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Abstract

This thesis investigates the dynamics of spin vortex pairs in nanopillars and
thermal effects in magnetic multilayers with RKKY-like indirect exchange.

Spin vortices are being investigated as storage elements for memory applica-
tions as well as for GHz oscillators and signal processing devices. In this work, spin
vortex pairs in synthetic antiferromagnets (SAF’s) are studied. A SAF consists of
two magnetic layers separated by a thin nonmagnetic spacer. The two magnetic
layers can be set in to a vortex-pair state, one configuration of which, with parallel
core polarization and antiparallel chirality (the P-AP pair-state), is rather unique
as regards to magnetostatics and spin dynamics. We show experimentally how the
low temperature core-core hysteresis is modified by the presence of three types of
asymmetry in the magnetic layers of the SAF: bias-field asymmetry, thickness im-
balance, and core pinning. Of special interest is that suitably designed core pinning
can lift the degeneracy of the different chirality states of the vortex pair.

We show that decoupling of strongly bound cores in a P-AP vortex pair can
be resonantly enhanced by microwave fields of frequency matching the rotational
resonance of the pair at ∼3 GHz. As the excitation amplitude increases the pair
experience a period-doubling cascade, which eventually results in chaotic dynam-
ics. Still higher microwave amplitudes result in dynamic deterministic decoupling,
which takes place independently of thermal fluctuations. Introducing anharmonic-
ity into the excitation reduces the duration required for the core-core decoupling
by an order of magnitude. Defects within the magnetic layers modify the system’s
spectral properties, which are in-depth investigated.

RKKY-like indirect exchange interaction in ferromagnetic/nonmagnetic multi-
layers is an interface effect, the sign of which depends on the thickness of the non-
magnetic spacer separating the ferromagnetic layers. This interaction is known to
be insensitive to external control once the multilayer is fabricated. In this thesis,
novel thermal control of indirect exchange coupling in specially designed multilay-
ers is demonstrated. Two materials systems are investigated. The first incorporates
a uniform Fe-Cr spacer separating two Fe layers, with the thickness chosen to corre-
spond to the antiferromagnetic peak in the RKKY. Direct exchange across the spacer
strongly couples the two Fe layers at low temperatures. Heating the system above
the Curie temperature of the spacer results in antiferromagnetic indirect RKKY in-
terlayer coupling. A rather strong magnetic proximity effect at the interfaces broad-
ens the transition and weakens the indirect exchange. Introducing thin Cr layers
at the two Fe-Cr interfaces suppresses the direct ferromagnetic exchange and se-
quentially transmits indirect RKKY exchange. We show that in this gradient-spacer
multilayer design the thermal phase transition is significantly narrower, allowing
thermal switching between indirect ferromagnetic and indirect antiferromagnetic
exchange coupling of the outer magnetic layers.

We demonstrate, using RKKY exchange biasing, a reversible Curie transition in
weakly ferromagnetic spacer layers. Thermal on/off switching of the spacer mag-
netization results in two different entropy states and a strong magnetocaloric effect.
The low-field magnitude of the effect rivals that in many advanced bulk rare-earth
based materials, with the full effect being achieved in the 10 mT field range.

Keywords: Spin vortex pairs, vortex dynamics, RKKY magnetocalorics
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Sammanfattning

Denna avhandling undersöker egenskaperna hos spin-virvel-par i nanopelare
och termiska effekter i magnetiska multilager med RKKY-lika interaktioner.

Spinvirvlar undersöks som lagraings element för minnesapplikationer och som
GHz-oscillatorer och signalbehandlingsverktyg. I denna avhandling undersöks vir-
velpar i syntetiska antiferromagneter (SAF). En SAF består av två magnetiska lager
som är separerade av ett tunt ickemagnetisk distansskikt. De magnetiska lagren
kan sättas ett virvel-pars tillstånd, en av konfigurationerna, med parallela kärn-
polarisering och antiparallel cirkulation (P-AP par tillståndet), är unik med avseen-
de på sin magnetostatik och spin-dynamik. Här visar vi att kärn-kärn hystereskur-
van vid låga temperaturer kan påverkas av tre asymmetrier i de magnetiska skik-
ten i SAF:en; magnetfälts-asymmetri, tjockleksobalans och kärn-fastlåsning. Fram-
förallt kan fastlåsning, på lämpliga defekter, lyfta degenerationen av chiraliteten
hos virvel-paret.

Vi visar att frikopplingen av de starkt budna kärnorna i ett P-AP par kan reso-
nant förstärkas av mikrovågsmagnetfält vars frekvens matchar rotations resonan-
sen has virvelparet vid 3 GHz. När excitations amplituden ökar sker en period-
dubblingskaskad som kulminerar i kaotisk kärn-dynamik. Högre amplituder resul-
terar i dynamisk och deterministisk frikoppling som sker oberoende av termiska
fluktuationer. Introdusera anharmonisitet i excitationen kan minska tiden som krävs
för kärn-frikoppling med en storleksordning. Defekter i de magnetiska lagren mo-
difierar resonans egenskaperna hos paret. Dessa förändringar studeras i detalj.

RKKY-lik indirekt växelverkan i magnetiska/icke-magnetiska multilager är en
yt-effekt vars tecken beror på tjockleken hos de icke-magnetiska distansskikten som
separerar de ferromagnetiska lagren. Denna effekten är känt okännslig för extern
kontroll efter att multilagret tillvärkats. I denna avhandling visas termisk kontrol
av indirekt växelverkan i speciellt designade multilager. Två material system un-
dersöks. Den första designen inkorporerar en uniform Fe-Cr distans som separer
två Fe lager, med tjocklek som matchar den antiferromagnetiska topen i RKKY inte-
ractionen. Direkt växelverkan genom distansen sammanlänkar de två yttre lagren
vid låga temperaturer. Att värma systemet över Curie temperaturen för distansen
resulterar i antiferromagnetisk indirekt växelverkan. Stark magnetisk närhetseffekt
vid gränsskikten breddar övergången och försvaggar den indirekta växelverkan. In-
föra tunna Cr lager vid Fe-Cr ytskikten motverkar den direkta växelverkan och se-
kvensiellt överför indirekt RKKY växelverkan. Vi visar att i denna gradient-distans
multilager-design är de termiska fasövergångarna signifikant skarpare, vilket tillå-
ter termisk-växling mellan indirekt ferromagnetisk och indirekt antiferromagnetisk
växelverkan av de två yttre lagren.

Vi demonstrerar, med hjälp av RKKY växelverkans bias, en reversibel Curie över-
gång i svagt ferromagnetiska distansskikt. Termisk på/av växling av magnetisering-
en i distansen resulterar i två olika entropi tillstånd och en stor magnetokalorisk
effekt. Magnituden per fält av effekten är jämförbar med många avancerade bulk
sällsynta jordartsmaterial i 10 mT fält-skalan.

Nyckelord: Spin virvel par, virvelpar dynamik, RKKY magnetokalorik
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Chapter 1

Introduction

The research field of magnetism has given us a large number of innovations used in
many areas of our daily lives. One example is our modern power grid, which re-
lies on a huge number of transformers and generators, all making use of magnetic
materials.[1, 2] Another is our cars, which include magnetic components in electric mo-
tors, sensors, and other auxiliary systems. Even trains using magnetic levitation have
been discussed for almost a hundred years.[3] Magnetic memory has since the 1940s
been the core part of the computer memory market, but has in recent years lost some
space to semiconductor based devices.[4] Nanostructuring of magnetic materials has
opened possibilities where new functionality stems from reduced size effects. An inno-
vation, with the potential for a new type of universal computer memory, is the magnetic
random access memory (MRAM) based on magnetic tunnel junctions.[5, 6, 7]However,
memory is only one small facet of the nanodevices which are possible to realize in mag-
netic systems. This thesis discusses two directions of research in nanomagnetism: spin
vortices, which could see use in memory[8] and oscillators,[9] as well as magneto-
caloric effects in magnetic multilayers for applications as spin-torque emitters[10] or
as building blocks for magnetic refrigeration.[11]

More specifically, the work in this thesis aims to advance the understanding of the
properties of vertically stacked spin vortex pairs with strong, monopole-like magneto-
static attraction of the two vortex cores, as well as the properties of magnetic multilayers
with thermally-controlled RKKY-like indirect exchange coupling.

