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Abstract

Synthetic antiferromagnets (SAFs) consist of two thin ferromagnetic particles
separated by a thin nonmagnetic spacer. The magnetic moments of the two par-
ticles couple antiparallel via dipolar interactions, with the interlayer exchange in-
teraction suppressed by a suitable choice of the spacer material. The SAF system
studied in this thesis contains thin elliptical-in-the-plane permalloy particles mag-
netized uniformly and mutually antiparallel in the ground state. A SAF can also
exhibit long-lived metastable nonuniform magnetization states, such as spin-vortex
pairs. The thesis explores hysteresis and spin dynamics in: (i) uniformly magne-
tized SAFs and (ii) SAFs in the vortex-pair state.

The uniformly magnetized antiparallel ground state of a symmetrical SAF, hav-
ing identical ferromagnetic particles, is double degenerate. The resonance modes
are in-phase (acoustical) and out-of-phase (optical) oscillations of the magnetic
moments. Two forms of asymmetry are studied: a thickness imbalance between
the two ferromagnetic layers and an asymmetric bias-field acting on only one of
the layers. The asymmetries are shown to lift the degeneracy of the antiparal-
lel ground state, which in the static regime results in unequal stability of the two
states. In the dynamic regime, the asymmetries are shown to result in a splitting of
the resonance frequency of the new non-degenerate ground states. The resulting
resonant-mode splitting can be used to selectively switch between the antiparal-
lel ground states by resonant microwave or thermal activation of the system. A
microwave-driven switching cycle is demonstrated, where the switched-to state
becomes off-resonant, thus requiring a pulse of a different frequency for switching
back into the initial state. Such resonant switching is found to be tunable by a
weak external bias field, which is practical for memory applications.

Spin vortex pairs were obtained by applying specific large-amplitude high-fre-
quency field excitations to a SAF. The static and dynamic properties of the vortex
pairs were found to be strongly dependent on the relative orientation of the vortex
chiralities and vortex-core polarizations in the two ferromagnetic particles of the
SAF. For parallel vortex-core polarizations, a strong monopole-like core-core inter-
action is found to dominate the magnetic properties of the system, increasing the
characteristic resonance frequency by an order of magnitude. The measured field
and frequency dependent behavior of the magnetization in the vortex-pair state
is explained using analytical theory and numerical micromagnetic simulations. A
number of new results obtained on strongly coupled pairs of vertically stacked spin
vortices should benefit the growing field of physics focused on topological spin
states in nanostructures.

Keywords: Magnetization dynamics, Ferromagnetic resonance, Magnetization re-
versal, Magnetic vortex, Synthetic antiferromagnet
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Chapter 1

Introduction

Magnetism has been used by humanity for millennia. The first documentation on mag-
netic phenomena in the western world dates back to approximately 600 B.C. by Thales
of Miletus, a pre-Socratic Greek philosopher. Thales noted that magnets can move
iron which he believed to be due to magnets having a ’soul’ [1]. This basic under-
standing allowed people to use magnets as tools. A Hindu philosopher is said to have
used magnets in surgeries as early as the 5th century B.C. [2]. Over the years the
understanding of magnets and magnetic fields improved which led to more advanced
inventions such as the magnetic needle compass in the 12th century in China [3]. Uni-
versally, an increase of knowledge about something multiplies its use. The same is
true for the increase of the understanding of magnetism which yielded a significant
multiplication of its applications. Among the more well known recent applications are
electro-motors [4,5], magnetic storage [6,7], sensors [8], levitation [9] and even drug
carriers [10]. All of these applications started from simple ideas that originated from
the knowledge of magnetism and have improved over the years through an increased
understanding of the fundamental properties they utilize. A good example of this is the
evolution of magnetic storage which started with magnetic wire recording invented by
O. Smith in 1888 and later patented by V. Poulsen in 1894 [11]. Improved understand-
ing of the magnetic phenomena resulted in new recording techniques with enhanced
data-density and reduced read/write times. A few examples are magnetic tape [12],
hard-drives [13] and magnetoresistive random access memory (MRAM) [14]. These
techniques improved continuously, due to a better understanding of their magnetic
properties.

The work in this thesis aims to contribute to a better understanding of the proper-
ties of synthetic antiferromagnetic systems under the influence of external fields and of
the effect of intrinsic asymmetry in SAF. The first chapter contains short descriptions of
the relevant aspects for understanding the work presented in this thesis starting with
a summary of the evolution of the understanding and a basic explanation of ferro-
magnets, antiferromagnets and ferrimagnets. This is followed by the aspects of single-
domain and micromagnetic analysis of magnetic systems and its relevance for the anal-
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2 CHAPTER 1. INTRODUCTION

ysis of systems with uniform and nonuniform magnetization. Chapter 2 describes the
synthetic antiferromagnet (SAF) and synthetic ferrimagnet (SFi) systems considered in
this thesis along with the experimental techniques used. The third chapter focuses on
uniformly magnetized SAFs and SFi-s describing the energetics and demonstrating the
static and dynamic response to external fields. Chapter 4 has the same structure as
chapter 3 for SAFs and SFi-s in the nonuniform spin-vortex state.

T = 0 K(a) Tc  > T > 0 K(b) T > Tc(c)

Figure 1.1: Schematic representation of the alignment of the magnetic moments (red
arrows) of atoms (blue circles) in a ferromagnet at temperature (a) T = 0 K, (b)
Tc > T > 0 K and (c) T > Tc .

1.1 Ferro-, antiferro- and ferrimagnets

The first scientific description of magnetism was arguably given by William Gilbert in
1600 [15]. He accurately described the influence of the earth’s magnetic field on a per-
manent magnet. An atomic explanation of the origin of magnetism in magnetic mate-
rials did not exist until 1907 when W. Ritz suggested atomic magnetic moments [16].
This was later theoretically explained through the angular momentum in the Bohr
model for atoms [17]. The magnetic moment originating from the spin of electrons
was described first by R. Kronig in 1925 [18] and later independently by G. Uhlenbeck
and S. Goudsmit [19]. The largest contribution to the total magnetic moment in a
solid is usually the spin, while the orbital moment originating from the angular mo-
mentum is typically 3 orders of magnitude smaller [20]. The existence of atomic mag-
netic moment makes the material magnetic. In the absence of any interaction between
the individual magnetic moments, their orientation is random resulting in negligible
net magnetic moment. In this case the material is considered paramagnetic. Mag-
netic order due to exchange interaction between magnetic moments was introduced
by P. Weiss who imagined an exchange field exerting torque on the atomic magnetic
moments forcing them to align [21]. This in turn results in a net magnetic moment
known as the magnetization, effectively making the material ferromagnetic. The total
magnetization when all moments are aligned is called the saturation magnetization.
The alignment of the magnetic moments due to the exchange field between the atoms
means that the magnetization of a ferromagnet can be altered if the total field acting
on the moments is altered. In 1894, Pierre Curie found that the magnetization of a fer-
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Antiferromagnet(a) Ferrimagnet
moment difference
(b) Ferrimagnet

nonmagnetic atoms
(c)

Figure 1.2: Schematic representation of the atomic spin alignment in an (a) antifer-
romagnet and (b,c) ferrimagnet at T = 0 K. The different sublattices are denoted by
the dashed lines and the different colors represent the respective atomic sites. The dif-
ference in magnetic moments of the sublattices can originate from (b) atomic moment
difference or (c) presence of nonmagnetic atoms.

romagnet is dependent on its temperature. Together with Weiss’ exchange field this led
to the Curie-Weiss law which states that the amount of disorder increases with temper-
ature up to the Curie-temperature, Tc , above which the material is paramagnetic (fig.
1.1). This loss of magnetic order in turn results in a reduction of the spontaneous mag-
netization of the material. The Curie-temperature for the ferromagnetic material used
in the samples studied in this thesis, Permalloy (Py), is well above room-temperature
(Tc = 843 K) [22].

The ordering of the atomic magnetic moments is not always parallel as in ferro-
magnets. Louis Néel reported in 1948 on the antiparallel alignment of ferromagnetic
sublattices [23, 24]. A two-dimensional representation of an antiferromagnet in a cu-
bic lattice is shown in fig. 1.2a where the dashed lines and the different atomic repre-
sentation denote the different ferromagnetic sublattices. Antiparallel alignment often
originates from the presence of different atomic sublattices in composite materials.
The antiparallel alignment is known as antiferromagnetic (AFM) and results in a net
magnetic moment of zero. Antiferromagnets were therefore mistaken for paramagnets
before Néel’s observation. Like in ferromagnets, the amount of alignment of the mag-
netic moments in an AFM depends on its temperature. Full alignment of the moments
as in fig. 1.2a occurs at a temperature of 0 K. The amount of disorder increases with
temperature up to the Néel temperature at which the magnetic moments are com-
pletely disordered and the material becomes paramagnetic. The Néel temperature for
AFMs is equivalent to the Curie-temperature for ferromagnets.

When the magnetic moment of the two sublattices in an AFM are not equal, the
material is called a ferrimagnet (FiM). The total magnetic moment of a FiM is nonzero.
For this reason FiMs were believed to be ferromagnets before the understanding of
antiferromagnetism. The imbalance between the magnetization of two sublattices can
originate from a difference in the atomic moment (fig. 1.2b) or from a difference in
the number of magnetic atoms in each sublattice (fig. 1.2c).
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1.2 Theory of micromagnetism

The magnetization of ferromagnets is strongly dependent on the total field acting on
the moments. The potential energy of a ferromagnet, EFM is defined as the integral
over the innerproduct of the magnetization, M, with the effective field, Heff, acting on
it

EFM

V
=−µ0

∫

M · dHeff, (1.1)

where V is the volume of the system considered. The magnetization throughout the
volume is assumed to be uniform. The effective field is the sum of several independent
fields originating from different sources.

The exchange field originates from the neighboring atoms and is therefore depen-
dent on the magnetization of the surrounding atoms. Typically the range of the ex-
change field is limited and is given by the exchange length lex,

lex =

È

2A

µ0M2
S

, (1.2)

with A the exchange stiffness constant; MS the saturation magnetization and µ0 the
permeability of free space. The effective exchange-field can then be expressed as

Hex =
2A

µ0MS
∇2m, (1.3)

where the magnetization is normalized using m=M/MS and ∇ is the vector differen-
tial operator.

A second field originates from the crystal structure and is referred to as the magne-
tocrystalline anisotropy field. Spin-orbit coupling can induce orientational asymmetry
in the electron distribution. The energy can in that case depend on the relative angle
of magnetization with respect to the crystal axes. For Py the anisotropy is uniaxial for
which the anisotropy field Hani is given by

Hk =
∑

i

(2i)
Ki

µ0MS
|m× k|2(i−1)k× (m× k), (1.4)

with i = 1, 2,3; Ki the i-th order anisotropy constant; k the anisotropy direction. For
materials with only small uniaxial anisotropy as is the case for Py, it is sufficient to only
consider the first order anisotropy term as the higher-order contributions are minimal.
In that case the anisotropy field is given by

Hk =
2K1

µ0MS
k× (m× k). (1.5)

The fields considered so far were independent of the shape of the ferromagnet.
This is not the case for the demagnetizing field Hd. When the magnetization at the
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edge of the magnetic domain has a component normal to the surface, the resulting
uncompensated magnetic charge, q, gives rise to a magnetic field

Hd =−∇φ, (1.6)

with φ(r) = q/(4πr) the magnetic scalar potential of the magnetic point charge at
distance r. From the Maxwell equations, Gauss’s law for magnetism states that the
divergence of the magnetic flux B is zero

∇ ·B= 0, with B= µ0(H+M). (1.7)

In other words, there are no magnetic monopoles. Equation (1.6) can then be ex-
pressed in terms of the magnetization

∇ ·M=∇2φ. (1.8)

This way the demagnetizing field can be expressed in terms of the magnetization mul-
tiplied by the demagnetizing coefficient tensor N

Hd =−NM, with N =







Nx 0 0
0 Ny 0
0 0 Nz






, (1.9)

where the Nα-values are solely dependent on the geometry of the ferromagnet. As the
name already suggests, the demagnetizing field tends to counteract the magnetization,
trying to minimize its divergence.

The last to be mentioned is the external field acting on the magnetization of a
ferromagnet.

Putting all together, the total effective field acting on the magnetization is

Heff = HZ−NM
︸ ︷︷ ︸

Hd

+
2A

µ0MS
∇2m

︸ ︷︷ ︸

Hex

+
2K1

µ0MS
k× (m× k)

︸ ︷︷ ︸

Hk

. (1.10)

Static solution

For slowly changing magnetic fields, the magnetization response of a ferromagnet
can be determined through energy minimization. Starting from a stable magnetiza-
tion configuration, the application of a field will alter the potential energy landscape.
Since the change in the potential landscape is slow, the magnetization can change fast
enough for the system to stay in the potential minimum. To find the ground state it is
then only necessary to find the energy minima. Using the relations from the previous
section, the total potential energy Etot can be written as

Etot = EZ + Eex + Ed + Ek, with
1

µ0V

∂ Ei

∂M
= Hi. (1.11)
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The energy minima can then be found for magnetization configurations for which the
net torque vanishes. This leads to Brown’s static equation

1

µ0MSV

∂ E

∂m
=m×Heff = 0. (1.12)

Note that there may be more than one solution to eq. (1.12). It is therefore important
to find the minima for relatively small changes in field to ensure the correct solution
based on the history of the magnetization.

