacting and field-sample geometry are as described in Fig. 
5.13, with a  =  25°. This implies th a t for a positive external field, the out-of-plane 
field component is positive, too. For the state preparation of measurement 1, the 
sample current is set to  —14 mA and a P  sta te  is created out of positive satura
tion. The sample current is reversed to  +11 mA monotonously and the AP~ state 
is created after the top vortex is expelled at a positive field according to the proce
dure just mentioned. In zero field, the sample current is reversed monotonously to 
— 8  mA which is the current used to  record the field loop. Figure 5.20 depicts the 
results. The prepared sta te  shows magnetization dynamics, starting at 1.15 GHz 
and red-shifting with increasing field magnitude to 1.12 GHz, before the signal sig
nificantly drops in power and finally vanishes. Close tha t point, a small upwards 
step is observed in the sample resistance. As the field is driven to higher nega
tive values, the resistance falls off in a linear manner until a field of —126 mT is 
reached. There, another step in the resistance accompanied by a change of slope 
indicates a change of the magnetic state. Comparing it to  the back sweep (black 
line) this state, which remains stable until field values larger than —300 mT axe 
reached, must be a single vortex state. Moreover, it is evident tha t the vortex 
exists in the bottom  disk: After drift correction, the two GMR curves coincide in 
the field interval from —210 to  —130 mT. From the simulations we know tha t in 
th a t field region for the back sweep, the vortex is in the bottom  disk.
For the next measurement (loop 2), again a P~ state is created by driving the 
sample out of a positive saturation field. This time, the top vortex is expelled a t a 
negative field and at an applied sample current of +11 mA. Sweeping the field back 
to  zero field completes the state preparation procedure, from which one expects the 
A P ^  configuration. Subsequently the sample current is reversed monotonously to
— 10 mA, which is the current for the measurement of field loop 2 th a t is depicted in 
Fig. 5.21. The GMR profile resembles the previous one, however it differs in some 
details. First, the GMR difference between the AP~  state at low fields and the
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Figure 5.20: Field loop 1, after preparation of an AP~ configuration. The perpen
dicular fields occurring during the state preparation favor the formation of the A P. ■ 
configuration. The loop starts at -1 mT. At low fields, excitations are observed, with 
frequencies ranging from 1.15 to  1.12 GHz.

saturated state in loop 2 is 50mfi. For loop 1, we obtain 44mfi. These values are 
obtained after subtracting linear functions to correct for drift effects. They may 
in part be due to the sample current, which is higher in loop two ( — 1 0  compared 
to — 8  mA) causing a higher sample temperature. In both measurements, small 
upwards jumps in the resistance occur after sweeping some tens of mT. The jump 
in measurement 2, however, occurs at smaller fields than in loop 1. While in the 
first field loop, this jum p was accompanied by ceasing magnetization dynamics, in 
measurement 2 peaks are still observed well after this point until — 53 mT. The 
most remarkable difference is found in the excitation frequencies: The peaks of 
loop 2 have frequencies between 638 and 660 MHz. The Oersted field is stronger 
in this measurement, and its sense of rotation is against the top vortex vorticity. 
If the excitation frequency of the lowest mode is determined by the motion of the 
top vortex as we found in the last section, an increase of the Oersted field leads 
to  a reduction of the mode frequency. However, the frequency shift is too large to 
be explained by the Oersted field alone. We are forced to conclude tha t indeed a 
different member of the AP~  branch has been discovered.