Chapter one introduces the basic concepts of magnetism to allow readers unfamil-
iar with the subject to better understand the work in this thesis. This is followed by a
short introduction to spin vortices and indirect exchange coupling in magnetic materi-
als. The second chapter describes the samples and measurement methods used in the
study of spin vortices, as well as the fabrication and characterization techniques used
in the work on RKKY-based magnetic multilayers. Chapter three presents the results on
the static and dynamic behavior of strongly-coupled spin vortex pairs in a wide temper-
ature range. The fourth chapter details the results on thermal effects in RKKY-coupled
magnetic multilayers. The final chapter of the thesis is approximately a half-page-per-
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2 CHAPTER 1. INTRODUCTION
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Figure 1.1: A schematic representation of the electron spin (left) and the electron
orbital angular momentum (center) contributions to the total magnetic moment of the
atom (right). Due to the negative charge of the electron the magnetic moment is aligned
counter to the axis of rotation (angular momentum direction), indicated by the vertical
orange arrows.

year summary of my work during these last four years at KTH.

1.1 Magnetism in solids

In 1819 Hans Christian Oersted discovered that a charge moving through a solid creates
a magnetic field perpendicular to the direction of movement, when he found that a
compass needle would deflect from a wire carrying an electrical current.[12] In 1925
Uhlenbeck and Goudsmith[13] suggested that the spin of the electron generates a net
magnetic moment directed along the axis of rotation, acting similar to an elongated
bar-magnet with a “north" and “south" pole, commonly encountered in physics classes.
The magnetic moment of the electron is illustrated in Fig. 1.1. The orbital angular
momentum of the electron also contributes to the total magnetic moment of a material,
but this contribution is generally several orders of magnitude smaller than the electron
spin contribution.[14]

Atomic magnetic moments in a crystal lattice subject to an applied magnetic field,
experience a torque and rotate toward the field axis, which results in a non-zero total
magnetic moment of the sample, referred to as the magnetization of the material. In
such solids, the close proximity of the neighboring atoms leads to an overlap of the elec-
tron wave-functions. This often results in an interaction between the individual mag-
netic moments called the exchange interaction,[14] and comes as a direct consequence
of Pauli’s exclusion principle[15] for indistinguishable fermions (electrons). Direct ex-
change forces of this kind are typically of short range, restricted to the nearest-neighbor
atoms, but can vary both in strength and direction for different materials. When the
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Figure 1.2: The so-called Bethe-Slater curve, shows the exchange constant as a func-
tion of the lattice spacing (a) normalized by the radius of the 3d electron shell (r).
Elements above the J = 0 line order ferromagnetically, as indicated by the parallel
alignment of the magnetic moments (orange arrows). Elements below the J = 0 line
are antiferromagnetically ordered, with antiparallel alignment of the neighboring mo-
ments.

inter-moment exchange interaction is overcome by thermal fluctuations in the mate-
rial, the direction of the magnetic moments can be fully thermally randomized and the
net magnetization is then zero in the absence of externally applied fields. Materials
where no magnetic ordering is present in the absence of an applied field, are said to be
paramagnetic.

In solids, where the exchange interaction is of sufficient strength to overcome ther-
mal agitation, the magnetic moments become spontaneously ordered even in the ab-
sence of an external field. If the exchange interaction is such that a parallel alignment
of the moments is favored, the material exhibits a non-zero total magnetization, and
is said to be ferromagnetic. The temperature, at which thermal fluctuations become
sufficient to randomize the magnetic moments, is called the Curie-temperature, Tc , af-
ter Pierre Curie who was the first to show that the total moment of a ferromagnet goes
to zero above some material specific temperature.[14] Above Tc the ordered ferromag-
netic state transitions into a disordered paramagnetic state. Ferromagnetic ordering
of pure elements is rare at room temperature, with only iron (Tc ≈1040 K), cobalt
(∼1400 K), and nickel (∼630 K) exhibiting ferromagnetism.

For the metals mentioned above, the sign and magnitude of the exchange interac-
tion between the neighboring magnetic moments is a function of the atomic separation.[16,
17] This dependence is schematically shown in Fig. 1.2 and is known as the Bethe-
Slater curve. The exchange constant, J , determines the energy gain from aligning two
neighboring atomic magnetic moments in parallel for J > 0 or antiparallel for J < 0.

Materials with negative exchange constant are, similarly to ferromagnets, ordered
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below some transition temperature, here called the Nèel temperature, TN . The ordering
is anti-parallel such that each moment has a compensating neighbor, which results in
zero total magnetization. Materials of this kind are referred to as antiferromagnets
and were first analyzed by Louis Nèel in 1948. Materials with antiparallel alignment
between different sub-lattices of non-equal magnetization are called ferrimagnets and
were also analyzed by Nèel in the same 1948 paper.[18]

1.1.1 Micromagnetism

It is often unnecessary to consider each atomic magnetic moment separately, as sug-
gested by Weiss in 1907. A mean value of the local magnetic moments can instead
be used when describing the properties of a ferromagnet,[14] and is referred to as the
local magnetization, denoted as M, and can, in general, spatially vary in magnitude
and orientation, M(r). The total magnetization can range from zero, if all moments
are randomized, to some material specific maximum value, where the atomic moments
are fully aligned, commonly denoted as Ms. This is called the saturation magnetiza-
tion of a material, which decreases with increasing temperature and goes to zero at
the Curie point. It is usually convenient to work with the normalized magnetization,
m = M/Ms. As an example, the nickel-iron alloy permalloy[19] (Ni80Fe20), used ex-
tensively throughout this thesis, has a saturation magnetization of Ms = 8.4 · 105 A/m
at room temperature and the Curie temperature of about 900 K. The saturation mag-
netization increases to about Ms = 9.3 · 105 A/m at low temperatures.

The spatial distribution of magnetization is governed by a spectrum of magnetic
interactions in a ferromagnet. Foremost, the exchange interaction acts to minimize
the angle between neighboring magnetic moments. In terms of magnetization, the
respective potential energy density can be expressed as

Uex = A(∇m)2, (1.1)

where A is a material parameter called the exchange stiffness constant. As a represen-
tative example for a 3d-metal based ferromagnet, permalloy has an exchange stiffness
of 1.3 · 10−11 J/m. The preferred direction of the magnetization at each spatial point
is dependent on the specifics of the ferromagnetic material, but generally there can be
some axis along which it is easier to align the magnetization, the so-called easy axis.

The shape of a ferromagnet can create a preferred magnetization direction, the ef-
fect known as shape anisotropy. At the surface of a ferromagnet the component of the
magnetization normal to the boundary produces magnetic poles, which in turn result in
magnetic fields opposing the magnetization. These fields are known as demagnetizing
fields and are determined by the geometrical shape of the ferromagnetic sample. For ex-
ample, a bar magnet produces demagnetizing fields that counter-act the magnetization
the most along the shorter of the bar’s dimensions. The corresponding magnetostatic
potential energy can be written as

Ushape = −
µ0Ms

2
m ·Hd (1.2)
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where Hd = −Nd Msm is the demagnetizing field. The matrix of demagnetizing-coefficients,
Nd , must be determined for each given sample geometry.[1] As an example, a thin
ferromagnetic film, used throughout the work presented in this thesis, spanning the
x y-plane, has the demagnetizing-coefficients Nx ≈ Ny << Nz , which means that any
out-of-plane magnetization is energetically penalized. If the film was patterned into an
elliptical shape with the x-axis parallel to the long dimension then Nx < Ny << Nz ,
which yields unidirectional shape anisotropy with the easy axis along x .