Dynamic solution

The dynamic response of the magnetic moment under the influence of an effective field
is described by the Larmor equation for magnetic precession

1

µ0

dM

d t
=−γM×Heff. (1.13)

This equation describes a precession of the magnetization normal to the field and mag-
netization plane. Here γ = gLµB/ħh is the gyromagnetic ratio in units of rad·s−1T−1

with gL ≈ 2.00 the Landé g-factor; µB the Bohr magneton and ħh the reduced Planck
constant. This equation does not take into account dissipative processes. In order for
the relation to hold for dissipative systems, L. D. Landau and E. M. Lifshitz proposed
a phenomenological damping term in 1935 [25]. This relation was later rewritten in
a more commonly used form by T. L. Gilbert [26]. The Landau-Lifshitz-Gilbert (LLG)
relation is written as

dM

d t
=−γµ0M×Heff −

α

MS
M× dM

d t
. (1.14)

Here α is the phenomenological dimensionless Gilbert damping coefficient. The total
dynamic response can be separated in two distinct motions. One is the precession at a
fixed angle as described by eq. (1.13) and the other corresponds to a slow reduction
of the angle between the effective field and magnetization due to dissipation. Figure
1.3 shows a schematic representation of the precessional and dissipative contributions
to the dynamic motion of the magnetization.

1.3 Single domain vs micromagnetic model

The equations presented in the previous section do not include any spatial dependence
of the magnetization and effective fields. Uniform magnetization throughout the fer-
romagnet is assumed. This is referred to as the single domain (SD) model and is
reasonably accurate for ferromagnets with dimensions of the order of a few times the
exchange length (eq. 1.2). For larger ferromagnets, exceeding the single domain limit,
W. F. Brown has theoretically shown [27] that the magnetization can exhibit nonuni-
form ground state configurations. Figure 1.4 shows a few examples of nonuniform
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Figure 1.3: Illustrative depiction of the precessional and damping contributions to the
dynamic behavior of magnetization.

S-state(a) C-state(b) Vortex(c)

Figure 1.4: (a) and (b) show stable, close to uniform, S- and C-state distributions
[28, 29]. These states can be described relatively accurately by the single-domain
model. (c) shows the stable, highly nonuniform, vortex state [30]. The micromagnetic
approach has to be used to describe this state. The red arrows show the actual mag-
netization and the gray arrows together with the dashed lines show the minimal set of
magnetic domains needed to describe the system.

magnetization distribution that can be stable for large enough ferromagnets. The S-
and C-states are close to uniform distributions and can in general still be described
accurately using the SD approach.

Highly nonuniform distributions can not be described by one LLG equation (1.14).
Instead, the ferromagnet is divided in small regions with uniform magnetization re-
ferred to as cells. The dimensions of the cells should be smaller than the exchange
length. Then the total magnetization is the sum of the magnetization of all cells. The
individual cells are coupled through the exchange interaction with neighboring cells.
This approach is known as the micromagnetic (µM) model. In this work regular rectan-
gular meshing is used in the µM model where the cells are cuboid in shape (fig 1.5b).
Due to the complexity of the system, there is no analytical solution to the µM prob-
lem. The solutions are therefore obtained numerically by solving the LLG-equations for
each element at a given time. The spatially varying effective field is calculated from
the magnetization of each cell for each time-step.
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Single Domain(a) Micromagnetic(b)

Figure 1.5: Comparison of the sample in the (a) single domain and (b) micromagnetic
approach. In the SD model the sample shape can be accurately described, but the
lack of magnetic domains limits its accuracy for large samples. The µM model can
reproduce nonuniform magnetization states necessary to describe large systems but
the shape accuracy is strongly dependent on the size of the cells used.



Chapter 2

Synthetic nanomagnets

Ferromagnetic, antiferromagnetic and ferrimagnetic nanostructures have been and still
are studied thoroughly. The research is very diverse but the main focus has been
on investigating the dynamic and static magnetization properties and eventually on
utilizing those properties in applications.

The magnetic systems investigated in this thesis are so-called synthetic antiferro-
magnets (SAF) and synthetic ferrimagnets (SFi). This chapter discusses these systems
in detail in sections 2.1 and 2.2. The experimental structures are later described in
section 2.3 along with the measurement-techniques.

2.1 Synthetic antiferromagnets

Ferromagnetic thin disks with elliptical shape have a uniaxial shape anisotropy result-
ing in a preferred magnetization orientation along the long axis of the ellipse known
as the easy-axis (EA) (fig. 2.1a). When stacking two identical ferromagnetic disks and
separating them with a thin nonmagnetic metallic spacer (ideally of similar thickness
as the ferromagnetic disks), the magnetization of the two magnetic layers interact.
The two main forms of interactions between the two ferromagnets in these bilayers
are magnetostatic and interlayer exchange.

Interlayer exchange coupling originates from the scattering of electrons at the inter-
faces between the nonmagnetic (NM) spacer and the ferromagnetic (FM) layers [31].
For the structures studied in this thesis the interlayer exchange coupling is negligible.
This is true for TaN spacers with a thickness of ¦ 1 nm [32].

The magnetostatic coupling originates from the uncompensated poles at the edges
of the magnetic layers which is also the source of the internal demagnetizing field
and external stray-field. The other layer experiences this stray-field as an external
field oriented opposite to the magnetization of the first layer, which results in dipole
coupling. When this dipole coupling field, Hdip, is stronger than the coercive field of
the respective layer, then only antiparallel (AP) alignment of the layers’ magnetization
is stable. The coupling of the two layers results in a net magnetic moment of zero, such

9
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single layer SAF SFi(a) (b) (c)

Figure 2.1: Field profiles of elliptically shaped (a) ferromagnetic disk, (b) SAF and (c)
SFi. The colored arrows denote the net magnetic moment of the respective layer. Both
the single layer (SL) and SFi have nonzero stray fields (black arrows) while the SAF is
completely flux-closed.

that the system is flux-closed. A dipole coupled magnetic bilayer in the AP ground state
is therefore called a synthetic antiferromagnet. Figure 2.1b shows a simple schematic
representation of a dipole coupled SAF.

2.2 Synthetic ferrimagnets

In section 1.1 a ferrimagnet is described as an AFM for which the sublattices have
different magnetic moments. The synthetic analogy of this would be a SAF for which
the magnetic moments of the two layers are different. This can be achieved by intro-
ducing a thickness imbalance between the two magnetic layers or by using materials
with different saturation magnetization for the two layers. This difference between
the two layers results in a nonzero net magnetic moment and a not fully flux-closed
system. The work in this thesis is limited to SFi with a thickness imbalance. Figure 2.1c
schematically depicts a SFi with a thickness imbalance resulting in a nonzero fringing
field.

Another way to artificially introduce a similar asymmetry is by asymmetrically field-
biasing the two ferromagnetic layers. This will result in a directional asymmetry in-
stead of a geometrical one. The relative stiffness of the two layers then becomes de-
pendent on the orientation of magnetization with the bias field. The resulting system
is ferrimagnet-like with the two ground states being nondegenerate.

2.3 Experimental samples

The samples used in the experiments are developed using the techniques described
in [33] and consist of elliptical SAFs with a lateral width (L y) ranging from 350 to 410
nm and an aspect ratio of 1.2. The magnetic layers are Permalloy (Py) and separated
by a nonmagnetic TaN spacer of ∼ 1 nm thickness which results in purely dipole-
coupled layers with negligible interlayer exchange coupling [32]. The Py layers have
a nominal thickness of ∼ 5 nm. Due to the existence of magnetic dead layers at
the interfaces [34], the actual magnetically contributing layers are of slightly varying
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Py Layer 2

Py Layer 1
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L1z

L2z
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φ1
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y
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V

A

DC

RF

DC + RF

bias tee

Sample

Oscilloscope

Rb

M2

M1

M0

Figure 2.2: The anatomy of the sample-structure. (a) Side-view of the system where
the top three layers correspond to the soft magnetic Py SAF that makes up the active
part of the system. The three lower layers make up the nearly flux-closed pinned
reference SAF. (b) Top-view of the system showing the axes-convention used in this
thesis. The magnetization of the bottom Py layer, M1, and top Py layer, M2, can be
altered. ϕ1,2 are the lateral angles of M1,2 with respect to the EA. The abbreviations
stand for word-line (WL), bit-line (BL) and hard-axis (HA). (c) Layout of the wiring
of the samples. The WL is electrically disconnected from the sample and is used for
radio-frequency (RF) field excitations. The sample is current-biased through a large
bias-resistor Rb = 220 kΩ. A bias-tee is used to separate the DC and RF signal.

thicknesses, which can induce a thickness imbalance. A side-view representation of
this is shown in figure 2.3. The Py SAF is integrated in a magnetic tunnel junction
(MTJ) and separated from a pinned CoFeB SAF reference layer through an AlOx tunnel
barrier. A schematic representation of the samples is shown in fig 2.2. In this thesis
the convention is that the ellipse lies in the x y-plane with the EA along the x-axis.
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+++ +++++++++++
++ - - -

- - -
- - -
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- -

- -

Thickness imbalance Néel coupling 
(Surface roughness)

Fringing field

(a) (b) (c)

Figure 2.3: Schematic representation of the different sources of asymmetry in the
samples. (a) Thickness imbalance between the Py layers results in different in magnetic
moments, (b) Néel coupling or "orange-peel" coupling between the top reference layer
and bottom Py layer and (c) fringing field originating from a not fully flux-closed
reference-layer acting unequally on both layers.

The reference layer introduces a small bias-field asymmetry between the layers of
the Py SAF structure. This field asymmetry consists of two independent contributions.
The larger asymmetry is due to surface-roughnesses which results in Néel coupling
[35, 36] between the top reference layer and the bottom Py layer. Figure 2.3b shows
an illustration of the uncompensated surface-poles originating from the rough surface.
The resulting Néel field acting on the Py layer is parallel to the magnetization of the
top reference layer [37,38]. This kind of coupling is often referred to as "orange-peel"
coupling. The second contribution to the field asymmetry is that of fringing fields
originating from the reference layers due to not full flux-closure. This field results in a
bias-field offset acting on both Py layers. The strength of the offset differs slightly for
the two Py layers due to the difference in distance to the reference layer. An illustration
of the fringing field asymmetry is shown in figure 2.3c.

2.4 Measurement techniques

Measurements are performed using integrated wiring in the typical MRAM layout as
depicted in figure 2.2b,c. The on-chip wiring is connected by means of surface-probes
as shown in figure 2.4. The probes used have a large bandwidth, DC - 40 GHz, to
minimize signal distortions at high frequencies. The measured quantity is the total re-
sistance (Rtot) of the nanopillar which is a sum of the resistance of the Py SAF (RSAF),
the tunnel barrier resistance (RMTJ) and the resistance of the reference layers (Rref).
Each resistance component is dependent on the relative magnetization orientations of
the different layers due to either the giant magnetoresistance (GMR) [39,40] or tunnel
magnetoresistance (TMR) effect [41]. The reference layers are pinned and their mag-
netization does not change for field strengths used in the experiments. The resistance
of the reference layer, Rref, is therefore considered constant. The total resistance of the
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Figure 2.4: A picture of the surface probes used to connect the equipment with the
samples. The coils surrounding the sample-holder are used to apply in-plane static
fields [33].

sample is then given by

Rtot = Rref + RMTJ(m0,m1) + RSAF(m1,m2), (2.1)

where m0,1,2 are the normalized magnetization vectors of the top reference, bottom
Py, and top Py layer respectively. The resistance of the reference layers and Py SAF are
less than 1 Ω while the tunneling resistance is ∼ 1 kΩ. It is therefore reasonable to
approximate Rtot ≈ RMTJ.

The magnetization of the top reference layer is set to be in the negative x-direction.
Using this criterium, the tunneling resistance can be written solely dependent on the
x-component of the bottom Py layer’s magnetization, m1x , [42]

RMTJ(m0,m1) =
R0

1+ P2(m0 ·m1)
⇒ RMTJ(m1x) =

R0

1− P2m1x
(2.2)

where P is the average spin polarization of the tunneling electrons; R0 is a scaling
constant dependent on the junction properties. The TMR is described as the relative
resistance change between parallel and antiparallel alignment of the magnetization

T MR=
RMTJ(+1)− RMTJ(−1)

RMTJ(−1)
, (2.3)

and is approximately 20%. Here RMTJ(+1) and RMTJ(−1) correspond to respectively
AP and P alignment of the magnetization of the top reference and bottom Py layer.

The resistance is obtained by measuring the voltage over and the current through
the junction while current biasing as shown in figure 2.2c. The wiring adds a constant
resistance offset through the read-line (RL) and bit-line (BL) of ∼300 Ω and ∼25
Ω, respectively. A bias-tee is incorporated to allow DC and AC measurements of the
voltage response.
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The measured DC response is the time-integrated response of the system over 20
ms. Real-time measurements under microwave field excitation are complicated in the
current setup. Due to the close proximity of the word line (WL) with the sample, the
inductive pickup results in large amplitude fluctuations in the voltage over the sample.
The inductive response is at least an order of magnitude larger than the resistive re-
sponse. Another aspect limiting the real-time measurements is the large impedance of
the junction which yields a large impedance mismatch with the measurement equip-
ment. This limits the bandwidth for which real-time measurements can be performed.