Figures 5.22 and 5.23 show measurement 3 and 4, respectively, which are per-
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Figure 5.21: Field loop two. According to the preparation sequence, the formation of 
the APZ  state is expected. The field starts at -2 mT, sweeps to  -481 mT (sweep 1) 
and subsequently is driven back to  low values (-4 mT, sweep 2). Blue stars mark the 
presence o f peaks in the spectra. The spectra shown are taken during sweep 1.

formed in a similar way. The sample current during the measurements is —10mA 
in both cases. According to the field sequences during the state preparations, 
measurement 3 should trea t the sta te  APj^ while the AFjT is the configuration of 
the 4th loop. For loop 3, the resistance difference between the low field AP~ 
state and the saturated state is 50mf2. For loop 4, the same result is obtained. 
However, the frequencies measured during loop 4 exhibit a slightly different field 
dependence than the peaks from loop 3, while the latter coincide well with the 
excitations from loop 2. This is shown in Fig. 5.24.
The experimental results and the micromagnetic simulation of the A P^  sta te  are 
in very good agreement. The numerically obtained frequency of the top vortex 
motion and the corresponding frequency of the calculated GMR oscillations are 
600 MHz, which is close to  the experimentally obtained values for GMR loops 
two, three and four. The simulated cases show the same mode-frequency hier
archy as the experiments. From the purely experimental point of view we have 
discovered new modes tha t furthermore are associated with a particular GMR ver
sus field profile, differing from all other profiles shown so far in this work. This 
strongly supports the conclusion th a t indeed an entirely new class of states has
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Figure 5.22: Field loop 3. Prior to the measurement, a P~ state is prepared by 
sweeping from negative saturation to  zero field at -14 mA sample current. The sample 
current is reversed to  +11 mA monotonously and the top vortex is expelled at a 
positive field. After sweeping back to  zero field the sample current is reversed to -10 
mA monotonously. The field loop recording starts at -1 mT, the red curve being the 
first sweep. According to the preparation sequence, the investigated state is AP.,. 
Spectra for sweep 1 are shown. The blue stars mark the presence of peaks in the 
spectra.

been created. Additionally, a single vortex state can be ruled out by the following 
argument: The initial field sweeps are always from low to high negative fields. 
However, at measurements 1 and 3, prior to  the start of the loop the field is swept 
from a positive value towards zero as the final part of the state preparation. If the 
preparation procedure did not work and the sample remained in a single vortex 
state, there are two possibilities.
1): The field loops starts with the homogeneously magnetized layer still pointing 
into the positive field direction. In this case, the effective field on the vortex will 
increase during the first stage of the measurement because it has the same direc
tion as the dipolar field generated by the homogeneous layer. As a consequence, 
the GMR would increase at the beginning of the loop. This is not observed.
2) The field loop starts with the homogeneous layer being magnetized along the 
other easy axis, i.e., perpendicular to the applied field direction. As the external
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Figure 5.23: Field loop 4. State preparation sequence: A t -14 mA sample current 
the field is driven to  high negative values and back to  zero. The sample current is 
reversed monotonously and the top vortex is expelled at a negative field. After driving 
the field back to  zero, the current is reversed again monotonously to  -10 mA which is 
the measurement current for the following loop. Sweep 1 starts recording at -3 mT 
(red curve). The blue stars mark the presence o f peaks in the spectra. Upper panel: 
spectra for sweep 1.

field increases in magnitude, a t some point the homogeneous layer will flip over 
and align with the field. Consequently, the effective field on the vortex decreases 
leading to  an abrupt downwards jum p in resistance. However, the jumps actually 
observed are upwards.
Finally, if the initial state during the loop had just two single domain states, this 
would certainly be the antiparallel configuration due to  the dipolar fields and the 
low external field during the beginning of the measurement. For this case, the ob
served frequencies are too low. The Kittel formula for the ferromagnetic resonance 
(FMR) mode for a film with the field B parallel to the plane is [26]

/  =  — y—  y /B (B  + 0.85/ioM.) (5.3)2nno

where the demagnetizing factors have been chosen as (0.05,0.05,0.9) to approx
imate a disk geometry [55]. W ith /jqM s =  2.15m T and a stray field estimated
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Figure 5.24: Comparison of modes for field loops 2-4. The frequencies are obtained 
from Lorentzian fits to  the power density spectra. Apparently the modes 2 and 3 
coincide, the 4th deviates from the others by up to 10 MHz depending on the field.

to  130 mT, the FMR frequency would be around 14 GHz. To give an estimation 
for a possible large angle precession mode we take into account the experimental 
results of Kiselev et al. [7] and analogously divide by a factor of three resulting in a 
frequency of 4 — 5 GHz, still ranging significantly higher than the observed modes. 
All four GMR profiles closely resemble each other, so the above conclusions hold 
for all cases.