Anisotropy related to the crystal lattice is present, to a varying degree, in all ferro-
magnetic materials. A material can have a crystal axis, along which the magnetization
is preferentially aligned. A good example is cobalt (hcp lattice), where an order of
magnitude higher field is required to saturate the magnetization along the hexagonal
planes compared to that normal to the planes. This effect is caused by the coupling of
the spin and orbital moments of the electron, with the orbits rigidly fixed by the crys-
tal field of the lattice, and is known as crystal anisotropy. The energy is, for uniaxial
anisotropy, to first order, given by

UK = K1 (k ·m)
2 , (1.3)

with material constant K1 reflecting the strength of the anisotropy along the crystal di-
rection k. The anisotropy strength varies greatly among materials. As an example, for
the weakly anisotropic permalloy K1 ≈ 0 (or more exactly K1 = 0.5·103 J/m3).[20]One
of the highest uniaxial anisotropy strengths is found in the rare-earth based permanent
magnet samarium-cobalt (SmCo5) having K1 ≈ 107 J/m3.[1] Lattice deformations (ma-
terial strain) can also give rise to magnetic anisotropy, which, in the case of a uniaxial
deformation, will produces a potential term of a similar form as (1.3) above.

Interface interactions can also cause anisotropy. A widely used and highly practical
interaction of this kind is exchange at ferromagnetic-antiferromagnetic interfaces, pro-
ducing so-called unidirectional exchange anisotropy, when the bilayer is cooled below
the Nèel temperature of the antiferromagnet in a biasing magnetic field. The inter-
face magnetization of the ferromagnet then becomes locked via direct-exchange to the
surface spins of the antiferromagnet, such that a large field is required to change the
ferromagnetic magnetization direction. The zero total moment of the antiferromagnet
below TN , is essentially insensitive to the applied magnetic field. This type of exchange
bias is widely used in nanodevices to "pin" a thin ferromagnetic layer, such that its mag-
netization can be used as a reference for another, non-biased, or free, magnetic layer
in, for example, a spin-valve.[6]

A magnetic moment (m) in an applied magnetic field (H) experiences a force acting
to align the moment and the field. The corresponding Zeeman energy is given by

UZ = −µ0Msm ·H. (1.4)

Larger ferromagnetic samples often spontaneously split into smaller domains of uni-
form, but misaligned domain-to-domain, magnetization in order to reduce the magne-
tostatic energy, as was already discussed by Weiss in 1906.[14] The size of such domains
is determined by the strength of the exchange interaction, acting to align all spins in
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sub/CoFe sub/Ta/CoFe sub/TaN/CoFe
(a) (b) (c)

Figure 1.3: The magnetization versus of magnetic field, the so-called hysteresis curve,
for a thin magnetic film deposited on different underlayers. The three loops are of a ten
nanometer thick film of a cobalt-iron alloy (Co90Fe10) deposited on (a) a bare oxidized
silicon substrate, (b) a five nanometer thick tantalum underlayer and (c) tantalum-
nitride. The coercivity changes from (a) µ0Hc ≈ 7.5 mT to (b) 5 mT and (c) 2.5 mT,
depending on the underlayer. The magnetization curves are normalized to the respec-
tive saturation values.

parallel, relative to magnetic anisotropy, acting to align the spins with the easy axis. At
the interfaces of two neighboring domains, the spins rotate between the two magnetiza-
tion orientations. Such interfaces are called domain-walls and have a material-specific
characteristic length of tdw = π

p

A/K , where K is the anisotropy energy density.[14]
In soft magnetic materials, where the intrinsic anisotropy is small (for example permal-
loy), a single domain can be of the order of 100 nm in size. A harder magnetic material,
such as pure iron, can have domains smaller than 10 nm. If a ferromagnet is reduced in
size close to this characteristic length, it becomes too small to contain multiple domains.
This is the so-called single-domain limit often implemented in nanoscale devices.[21]

The net magnetization of a sample after an applied field is removed, depends on
the relative volume of domains which remain oriented in the direction of the field.
This zero-field magnetization is called the remanence, mr = Mr/Ms. Once domains
are magnetized in some direction it takes a finite field to change their orientation. This
results in ferromagnetic hysteresis, where the current magnetization state depends on
the history of the sample, such as the field-sweep direction, etc. The reversing field
needed to switch the magnetization is called the coercive field.

The magnitude of the coercive field, or coercivity, depends on both the material-
specific parameters of the ferromagnet as well as its morphology. For polycrystalline
films at elevated temperatures, switching of the magnetization (remagnetization) is a
process of individual domains reversing their orientation, typically by domain walls
propagating through the material. The domain walls hop between various defects or
grain boundaries, which act as domain-wall pinning sites. Thermal fluctuations can
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(a) LLG-precession (b) Single-domain (c) Landau-state

Heff

Figure 1.4: (a) The decaying precession of a magnetic moment in an effective field
as described by the Landau-Lifshitz-Gilbert equation. (b) A small ferromagnet in the
single-domain limit, where the exchange interaction enforces a uniform magnetization
state. (c) The non-uniform Landau state, where the demagnetization energy penalty is
reduced by aligning all spins with the rectangle’s boundary. This however, comes at the
cost of the extra exchange energy within the domain walls along the two diagonals.

supply sufficient energy to depin domain walls, allowing them to continue propagating
until the sample has fully remagnetized.[1]Magnetization as a function of applied field,
the so-called hysteresis curve, illustrating such a remagnetization process for a thin
ferromagnetic film, sputter-deposited onto different underlayers, is shown in Fig. 1.3.

To describe all the microscopic effects discussed above, one can define an effective
field acting on the magnetization at each point in the material:

He f f =
1

Msµ0

∂ Utot

∂m
, (1.5)

where Utot is the sum of the exchange, shape, Zeeman potential energies, as well as
any anisotropy present in the sample. A momentarily excited magnetic moment subject
to this effective biasing field will precess in decaying orbits about the axis of the field
until the moment and field are fully aligned. The damped precession is described by
the Landau-Lifshitz-Gilbert (LLG) equation:[22, 23]

−
1
µ0

dm
d t
= γm×He f f +αγm×

�

m×He f f

�

(1.6)

where γ/2π = 28 GHz/T is the gyromagnetic ratio and α is the material specific phe-
nomenological Gilbert damping constant.[23] The process is illustrated in Fig. 1.4(a).

The magnetic state of a ferromagnet on the nano- to micrometer scale can be highly
non-uniform. Nevertheless, the spatial magnetization distribution can be described by
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the LLG equation within the approach called micromagnetic numerical modeling, which
is used extensively in the magnetism community at large as well as in this thesis. A uni-
form, single-domain state is shown in Fig. 1.4(b), and an example of a non-uniform,
so-called Landau-state is shown in Fig. 1.4(c). The Landau-state occurs in rectangular
magnetic samples and has the direction of the surface magnetization along the sample
boundary. This configuration reduces the demagnetization energy by not creating mag-
netic poles at the surface, but comes at the expense of an increased exchange energy
due to the additional domain walls created along the sample diagonals.

1.2 Spin vortices in magnetic materials

The spin vortex state is another example of a highly non-uniform state similar to the
Landau-state, which can occur in small-scale ferromagnets. The vortex state was first
described theoretically by Feldtkeller and Thomas in 1965[24] and has since been ex-
perimentally observed in thin ferromagnetic disks of nano- to micrometer scale.[25, 26]
At the edge of the disk the magnetic moments align with the boundary creating a cir-
cular magnetization structure in the plane of the disk. The direction of the circulation,
called the chirality of the vortex, can be either clockwise (cw) or counter-clockwise
(ccw).

In the central point of the vortex, around which the magnetization curls, the angle
between neighboring magnetic moments becomes large, costing excessive exchange
energy, so the local magnetization is forced out of the plane of the disk. This point is
referred to as the vortex core and its magnetic orientation, up or down, is called the
polarization of the core. The out-of-plane component of the magnetization in the core is
well described by a Gaussian distribution, with the core size of the order of the exchange
length, l =

Æ

A/M2
s ; in permalloy roughly 10 nm. A vortex with a counter-clockwise

chirality and a positive (up) core-polarization is shown in Fig. 1.5. Any combination of
cw/ccw chirality and up/down polarization generally is stable.