STM transport measurements

To avoid the need for complex fabrication of read-line wiring, a scanning tunneling
microscope (STM) [43, 44] was developed for point-contact transport measurements.
The idea is to use the STM properties to locate nanopillars on the surface. Once the
desired pillar is found the STM-tip is put into contact with the pillar to perform trans-
port measurements. A schematic representation of the STM setup is shown in figure
2.5. The STM system is placed on an active vibration-cancellation stage to reduce the
drift and noise in the measurements.

A STM utilizes the tunneling properties of electrons between two metals with a
potential difference. The tunneling current is dependent on the distance, d, between
two metal surfaces , the workfunction of the metals, φ, and the potential-difference,
Vb, and can be approximated by

I ∝ Vbe−2A
p
φd , A=

p

2me/ħh2, (2.4)

with me the electron mass and ħh the reduced Planck constant. The STM measures
the tunneling current while scanning a surface with a metallic tip within tunneling-
range. The obtained current can then be converted to the distance between the tip and
surface through eq. (2.4), which results in a topological map of the surface. To ensure
accurate measurements and prevent crashing the tip on the surface a feedback loop is
integrated to keep a constant distance between the tip and surface. Figure 2.5b shows
the measured topography of a reference sample containing a periodic square pattern
with a pitch of 1 µm. This measurement technique required additional work to extend
it from quasistatic to dynamic magneto-resistive measurements and was not used for
the measurements included in this thesis.

Field application

Static and alternating magnetic fields are applied differently during the measurements.
The alternating field is generated by pumping an alternating current through the WL,
which is located above the Py SAF (fig. 2.2c). A current through the WL generates a
magnetic field that is in-plane magnetic at the SAF. The orientation of the WL is -45◦

with respect to the x-axis, such that the resulting field is there directed at 45◦ to the
EA of the SAF. The AC fields ranged up to ∼ 20 mT in amplitude.
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Figure 2.5: (a) Schematic of the STM setup. The operational amplifier (OP AMP)
amplifies the current that is induced by the biasing of the STM-tip. The feedback con-
troller compares the measured current with a reference current and adjusts the height
of the tip accordingly through the piezo actuator. The data is sent to the computer for
post-processing. (b) shows a STM scan performed on a calibration sample containing
a periodic square pattern with a pitch of 1 µm.

Static fields are generated by an external toroidal magnet [33] (coil in fig. 2.4) split
4-way for applying fields in any in-plane direction. The toroidal split coil produced
static fields up to ∼ 40 mT, which was sufficient for all the experiments presented in
this thesis.

2.5 Numerical simulation techniques

Good understanding of the mechanisms behind static and dynamic magnetization pro-
cesses is important to correctly interpret experimental data as well as for verifying and
visualizing analytical predictions. Numerical simulations often help to improve the un-
derstanding of the results and to explain where and why experimental and analytical
results do not agree. This thesis contains simulation results obtained through the SD
and µM approach. The material parameters used in the simulations are those for Py
with the saturation magnetization MS = 8.40×105 A/m, damping constant α= 0.013,
exchange constant A = 1.3× 10−11 J/m and first order uniaxial anisotropy constant
K1 = 420 J/m3.
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Single domain model

Simulations using the SD model consist of solving the pair of LLG equations, eq. (1.14),
describing the magnetization of the two layers for discretized time intervals. The cou-
pling between the two layers is of the form [45]

γx ,y =−ιx ,y nx ,y m1x ,y m2x ,y , (2.5)

with ι a scaling factor with a value ranging from 0.8 to 0.9 and nx ,y the reduced demag-
netizing coefficients. The time-step in these simulations is set to be 10 ps. Temperature
effects are included through an addition of a random thermal field Hth defined by [46]

Hth = η

È

2αkB T

γµ0MSVδt
, (2.6)

with η a space and time uncorrelated stochastic vector with 0 as mean and dispersion
of 1; α is the damping constant; kB the Boltzmann constant; T the temperature in
Kelvin; δt the time step of the numerical simulation. The relevant volume (V ) in
the single-domain approach is the full volume of the individual layers, while in the
micromagnetic approach V is the cell volume.

Micromagnetic model

Micromagnetic simulations divide the system in small cuboids as described in section
1.3 for which the system of coupled LLG equations is solved. Due to changes in the
numerical resources, two different simulation packages are used: Object Oriented Mi-
croMagnetic Framework (OOMMF, [47]) and mumax3 [48]. The results from both
packages have been compared for selected problems and were found to agree well.
The mesh-size differed depending strongly on the problem at hand. For the dynamic
and static response in the uniform ground states the in-plane cell-dimensions are 5 nm
with the vertical size 2.5 nm to allow for a thin spacer. For the simulations involving
super-resonant excitation described in section 3.4, the in-plane cell-size is reduced to
1 nm2 squares with the vertical size set to 5 nm. The reduction of the lateral dimen-
sions is to include nonuniformities that may arise due to strong field pumping. For
the work on vortex-states the cell-sizes are reduced to cubes with the edge length of
2 nm to reduce the numerical errors that occur for highly nonuniform magnetization
distributions.



Chapter 3

Uniform magnetization

Uniformly magnetized thin magnetic disks have been studied quite extensively for
decades both quasistatically and dynamically for their potential use in for example
magnetic recording [49–51] and nano-oscillators [52].

More recently uniformly magnetized soft synthetic antiferromagnets (SAFs) have
been of great interest for possible magnetic random access memory (MRAM) applica-
tions. The original design for MRAM was the ’Stoner-Wohlfarth’ MRAM [53] in which
the storage element consists of a single magnetic layer. One of the main problems
with traditional single magnetic layer ’Stoner-Wohlfarth’ MRAM is its low activation
energy under half-select which makes it prone to unwanted switching between the
ground states [54]. In SAF-based MRAM, known as Toggle MRAM [34, 54–57], the
activation energy increases under half-select resulting in increased stability [54]. For
implementation of Toggle MRAM, the quasistatic properties of SAFs have been studied
analytically using the SD model as well as numerically (utilizing both SD and µM mod-
els) and experimentally [45, 58–62]. Elliptically shaped SAFs have two ground states
with the magnetization of the two layers aligned antiparallel (AP) along the long axis
(easy-axis, EA). Switching the magnetization between the two ground states is gen-
erally done through a sequence of quasistatic in-plane fields known as toggling [63],
which rotate the magnetization into the opposite AP ground state. Working Toggle
MRAM has been demonstrated [63, 64] and is available commercially. Introducing
asymmetries into the system in the form of a thickness-imbalance or a field-bias asym-
metry between the magnetic layers in a SAF effectively make it a synthetic ferrimagnet
(SFi). The research done on the effect of these asymmetries on the quasistatic proper-
ties of the system is limited [38,60,65].

The dynamics of uniformly magnetized SAFs have also been studied [66–69] with
part of the research focussing on toggling in the dynamic regime [70, 71]. Previous
work has shown that SAFs contain two in-plane eigenmodes [28]: acoustical and op-
tical (fig. 3.1). The acoustical and optical eigenmodes correspond respectively to the
in-phase and out-of-phase oscillations of the two magnetic moments about their equi-
librium. When the magnetic moments are aligned antiparallel, the optical frequency is

17
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Figure 3.1: Illustration of the (a) acoustical and (b) optical eigenmodes of a SAF/SFi.
The time derivative of the angle of the two moment have equal/opposite sign for acous-
tical/optical motion.

higher than the acoustical. It has been shown that excitation of these eigenmodes of the
system may be used to switch the magnetization between the two ground states [69].
Due to the symmetry of the system, the dynamic properties of a SAF are degenerate
in both AP ground states. In a SFi this degeneracy may be lifted depending on the
asymmetry between the magnetic layers. The exact influence of the asymmetry on the
dynamics of such systems started to be explored only recently [65,72,73].

In this chapter the effect of magnetic asymmetry in SFi’s on the quasistatic and
dynamic behavior of the system is described. In section 3.1 a general analytical ex-
pression for the energy is obtained. This energy relation is used to predict the easy-
axis hysteresis of the system in section 3.2 and is compared to measured hysteresis
loops. Additionally it is described how the asymmetries can be quantified from an
experimentally obtained quasistatic field response. In section 3.3 the energy relations
are used to analyze the dynamic properties of the system. First the small-excitation
in-plane resonant behavior is derived to explain the effect of asymmetry on the reso-
nance in the system. After that the dynamic stability of the two AP ground states is
analyzed. It is shown how the intrinsic asymmetry allows for thermally activated res-
onant state selection as a function of the excitation parameters, which agrees with the
experimental data (Papers 1, 3 and 4). In section 3.4 a numerical study is presented
on super-resonant switching by perpendicular field-pulse excitations. This allows for
acoustic-like switching, an order of magnitude faster than the typical acoustical pre-
cession time (Paper 7).

3.1 Energetics

The quasistatic properties of a magnetic system are fully described by the potential
energy landscape of the system. If the state of the system is not a minimum of the
potential landscape, the system will alter its state to lower its energy. To analytically
predict the quasistatic response it is therefore necessary to find the total energy of the
system as a function of its state. As described in section 1.2 the total magnetic energy



3.1. ENERGETICS 19

of ferromagnetic systems is the sum of all the different energy-contributions (eq. 1.11)

E = EZ + Eex + Ed + Ek. (3.1)

When only considering a uniform magnetization within thin elliptical Py disks, the
different energy terms in equation 1.11 are given by

EZ

V
=−µ0HZ ·M=−µ0Hx Mx −µ0H y My −µ0Hz Mz ,

Eex

V
= constant,

(3.2)
Ed

V
=
µ0

2
Hd ·M=

µ0

2
Nx M2

x +
µ0

2
Ny M2

y +
µ0

2
Nz M2

z ,
Ek

V
= µ0

Hk

MS
M2

y .

Here it is taken into account that the crystal anisotropy of Py is uniaxial and along the
x-axis. M= MSm refers to the total uniform magnetic moment per unit volume of the
ellipse with MS the saturation magnetization, µ0 is the vacuum permeability and m is
the normalized magnetization. Nα are the demagnetizing coefficients along the α-axis
and are described by

Nx ,y = Lznx ,y/L y , Nz = 1− Ny − Nx , (3.3)

where L y is the hard-axis dimension of the ellipse; Lz is the thickness of the layer;
nx ,y are the reduced demagnetizing coefficients obtained from the complete elliptical
integral of the first and second kind [58].

Since only the magnetization-dependent energy is of interest, the exchange energy,
Eex, can be neglected for uniform magnetized particles. For the magnetic layers in
this work the thickness is small compared to the lateral size in which case the lateral
demagnetizing coefficients are small. The sum of the demagnetizing coefficients equals
1 and it is therefore reasonable to say

Nx < Ny � Nz ≈ 1, (3.4)

which corresponds to strong out-of-plane magnetization dependence of energy, limit-
ing the z-component of the magnetization, mz � 1, in the absence of an out-of-plane
field component. Converting the normalized magnetization to polar coordinates using
relation θ = π/2− ξ yields

m=







mx
my
mz






=







cosϕ sinθ
sinϕ sinθ

cosθ






≈






cosϕ
sinϕ
ξ






, |ξ| � 1, (3.5)

where ξ ≈ mz is the out-of-plane magnetization angle. Thus the energy-density of a
single elliptical Py film is described by

E

µ0M2
S V

≈ Lz
nx

2L y
cos2(ϕ) + Lz

ny

2L y
sin2(ϕ) +

1

2
ξ2

+hk sin2(ϕ)− hx cos(ϕ)− hy sin(ϕ)− hzξ. (3.6)

Here V = 1
4
πLx L y Lz is the volume of the elliptical disk with Lx ,y the diameter of the

ellipse along the x , y-axis. The fields are normalized using hi = Hi/MS .
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Synthetic ferrimagnets

The addition of a second magnetic layer closely separated from the first makes the sys-
tem a SFi for which the energy relation is the sum of the energy of the two independent
layers plus an interlayer-coupling term , ESFi = E1 + E2 + EIC. The total energy can be
expressed as
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ȟy

�

cos ϕ̂ sin ϕ̌

−2

�
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ȟz

�

m̌z , (3.7)

with ˆ and ˇ denoting the sum average and difference of the respective quantity for the
individual layers,

Q̂ = (Q1 +Q2)/2, Q̌ = (Q1 −Q2)/2, (3.8)

where the subscript refers to the respective layer. The interlayer coupling terms (γα)
contain interlayer dipole coupling, exchange coupling and Néel coupling between the
two layers [37, 38]. E0 is the energy contribution that is independent of the magneti-
zation.

Equation (3.7) is valid for any magnetic bilayer structure with the same lateral
dimensions and saturation magnetization for both layers, provided the magnetization
can be considered uniform. The work in this thesis is limited to systems where the
magnetic layers are identical in atomic structure in which case there is no anisotropy
field difference (ȟk = 0). Additionally, only static external field differences along the
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x-axis are considered (ȟy = ȟz = 0). This slightly simplifies equation (3.7)
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z / L̂z

�

cos2ϕ̂ cos 2ϕ̌

+ Ľz
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Here the fields along the x-axis are separated in an externally applied field, hDC, and
an internal asymmetric bias field, h f . The asymmetric bias field originates from the
reference layer in the form of Néel coupling and fringing field as described in section
2.2.

In this thesis the considered interlayer coupling (γα) is purely dipolar in nature as
described in section 2.3 in which case its value is given by
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, α= x , y, z. (3.10)

For small interlayer separations the lateral components can be approximated with
γx ,y ≈ ιx ,y nx ,y where ιx ,y is close to unity [45].