These observations lead us to the conclusion tha t indeed AP~  states have been 
measured. A comparison of the frequency modes indicates tha t at least two, per
haps three different modes have been identified. The mode frequency of loop 1 is 
far away from the remaining frequencies. A look at Fig. 5.24 shows tha t modes
3 and 4 are very close to  each other, and probably the same state has been mea
sured. Mode 4 (blue) resembles mode 2 and 3 in profile and also quantitatively, at 
least at low fields. For values around — 30 mT, there are differences in the order of 
10 MHz. The differences of the modes must be caused by different combinations 
of the core polarities, since these are the only remaining degrees of freedom of the 
double vortex system. This is also strongly supported by the results of the fore
going section, where the statem ent was confirmed by micromagnetic simulations.
These results allow us to understand the following, highly interesting experiment. 

The sample is mounted into the setup as in the measurements above. At a current 
of —14 mA, the sample is saturated at positive field. Driving the field back to zero, 
a P~ state is created. The sample current is reversed monotonously in a series of 
steps as usual, and the top vortex is expelled at a positive field, which is driven 
back to  zero subsequently. This puts the sample into a AP~  state, the perpendic
ular field components of the preparation favoring the APZ  state. After setting the
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Figure 5.25: Current loop after an APZ  preparation sequence. The current is swept 
from zero to  -15 mA, to  +15 mA and back to zero at zero field. The dots mark peaks 
in the spectra which are shown in Fig. 5.26. The pink and purple dots refer to  a low 
resistive, high frequent mode which is identified as the mode observed in loop 1 (here: 
1.153 GHz at -8 mA, loop 1: 1.154 GHz at -8 mA). A t higher currents the contact 
switches in a high resistive state while the frequencies abruptly jum p to low values. A t 
-9.97 mA, the frequency o f that new mode is 641 MHz. Apparently, the sample has 
switched into one o f the three modes shown in Fig. 5.24. The frequency switching 
is displayed in Fig. 5.26. Since the different frequencies are connected to  different 
combinations o f core polarities, this measurement constitutes the first evidence of 
a core switch event caused by a DC CPP current. The nonhysteretic steps in the 
resistance are caused by the current source. (For compensation o f a voltage offset, 
a hyperbolic is subtracted, followed by the subtraction o f a linear function for drift 
compensation.

sample current to zero monotonously, a current loop is measured at zero field. The 
current is driven from zero to  —15 mA, then to  +15 mA and back to  zero. Figures 
5.25 and 5.26 show the resistance versus current plot and the spectra taken during 
the loop. The spectra are arranged in chronological order and the circles in the 
resistance plot connect the spectra to their appearance during the measurement. 
Around —10 mA, there is an upwards jum p of 8 mO, and the dynamics changes 
abruptly. The frequency switches from 1.21 GHz into another mode with a fre
quency of about 660 MHz (at —10.4 mA) (see Fig. 5.26). At —9.97mA, which is 
close to the currents used in the field loops, the frequency of this mode reduces 
to 641 MHz. This value is very close to those shown in Fig. 5.24. From this we 
conclude th a t the measurement captures a vortex core switch as indicated by the 
white arrows in Fig. 5.26. This is a highly interesting result, since it is the first 
recording of such an event caused by a DC C PP current. Considering the resis
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Figure 5.26: Spectra taken during the current loop shown in Fig. 5.25. The spectra 
are chronologically ordered, showing the switch between two distinct frequency modes 
at current o f -10 mA. From the field loop measurements it is evident tha t the different 
frequency modes are connected to different vortex core polarities. The measurement 
thus is the detection o f a DC CPP current induced vortex switch.