The properties of the vortex state can often be well described by considering the core
of the vortex as a quasi-particle being acted upon by external forces, such as external
magnetic fields or spin-currents, as well as by the intrinsic forces within the vortex. The
coordinates of the core within the magnetic disk can then be used to describe both the
static and dynamic behavior of the vortex state as a whole.

This thesis investigates spin vortex pairs in vertically stacked magnetic disks, with
the vertical separation much smaller than the core size. The close proximity of the
cores leads to a monopole-like magnetostatic interaction between the two cores and
collective core-pair properties, distinct from the properties of two individual vortices
constituting the pair. The samples and measurement techniques used in our vortex
studies are described in Chapter 2 and the obtained results are discussed in Chapter 3.
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(a) Cartoon (b) Simulation results

Figure 1.5: (a) A schematic representation of the vortex state in a ferromagnetic
disk. The orange arrows indicate the direction of the local magnetization, with the
in-plane rotation of the moments clockwise. The out-of-plane polarized vortex core
is represented by the dot in the center. (b) A micromagnetic simulation of the vortex
state. The shape of the disk (its height) represents the out-of-plane component of the
magnetization, the color is the in-plane magnetization component parallel to the easy
axis (blue being positive and orange negative direction).

1.3 Spintronics and indirect exchange coupling

Spin electronics (or spintronics) is the field of physics studying materials and phenom-
ena where transport properties depend on the spin of the electron in addition to its
charge. The birth of spintronics is generally attributed to the discovery of the giant
magnetoresistance (GMR) effect in 1988[27] and independently in 1989,[28] for which
Grünberg and Fert were awarded the 2007 Nobel Prize in Physics. The GMR effect is
the change of electrical resistance of a magnetic multilayer as the mutual orientation
of the neighboring layers’ magnetic moments is changed from parallel to antiparallel.

The antiparallel state in magnetic multilayers leading to the discovery of the GMR
effect was achieved using the previously discovered Ruderman-Kittel-Kasuya-Yosida
(RKKY)[29, 30, 31] indirect exchange coupling, acting between ferromagnetic layers
separated by nanometer thin nonmagnetic spacer layers.[32] The theory of the RKKY
interaction was initially developed to describe the interaction between magnetic impu-
rity atoms in a non-magnetic matrix. In magnetic multilayers, the interfacial atomic
magnetic moments in one ferromagnetic layer (predominantly d-shell electrons) cou-
ple to the conduction electrons of the non-magnetic spacer (predominantly s-shell elec-
trons) via the so-called s − d exchange, thereby spin-polarizing them. The conduction
electrons then interact with the interfacial magnetic moments in the other ferromag-
netic layer located across the spacer, indirectly coupling the magnetization of the two
layers on either side of the spacer. The strength of the RKKY-interaction decays as the
separation of the two magnetic layers is increased. However, this relatively gradual de-
cay is superposed onto a fast oscillation between the ferromagnetic coupling, where the
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Ferromagnetic

Antiferromagnetic

Figure 1.6: The oscillatory RKKY exchange constant (J) as a function of the thickness
of the nonmagnetic spacer (d) separating the ferromagnetic layers (normalized to the
interaction-wavelength, λ). The sign of the exchange interaction oscillates: above zero
the interaction is ferromagnetic, which favors parallel alignment of the two layers, be-
low zero the interaction changes to antiferromagnetic, favoring antiparallel alignment.
This is illustrated on the right, with the blue arrows representing the magnetization
direction of the two magnetic layers (grey) separated by the nonmagnetic spacer (or-
ange). The direction of the indirect RKKY exchange interaction is illustrated by the
green arrow.

parallel alignment of the magnetization in the two layers is favored, and the antiferro-
magnetic coupling, where the antiparallel alignment is favored. The indirect interlayer
exchange constant varies with the spacer-thickness d as[33]

J(d) = J0
sin(λd)

d2
, (1.7)

where J0 is a scaling constant and λ the interaction wavelength, typically of the order
of one nanometer. Equation (1.7) is plotted in Fig. 1.6, showing the transition from
ferromagnetic (J > 0) to antiferromagnetic (J < 0) RKKY coupling. Metallic magnetic
multilayers known to exhibit a strong RKKY interaction include Co/Cu (λ∼ 10 Å)[34],
Fe/Ru (λ∼12 Å), and the system used in the discovery of GMR and utilized heavily in
this thesis, Fe/Cr (λ∼15 Å).[27, 28]

The first half of chapter 4 of this thesis investigates a method of controlling the in-
direct exchange coupling using heat. In most multilayers, the RKKY interaction is hard
or impossible to control by external means after the multilayer has been fabricated.
A method of post-fabrication control of RKKY in multilayers has a great potential for
applications, for example as a strong external-to-intrinsic field amplifier. The second
half of chapter 4 describes how magnetic biasing using RKKY exchange could be used
for room-temperature magnetic refrigeration. The multilayer fabrication and measure-
ment techniques used in this thesis are presented in Chapter 2.



Chapter 2

Experimental Techniques

This chapter describes the key experimental techniques used in this work. First, the
synthetic antiferromagnet (SAF) sample-layout as well as the measurement setups used
in the vortex experiments, detailed in Chapter 3, are presented. This is followed by the
fabrication and measurements methods of the magnetic multilayers and nanostructures
for magnetocalorics and thermal switching, which are the subject of Chapter 4.

2.1 Vortex magnetotransport measurements and samples

2.1.1 SAF samples

The vortex configuration can be a stable state in sub-micrometer disks of magnetic
materials. The SAF samples investigated in this thesis are elliptical nanopillars with
the long-axis length ranging from 350 to 500 nm and the in-plane aspect ratio of 1.2.
The pillars are embedded on-chip with conducting leads, the so-called bit- (BL) and
read-lines (RL), and a tunnel barrier for electrical read-out in a toggle-MRAM layout,
as described in Ref. [6]. The BL and RL terminate on the surface of the chip and were
contacted using wire-bonding. High-frequency magnetic fields are applied to the pillar
using an electrically disconnected 50 Ω Cu-stripline, called the word-line (WL), inte-
grated on the same chip and situated right above the pillar itself. The resulting field
on the pillar is ∼0.6 T/A. A schematic picture of the nanopillar is shown in Fig. 2.1.
These samples were fabricated by IBM for use as toggle-style magnetic random access
memory, with the fabrication process described in Ref. [35], specially optimized for low
MTJ resistance for our high-frequency measurements at KTH, within a KTH-IBM joint
study.

SAFs consist of two magnetic layers separated by a nonmagnetic spacer. The mag-
netic layers in these samples consist of a nickel-iron alloy called permalloy, Ni80Fe20,
nominally 5 nm thick. The exact thickness of the layers can be difficult to determine
precisely due to the surface regions, which may not be fully magnetized.[36] The spacer
should ideally suppress direct and indirect interlayer exchange coupling, such that the

11
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Figure 2.1: Schematic of the junction used for vortex-pair measurements. (a) The
different layers of the nanopillar, with thicknesses in nanometers in parentheses. The
vortex pair is created in the two permalloy layers of the free SAF, the state of which can
be read resistively through the tunnel barrier using the pinned read-out SAF. (b) The
hard and easy axes of the elliptical sample. The word-line used for GHz-excitations is
angled at π/4 to the easy axis.

two magnetic layers couple only through the dipolar interaction, and be as thin as
possible to increase the strength of this dipole interaction. The material chosen for the
spacer in these structures was tantalum-nitride, which has been shown to fully suppress
both direct and indirect exchange at very small thicknesses, down to 1 nm.[6]

In its ground state the SAF has uniform magnetization in the two layers oriented
in opposite directions due to the dipole-dipole interaction. The result is a completely
flux-closed two-layer stack. The anti-parallel alignment of the two magnetic layers is
reminiscent of two neighboring magnetic moments in an antiferromagnet, so the dipole
coupled bilayer of this kind is refereed to as a synthetic antiferromagnet (SAF).