Synthetic antiferromagnets

In the absence of any asymmetry, the system can be considered a SAF as discussed in
section 2.1. The energy-relation of a SAF has a significantly simpler form
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where Lz = L1z = L2z = L̂z; V = V1 = V2 = V̂ and hk = h1k = h2 = ĥk. Additionally ĥ f
is set to 0 as it only offsets the hDC dependence of the energy.
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Figure 3.2: The potential energy landscape of a synthetic ferrimagnet for different
external fields applied along the long axis of the ellipse. It shows the solution of
equation (3.9) with H1 f = 1.0 mT, H2 f = 0 mT, L1z = 5.5 nm, L2z = 5.0 nm, Lx = 420
nm, L y = 350 nm, h1k = h2k = 0.5 mT, γx ,y = 0.9nx ,y and hy,z = m̂z = m̌z = 0. For
fields HDC = 0.0,2.0 mT both AP ground states are stable. At HDC = 7.0 mT only one
AP ground state is stable while for HDC = 12.0 mT and higher, only the scissor-state
is stable with decreasing ϕ̌ for increasing field. The arrows represent the ground state
orientation of the layers’ magnetization at the respective applied field.

3.2 Quasistatics

Using the energy relations in section 3.1 one can find the stable magnetization con-
figurations as a function of externally applied fields by finding the energy-minima of
the system. For the quasistatic behavior, this thesis is limited to external fields ap-
plied along the easy-axis of the elliptical disks (x-axis). In this case, for fields below
the so-called spin-flop field [59], the energy-minima lie at ϕ̂ = ±π/2 and ϕ̌ = π/2,
which corresponds to an antiparallel (AP) alignment of the magnetization of the two
layers along the x-axis. As described in [59], the spin-flop field is the field for which
both AP ground states become unstable and the energy minima are found at ϕ̂ ≈ nπ
with n = 0, 1 and 0 < |ϕ̌| < π/2. This state is known as a scissor-state. In a SAF,
both AP ground states are degenerate and become unstable at the same external field.
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However, the AP ground states of a SFi are nondegenerate which yields a difference in
stability of both states. It is therefore necessary to find the critical fields for which the
different AP ground states become unstable. The critical fields can be obtained from
equation (3.9) by solving
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Here the ’±’ denotes the sign of the applied field and i indicates the number of AP
ground states being unstable, i.e. H+1 is the positive switching field above which only
one AP state is stable (fig. 3.2: HDC = 7.0 mT) and H+2 the positive spin-flop field
above which only the scissor-state is stable (fig. 3.2: HDC ≤ 12.0 mT). Numerical single
domain simulations confirm this response. Figure 3.3a shows the field dependence of
the x-component of the magnetization of the bottom Py layer which is the equivalent
to the experimentally obtained resistance (section 2.3). The numerical data shows a
small-field switching hysteresis and a larger field spin-flop event for an asymmetric
sample. When removing all asymmetries, making the bilayer a SAF ( ĽZ = ȟ f = ĥ f =
0), it is seen from eq. (3.12) that the switching fields and spin-flop fields coincide
(H+1 = H+2 =−H−1 =−H−2 ). This is confirmed numerically and is shown in the inset to
figure 3.3a.

Experimentally the switching between the two AP ground states is observed as well
as the spin flop event (fig. 3.3b). Using the measured switching and spin-flop fields, the
thicknesses and fringing-fields can be obtained by solving the set of equations (3.12)
for the different asymmetry parameters, L1z , L2z , H1 f and H2 f . Note that all other
parameters have to be known. For a qualitative approximation of the two asymme-
try contributions, the difference between the average switching and spin-flop field is
proportional to the thickness imbalance

| Ľz | =
�

|H+1 |+ |H−1 |
�

/2−
�

|H+2 |+ |H−2 |
�

/2

2MS(ny − nx − γx)/L y
. (3.13)

The relative shift of the switching and spin-flop fields is proportional to the average
fringing field

Ĥ f =
�

|H−1 |+ |H−2 |
�

/2−
�

|H+1 |+ |H+2 |
�

/2. (3.14)

In the experiments the obtained average spin-flop fields are typically about twice the
average switching field. According to eq. (3.13) that would correspond to a very large



24 CHAPTER 3. UNIFORM MAGNETIZATION

1

0

1

M
1x
/
M

S

SFi L1z>L2z
(a)

H +
1H−

1 H +
2H−

2

200 100 0 100 200
µ0HDC [mT]

1.25

1.45

R
e
si

st
a
n
ce

 [
kΩ

]

SFi
(b)

H +
1H−

1 H +
2H−

2

200 0 200
1

0

1
SAF

200 0 200
1

0

1
SFi

200 0 200
1.2

1.4

SAF

Figure 3.3: (a) Simulated and (b) measured easy-axis field hysteresis. In blue the hys-
teresis is shown for magnetic bilayers for which L1z > L2z and Ȟ f > 0. The switching
fields (H±1 ) and spin-flop fields (H±2 ) are clearly separated as is expected. However,
the experimentally obtained switching fields are smaller due to thermally activated
switching. Additionally, the hysteresis of a symmetric SAF is shown in the insets in
green. The magnetization response for a sample with L1z < L2z is shown in red. Ex-
perimentally we did not have samples with this geometry. Adapted from Paper 4 with
new experimental data

thickness imbalance while the samples only contain minor thickness imbalances. This
discrepancy can be explained by thermally activated switching as the measurements
were performed at room temperature. Due to the difference in stability of the two AP
ground states at finite fields, thermal agitation may result in switching to the more
stable AP ground state. Therefore the actual thickness-imbalance is non-zero but may
be significantly smaller than predicted by eq. (3.13). The experimental response of
a symmetric sample is shown in the inset of figure 3.3b which shows no switching
between the two AP ground states for fields below the spin-flop field.

A SFi can artificially be made energetically symmetric, E(ϕ̂, ϕ̌) = E(π/2,π/2) =
E(−π/2,π/2), through application of an easy-axis DC-field which satisfies

H−1 < HDC =
L2zH2 f − L1zH1 f

L1z − L2z
< H+1 if L1z 6= L2z . (3.15)

In the case of equal thicknesses (L1z = L2z), the spin valve is only energetically sym-
metric for Ȟ f = 0 and Ĥ f =−HDC , which corresponds to a SAF without any field-offset
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which is per definition energetically symmetric.

3.3 Dynamics

The dynamic response of magnetic systems under low-amplitude excitations is ob-
tained by solving the Euler-Lagrange equations of the system. The Lagrange density of
a uniformly magnetized SFi as described by equation (3.9) has the form [74]
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where t is the time and τ = ω0 t the normalized time with ω0 = γµ0MS . The small
amplitude resonance frequency of the two AP ground states are then given by the
solutions of the Euler-Lagrange equations for ϕ̂ = ϕ̂0 =±π/2 and ϕ̌ = π/2 which are
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�

sin ϕ̂0 − Ľz
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For simplicity the small third-order term γz(m̂2
z − m̌2

z ) is neglected which is appropri-
ate in this case for small out-of-plane magnetization angles, |γz |, |m̂z |, |m̌z | � 1. Here
the ’+’ and ’−’ superscripts denote respectively the out-of-phase (optical) and in-phase
(acoustical) resonance of the system (see fig. 3.1). A difference in the bias-field act-
ing on the two layers

�

ȟ f 6= 0
�

as well as a thickness imbalance
�

Ľz 6= 0
�

result in a
finite difference of the resonance frequencies of the two AP ground states. Figure 3.4
shows plots of the different resonance-modes for the two ground states as a function
of the thickness-imbalance, bias-field asymmetry and DC-field bias. The two different
surfaces denote the solution to equation (3.17) for the two different ground states
(ϕ̂0 = −π/2,π/2). The colormaps to the right of the graphs denote the difference in
the resonance for the two different states. As can be seen, the bias-field asymmetry
gives the largest contribution to the frequency-difference between the two states. In
experimental SFi’s similar nondegeneracy in the resonances as a function of the applied
external DC-field is observed. Figure 3.5 shows an antisymmetric DC-field dependence
of the optical resonance-mode for the two ground states. The difference in resonance
is therefore EA field dependent and changes sign at a specific EA field as predicted
analytically and shown in fig. 3.4. An external DC-field applied along the EA can thus
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for different EA bias fields. The EA field dependence of the resonance frequency of the
(a) low-resistance and (b) high-resistance ground state is opposite. Note that the EA
field range is different for both ground states due to the difference in stability of the
two states.

be used to tune the splitting of the resonance frequencies of the two AP ground states
in a SFi. This way the asymmetries in a SFi can be used to tune the resonance frequen-
cies of the two ground-states by field-biasing the system along the EA. The tunability is
limited to bias fields below the spin-flop fields of the system. Additionally, each layer’s
tunability is limited to its switching fields as it loses its stability above it. This means
that the tunability of the resonance decreases with increasing temperature due to a
decrease in switching-fields. In general the resonance of both AP ground states can be
tuned to be degenerate. The criterium for this is given by
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ȟ2
f L2

y − Ľ2
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. (3.18)

Together with the results in section 3.2 and specifically eq. (3.15) it can be concluded
that both the static and dynamic asymmetry of a SFi can be tuned by the application
of an external easy-axis field. Table 3.1 shows the tuning diagram of a SFi. In order to
have static symmetry but dynamic asymmetry or vice versa, a SFi must contain both
an asymmetric bias and a thickness imbalance.

Thermally activated switching (Paper 1)

For any application that utilizes the possibility to switch the magnetization orientation
in magnetic systems it is important that this switching is reliable, fast and uses min-
imal amount of power. In order for it to be reliable, the switching process should be
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Table 3.1: Schematic overview of the parameter-space for which the SAF is statically
and dynamically symmetric/asymmetric. The rows give the criteria for dynamic sym-
metry and the columns for static symmetry.

well understood and the individual states need to be stable to avoid unwanted switch-
ing events. For the switching to be fast it is usually necessary to induce switching by
exciting the dynamic properties of the system. Dynamic switching has been demon-
strated through precession induced by field pulses [75] and current pulses [68]. In-
ertial switching by an ultra-short field pulse is theoretically predicted in SAFs [76]
and experimentally demonstrated in AFMs [77]. One of the most thoroughly inves-
tigated is switching by resonant microwave activation [50, 78–81], which often in-
volves resonant excitation of the system which reduces the power necessary to over-
come the energy-barriers in order to reorient the magnetization. Other ways to reduce
the switching-power and increase reliability are by optimization of the materials and
shape [34,45,61,82] of the magnetic system.

Thermal activated switching is one of the more promising ways to improve switch-
ing and has recently been investigated for both spin transfer torque (STT) [83, 84]
and field switching [85,86]. Any system at finite temperature is susceptible to thermal
fluctuations. For magnetic systems this can be approximated by a random field nor-
malized to the volume of the system and the time interval considered as given by eq.
(2.6).

The idea behind thermal assisted switching is to put the system in a subcritical
state such that the thermal fluctuations have a finite probability to overcome the en-
ergy barrier and switch between states. Strong resonant excitation of a SAF results
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Figure 3.6: Schematic representation of the changing boundary energy, Eb (blue line),
under in-plane oscillation of the magnetization, m1y (red line). In order for thermal
activation to occur the thermal fluctuation has to be larger than the boundary energy.
The probability for this to happen (green line) is directly related to the energy-barrier
and temperature as described by eq. (3.19).

in large amplitude oscillations of the magnetic moments. If the angle of oscillation
exceeds π/2, the SAF will overcome its anisotropy energy-barrier, which results in
switching of the magnetization [69]. When the excitation amplitude is below this crit-
ical amplitude, no switching will occur at T = 0 K. Adding heat to the system will
introduce thermal fluctuations which can increase the rotation of one of the layers’
magnetization resulting in thermal assisted switching.

Due to the randomness of the thermal field, thermal activation is stochastic in na-
ture. The probability is dependent on the temperature as well as the time it spends in
the subcritical state. Figure 3.6 shows a simplified representation of the aspects defin-
ing the probability of thermal switching under resonant excitation. During resonant
oscillation, the effective barrier height, Eb, is only during a fraction of the time below
the thermal energy, kB T . It is only during this time that there is a possibility for the
moments to overcome the energy-barrier and switch to the opposite ground state. This
yields a probability-relation [86]

p(t) =
ω+

2π
exp
�−Eb(t)

kB T

�

. (3.19)

Here the boundary energy is described by Eb = Eb0(1−Asin2ωt)with A≤ 1 the oscilla-
tion amplitude and ω the excitation frequency. As is demonstrated in paper 1, thermal
agitation of resonant excited SAFs greatly reduces the field needed for switching of the
magnetization to the opposite ground state compared to quasistatic switching.
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Figure 3.7: Numerical time-evolution of the magnetization of a 420x350 nm SFi during
resonant activated state selection for excitation along the HA. (a),(b) show the SD re-
sponse of the in-plane magnetization angle under continuous excitation with frequency
frf = 3.6 GHz and amplitude µ0Hrf = 3.0 mT, starting from the two AP ground states.
The simulation temperature is 300 K. (c),(d) show the micromagnetic simulation re-
sults for the in-plane angle of the average magnetization under continuous excitation
along the HA with frf = 4.4 GHz and µ0Hrf = 6.5 mT, starting from the two AP ground
states. Switching only occurs when the system starts in the state ϕ̂ = −π/2 (a), (c).
The switching occurs through in-phase acoustical rotation of the two moments.
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Resonant state selection (Paper 3)

There is a drawback of thermally activated resonant switching of a SAF. Due to the
dynamic degeneracy of the two ground states, it is impossible to prevent multiple
switching events. This can be avoided by introducing asymmetry, making the system
a SFi and lifting the dynamic degeneracy as shown in eq. (3.17). Resonant activation
of one of the AP ground states of a SFi results in switching of the magnetization. After
switching, the system is no longer in resonance with the excitation, preventing a sec-
ond switching event provided the asymmetries induce sufficient frequency splitting of
the resonances of the two ground states. A numerical simulation of this is shown in
figure 3.7 for both single-domain (a,b) and micromagnetic (c,d) approach. A strong
excitation at the optical frequency of the ground state ϕ̂ = −π/2 results in large op-
tical oscillations. An additional acoustical rotation is induced which is sufficient to
remagnetize the system to the opposite state (ϕ̂ = π/2) after which the response of
the system is insufficient to rotate back (fig. 3.7a,c). Simulations of the same excita-
tion starting in the opposite ground state (ϕ̂ = π/2) confirm the unidirectional nature
of this switching process (fig. 3.7b,d).