tances of the initial and the final sta te  we are led to  the same result: The final 
sta te  of the sample after the switching cannot be a P + or P~ state because tha t 
would contradict the upwards jum p of the resistance. Also, a single vortex state 
can be ruled out: The final frequency would be significantly higher ( ~ 1  GHz). Ac
tually, the initial and the final resistances differ only by 8  mQ, indicating tha t the 
magnetization distribution undergoes only a small change which is fully consistent 
with the picture of a core switch.
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5.5 Double vortex states in a type II contact

So far the focus has been on results obtained for type I nano-contacts, tha t is, 
pillars containing Iron disks of thicknesses 15/30 nm. The measurements on dou
ble vortex states showed the onset of magnetization dynamics for current flow 
directions th a t agree with the picture where the thick layer is regarded as a fixed 
polarizer and the thin disk acts as a free layer. For some particular configurations 
(see for example Fig. 4.3, black curve), dynamics has been observed for opposite 
current polarities, but compared to  the results obtained for the “intuitive” config
urations, these peaks occurred rather sporadically. In the following, measurements 
of a type II contact will be presented. As already mentioned at the end of sec
tion 3.1.2, these nanopillars have larger diameters (210 — 220 nm) and the bottom  
disk thickness is reduced to 25 nm. Figures 5.27 and 5.28 present a field loop
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Figure 5.27: Field loop 1, sweep 1: nanopillar ll-A  (thicknesses 15/25 nm), measured 
at a sample current o f +21 mA (electron flow from the top to the bottom disk). As 
expected from the intuitive picture, where the thick layer acts as a fixed polarizer, 
dynamics o f the P + state is observed for this current polarity. A linear function has 
been added for d rift compensation.

performed at a sample current of +21 mA, the electrons flowing from the top to 
the bottom  disk. The field is aligned with an easy axis and sample rod B is used 
(contacting geometry as in Fig. 4.1, left). As expected, dynamics of the P + state 
is observed at this current polarity. A second field loop is measured with a current 
of —21 mA (Fig. 5.29). From the model of a fixed thick and a free thin layer, one 
would expect a stabilization of the parallel alignment and hence no excitation of
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Figure 5.28: Field loop 1, sweep 2: This field sweep again shows peaks while the 
sample is in a P + state. Comparison to sweep 1 (Fig. 5.27) suggests, that a different 
mode is observed. The maximum frequencies in this loop are about 1.23 GHz and are 
measured at fields around 158 mT. A second harmonic (not shown), is also present. 
A linear function have been added to reduce drift.

the resulting P~ state. The opposite is observed. Across a field interval of more 
than 200 mT, the sample shows clear excitations of the P~ state. The frequency 
versus field curve has a parabolic shape, reaching its minimum around zero field 
which is consistent with the weak stray field coupling of the disks expected for a 
P~ state. Since the sample current magnitudes are equal for loop 1 and 2, the 
Oersted fields also match in strength, while in each case the sense of rotation of the 
Oersted field coincides with the vorticities of the particular double vortex state. 
This allows a direct comparison of the frequencies. In loop 1, frequencies range 
between 0.75 and 1.23 GHz while in loop 2 peaks are observed between 1.47 and 
1.90 GHz.
This finding appears counterintuitive at first sight. Considering for example a 
single domain spin-valve with a fixed polarizer and a free layer, the direction of 
the electron flow determines completely which magnetic configuration, parallel or 
antiparallel alignment, is stabilized6. This is also reflected in the magnetization 
dynamics. If the sample, for instance, is in the antiparallel state, magnetization 
dynamics can only be excited by an electron flow directed from the polarizer into 
the free layer. These statem ents can straightforwardly be extended to the case of