In the nanopillar, the "free" SAF is separated from an exchange-pinned reference (or
read-out) SAF by a 1 nm thin insulating aluminium-oxide barrier forming the so-called
magnetic tunnel junction (MTJ). The reference SAF consists of a Co40Fe40B20/Ru/Co40Fe40B20
trilayer. The ruthenium layer couples the two magnetic layers in anti-parallel by indi-
rect RKKY exchange. Due to the anti-parallel alignment of the two layers, the flux of
the fringing fields closes within the reference SAF and, ideally, no static field bias is pro-
duced at the free SAF. The reference SAF is exchange biased by an antiferromagnetic
iridium-manganese layer (Ir20Mn80).

The resistance of the junction is the sum of the resistances of the connecting leads,
the reference SAF, the free SAF, and the tunnel-resistance:

Rtot = Rl + Rref(mr,0 ·mr,1) + Rfree(m f ,0 ·m f ,1) + RTR(mr,1 ·m f ,0), (2.1)

where mr,i is the magnetization in the reference layers and m f ,i that in the free layers.
The read-out leads have a combined resistance of roughly 300 Ω, which is independent
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Figure 2.2: Room temperature hysteresis of a representative junction in the uniform
magnetization state, as the field is swept along the easy axis. The direction of the mag-
netization in the free layers are indicated by the black arrows at different points in the
sweep. At zero field, only the two antiparallel states are stable, with the magnetization
in the lower layer aligned either in parallel (Lo-R) or anti-parallel (Hi-R) to that in the
top reference layer. At sufficiently large field, both free layers align with the field (P-Hi
and P-Lo).

of the magnetization in the SAF layers. The resistance of a SAF, on the other hand is
dependent on the relative alignment of the magnetization on either side of the non-
magnetic spacer, due to the giant magnetoresistance (GMR) effect, with high and low
resistance for parallel and antiparallel alignment, respectively. The two layers of the
reference SAF can be considered completely locked in the antiparallel alignment due
to the strong indirect antiferromagnetic exchange, with the reference-SAF resistance
being constant, ∼1 Ω.

The free layers, while being able to change their relative alignment, have similar
resistances to those in the reference SAF,∼1 Ω, and the difference between the parallel,
Rfree(+1), and anti-parallel, Rfree(−1), configurations should be no more than a few
percent (of the∼1 Ω). Dominating the device resistance is the tunnel resistance, which
is∼1k Ω for a 1 nm Al-O barrier. The total resistance is then Rtot ≈ RTR+Rl . The tunnel
resistance depends on the magnetic states of the SAFs, which is due to the difference
in available states at the Fermi level when tunneling from one to the other ferromagnet
across the Al-O barrier. The resistance change between the parallel and anti-parallel
magnetic states of the bottom free layer and top reference layer (the two layers on
either side of the tunnel barrier) is given by[37]

RTR =
R0

1+ P2mr,1 ·m f ,0
, (2.2)

where R0 is a scaling constant and P is the average spin polarization of the electrons that
tunnel through the barrier. Resistance as a function of applied field of a representative
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Figure 2.3: The experimental setup used for real-time transport measurements of spin
vortex pairs in the temperature range of 77 to 450 K. The junction is current-biased
by a DC source and a large series resistor. The bias-tee divides the signal into its static
component read out by a dc voltmeter and the ac component read out by an oscillo-
scope. GHz-range magnetic fields are supplied to the junction by either a continuous
waveform generator or an arbitrary function generator, through the electrically isolated
50 Ω word-line, integrated on-chip.

junction is shown in Fig. 2.2. The top reference layer is pinned along the easy axis of
the elliptical particle and can be considered to have constant mr,1 ≡ x̂ . For our typical
junction in Fig. 2.2, with the low resistance state of 1100 Ω (m f ,0 = x̂) and the high
resistance state of 1300 Ω (m f ,0 = − x̂), the scaling constant is R0 ≈ 900 Ω, with the
average spin polarization of P ≈ 30%, and the lead resistance of Rl ≈ 300 Ω. The
vortex state has, due to its in-plane circular spin-structure, the average magnetization
of zero along the easy axis, since the contribution from the magnetization on one side
of the core is compensated by that on the other side of the core. The resistance of the
vortex state should, therefore, be exactly midway between the resistance values for the
two uniform states.

2.1.2 Magnetotransport measurements

As the vortex core moves along the hard axis the magnetization along the easy axis
changes. This change in the easy-axis magnetization of the bottom free layer is exper-
imentally read out as a change of resistance, as described by (2.2). Thus, the junction
resistance is directly proportional to the vortex core position along the hard axis in the
bottom layer of the free SAF. The word line of a given junction is connected to a wave-
form generator for high-frequency magnetic field excitation, or a dc voltage source for
a constant field offset. Due to the layout of the WL in relation to the nanopillar the
fields generated are ∼0.6 T/A and lie in the film-plane at a 45◦ angle to the easy axis.
Static fields were typically applied using external magnets and were directed along the
easy axis.
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Figure 2.4: The second experimental setup used for transport measurements of spin
vortex pairs in the temperature range of 77 to 450 K. For increased sensitivity a lock-in
amplifier is used to bias and read out the voltage across a Wheatstone bridge where
the junction forms a part of one leg. As before, high-frequency magnetic fields are
generated using the wordline.

The properties of vortex pairs were investigated in two temperature ranges, 77 K
to 450 K and 10 mK to 2 K. For measurements at 77 K and room temperature, a home-
made bath cryostat with an air-core solenoid magnet was used. For variable tempera-
ture measurements in the range of 77 K to 450 K a Microstat−He−R flow cryostat from
Oxford Instruments with an external iron-core electromagnet were used.

Two circuits were used to measure at temperatures of 77 K and above. The first,
for real-time detection of single shot events using an oscilloscope, is shown in Fig. 2.3.
In this setup the junction is current-biased by a large series resistor and a dc-voltage
source. The signal from the junction is split by a bias-tee into its ac and dc components
and read out by a voltmeter and an oscilloscope, respectively. Due to the relatively high
impedance of the junction, ∼ 1 kΩ, a 1 MΩ input of the oscilloscope had to be used,
which caused a large impedance mismatch between the two and, thereby, limited the
time resolution.

For increased dc-resistance sensitivity, a second setup, shown in Fig 2.4, was used. A
significantly reduced noise floor is achieved by the use of a lock-in amplifier for biasing
and measuring in the Wheatstone bridge configuration where the junction forms one
of the legs. A Wheatstone bridge consists of two legs, with two resistors in each leg.
Two large bias resistors, 9 kΩ in our setup, are used to stabilize the current in both
legs. These are followed by the unknown resistance (the junction) and a reference
resistor (here 1.3 kΩ as its close to the average vortex-state resistance of the junctions)
in the two respective legs. If the bridge is perfectly balanced, the voltage between
the two legs is zero. If it is not balanced, the voltage proportional to the resistance
difference between the two legs is detected. As a result a Wheatstone bridge is capable
of providing very accurate and sensitive differential resistance measurements.
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Figure 2.5: The experimental setup for transport measurements of vortices at milli-
kelvin temperatures in a Triton dilution refrigerator (DR). A lock-in amplifier is used to
measure the voltage across the junction. The twisted pair wiring is thermally anchored
at each DR-stage and an RC-filter with a cutoff frequency of about 1 MHz is placed at
the final 10 mK stage before the junction. High-frequency excitation is supplied through
the on-chip 50 Ω wordline. Between the 70 K and 4 K stages the signal is attenuated by
5 dB and below the 4 K stage the leads going to the chip are superconducting (marked
in red). The 6-1-1 T vector magnet is anchored at the 4 K stage.

The milli-kelvin range measurements were performed in a Triton dilution refriger-
ator from Oxford Instruments, where a helium-3/4 mixture is separated to draw heat
from the environment reaching a base temperature of just below 10 mK. The cryostat is
equipped with a 3D vector magnet of 6-1-1 T. The cooling power at the sample stage is
roughly 5 µW at 20 mK. To reach milli-kelvin temperatures junctions have to be prop-
erly isolated from the environment as even electrical noise may heat them above the de-
sired mK-temperature. The junction resistance was measured using copper-beryllium
twisted-pair wires connected through a low-pass RC-filter with a cutoff frequency of
1 MHz. The total attenuation of the cables and filters was approximately -3 dB at the
measurement frequency of roughly 1 kHz.