Analysis of the dynamic stability of the two non-degenerate ground states for the
case of RF field excitation along the y-axis yields a critical excitation amplitude hc
given by

hc(ϕ̂0)

(ω+SAF/ω0)2
= 4Ac

r
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√
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4

�

, (3.20)

with ω+SAF the optical frequency of the system in the symmetric case ( Ľz = ȟ f =
0); Ac the critical oscillation amplitude as described in the supplementary in [87];
λ denotes the energy dissipation and is related to the Gilbert damping parameter;
γ f = (ω−ωc)/ωc the normalized excitation frequency which is assumed to be small
(|γ f | � 1) with ω the excitation frequency and ωc the frequency for which the crit-
ical amplitude of both states is equal. For simplicity, the external bias field is set to
hx = −ĥ f and equal thicknesses are assumed ( Ľz = 0). As shown in figure 3.8a there
is a finite difference in critical excitation amplitude for values γ f 6= 0. This leads to
excitation amplitudes for which only one state is stable, denoted by the red and blue
areas. Numerical analysis using the SD approach at T = 300 K confirms that the sep-
aration of dynamic stability of the two ground states of a SFi results in regimes in
the experimental parameter space of excitation frequency and amplitude where only
unidirectional switching occurs. Simulations were performed for excitations along the
y-axis (fig. 3.8b) as well as for excitations along the word-line (45◦ with the EA,
fig. 3.8c) which is the configuration of the experimental setup, as described in section
2.3. Comparing the analytical and numerical results with the experimentally obtained
switching probability maps (fig. 3.8d,e) there is a good qualitative agreement of the
frequency splitting in the dynamic stability of the two ground states.

From the above result it is clear that for a SFi the ground state of the system can
be selected through resonant activation at different frequencies. This is confirmed
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excitations of 30 ns duration. The sample parameters used were Lx ,y = 420, 350 nm;
{L1z , L2z} = {6, 4} nm; {µ0H1 f ,µ0H2 f } = {1.5,0} mT; HDC = −4.5 mT. These maps
were obtained using the SD model, at T = 300 K. Experimental switching probability
maps under word-line excitations of durations (d) 300ms and (e) 30 µs. An EA bias
field of -2.0 mT was applied during the excitation.
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experimentally by applying short excitations at two distinct frequencies ( fL→H and
fH→L) in sequences of fL→H , fL→H , fH→L , fH→L with 1 second between each pulse (fig.
3.9a). After the first pulse of each given frequency the ground state changes, while the
second pulse at the same frequency leaves the ground state unchanged which confirms
the effect of the frequency-dependent unidirectional switching. The sequence of pulses
is repeated 1000 times without any errors yielding an error-rate smaller than 10−3.
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Figure 3.9: Experimental time-domain resistance trace (blue line) of a sample ex-
cited by a repeated sequence of 100 ns field pulses along the word-line at alternating
frequencies and fixed amplitude µ0Hrf = 5.8 mT (green line). The two frequencies
correspond to uni-directional switching frequencies of the two AP ground states of the
system. fL→H = 3.15 GHz is the frequency at which only switching from the low-
to high-resistance state occurs and fH→L = 3.65 GHz the frequency at which only
switching in the opposite direction occurs. The frequency is altered after every second
pulse to confirm the unidirectional nature of the system. A constant EA bias field of
µ0HDC =−2.0 mT was applied throughout the measurement.

Making use of the resonance tunability of the two ground states as shown in sec-
tion 3.3 it should also be possible to select the different ground states under continuous
excitation by altering the external EA bias-field. The fields necessary to shift the res-
onances sufficiently are comparable to the typical static switching fields H±1 at room
temperature for the samples used. The switching between the states occurs in an
acoustical fashion with an in-phase rotation of the two moments. The minimum time
needed for full switching is therefore half the period of the acoustical frequency, π/ω−.
Tuning the properties of the SFi’s should optimize the switching process allowing for
faster switching with smaller excitation and/or modulation fields.
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3.4 Perpendicular pulse remagnetization (Paper 7)

Recent work has predicted ultrafast super-resonant switching of the magnetization
in thin-layer magnetic systems through strong and short field-/current-pulses applied
normal to the layer. Analytical predictions for field-switching were given for ferro-
magnets [88] and SAFs [89]. Super-resonant switching in an AFM through current-
switching was demonstrated numerically [90]. This section consists of a numerical
analysis of super-resonant switching in a SAF and is compared with the analytical the-
ory of [89]. The analytical predictions consider a SAF as described by eq. (3.11),
where the ground states are at m̌z = m̂z = 0, ϕ̌ = π/2, and ϕ̂ = ±π/2, which cor-
responds to AP alignment of the two layers along the EA. The excitation consists of a
square field pulse directed normal to the SAF-plane (along the z-axis). According to
the LLG relation given in eq. (1.14), the application of a field along the z-axis with
strength H0 results in an in-plane torque. For field-strengths significantly larger than
the effective lateral internal anisotropy field Hint,

H0� Hint = 2MS

È

Lz

ny − nx − (γy − γx)

L y
+ hk, (3.21)

the torque acting on the magnetic moments can be approximated by

dϕ̂

d t
≈−γµ0H0. (3.22)

Provided that the pulse duration ∆t is short with respect to the characteristic acoustic
time of the system T ,

∆t � T

2
=

π/(γµ0MS)
q

Lz
ny−nx−(γy−γx )

L y
+ hk

, (3.23)

the dissipation is minimal and the out-of-plane magnetization at the end of the pulse
can be considered small

|∆m̂z |= |m̂z(0)− m̂z(−∆t)| � 1, (3.24)

where∆ denotes the change in the quantity during the full duration of the pulse. Here
and in the remainder of this chapter the time-base is shifted such that the end of the
pulse coincides with t = 0, i.e. the pulse is applied at t = −∆t. Instant removal of
the field removes any in-plane torque and the remaining change in the magnetization
consists solely of relaxation.

When the criteria of eqs. (3.22) and (3.23) are satisfied, the pulse can be repre-
sented by a Dirac delta function δ(x), Hz = H0∆tδ(t). Integration over the pulse-
duration then yields a total precession of

∆ϕ̂ = γµ0H0∆t, (3.25)
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during the pulse. It can be concluded that a pulse tuned such that

∆ϕ̂ ≈ nπ, with n ∈ N, (3.26)

results in n consecutive switching events with minimal relaxation after the pulse. Nu-
merical micromagnetic simulations using OOMMF confirm the expected switching be-
havior for small samples. To simulate a realistic field-pulse, the rise- and fall-time were
set to 5 ps, slightly altering the analytical pulse shape. The magnetization response is
simulated until 3 ns after the end of the pulse to allow sufficient relaxation ensuring the
final state of the system is reached. Figure 3.10 shows the pulse strength and duration
dependence of the key switching properties for samples of different size and aspect-
ratio (AR). Starting with the total rotation of the magnetization during the pulse, ∆ϕ̂,
it is clear from fig. 3.10a-c that the validity of the theory is strongly dependent on the
dimensions of the SAF. The green lines denote the pulse-criteria for which ∆ϕ̂ = nπ is
satisfied analytically. For a SAF with lateral dimensions of the order of a few times the
exchange length (lex ≈ 5 nm) and aspect ratio, Lx/L y , close to, but larger than unity
(fig. 3.10a), the numerically obtained precession agrees well with the analytically pre-
dicted response as long as the criteria of eqs. (3.21) and (3.23) are well satisfied. An
increase in AR increases the anisotropy field of the system which in turn alters the cri-
teria of eq. (3.22) such that larger fields are needed to satisfy it. This becomes clear in
the simulations in the form of a deviation from the analytical result for pulse strengths
below 200 mT (fig. 3.10b). An increase in the lateral dimensions of the system with
the AR fixed reduces the agreement with the theory, especially for large pulse strength
(fig. 3.10c). At large enough fields, nonuniform distributions arise in larger SAFs,
which strongly alters the dynamic properties of the SAF. The out-of-plane component
of the magnetization has an oscillatory behavior, which is strongly dependent on the
pulse duration and the total in-plane rotation (fig. 3.10d-f). The minima for pulses of
fixed strength coincide with the pulse durations for which ∆ϕ̂ ≈ nπ. The criterium of
eq. (3.24) is therefore best met for pulse durations that satisfy eq. (3.26).

Furthermore, the amount of relaxation is strongly dependent on the lateral rotation
during the pulse. Figure 3.10g-i shows the numerically obtained maximum deviation
from the final ground state

ϕ̂M =max
t≥0
(|ϕ̂(t)− ϕ̂(∞)|), (3.27)

as a function of the strength and duration of the pulse. As predicted analytically, the
amount of relaxation is strongly dependent on how well eqs. (3.24) and (3.26) are
satisfied. Additionally, the relaxation depends on the AR of the SAF. An increase in AR
results in an increase of the anisotropy field, which in turn results in an increase of
the acoustical resonance frequency of the SAF. This increase in frequency effectively
increases the damping and therefore reduces the initial relaxation after the pulse. Fig-
ure 3.11a shows the real-time response of a 33x30 nm and 36x30 nm SAF excited by
a pulse with strength µ0H0 = 245 mT and duration such that ∆ϕ̂ ≈ π.

From figure 3.10c,f,i it can be seen that the switching behavior of a larger sample
(72x60 nm) is less ideal, with increased relaxation and higher pulse-power needed for
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Figure 3.10: Numerically obtained parameter space of the magnetization response of
SAFs with different lateral dimensions excited by an out-of-plane field-pulse. (a-c) The
average in-plane angle at the end of the pulse with respect to the initial angle, ∆ϕ̂,
(d-f) the average out-of-plane magnetization at the end of the pulse, ∆m̂z , and (g-i)
the amount of relaxation after the pulse, ϕ̂M =max

t≥0
(|ϕ̂(t)−ϕ̂(∞)|). The green lines in

(a-c) denote the analytical pulse strength and duration for which∆ϕ̂ = nπ is satisfied.
The white lines in (d-i) show the pulse strength and duration for which ∆ϕ̂ = nπ is
numerically satisfied for the respective system.
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Figure 3.11: Time-domain response of the average magnetization angle for different
lateral geometries. (a) The effect of the AR on the relaxation after a pulse for which
ϕ̂ = π is satisfied. An increase in AR increases the damping giving rise to reduced
relaxation. (b) Demonstration of spin-wave mediated damping for a sample with di-
mensions above the dynamic single-domain limit (blue). The response of a sample
within the single-domain limit is included as reference. For clarity the radial scale is
divided in two regions. The gray region denotes the time during the pulse-excitation,
t = [−∆t, 0] and is therefore different for each curve. The area outside the gray re-
gion denotes the time directly after the pulse, t = [0, 3] ns. Note that the angle of the
blue and red curve is shifted by +π/2 and −π/2, respectively, to prevent overlap.

switching. This is mostly due to the appearance of nonuniform magnetization distri-
butions. There is however a pulse-duration, which corresponds to half the period of
the spin-wave frequency of the system, ∆t = Tsw/2 with Tsw the spin-wave period.
For pulses of this duration, spin-waves are effectively excited. Combining this with a
pulse strength for which switching occurs, the spin-waves mediate the spin relaxation,
effectively reducing the relaxation-time by an order of magnitude. Figure 3.11b shows
an example of the typical magnetization damping behavior when spin-waves are ex-
cited (blue line). Comparing it with the relaxation of a smaller sample (red line), it is
clear that the presence of spin-waves enhances the damping. The effective switching
speed depends partially on the relaxation time. Although the initial relaxation of big-
ger samples is larger, the spin-wave mediated damping can reduce the switching time
and increase the switching fidelity.

When the pulse strength is insufficient to overcome the lateral anisotropy of the
SAF, H0 < Hint, then during the excitation the magnetization starts to oscillate around
its dynamic equilibrium. Provided that the out-of-plane moment is small, removal of
the field results in a change in the in-plane angular velocity, dϕ̂

d t
, opposite to the torque

induced by it, γµ0H0. As a result, the field removal can significantly increase the inertia
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of the magnetization. When timed carefully this can result in effective excitation of the
acoustical resonance, yielding inertial switching after the pulse. Figure 3.12a shows
an example of the real-time response of the magnetization for the inertial switching
process of a SAF with 33x30 nm lateral dimensions. Inertial switching can occur for
a significant range of pulse parameters and can exhibit multiple consecutive switching
events depending on the angle and inertia just after the removal of the pulse. Figure
3.12b shows the parameter-space where inertial switching occurs for pulse strengths
below the switching limit, for a 33x30 nm SAF. Although inertial switching exhibits
large oscillations after switching, the reduced energy needed for switching makes it
more viable for applications.