6For simplicity, we neglect the influence of anisotropy.
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Figure 5.29: Field loop 2 , sweep 1 (sweep 2 not shown): Measurement of nanopillar 
I l-A under the same geometry as for loop 1 but w ith a sample current of -21 mA. 
The measurement clearly shows the excitation o f a P~  state, clearly contradicting the 
model of fixed and free layers.

double vortex states, when one of the vortices is fixed. This extension has been 
performed in the already mentioned work of Khvalkovskiy [16] yielding analogous 
results: For a particular vorticity combination, only for one current flow direction 
dynamics is observed. Many of these vorticity/ current polarity combinations have 
been checked in the previous sections, and were found to be in excellent agreement 
with this picture.
The above experiment however clearly forces us to  further extend the model. We 
do tha t by analyzing the torques acting on the two vortices. Consider the example 
where the vortices have opposite vorticities. Let the electrons flow from the thick 
to the thin layer. If we regard the thick disk as the polarizer, we immediately 
see th a t the thin layer is excited. The driving force acting upon the thick disk 
is obtained analogously by considering the thin layer as the polarizer. Here, the 
situation is different. While the conditions for excitation were fulfilled for the thin 
layer vortex (“active vortex” ), the thick layer vortex motion experiences an addi
tional damping force ( “damped vortex”). By choosing the direction of the current, 
one thus selects which one of the disks is excited.
Comparing this to  the experiments yields a fascinating result: Figure 5.30 com
pares the frequency ranges obtained for the different current signs. / i( 2) are the
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Figure 5.30: Comparison o f the frequency ranges (grey) obtained for the different 
current directions. The ratio o f the frequencies / 1 //2  is similar to  tha t of the disk 
thicknesses di /d 2.

measured frequency bands and d1(2) denote the disk thicknesses. We have

M -  <5-4>
Since the eigenfrequency of a vortex is proportional to the disk thickness, this 

result strongly supports the idea stated above, namely tha t when the current is 
reversed, the active and the damped disks switch their roles. The micromagnetic 
simulations show, however, tha t both vortices are moving. How is tha t possi
ble? The answer is indeed not included by the spin-transfer torque considerations 
just stated. The coupled motion is merely due to  the magnetostatic core-core in
teraction which is taken into account by the simulations. The discussion of the 
AP^  state simulation presented at the end of section 5.3 clearly demonstrated the 
strong influence of the core stray field interaction. The bottom  vortex coupled so 
strongly to the top vortex tha t it moved against its natural sense of rotation. No 
spin-transfer torque was present in tha t simulation, so tha t the effect is clearly due 
to the stray fields. Now the combination of both interactions - the spin-transfer 
torque leading to a damped and an active vortex on the one hand, the stray field 
core-core interaction on the other - leads to the following picture: The active vor
tex gyrates on a certain the radius. The other vortex is damped by spin-transfer 
torque but due to the stray field coupling it also moves - however, on a smaller 
radius. This is exactly what we observed in the micromagnetic simulation of the 
Pit  state where spin-transfer torque was included.
We can summarize as follows: The model of a fixed polarizer cannot explain our 
experimental result. Indeed both layers can be excited, depending on the sign of

105



CHAPTER 5. DOUBLE VORTEX CONFIGURATIONS

the current. For a given double vortex configuration, the current direction de
termines which disk is excited and which one is damped by spin-transfer torque. 
Forced by the stray field interaction, the damped vortex gyrates on a small radius 
while the active vortex dominates the coupled dynamics and has a stronger influ
ence on the resulting frequency.
If one of the layers’ thickness is increased, the disk becomes less susceptible to 
spin-transfer torque. In the limit of large thickness the layer thus becomes fixed 
and the conventional model is recovered.
These results are particularly interesting for applications in STNOs, where the 
mechanism would enable fast switching of the oscillator frequency.
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5.6 Phase locking of a double vortex state