The high-frequency excitation was supplied using stainless steel coaxial cables, with
roughly -3 dB attenuation from room temperature to the 4 K stage, where the signal
was attenuated by an additional -5 dB. Below the 4 K stage, superconducting niobium-
titanium leads were used. The complete measurement circuit is shown in Fig. 2.5.

2.1.3 Micromagnetic simulations

Micromagnetic simulations are a powerful tool for modeling non-uniform spin-states
in magnetic materials. In particular they can be useful for studying vortex states where
modeling is essential for gaining a deeper understanding. The micromagnetic approach
is to divide a magnetic object into a fine mesh of magnetic cells and solve the coupled
LLG equation (1.6) for each cell. Several software packages exist for these kind of
simulations, the most known being the NIST-developed Object Oriented MicroMag-
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netic Framework (OOMMF).[38] The work in this thesis however uses the newer and
GPU-based MuMax3[39] run on a Nvidia TESLA GPU. The standard permalloy material
parameters were used in the simulations: saturation magnetization Ms = 840 kA/m,
exchange stiffness constant A= 1.3 · 10−11 J/m, Gilbert-damping constant α = 0.013,
and anisotropy constant K1 = 0. The typical cell size used was {x , y, z}= {2,2, 2} nm,
with 212 × 176 cells in the plane. The permalloy disks were set to 2 cells in height,
separated by 1 cell of free space representing the TaN-spacer.

2.2 Spin-thermionic measurements and samples

2.2.1 Thin film deposition

The magnetic multilayers studied in this thesis were grown using an ATC Orion ultra-
high-vacuum magnetron sputtering system from AJA International, with the base pres-
sure of pb ∼ 1 · 10−8 Torr. It was found that, in general, the multilayers’ magnetic
properties improved when using a lower working pressure and a higher sputtering-
power. Typical iron/chromium deposition parameters are summerized in Table 2.1.
The deposition rates were calibrated prior to sample fabrication by measuring the film
thickness deposited in a set time, using a profilometer, after a simple lift-off process.
Layer thicknesses were then set by timing the sample deposition.

RKKY-enforced antiparallel alignment is observed for Fe/Cr multilayers in the ex-
pected Cr-spacer thickness range, with the RKKY-strength dependent on the substrate
used, as shown in Fig. 2.6(a) for a Fe/Cr/Fe trilayer. The indirect RKKY exchange cou-
pling constant is proportional to the saturation field, which for Si(100) undoped and
doped substrates was reduced from 0.35 to 0.25 T, respectively (blue versus orange
curve). No RKKY coupling is observed for thermally oxidized Si substrates, and the
strength is increased several fold when the thin native oxide is removed from the pure
Si wafers by in-situ argon etching before film deposition, with the parameters given
in the last column of Table 2.1. The oscillatory character of the coupling is shown in
Fig. 2.6(b), going from ferromagnetic, with large remanence and small saturation field
for the Cr spacer thickness of 1 nm, to antiferromagnetic, with zero remanance and high
saturation field for Cr spacer thickness of 1.2 nm. Further increasing the Cr thickness
to 1.5 nm results in weaker RKKY coupling, fully consistent with the behavior shown
in Fig. 1.6.

For thermal control of the magnetic properties of the multilayers, it is advantageous
to incorporate materials with easily tunable Curie temperature. The iron-chromium al-
loy with varying concentration of iron fits this condition perfectly. Iron is miscible in
chromium and retains its full atomic magnetic moment on dilution. The Curie temper-
ature of the alloy can be tuned from 50 K to the Curie point of pure iron by varying the
iron concentration from just above 15% (below which the alloy can be antiferromag-
netic in the bulk) to 100%. The Curie and Néel temperatures of the bulk Fe-Cr alloy are
shown in Fig. 2.7. Both chromium and iron have a bcc crystal structure at room tem-
perature, and the alloy retains this lattice configuration for all concentrations. In thin
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Material Fe Cr Fe-Cr alloys pre-etch
Power [W] 150 150 varied/150 40
Power Supply DC DC DC/DC RF
Gas Flow [sccm] 25 Ar 25 Ar 25 Ar 25 Ar
p [mTorr] 3 3 3 5
Rate [nm/min] ∼4 ∼6 ∼8 ∼ 1 (gold etch)

Table 2.1: Typical deposition parameters for the iron chromium multilayers and alloys.
Pre-etching was used to remove the thin native oxide on substrates prior to deposition.

Undoped Si

Doped Si

d=1 nm

d=1.2 nm

d=1.5 nm

substrate/Fe(2)/Cr(1.2)/Fe(2) Fe(2)/Cr(d)/Fe(2)
(b)(a)

Figure 2.6: The VSM measured magnetization versus applied field for a Fe/Cr/Fe
trilayer. (a) The strength of the RKKY interaction, as estimated by the saturation field,
is decreased when going from unoxidized, undoped Si(100) (blue curve) to unoxidized,
doped Si(100) (orange) for a Fe(2)/Cr(1.2)/Fe(2) trilayer with the layer thicknesses
given in the parentheses in nanometers. (b) Measured cross-over from ferromagnetic
to antiferromagnetic RKKY for a Fe(2)/Cr(d)/Fe(2) trilayer, as d increases from 1 (blue
curve), to 1.2 (orange), and 1.5 nm (green), for undoped silicon substrates.

film Fe/Fe-Cr multilayers the properties change somewhat and no antiferromagnetic
behavior is observed in either pure Cr or alloyed Fe-Cr thin films.[40, 41, 42]

Iron-chromium alloys, FexCr1−x , were deposited by co-sputtering from separate iron
and chromium targets. The composition was controlled by individually calibrating the
deposition rates for the two targets. If di is the thickness per unit area deposited in
time t then the rate of material i is obtained as τi = di/t. Given the density ρi , the
mass of the unit area is mi = ρidi , and the number of atoms Ni = mi/ma,i , with ma,i
being the atomic mass. Thus the atomic deposition rate of material i is

τa,i =
Ni

t
=
ρi

ma,i
τi . (2.3)
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Figure 2.7: The magnetic phase diagram of the bulk Fe-Cr alloy as a function of tem-
perature and iron concentration. Between 15 and 20% iron there is a crossover from
ferro- (blue region) to antiferromagnetic (green) behavior at low temperature. The
Curie temperature, Tc , increases linearly with iron concentration at a rate of roughly
15 K/%. Data adapted from [43]. Note that the low-concentration antiferromagnetic
phase is not observed in thin film multilayers.[40, 41, 42]

If the chromium rate is calibrated to be τC r and fFe and fC r are the atomic fractions,
the alloy composition becomes Fe fFe

Cr fC r
if the iron rate is

τFe =
fFe

fC r

ma,Fe

ma,C r

ρC r

ρFe
τC r , (2.4)

which can be tuned by adjusting the deposition power of iron.

2.2.2 Magnetic Characterization

Two methods were used for magnetic characterization of the sputtered films: vibrating
sample magnetometry (VSM) and magneto-optic Kerr effect (MOKE) magnetometry.

2.2.2.1 VSM

A vibrating sample magnetometer is a relatively simple, yet versatile instrument for
characterizing magnetic materials.[44] The sample is placed in a uniform magnetic
field and vibrated sinusoidally perpendicular to the field. The change of magnetic flux
induced by the movement of the magnetic moment of the sample is detected by a pick-
up coil. The detected voltage is proportional to the magnetic moment of the sample in
the direction of the applied field and the amplitude and frequency of the oscillation.
The absolute value of the magnetization can be obtained by calibrating against a well
known standard, in this thesis – the Lakeshore nickel standard.
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The VSM used is a Lakeshore 7300-series. The noise floor of a typical measurement
is in the hundreds of nJ/T with a field range of ±0.5 T. Our VSM has the possibility
of performing measurements in a detachable double-walled vacuum furnace, which,
together with an Oxford Instruments intelligent temperature controller ITC4, has a
temperature range of room to over 800 K, with a stability of ∼1 K.