Figure 3.12: (a) Real-time response of the magnetization during inertial switching.
The in-plane angular velocity is significantly increased upon removal of the field, re-
sulting in switching followed by large amplitude relaxation. (b) The parameter-space
showing the pulse parameters for which inertial switching occurs. The color denotes
the number of switching events. Positive values denote direct switching.



Chapter 4

Magnetic vortices

Small sub-micrometer ferromagnetic disks can exhibit stable magnetic vortex distri-
butions. A magnetic or spin vortex refers to a stationary circular in-plane magnetiza-
tion distribution resulting in flux-closure. This minimizes the demagnetizing energy
at the price of slightly increasing the exchange energy. In order to avoid a singular-
ity, the magnetization at the center of the circular distribution is oriented out of the
plane, which is referred to as the vortex core. The polarization of the core can be
up or down and has been observed experimentally [30, 91–93]. The core radius is
typically of the order of the exchange length [92]. Figure 4.1 shows a vector rep-
resentation of a numerically obtained vortex distribution in a thin circular magnetic
disk. A magnetic vortex has 4 possible configurations consisting of a combination of
clockwise (CW) or counterclockwise (CCW) chirality with positive or negative core-

Figure 4.1: Vector representation of a numerically obtained vortex in a circular thin
layer disk with a radius of 50 nm zoomed in on the core.

39
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polarity. In the early 2000’s magnetic vortices gained popularity in the research world
and have been found to be stable states in ferromagnetic disks [94–96] and magnetic
wires [97–100]. Magnetic vortices have been suggested for applications such as mag-
netic storage [99, 101, 102] and resonators [103, 104]. The focus of this thesis is on
stacked ferromagnetic disks and this chapter will therefore be limited to spin vortices
in this geometry. There are several ways a vortex state can be created. For certain
shapes of magnetic disks, vortices nucleate after quasistatic removal of an external in-
plane saturating field. This has been demonstrated for both single disks [105, 106]
and arrays of ferromagnetic dots [107,108]. Other ways of nucleating vortices include
dynamic excitations [109] and current induced nucleation [104].

This chapter contains detailed analysis of the quasistatic and dynamic properties of
vortex-pairs in synthetic ferrimagnets. The vortices in this work are generated through
large amplitude in-plane field-excitation.

4.1 Vortex-pairs in spin-valve structures

In a single sub-micrometer size FM disk the vortex magnetization-distribution is a sta-
ble configuration for in-plane fields up to ∼ 10 mT [96, 107, 110] and out-of-plane
fields up to ∼ 100 mT [111] for relatively thick vortices (15 nm < Lz < 80 nm). In a
SAF it is impossible to nucleate a vortex in only one layer. The strong magnetostatic
coupling from the uniformly magnetized layer will immediately annihilate the vortex
in the other layer. However, when both layers are in the vortex configuration, there are
essentially no stray-fields from the edges. The effective magnetostatic interaction from
the edges is therefore minimal, yielding a stable vortex-pair configuration. There are a
total of 16 different configurations of the chiralities and core polarities in a vortex-pair
system. In the case the two layers are identical, the states with the same relative chi-
rality and polarity of the two layers become degenerate leaving only 4 nondegenerate
configurations with different relative chirality and polarity as depicted in figure 4.2.
From here on, these configurations are denoted by their relative polarity and chirality,
e.g., a vortex-pair with parallel (P) cores and antiparallel (AP) chiralities is referred to
as a P-AP vortex-pair.

To describe the potential energy of a vortex, a rigid vortex distribution is assumed.
This is a reasonable approximation for small core-displacements, X = (x , y), with re-
spect to the lateral disk dimensions: |X|/L y � 1 [106]. The coordinates are such that
the origin, X = (0,0), coincides with the center of the disk. In this approximation
the application of a static in-plane magnetic field results in a core-displacement pro-
portional and perpendicular to the applied field. This is the case for circular [106]
and elliptical [110] disks. The direction of displacement is determined by the chiral-
ity of the vortex. The potential energy, U , of a magnetic vortex as a function of the
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Figure 4.2: Schematic representation of the 4 non-degenerate vortex-pair states in
a SAF. The color denotes the in-plane magnetization direction as accentuated by the
arrow. The shape of the surface corresponds to the out-of-plane component of the
magnetization. The positive and negative peaks therefore denote the core-polarization.

core-displacement is then
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with Uex the exchange energy, which in the rigid vortex approximation is independent
of the core position; ζ=±1 denotes the chirality of the vortex (CW = -1, CCW = +1);
kx ,y is the magnetostatic energy coefficient with its value estimated from the analysis
in [112]. The 4th order terms account for nonlinear effects as proposed in [113] and
the value for k′x ,y is approximated using the analysis in [114,115].

The total energy of a vortex-pair in a SAF is the sum of the energy of the indi-
vidual layers and the interaction energy: Utot = U1 + U2 + Uc−c , with Ui being the
energy of layer i and Uc−c− the interaction energy. Typically this interaction energy
originates from exchange and/or edge-effects. However, in the absence of interlayer
exchange coupling and a very thin spacer, D ∼ 1 nm, the main contribution to the
interaction energy comes from the vortex-cores. In this case the interaction poten-
tial can be described as the sum of the interlayer repulsion/attraction of the magnetic
surface-poles. The total interlayer interaction potential is then a sum of the interaction
between each surface of the two layers. Assuming the cores having a fixed Gaussian
distribution [116], cosθ(r) = exp(−r2/∆2), with r the distance from the core center
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Figure 4.3: (a) The core-core potential for vortex-pairs with P (red) and AP (blue)
aligned cores as a function of the core separation. The layer thicknesses used are
L1z = L2z = 5 nm with the interlayer separation of D = 1 nm. The energy is in units
of µ0M2

S∆
3, with ∆ = 8 nm. (b) The total potential energy of the system in the

absence of any external field. The sum displacement of the two cores is set to zero:
X̂= (X1+X2)/2= 0. Parallel core alignment has its potential energy minimum for the
on-axis superposition of the two cores (red). The potential energy minimum for AP
cores lies at a finite core-separation of X̌0 ≈ 9.4 nm.

and ∆ the core radius, the core-core interaction potential can be written as
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where σ = ±1 denotes the relative core polarization (σ = 1 for P and σ = −1 for AP
cores). Φ(u,δ) is the universal function describing the normalized potential between
two surfaces at the normalized distance δ and the normalized lateral core separation of
u= |X̌|/∆= |X1−X2|/2∆. The core-core interaction potential is then a function purely
dependent on the lateral core-separation, as is shown in figure 4.3a. For Permalloy the
core-radius has been obtained numerically, ∆ ≈ 8 nm. When the layer separation is
significantly smaller than the layer thicknesses (D � L1z , L2z) and the lateral separa-
tion is small (X̌/∆ � 1), then the core-core interaction is monopole-like and can be
approximated by Uc−c(X̌ ) ≈ σ(Uc−c(0) + κX̌ 2) (dashed line fig. 4.3a). The difference
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Figure 4.4: (a) Analytical and (b) numerical core separation as a function of the exter-
nally applied EA-field. The analytical values are obtained from the energy minima of
the system. The numerical data is simulated through energy-minimization using the
mumax3-package [48].

in the core-core interaction potential for P and AP core-alignment is very large. Parallel
cores exhibit strong monopole-like attraction when in close proximity, while at large
separation they experience a weak dipole repulsion. The opposite is true for AP cores.
In close proximity AP cores strongly repel in a monopole-like fashion. At large core sep-
aration the cores interact like opposite dipoles and weakly attract. Figure 4.3b shows
the total energy of the system as a function of the core-core separation in the absence
of any external field. The cores of vortex-pairs with P core alignment are superposed in
the equilibrium state while vortex-pairs with AP cores have their equilibrium at finite
separation X̌0.

4.2 Quasistatics

The quasistatic field dependence of vortex-pairs in SAF structures, as mentioned above,
can differ significantly from that of single vortices as well as coupled vortices with
large core separations. This is mainly due to the monopole-like nature of the core-core
interaction in SAF-structures. Considering vortex-pairs with parallel chirality (P-P, AP-
P, see fig. 4.2) and assuming the magnetic layers are identical, the field-response of
the two individual vortices is identical. The core separation does therefore not change
under the application of an external field. This results in a field-response similar to that
of a single vortex (green lines fig. 4.4). The field response of the individual layers of
vortex-pairs with antiparallel chirality (P-AP, AP-AP) is opposite in direction, effectively
separating the two cores. This in turn alters the core-core interaction depending on
the relative core-polarization.

Antiparallel cores repel each other on-axis, in which case even in the absence of
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an external field the core-core separation is non-zero (fig. 4.3b). At any non-zero
EA field the two cores are located along the hard-axis but the distance between the
cores is never smaller than 2X̌0. In circular disks in the absence of an external field,
the direction of the displacement of the cores is arbitrary due to the symmetry of the
system. A slow change in sign of the external field can therefore result in an abrupt
change in core-positions. In elliptical disks the energy is lower for cores aligned along
the EA. The transition of the HA core-displacement when changing sign of the field is
therefore always gradual since at zero field the cores are aligned along the EA (blue
lines fig. 4.4).

Parallel cores on the other hand strongly attract, counteracting the Zeeman induced
core separation in applied field. Only when the Zeeman energy is sufficient to over-
come the core-core coupling energy, the cores decouple and move to their individual
equilibrium position. The cores recouple only when the core-core interaction is suf-
ficient to compensate for the Zeeman potential energy minimum. These two events
occur at different EA-field values giving rise to hysteresis at core-core decoupling fields
(red lines in fig. 4.4).

Effect of asymmetry on vortex-pair quasistatics

This subsection focuses only on the P-AP vortex-pair states since the effects of asym-
metry are most clear for these states. The field-dependence of the core-displacement
of a magnetic vortex is inversely proportional to the thickness of the disk. According
to eq. (4.1) this is due to an increased magnetostatic restoring force originating from
the edges in thicker disks. Introducing a thickness imbalance in the vortex-pair system
alters the quasistatic behavior of the vortex states. In the P-AP state, for small fields,
the core-core coupling dominates, keeping the core separation minimal. The reduced
magnetostatic restoring force and Zeeman force acting on the core of the thinner layer
allows it to be ’dragged’ by the core of the thicker layer resulting in a net displacement,
X̂ = |X1 + X2|/2 > 0. This also leads to a larger core-displacement of the two cores
while coupled. Figure 4.5a shows the micromagnetically simulated EA field hysteresis
of a thickness-imbalanced P-AP vortex-pair. It confirms the effect of core-’dragging’ as
well as the increased displacement compared to the symmetric case. When the cores
decouple, the two cores move to their respective equilibrium position, which for the
thinner core is on the other side of the x-axis. The sudden change in displacement is
therefore different for the thicker and thinner layer. For the thick layer the decoupling
displacement is smaller than in the symmetric case, while for the thin layer it is larger.

Adding a small EA bias field offset to the bottom layer, H1 f , results in an offset
of the core-displacement of this layer while the field-displacement proportionality re-
mains the same. Figure 4.5b shows the numerically simulated field response of the two
cores of a P-AP vortex-pair in the presence of a bias field offset that only acts on the bot-
tom layer. It shows a common offset with a finite core separation at zero external field.
This is to be expected as the individual layers have a different core-displacement but
the core-core interaction prevents large core-separations resulting in both cores being
offset. The cores are superposed but off-center at an external field of Hx = −H1 f /2.
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Figure 4.5: Numerical EA-field dependence of the core-displacement of an asymmet-
ric P-AP vortex-pair with (a) thickness-imbalance and (b) bias-field asymmetry. The
thickness imbalance results in dragging of thinner core by the thicker core resulting
in increased core-displacement when the cores are coupled. A bias-field asymmetry
shows a finite displacement at zero field and asymmetric decoupling jumps for positive
and negative fields. The data is obtained via energy-minimization using the mumax3-
package [48].

Once the cores decouple they move to their individual equilibrium positions, which is
accomplished by an asymmetric jump in displacement for positive and negative fields
due to the directional nature of the offset.

Experimental field dependence

Experimental field sweeps were performed for different vortex-pairs. The measured
resistance is approximately proportional to the magnetization along the x-axis as is
the core displacement along the y-axis (R ∝ Mx ∝ y1, see section 2.3). This allows
for direct characterization of the vortex-pairs through the key quasistatic features of
the different configurations. For vortex-pairs with parallel chirality the field-sweep
is mostly linear without large deviations. It is therefore not possible to distinguish
between P-P and AP-P vortex-pairs through the quasistatic field response.