The output power of an individual metallic nano-oscillator is very low ( i c r 1()w ) .
It can be increased by using MgO-based Tunneling Magnetoresistance (TMR) 
contacts, since the TM R is naturally two orders of magnitudes higher than the 
GMR. However, to  achieve a usable microwave power (~  fiW) one would still need 
large arrays of nano-oscillators radiating coherently. One very useful property of 
vortex nano-contacts is th a t these oscillators have the property of phase locking. 
This means that, if subjected to an external periodic driving force, the oscillators 
tend to tune their frequency to  tha t of the external force, building up a constant 
phase relationship. A necessary condition for the phase lock is tha t the so-called 
detuning u>ext—u)0, the difference between the external frequency wext and the auto 
oscillator eigenfrequency u>o, is sufficiently small [75]. Phase locking is considered a 
means for achieving synchronized operation of large arrays of contacts, and much 
effort has been invested during the past years to investigate locking of individual 
contacts to  external signals and to realize mutual locking of several nano-oscillators 
(see Refs. [76, 77, 78, 9, 79, 80, 81, 82]). In the following, we will investigate 
the influence of a high-frequency current on an A P + double vortex state. We 
use nanocontact I-B for which the successful creation of such states has been 
demonstrated in section 5.3. Rod B is used and thus no significant out-of-plane 
field component is present. The experimental setup is displayed in Fig. 3.6 c. The

Sample current [mA]

Figure 5.31: Dependence o f the excitation frequency o f an AP+ state on the sample 
current. The excitation power (not shown) is also an increasing function o f the current. 
As a result, the excitation power depends on the frequency.
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Figure 5.32: Measurement o f the microwave spectra under the influence o f an external 
periodic forcing. The sample is in an A P + state and excited by a DC current o f -9 mA. 
The external high frequency signal has a source power of -4 dBm and its frequency is 
swept from 550 to 900 MHz. Because of a background subtraction it is not visible in 
the spectra. In the bottom panel it  is represented by the black line.

contacting geometry for the DC sample current is the same as in Fig.4.1, left. This 
time however, the opposite side of the electrodes is used to add a high frequent 
voltage to  the sample. We first create the state using the procedure introduced in 
section 5.3. At a sample current of 14 mA, the sample is saturated at a positive 
field (~  —480 mT) followed by a sweep to  zero field. The sample current is then 
reversed stepwise and monotonously to  —10 mA. To flip the top vortex vorticity, 
the field is swept to  168 mT and back to zero, so tha t a peak at about 720 MHz 
can be observed. The sample current is reduced to zero and a current loop is 
measured at zero field, the result of which is shown in Fig. 5.31. During the 
sweep, the source power of the high frequency signal source (the vector network 
analyzer) is switched off. At a current of —6.72 mA the first peak is recorded. 
The peak frequency increases with the current, which reaches its maximum at
— 12 mA. Subsequently the current is driven to —12mA and to zero, which is not 
shown in the graph. As the current is lowered, the frequency also decreases in a 
reversible manner, indicating tha t the contact stays in the same state and mode. 
For positive currents, no excitations are observed. However, no switching events
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5.6. PHASE LOCKING OF A DOUBLE VORTEX STATE

occur during the loop in the sample resistance, assuring th a t the sample stays in 
the same state. The power associated with the peaks is also an increasing function 
of the current. As a result, the oscillation power is an increasing function of the 
frequency. (However, one must take into account tha t the increase of the frequency 
with the current will in part be caused by the Oersted field.) A dependency of the 
power on the frequency is a general property of nonlinear oscillators [83].
After the measurement, the current is increased to —9 mA. The external signal of
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Figure 5.33: Oscillator power, obtained from Lorentzian fits to  the spectra versus the 
external source frequency. Clearly, the power drops to about 50% to that of the free 
running oscillator. This is likely to  be an effect o f a rather strong external forcing.