2.2.2.2 MOKE

In the magneto-optic Kerr effect, light reflected from a magnetic surface experiences
a change in its polarization direction, with a rather strong dependence on the near-
surface magnetization of the sample.[45] Hysteresis curves can be obtained simply by
tracking the polarization change as a function of magnetic field. By using two non-
aligned polarizers the light’s polarization change can be tracked by measuring the trans-
mitted light intensity as the field is swept. MOKE measurements are simple to imple-
ment at relatively low cost, while still providing high temporal and spatial resolution
and high sensitivity.

The home-built setup used for MOKE measurements in this thesis is shown in Fig. 2.8
and is based on the investigation by Polisetty et al.[46] (configuration 1.1 case 3 in the
article, with the two polarizers aligned at 45◦ to each other). Samples were mounted
in a Microstat−He−R flow cryostat from Oxford Instruments, with a temperature range
of 2 to 450 K. Magnetic field was applied in the plane of the light propagation, with
the angle of incidence and reflection of about 45◦ to the normal of the sample sur-
face. This setup measures the so-called longitudinal MOKE and is sensitive to both the
in- and out-of-plane magnetization along the applied field axis. The employed photo-
elastic modulator technique makes it possible to measure both first (Kerr polarization
rotation) and second (polarization ellipticity change) harmonic signals, which can give
material selectivity. In the measurement setup, the helium-neon laser (λ ∼633 nm),
the first two lenses, and the first polarizer are mounted on a three-axis micromanipula-
tor to navigate and focus on the sample surface with the help of a CCD camera placed
at the other end of the optical path. While not mentioned in Ref. [46] we found that
focusing the light into the photo-elastic modulator significantly improves the sensitivity.
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Figure 2.8: The setup used for magneto-optic Kerr effect (MOKE) measurements. The
beam path from the HeNe laser (λ = 633 nm) is shown in red. The laser, the first two
lenses, and the first polarizer are mounted on a three axis micromanipulator platform
to allow navigation and focusing on the surface of the sample mounted in a cryostat.





Chapter 3

Strongly Coupled Vortex Pairs

Vortices are studied in many fields of physics, from fluid dynamics where examples
include the Great Red Spot on Jupiter of roughly the size of the earth[47] and at-
mospheric tornadoes of some hundred meters across, to quantum mechanics where
Abrikosov vortices[48] in superconductors are of nanometer scale. In a rotating super-
fluid helium a vortex can be as small as a few Ångströms.[49] Common to all vortices
is their basic structure: a core-region is enclosed by a circulating flow, which can be
either clockwise or counter-clockwise. The direction of circulation is characterized by
an integer, c = ±1 for cw/ccw, called the vortex chirality.[50] In fluid dynamics it is the
velocity field of the fluid that curls around a pressure minimum,[51] while in superflu-
ids the rotating flow is around a point where superfluidity is suppressed.[52] Abrikosov
vortices are similar: a super-current circulates around a non-superconducting region
forming the core.[53]

3.1 Spin vortices in ferromagnetic particles

The vortex state also occurs in thin ferromagnetic particles and, unlike in the above
examples, the state is not only represented by its chirality. The core "direction" is in-
dependent of the direction of the periphery spin circulation and can itself have two
states. Spin vortices were first theoretically predicted by Feldtkeller and Thomas in
1965 and referred to as circular Bloch lines.[24] For some range of film thicknesses,
usually some tens of nanometers, and sub-micrometer in-plane diameter magnetic par-
ticles, the spin-vortex state can be the particle’s magnetic ground state.[54, 55] It is also
possible to nucleate a vortex in a wider range of disk-dimensions, either by saturating
the magnetization out-of-plane,[56, 57] or applying a strong high-frequency field [58]
or a spin-transfer-torque excitation.[59]

In spin vortices, the magnetization curls into a circle in the periphery of the disk,
flux-closing the stray fields at the boundary, at the cost of an increase in the exchange
energy as each spin is slightly tilted with respect to its neighbors. The direction of the
circulation can be clockwise or counter-clockwise, as mentioned above, and is charac-

23
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p = 1, c = 1 p = 1, c = -1p = -1, c = 1 p = -1, c = -1

Figure 3.1: The four possible configurations of a single vortex, with the color rep-
resenting the component of the in-plane magnetization along the easy axis (marked
by the white line), the circulation of which determines the chirality, while the shape
of the disk schematically depicts the direction of the out-of-plane component in the
core. The polarization (p) of the core can be "up" (+1) or "down" (-1) and is indepen-
dent of the chirality (c) of the in-plane magnetization, which can be clockwise (+1) or
counter-clockwise (-1).

terized by the chirality, represented by an integer, c = ±1. The core in a spin vortex
is the region in the center of the in-plane spin circulation. Here, the magnetization is
forced out of the plane to reduce the massive exchange energy cost required for the
circulation to occur around a single atomic moment.[24] The out-of-plane component
of the magnetization has a Gaussian distribution and is of similar size as the exchange
length in the material. The orientation of the core is characterized by the core po-
larization, p = ±1, which denotes whether the out-of-plane spins are "up" or "down".
[25, 26]

A static in-plane field shifts the vortex core perpendicular to the direction of the
field, which increases the in-plane component of the magnetization aligned with the
field. As the core is moved closer to the boundary of the disk, the demagnetizing fields
increase until an equilibrium is reached. The motion of the core through-out the mag-
netic disk effectively represents the dynamics of the vortex state as a whole and the
intrinsic mode of motion is that of a circular trajectory around the center of the disk
(assuming no static field is present) at a frequency of a few hundred MHz.[60, 61] This
is the gyrational resonance of a spin vortex which can be exited using MHz-range mag-
netic fields[62, 63] or a spin transfer torque from a spin-polarized current.[64, 65, 66]

The ease with which the vortex can be controlled by dc, ac, and pulsed fields, as well
as by spin-transfer-torques, together with the good thermal stability and low-dissipation
dynamics make spin vortices a promising candidate for memory and oscillator applica-
tions.

Several methods of reading and writing information have been proposed for vortex
based memory. One such proposition is storing information in the polarity of the vortex
core,[67] with writing accomplished by exciting the vortex at its gyrotropic resonance
with an amplitude sufficient to reverse the core polarity.[62, 68] The resonance fre-
quency for the resulting, opposite core polarity is offset by an out-of-plane bias field on
the order of MHz per mT. The memory state is then read out by detecting the resonance
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Figure 3.2: The motion of the vortex core (orange dot), marked by the blue arrows,
under a static field (left) and an ac field with the frequency matching the gyrational
resonance (right). The fields are indicated by the black arrows. In a static field, the
core moves perpendicular to the field to increase the in-plane magnetization component
along the field. Under resonant excitation, the core orbits the particle-center in a large-
amplitude circular trajectory.

shift.[69]
Another proposed design utilizes a vortex pinned by an antiferromagnetic layer. The

information is stored as the core position and read out magneto-resistively through a
tunnel barrier, which allows multiple bits of information to be stored per cell. The
memory is written by heating the exchange-biasing antiferromagnet above its Nèel
transition, unpinning the vortex and using 2D in-plane fields to position the vortex
core.[8]

A related memory idea is the so-called racetrack memory, which is based on reso-
nantly moving vortex-like domain walls in a nanowire using a spin-transfer-torque.[70]
Read out is accomplished by passing a train of alternating domains past a tunnel junc-
tion while the tunnel resistance is measured.[71] Similar racetrack-type memories based
on vortices[72] and skyrmions[73] have been proposed.

The gyrotropic mode of the vortex state has been studied extensively, both theoretically[61,
74, 75] and experimentally using spatial- and time-resolved X-ray imaging,[63, 76, 77]
electrical read-out, and MOKE.[78, 79] The low-dissipation dynamics and a variety of
possible excitation methods have made vortex systems attractive for GHz-oscillators
which have been demonstrated in both nanopillars[9] and point-contacts,[80] for both
isolated and coupled vortices.[81, 82]

Coupled vortices can have static and dynamic properties qualitatively different from
the individual vortices constituting the vortex-ensemble. A number of recent studies
have investigated lateral vortex arrays,[74, 83, 84, 85]magnetostatically coupled verti-
cally stacked vortex pairs (with both symmetric[86, 87, 88] and asymmetric vortices[82,
89] constituting the pair), and exchange-coupled vortex pairs in the same magnetic
disk.[90, 91] The collective static and dynamic behavior of a coupled vortex system
depend on the nature and magnitude of the inter-vortex forces and, in some cases, the
exact core/chirality configuration of the interacting vortices.