The discontinuities in the R-H of the vortex-pairs with AP chirality make them eas-
ier to characterize. The red line in figure 4.6a shows a weak linear field-dependence
of the resistance for small fields. This corresponds to the reduced core-displacement
due to the core-core attraction in a P-AP vortex-pair. At +2.0 and −3.5 mT EA fields
a sudden change in resistance as well as its field-dependence implies coupling/decou-
pling of the cores. From this it can be concluded that the system is in a P-AP state.
The blue line in figure 4.6a shows a relatively smooth jump in resistance close to zero
field. This can be associated with the interchanging of the core-positions with finite
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Figure 4.6: Experimental field response for different vortex-pair configurations. (a) A
linear field response for small fields with sudden jumps in the resistance at larger fields
indicates a P-AP state (red line). A jump in resistance around zero field suggests an
AP-AP vortex-pair (blue line). (b) Two nondegenerate P-AP states in a single sample,
potentially indicating the presence of vortex pinning along with magnetic asymmetry
in the system.

separation due to the core-core repulsion. It can then be concluded that this response
corresponds to that of an AP-AP vortex-pair. Increasing the field yields a close to linear
field-response, which is in agreement with the numerically obtained AP-AP response.

Unlike the numerical simulations, the measured coupling and decoupling of P-cores
shows no hysteresis and a rather smooth transition with respect to the applied field.
The lack of hysteresis is assumed to be due to the relatively slow measurements with
respect to the characteristic thermal agitation time at room temperature. Coupling/de-
coupling due to these rather strong thermal fluctuations is likely to suppress the ex-
pected core-core hysteresis.

The effects of asymmetry have also been observed experimentally. Figure 4.6b
shows the field-response of two different P-AP states in the same SAF structure. Look-
ing at the individual field dependences one can see that the change in resistance upon
decoupling is different for positive and negative fields. Based on the numerical results
of fig. 4.5b, finite bias-field asymmetry is inferred in this case. From figure 4.5a it
can be seen that thickness asymmetry would result in a different sign in R-H in the
coupled and decoupled states, if the measured layer is thinner. When the measured
layer is thicker, the only observable effect would be a change in R-H compared to that
for identical layers. Due to the lack of a symmetric reference, this change can not be
determined. It is therefore only possible to observe a thickness imbalance if the thinner
layer is measured.

The coexistence of bias asymmetry and thickness imbalance does not lift the de-
generacy of different P-AP configurations. A possible explanation for the observed
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nondegeneracy may be the existence of pinning centers due to surface-roughnesses
and impurities [117, 118]. These pinning-centers can offset the vortex-core at small
fields, independent of the chirality of the vortex. The resistance is a function of the
core position and is dependent on the chirality. The offset can therefore lift the degen-
eracy of vortex-pairs with AP-chirality configuration. The two P-AP states in figure 4.6b
are assumed to have different chiralities, with potentially a pinning center close to the
center of the disks.

4.3 Dynamics

The dynamics of a magnetic vortex in a thin circular ferromagnetic disk can be de-
scribed using a third order differential equation

G3 ×
d3X

d t3
︸ ︷︷ ︸

3rd order gyrotropic term

+ M
d2X

d t2
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inertial term

+ G× dX

d t
︸ ︷︷ ︸

gyrotropic term

= F. (4.3)
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with G, G3 respectively the first and third order gyrovector of which the direction
is given by the core-polarization p = ±1; γ/(2π) = 28.0 GHz/T the gyromagnetic
ratio as given by [119]; X = (x , y) the vortex-core position; M the effective core
mass; F = −∂ U/∂ X the net force acting on the core. The coefficients ηM and ηG3

are numerical constants typically of the order of unity [120]. The inclusion of the
polarization in the gyrovectors results in the direction of the core-movement being
dependent on the core-polarization.

The gyrotropic term was given by Huber [121] and is a modified form of Thiele’s
equation for two-dimensional domain wall motion [122]. It predicts the large radius
gyrotropic mode that has been investigated thoroughly [123, 124]. An effective mass
was introduced to account for dynamics in the absence of the gyrovector, giving rise to
the inertial term [125, 126]. The higher order gyrotropic term, as was first proposed
by Mertens et al. [127], describes the complex non-Newtonian core motion and ex-
plains the high-frequency dynamics, which have been observed experimentally [128].
Analytical and numerical analysis confirmed the high-frequency modes and yielded the
expressions in eq. (4.4) for the mass and third order gyrovector [120]. Equation (4.3)
typically yields 3 positive eigenvalues. One solution depends mainly on the force and
the first order gyrovector and corresponds to a precession of the core around its equi-
librium position. This eigenmode is normally referred to as the gyrotropic mode. The
other two solutions are due to nonlinear effects and consist of vibrations of the core
within its equilibrium. The dynamic properties of magnetic vortices have been studied
for over a decade. Most of the research has focused on the gyrotropic mode of single
vortices, which included dynamic switching between vortex configurations [129–133]
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and vortex spin-torque oscillators [103, 134–136]. The study of the dynamic proper-
ties of coupled vortices recently gained attention. Research done on coupled vortices
include vortex-pairs in a single disk [137–140], lateral arrays with dipolar interacting
vortices [141–144] and stacked vortex-pairs [145–148]. The interaction between the
vortices alters the dynamics of the system but is relatively weak for large core-core
separation. Studies of the dynamic properties of vortex-pairs with strong core-core
interactions are limited [149,150] and discussed in the remainder of this chapter.

Using the relations of section 4.1, in the absence of any external field, the total
energy, Utot of two vortices in a SAF structure with dominating core-core interaction is
given by

Utot ≈ U1(x1, y1) + U2(x2, y2) + Uc−c(X̌ ), (4.5)

where Ui(x i , yi) is the energy of layer i as described by eq. (4.1) and Uc−c(X̌ ) the
core-core potential given by eq. (4.2). The layers are assumed to have equal thickness
(L1z = L2z = Lz). Using equation (4.5) to describe the force acting on the two cores
(F1,2 = −∂ Utot/∂ X1,2), the dynamic solution of equation (4.3) becomes a system of
differential equations dependent on the relative core polarity:

G3 ×
d3X̌

d t3 +M
d2X̌

d t2 +G× dX̌

d t
+



K + K ′
�

X̂ 2 + X̌ 2
�

+
κ
�

X̌
�

2



 X̌− 2K ′(X̌X̂)X̂= 0,

(4.6)
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+
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X̂− 2K ′(X̌X̂)X̌= 0,

where K =
h

kx 0
0 ky

i

and K ′ =
h

k′x 0
0 k′y

i

. κ
�

X̌
�

X̌ = dUc−c/dX̌ is the core-core interaction

force. As before, "̂" and "̌" denote transformations of the form Q̂ = (Q1 +Q2)/2 and
Q̌ = (Q1 −Q2)/2.

Small amplitude limit

Focussing on the eigenmodes of the system in the small amplitude limit, several as-
sumptions are justified. First of all, for small core-displacements the fourth order terms
in equation (4.5) are small and can be neglected. Assuming a P-AP vortex-pair, a uni-
form field will only induce a finite separation (X̌ 6= 0) but no net displacement (X̂= 0).
Additionally, in the linear approximation the core-core interaction coefficient is con-
stant, κ(X̌ ) ≈ κ = 4.23 · 10−3 N/m� kx ,y , for small separations. The solutions of eq.
(4.6) then have the form

x̌ =
2
∑

α=0

Aα cos(ωα t +ϕα), y̌ =−
2
∑

α=0

Bα sin(ωα t +ϕα), (4.7)

with α indicating the different eigenmodes; ϕα the initial phase; Aα, Bα the amplitude
along the x , y-axis respectively. The amplitude ratio is dependent on the in-plane



4.3. DYNAMICS 49

P-AP AP-AP P-P AP-P

VibrationalGyrotropic

(a) (b) (c) (d) (e) all states

Figure 4.7: Schematic illustration demonstrating the trajectories of the (a-d) gyrotropic
and (e) vibrational resonance modes. The color denotes the different cores. For a
symmetric system, the radii of trajectory of the two cores in the P-P state are equal.
The vibrational modes consist of high frequency oscillations about their equilibrium.
The mode illustrated in (a) is referred to as the rotational mode.

aspect-ratio

B

A
=

È

ky +κ/2−Mω2

kx +κ/2−Mω2 . (4.8)

The resulting eigenfrequencies can then be deduced from the dispersion relation

ω2(G3ω
2 − G)2 −

�

Mω2 −
�

kx +
κ

2

���

Mω2 −
�

ky +
κ

2

��

= 0, (4.9)

which yields three positive solutions. One solution corresponds to the low frequency
precessional gyrotropic mode, ω0, and two solutions represent high frequency vibra-
tional modes ω1,2. A schematic representation of these modes is shown in figure 4.7a
and e. Solving equation (4.9) with the suitable parameters for the used geometries,
ηM ' 0.50 and ηG3

= 0.31, gives eigenfrequencies

f P-AP
0 ≈ 2.69 GHz, f P-AP

1 ≈ 4.98 GHz, f P-AP
2 ≈ 6.55 GHz. (4.10)

with f P-AP
i =ωP-AP

i /2π. The most noteworthy is the frequency of the gyrotropic motion,
f P-AP
0 , which is an order of magnitude higher than that of a single vortex [151]. This

difference is purely due to the core-core coupling, which is an order of magnitude
larger than the edge effects of the system. This coupled gyrotropic resonance is referred
to as the rotational resonance as it consists of a concentric out-of-phase rotation of the
two cores (fig. 4.7a).

In the AP-AP state the two cores are displaced in the equilibrium configuration
due to the core-core repulsion. The equilibrium core-positions are X1 =

�±X̌0
0

�

and

X2 =
�∓X̌0

0

�

with X̌0 as shown in fig. 4.3b, having a value of 9.4 nm for the system
in question. Using similar analysis as for the P-AP state yields a highly elliptical core
trajectory

B

A
=

È

2(ky − kx)

κ0
� 1, with κ0 = κ(X̌0)≈ 0.38κ, (4.11)



50 CHAPTER 4. MAGNETIC VORTICES

which is due to the strong asymmetry in the potential caused by the core-core repul-
sion. κ0 is the coefficient for the parabolic fit of Uc−c for AP cores at X̌ = X̌0. The
eigenfrequencies are in this case given by

ω2(G3ω
2 − G)2 − [Mω2 −κ0/2][Mω2 − (ky − kx)] = 0,

⇒ f AP-AP
0 ≈ 144 MHz, f AP-AP

1 ≈ 5.84 GHz, f AP-AP
2 ≈ 6.39 GHz. (4.12)

The gyrotropic resonance frequency of the AP-AP state, f AP-AP
0 , is of the same order as

that for a single vortex. This is to be expected as the lowest restoring force, which is
induced by the edges, is of the same strength as for a single vortex. Due to the AP core
alignment the vortices gyrate in opposite direction. Taking into account the relative
chirality, under a uniaxial alternating field excitation, Hrf(t) = Ha sin(ωt), the cores
are in-phase when Hrf(t) = 0 and out-of-phase when Hrf(t) = Ha (fig. 4.7b).

The response of the AP-P configuration is similar to that of the AP-AP state. The two
cores are decoupled and separated due to the core-core repulsion. The only difference
with is the phase-difference between the trajectories of the two cores. The parallel chi-
rality of the AP-P state yields the same field dependence for the two cores. The relative
phase under resonant excitation is such that the cores are in-phase when Hrf(t) = Ha
and out-of-phase when Hrf(t) = 0 (fig. 4.7d).

To analyze the P-P state the initial assumptions have to be altered. A uniform
field will move the two cores in the same direction. There is therefore no separation
between the cores (X̌ = 0), but the net displacement is nonzero (X̂ 6= 0). Solving eq.
(4.6) yields the same result as in eq. (4.9) taking κ= 0 resulting in

f P-P
0 ≈ 136 MHz, f P-P

1 ≈ 5.61 GHz, f P-P
2 ≈ 6.59 GHz. (4.13)

The gyrotropic frequency, f P-P
0 is again of the order of that for a single vortex and

consists of the collective gyration of the two cores (fig. 4.7c).
The mediated eigenmodes of the different vortex-pair states are indeed observed

experimentally and verified using micromagnetic simulations. Figure 4.8a-c show
the typical experimental response of the different vortex states under continuous mi-
crowave excitation. Dynamic data for the AP-P state can not be distinguished from
that for the P-P state. Both the AP-P and P-P states have similar static and small-
amplitude dynamic field response. The P-P state can in some cases be identified by the
appearance of the rotational resonance under large amplitude excitation. The rota-
tional mode can be excited through nonlinear effects. The excitation of the rotational
mode in P-P vortex-pairs is strongly dependent on the exact parameters of the sys-
tem and is not always effective, which is why the absence of the rotational response
at large amplitude does not guarantee AP core alignment. The measured resistance,
RAC , is the time-averaged resistance during a continuous microwave excitation. Figure
4.8d shows numerical power spectral density (PSD) of the different vortex-pairs. The
numerical data are obtained by simulating the relaxation of the system following an
instantaneous removal of a static in-plane external field of 0.1 mT.
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Figure 4.8: Measured resistance-versus-frequency spectra for a (a) P-AP, (b) AP-AP
and (c) P-P vortex-pair subject to continuous-wave excitation. The P-AP vortex-pair
shows a clear rotational resonance at ≈2.6 GHz and two vibrational resonances at
5.3 and 6.6 GHz corresponding to the ω1 and ω2 modes, respectively. AP-AP and P-P
vortex-pairs both show a clear gyrotropic resonance at sub-GHz frequencies and two
slightly split vibrational modes at high frequency. The excitation amplitude µ0H was
reduced to 0.5 mT for frequencies below 1.5 GHz to avoid vortex annihilation due to
overcritical core velocities [152]. In order to obtain a sufficient signal-to-noise ratio
for the vibrational modes, the excitation amplitude was increased for the AP-AP modes
to 2.0 mT for frequencies above 4 GHz. (d) shows a micromagnetic simulation of
the power spectral density for the three vortex-pair states. The data are obtained by
recording spin relaxation to equilibrium from a small displacement (reduced damping
was used for clarity).
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Analytical Numerical Experimental

P-
A

P f0 [GHz] 2.57 ∼2.5 ∼2.6
f1 [GHz] 5.07 ∼5.8 ∼5.3
f2 [GHz] 6.52 ∼6.6 ∼6.6

A
P-

A
P f0 [MHz] 142 ∼90 154

f1 [GHz] 5.83 ∼5.3 ∼5.1
f2 [GHz] 6.40 ∼5.8 ∼5.7

P-
P

f0 [MHz] 136 190 215
f1 [GHz] 5.61 ∼5.5 ∼5.3
f2 [GHz] 6.59 × ∼5.9

Table 4.1: Summary of the resonance frequencies obtained for each vortex-pair config-
uration. The agreement is good between the analytically, numerically and experimen-
tally obtained resonance frequencies. An order of magnitude increase in the gyrotropic
frequency for P-AP vortex-pairs is uniformly confirmed as are the high-frequency vibra-
tional modes around ∼ 6 GHz. The "×" for numerical f P-P

2 means that this mode is not
observed.