initially 550 MHz is now applied in addition to the DC current. The power of the 
external source is —4 dBm. The frequency of the signal ( “external frequency”) is 
swept from 550 to  900 MHz at constant DC current and a spectrum is recorded at 
each step. Figure 5.32 depicts the results. For large detuning, the nano-oscillator 
frequency remains undisturbed at a value of about 708 MHz. As the external 
frequency approaches tha t of the oscillator, the latter clearly tunes its frequency 
towards th a t of the source, from what we infer tha t the signal must be phase locked 
between about 695 and 720 MHz. It cannot be observed directly, since the external 
signal amplitude saturates the spectrum analyzer. This is the reason why the top 
panel of Fig. 5.32 shows no oscillations in the locking region. To avoid artificial 
frequency shifts resulting from an overlap of the nano-oscillator signal with the 
rising edges of the strong external signal, a background measurement without the 
nano-oscillator has been subtracted. Since the spectrum analyzer is saturated by
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CHAPTER 5. DOUBLE VORTEX CONFIGURATIONS

the external signal, the locking region shows no amplitude after the subtraction. 
We observe a decrease of 50% in oscillator power (Fig. 5.33) as the detuning is 
driven towards zero, indicating th a t the oscillator cannot anymore be regarded 
as “weakly forced” . In th a t limit, one would instead expect the external signal 
to  mostly effect the oscillator phase, while its power should remain unperturbed. 
After the  frequency scan, a field loop is measured at —10 mA. The obtained GMR 
and frequency versus field profiles confirm th a t the sample still is in the A P + state. 
This last experiment clearly demonstrates tha t double vortex states are nonlinear 
oscillators. Their rich dynamic properties make them  promising candidates for 
future technology ingredients.
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6 Summary

In this work the spin-transfer torque induced dynamics of magnetic vortices in 
nanopillar spin-valves has been studied. These nanopillars contain two ferromag
netic disks with geometries tha t favor the vortex state as the ground state of 
magnetization. The resulting systems turned out to offer a large variety of states, 
allowing a highly detailed look at a complex system. The studied states involve 
both single vortex and double vortex configurations, each class of them on their 
own giving interesting insight into the interplay between spin-transfer torque and 
vortex dynamics.
In chapter 4, I focused on single vortex states. These were identified by analyzing 
the magnetoresistance of the sample under low and high current densities. For 
high current densities, the onset of magnetization dynamics was observed. A de
tailed analysis of the characteristics of the dynamics enabled me to identify the 
observed mode as the gyrotropic mode of the vortex and it has been verified tha t 
the excitation is due to spin-transfer torque. I discovered tha t the dependence of 
the vortex frequency on the magnetic field has the shape of a “V” , a property that
I was able to  explain by a change of shape of the magnetostatic potential in con
junction with the theory of Thiele. To my knowledge, this is the first observation 
of this effect in a nanopillar.
The experiments immediately lead to the question of how a vortex can be excited 
by a homogeneously polarized current. Earlier work [16] predicted tha t the Slon- 
czewski torque is not able to excite this configuration. In section 4.3 I developed 
the idea tha t the asymmetry of the spin-transfer torque efficiency, expressed by 
the param eter A, can give rise to excitation of the gyrotropic mode. Approximat
ing the asymmetric efficiency function, we derived an analytic expression for the 
energy transferred to  the vortex by the current. It turned out tha t indeed the 
asymmetry has an effect. Depending on the current sign, the spin-transfer torque 
is able to  counteract or enhance the Gilbert damping. This new result is supported 
by micromagnetic simulations employing the OOMMF code. These computations 
are in excellent qualitative agreement with the analytical result. The effect appears 
to be rather small, suggesting tha t other effects are responsible for the dynamics 
observed in our system. Nevertheless, the effect is present in the samples and the 
result sheds light on how the spin-torque asymmetry influences vortex gyrotropic 
motion. At last, I proposed a way to  calculate the effect to arbitrarily high values 
of A.
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CHAPTER 6. SUMMARY

Chapter 5 focused on double vortex configurations. A nanopillar in a double vortex 
sta te  contains two coupled nonlinear oscillators, which makes it a very complex 
system. The set of double vortex states comprises 16 configurations, which can be 
grouped into four classes of states. I developed sta te  preparation techniques which 
allow to create states from each of the four classes. In the framework of a model 
where the vortex in the polarizer is regarded as fixed while the other one is a free 
oscillator, the theoretical work [16] predicts conditions for the onset of gyration. In 
sections 5.2-5.4, these predictions have been experimentally confirmed for a large 
variety of states, even for configurations where the strong Oersted field is opposed 
to  the vorticity of one of the vortices. The high stability of the states is attributed 
to  the geometries of the disks, which are well inside the vortex regime.
Though quite similar at first sight, the states belonging to  a particular class showed 
small but significant differences in resistance versus field profiles and frequency 
modes. By the comparison to micromagnetic simulations we were able to  attribute 
these effects to  different combinations of vortex core polarizations. These investi
gations culminated in the detection of a core switch, the first recorded vortex core 
switching event triggered by a DC C PP current in a double vortex system.
In section 5.5 I presented measurements th a t challenge the conventional picture 
of fixed polarizing layer and a free layer. The experiment showed excitation of 
the vortex gyrotropic mode for a current of opposite sign. This result can only 
be explained if one lets go of the assumption of a fixed polarizer. I arrived at 
the picture tha t in the double vortex system, each vortex is a nano-oscillator, the 
current sign determining which one of the two disks is excited. Excitation of disk 
A ( “active disk” ) means an additional damping to disk B ( “damped disk” ). This 
understanding is strongly supported by the frequency difference observed for the 
two current polarities. The ratio of the frequencies is close to  the ratio of the disk 
thicknesses. In conjunction with the manifest picture tha t the frequency of the 
coupled double vortex system is always close to th a t of the “active” disk, one is 
forced to the conclusion th a t under current sign reversal, the active and damped 
disks switch their roles.
This result once more underlines the complexity of the system. One could ask, why 
this has only been observed for the sample with Fe disk thicknesses of 15/25 nm 
(and not for the 15/30 nm sample). The answer is straightforward: The type-II 
pillar is more symmetric with respect to  the current sign reversal. In other words, 
in type-I samples the bottom  disk is too thick to  observe the effect for the applied 
current densities. This is a consequence of the spin-transfer torque mechanics, 
which leads to an absorption of the transverse spin-current density at the interface 
within a few atomic layers of the ferromagnet. In the limit of large thickness, the 
disk becomes “fixed” and the conventional model is recovered.
Besides increasing our basic understanding of spin-transfer torque in nano-contacts
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and vortex dynamics, these results may as well be fruitful for future technologi
cal applications. One of the major goals in spintronics is to build large arrays of 
spin-transfer torque nano-oscillators which operate coherently. This would enable 
the construction of on-chip microwave sources. The above described frequency- 
switching reveals a mechanism to access a significantly wider frequency range with 
one device.
The just mentioned coherent emission of microwaves is crucial for the application 
in information technology. This state of coherence is achieved in using a fasci
nating property of nonlinear oscillators, which is called phase-locking and refers 
to  the phenomenon tha t under the influence of an external periodic signal, the 
oscillator tunes its frequency towards tha t of the signal, building up a constant 
phase relationship. In section 5.6, by measuring the microwave frequency and 
power emitted by the nanopillar as a function of the current, I showed tha t double 
vortex states are nonlinear oscillators. Then I demonstrated for the first time tha t 
these states are indeed able to phase lock to an external source signal. Regarding 
the power of the emitted microwaves, it will be interesting to investigate a double 
vortex tunnel junction based on an MgO barrier in order to combine the complex 
properties of double vortex systems and the comparably high microwave powers 
observed in MgO-based nanopillars, a starting point for interesting future work.
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