The experimental and numerical data confirm the existence of the different eigen-
modes of the vortex-pairs. The frequencies of the different modes obtained experi-
mentally are in excellent agreement with those obtained micromagnetically. The main
numerical discrepancy is a significantly lower gyrotropic frequency in the AP-AP state.
A possible explanation for this is that the spacer-thickness in the simulations is set to
2 nm while the experimental sample contains a 1 nm spacer. This means that the
experimental core-core interaction is stronger than in the simulations. Another dis-
crepancy in the numerical results is the absence of a clear second vibrational peak
in the P-P state. The numerical and experimental eigenmode frequencies show good
agreement with the analytically predicted values, as shown in table 4.1. It shows a
good quantitative agreement of the rotational and gyrotropic eigenfrequencies of each
state. The analytically predicted vibrational eigenfrequencies are slightly higher than
the numerical and experimental frequencies.

It can be concluded that a strong core-core interaction between spin vortices can
significantly alter the dynamic response dependent on the relative chirality and core-
polarity.

Nonlinear dynamics in P-AP vortex-pairs

In P-AP vortex-pairs the monopole-like core-core coupling strength is strongly depen-
dent on the core-core separation, as shown in equation (4.2) and figure 4.3a. When
the core-core coupling is significantly stronger than the magnetostatic shape effects, as
is the case for P-AP vortex-pairs with small interlayer separation, the eigenfrequencies
of the system become a function of the core-core separation, X̌ . For the analysis of the
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large amplitude dynamics of this vortex-pair state, the layers are assumed to be circu-
lar with diameter L =

p

Lx L y , in which case kx ,y → k and k′x ,y → k′. This analysis is
limited to the gyrotropic/rotational mode, so the higher order terms can be neglected,
M = G3 = 0. Using these assumptions, eqs. (4.6) yield two solutions for the gyrotropic
mode frequency, ωg(X̌ , X̂ ),

ωg(X̌ , 0) =
k

G
+

k′

G
X̌ 2 +

κ
�

X̌
�

2G
, ωg

�

0, X̂
�

=
k

G
+

k′

G
X̂ 2. (4.14)

In the first approximation it is reasonable to assume mirrored core-displacement due
to the antiparallel chirality (X̌ 6= 0 and X̂ = 0). The core separation dependence of the
mode-frequency,ωg(X̌ , 0), yields a broad range of tunability of the vortex resonance of
the system. The frequency of gyration decreases with increasing core-separation until
the core-core interaction becomes smaller than the magnetostatic shape effects − the
limit where the cores are considered to be decoupled. For decoupled cores, X̌ > X̌0,
the fg -mode corresponds to the single vortex gyrotropic mode. To understand how this
core separation dependence affects the response under external field excitation, the
effects of damping and the external field have to be taken into account. Introducing a
damping term, −λX̌, to eqs. (4.6) results in an expression for the steady-state solutions
of the system under continuous excitation in the form of

fa =
ωg(X̌ , 0)
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, (4.15)

where fa is the excitation frequency and ha = CaHa is the normalized excitation am-
plitude. The value of Ca depends on the effective field-coordinate coupling [113]. The
solutions of eq. (4.15) for different excitation amplitudes are shown in figure 4.9a,b.
The solutions give the radii at which the cores can gyrate when excited at the given fre-
quency with set amplitude. At small amplitudes the radius of gyration is non-zero only
at frequencies close to the typical rotational frequency, fa ≈ f P-AP

g as obtained from in
eq. (4.9) (inset fig. 4.9a). At large enough amplitudes every nonzero gyration radius
is stable for some frequency between the decoupled gyrotropic frequency, fg,dec ∼ 130
MHz, and the coupled rotational frequency, fg,c ∼ 2.4 GHz, of the system (fig. 4.9a).
At this amplitude there are two branches that never cross but fold-over from the rota-
tional frequency to lower frequencies. Performing frequency sweeps at this amplitude
yields a strong hysteretic response. An upward frequency sweep starts off in the lower
branch with a small gyration radius. At the critical frequency, fc2, the lower branch
folds back, forcing the system into the upper branch with increased gyration radius.
For a downward frequency sweep starting at high excitation frequency, fa > fc2, the
system stays in the upper branch. This results in a gradual increase of the gyration
radius until the cores are fully decoupled. This state becomes unstable only when the
frequency goes below the lower critical frequency, fa < fc1, which for sufficient am-
plitude coincides with the decoupled gyrotropic frequency. At intermediate excitation
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amplitudes the gyrotropic and rotational regimes are disconnected. This means that
although the gyrotropic mode is stable for decoupled cores, it is impossible to excite it
directly from the coupled state. The rotational mode still exhibits the fold-over effect,
which is strongly dependent on the excitation amplitude, giving rise to an amplitude-
dependent hysteresis (fig. 4.9b). On the other hand, the gyration radius of the upper
branch is hardly dependent on the excitation amplitude as long as the amplitude is
sufficient for the upper branch to exist.

Frequency sweeps performed numerically confirm the fold-over effect. A clear hys-
teretic behavior is observed for sweeping the frequency upward and downward (fig.
4.9c,d). The sweeps were performed in the range of 0.1 to 5 GHz with the rate of 10
MHz/ns. The existence of two stable gyration radii is limited to the range within the
critical frequency range, fc1 ≤ fa ≤ fc2. As analytically predicted, the lower critical
frequency, fc1, is strongly dependent on the excitation amplitude and for sufficient am-
plitudes coincides with the gyrotropic frequency for decoupled cores. The frequencies
at which the hysteresis occurs are higher than the analytically predicted frequencies.
There is also some additional small response around 1.2 GHz, which is currently un-
explained.

Experimentally obtained data is in good agreement with the analytical and numer-
ical results. Figure 4.9e shows the resistive response during a downward frequency-
sweep. For relatively small amplitudes (red line fig. 4.9e), reducing the frequency
results in a slight increase in response around the rotational resonance frequency. This
is followed by a sudden drop in response at a frequency slightly below the rotational
frequency, ∼ 2.5 GHz. Further reducing the frequency shows no significant response.
Frequency-sweeps performed at larger excitation amplitudes show similar response
with the main difference being a shift to lower frequencies at which the drop in re-
sponse occurs (green and blue line in fig.4.9e). This corresponds to the increased
fold-over at larger excitation amplitudes as shown in figure 4.9b.

An upward frequency sweep shows experimentally the exact same result as the
downward frequency sweep. The analytically predicted and numerically simulated
hysteresis is therefore not observed in the experiments. A possible explanation for this
is that the measurements were performed at room temperature. The thermal agitation
leads to stochastic switching of the system between the small and large radius gyration.
This may also explain the appearance of a finite response at the decoupled gyrotropic
frequency, which is theoretically forbidden. Thermal agitation even for subcritical ex-
citation may result in decoupling of the cores. Since the decoupled gyrotropic mode
is stable even for small excitations, the decoupling may put the system in the large ra-
dius gyrotropic trajectory. The actual radius of gyration of decoupled cores is strongly
dependent on the excitation amplitude. For this reason, even at relatively small exci-
tation amplitudes, the cores may move too close to the edge of the disk, resulting in
the annihilation of the vortex-pair as is observed for excitation amplitudes µ0Ha > 1.5
mT (fig. 4.9e). The frequency range for which annihilation occurs increases with
increasing excitation amplitude.

For significantly larger excitation amplitudes the rotational response starts to show
substructure with the appearance of additional peaks (fig. 4.9f). Although this is not
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Figure 4.9: (a,b) Analytical, (c,d) numerical and (e,f) experimental resonant response
as a function of the excitation amplitude, Ha, and frequency, fa. The analytical data
(a,b) shows the steady-state solutions of stable precession radii under continuous
microwave field-excitation of amplitude ha and frequency fa. A clear fold-over ap-
pears for increasing amplitudes. The numerical data (c,d) is obtained for continuous
frequency-sweeps at a rate of 10 MHz/ns and shows hysteretic response, which con-
firms the analytical fold-over for increasing excitation amplitudes. At increased ampli-
tudes (0.5 mT) additional substructure appears in the frequency-dependence of the tra-
jectory radius. Experimental data (e,f) is obtained for continuous excitation frequency-
sweeps. The measured response shows no hysteresis, but does show a broadening in
response to lower frequencies. For large amplitude excitations substructure appears in
the response. The vortex-pair is annihilated at low frequencies. The frequency range
for annihilation broadens with increasing excitation amplitude.
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yet fully understood it is expected to originate from collective displacement of the cores
(X̂ 6= 0), for which the angular frequency corresponds to ωg(0, X̂ ) in eq. (4.14). This
results in resonance frequencies at ωg

�

X̌ , 0
�

±ωg
�

0, X̂
�

and ωg

�

X̌ , 0
�

±2ωg
�

0, X̂
�

.
These modes can only be observed for systems with significant asymmetry, resulting
in a finite collective displacement or, under high power excitations, yielding highly
nonlinear dynamics.



Chapter 5

Conclusions

This thesis investigates the magnetic properties of synthetic antiferromagnets in the
uniformly-magnetized as well as vortex-pair states. Real SAFs contain asymmetries,
such as thickness imbalance and uneven stray fields originating from the reference
layer, making the system effectively a synthetic ferrimagnet, SFi. The magnetic prop-
erties of the uniform and vortex-states in SFi’s are studied in detail.

In the uniform state, the two ferromagnetic particles in SAFs are dipole coupled,
which results in antiparallel (AP) alignment of their magnetization. The uniaxial an-
isotropy due to the elliptical in-plane shape of the particles yields two ground state
configurations, with the two magnetic moments antiparallel and along the easy-axis
(EA). For quasistatic EA-fields of magnitude below the spin-flop field, both AP ground
states are equally stable in SAF. Above the spin-flop field only the spin-flop state is
stable [59]. In this thesis it is demonstrated that magnetic asymmetry gives rise to ad-
ditional hysteresis, below the spin-flop field in SFi. This low-field hysteresis originates
from unequal stability of the two ground states of the SFi and is observed in switching
between the two AP ground states.

The amount of hysteresis is found to be directly related to the amount of asymmetry
in the system and dependent on temperature.

A method is developed to ex-situ extract the asymmetry contributions in SFi from
the switching and spin-flop fields.

The effect of asymmetry on the in-phase (acoustical) and out-of-phase (optical)
oscillations of the magnetic moments is studied in detail. A frequency splitting is
observed between the optical resonance modes of the two AP ground states. The
splitting is found to be dependent on the externally applied EA bias-field.

It is demonstrated how tuning the resonances using external field biasing can yield
unidirectional switching under resonant field excitation at the optical mode for a spe-
cific ground state. The switched-to state is not in resonance with the excitation field
and switching back into the initial state is therefore forbidden.

A numerical study is presented of magnetization switching in SAF under super-
resonant excitation by a strong, short field-pulse normal to the plane of the SAF. For

57
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suitable tuning of the pulse parameters, the magnetization relaxation post-switching
can be minimized. Additionally, it is shown that spin-wave mediated damping can aid
the post-switching relaxation for larger SAFs as well as how low-power switching can
be achieved via inertial switching of the magnetization under sub-critical field-pulse
excitation.

Vortex-pairs in SAF are found to exhibit strong monopole-like core-core interaction
that can dominate the static and dynamic behavior of the system. It is shown that for
parallel core-core orientation, the displacement of the individual vortex cores is sup-
pressed by the strong core-core attraction. Large enough fields can however decouple
the cores, in which case the properties of the two vortices correspond to those of a sin-
gle vortex. Numerical micromagnetic and experimental data are in good agreement,
confirming these conclusions.

A study of the dynamic properties of vortex-pairs is presented, showing a strong
dependence of the gyrotropic resonance frequency on the core-separation for parallel
cores. For small core-separations the resonance is an order of magnitude higher in
frequency than that for a single vortex. For increasing separation the gyrotropic fre-
quency is found to gradually decrease until it coincides with the frequency of a single
vortex.

The results presented in this work should contribute to a better understanding of
the magnetic properties of synthetic nanomagnets, widely used in practical devices,
such as magnetic memory cells, field sensors, and spin-torque oscillators.
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