The work in this thesis is focused on magnetostatically coupled, vertically stacked
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P-P AP-AP AP-P P-AP

Figure 3.3: The four non-degenerate vortex pair configurations possible in a symmet-
ric, dipole coupled synthetic antiferromagnet. The polarization, indicated by the height
of the disks, of the two cores can be either parallel (first letter, P) or antiparallel (AP)
and the chiralities, given by the color, can curl in the same direction (second letter, P)
or opposite directions (AP). Each configuration contains four energetically equivalent
combinations of invidiual polarizations and chiralities in the two layers.

spin-vortex pairs, where the vertical core separation is much smaller than the core
size. While similar systems have been studied in the limit of weak core interaction,[87,
88, 89, 92] in this work the direct core-core force, due to the small core separation,
becomes the dominating factor. This chapter presents the experimental and theoretical
work detailing the static and dynamic properties of spin vortex pairs in SAF structures
in the limit of strong core-core interaction.

3.2 Vertically stacked spin vortex pairs

A vortex pair state is possible to nucleate in the SAF bilayers discussed in Ch. 2 (Fig. 2.1),
with one vortex in each of the two permalloy particles. In such a geometry, it is not pos-
sible to have a single vortex as the fringing field from the other uniform-magnetization
particle would annihilate the vortex by pushing the core toward the particle bound-
ary. A vortex state has essentially no fringing field as all spins are aligned with the
boundary. Therefore, vortices in our samples are always created as pairs. A total of 16
combinations of individual polarizations and chiralities are possible. Assuming the two
layers are identical, the combinations can be reduced to four non-degenerate configu-
rations: parallel (P) core polarization (p1 = p2 = ±1) and P chirality (c1 = c2 = ±1),
anti-parallel (AP) core polarization (p1 = −p2 = ±1) and AP chirality (c1 = −c2 = ±1),
AP core polarization P chirality, and the configuration, which is the main focus of this
work: parallel core polarization, anti-parallel chirality (P-AP). For measurements, the
vortex pair was nucleated by a GHz-excitation of a given amplitude and frequency
such that the P-AP vortex pair is preferentially generated, often with 90% or greater
probability.[58]
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3.3 Core-core coupling hysteresis in P-AP vortex pairs

The potential energy of a P-AP vortex pair as a function of core deviation from the
geometrical center of the disk, X1,2 = (X1,2, Y1,2), in the two layers is the sum of the
intra-layer potentials and the core-core interaction:

U =
∑

i=1,2

�

Uex ,i + Ums,i + UZ ,i

�

+ Uc−c . (3.1)

The energy of one individual vortex in an applied field is the sum of the exchange, mag-
netostatic, and Zeeman contributions, within the respective layer and is independent
of the other layer.

If the core deviation is small, |X i |/Lx � 1 and |Yi |/L y � 1, where L j are the axes
of the disk, the vortex can be assumed to be “undeformed", which is the so-called rigid
vortex model. In this approximation, the exchange contribution to the energy is con-
stant as the small angle between the periphery spins does not change significantly as
the core is moved.

The particle boundary adds a magnetostatic energy within each layer producing a
repelling force on the core, which acts to center the cores in their respective particles.
For an undeformed vortex, the magnetostatic energy is given by[61, 86, 93]
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4

X 4
i +

k′y
4

X 4
i + 2

q

k′x k′y X 2
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where k j = 20µ0M2
s L2

z /9L j (≈ 10−4 N/m in these samples) and k′j ≈ 2k j/L2
j are the

spring constants of the boundary, with Lz being the disk thickness.
Applied fields mainly interact with the spins in the vortex-periphery, which are

roughly 1000 times as many as those in the core. The fields contribute a Zeeman term
to the total potential of the form

UZ ,i = −
π

2
µ0Ms Lzci

�

H y L y x i −Hx Lx yi

�

(3.3)

where ci = ±1 is the chirality of the vortex. In an P-AP pair, where the chiralities are
anti-parallel, c1 = −c2, an applied field forces the cores in opposite directions.

The core-core term is a monopole-like interaction given by the pair-wise interactions
between the four ends of the two vortex cores (magnetic poles at the disk interfaces).
The energy is the sum of all these pair-wise terms and is given by

Uc−c = σµ0M2
s ∆

3
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∆
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∆
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(3.4)

where ∆ is the core size (∼ 10 nm in Py), X l = |X1 − X1|/2, and X v are the lateral
and vertical separation lengths of the cores. The vertical core separation is simply the
spacer thickness, here X v = 1 nm, and is set during the fabrication of the junction. The
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Figure 3.4: (a) The origin of the three terms in the core-core interaction, from (3.4).
The orange arrows indicate the core polarization in the two magnetic layers (blue sec-
tions) and the curved lines indicate the pole-pairs responsible for each term in the
interaction potential. (b) The core-core potential energy as a function of core separa-
tion. The interaction at short range, X l/∆< 1, is a monopole-like attraction, where the
energy scales as a square of the separation. At long range, X l/∆> 1, the cores weakly
repel, essentially as two parallel dipoles confined to the same plane.

prefactor σ = ±1 is the relative core polarization, with +1 if the cores are parallel and
vice-versa. For a P-AP vortex pair, where σ = +1, the origins of to the three terms are
shown in Fig. 3.4(a) and can be understood as follows: the first term corresponds to
the attraction of the two ends of the cores on either side of the non-magnetic spacer,
which due to the parallel polarization have same direction of the core spins. As the
inner-pole separation is the smallest, this interaction is the strongest. The second term
is the repulsion of the outer-pole of one core and the inner-pole of the other core. Since
the cores have the same polarization, the spins in the outer-pole of one core have the
opposite direction to the inner-pole of the neighbor, which leads to a mutual repulsion.
The final term is the weak, long-range attraction of the two outer-poles of the two cores.

The interaction-function, Φ(u, v), is the universal function describing the potential
between two charged surfaces and can be written as

Φ(u, v) =
π

4

p
2e−2u2

∫ ∞

0

r
p

r2 + v2
e−r2

I0(2u
p

2r) dr, (3.5)

where I0(u) is the zeroth order modified Bessel function of the first kind. The total
core-core potential is shown in Fig. 3.4(b) and has a cross-over from a monopole-like
attraction, when the core separation is smaller than the core size, to a long-range dipole-
like repulsion, when the cores are more than one core size apart (indicated by the
green/orange regions).

In small applied fields, µ0H ∼ 0.1 mT, the core-separating Zeeman contribution
is weaker than the core-core attraction and the cores are coupled in a strongly-bound
pair state, with the lateral core separation much smaller than the core size, X l � ∆.
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Figure 3.5: (a) Measured (77 K) and (b) micromagnetically simulated field sweeps for
a P-AP vortex pair in a symmetric SAF, with the arrows indicating the sweep direction.
The resistance of the junction is proportional to the core displacement along the hard
axis in the bottom layer (orange curve). The position of the top core (green curve)
is mirror-symmetric to that of the bottom core. In ideally symmetric P-AP pairs, the
positive and negative core-core decoupling fields are equal in magnitude, roughly ±3.5
mT in the simulations and +1.55/−1.8 mT on the experiment. The discrepancy is
due to thermal fluctuations present at 77 K, but not included in the simulations. The
micromagnetic spin distribution is shown at −3 mT in (c) the coupled state and (d)
decoupled state, with the dashed line indicating the easy axis (particle in-plane aspect
ratio 1.2) and the colored arrows − the sweep direction.

The cores remain coupled until the Zeeman energy overcomes the core-core attraction,
at which point the cores move apart and decoupled. When decoupled, the cores are
only weakly interacting, until the field is reduced to a smaller value, where the cores
fall into each others attractive potential, and again coupling into a bound pair again.
Thus, sweeping the field is expected to result in hysteresis in the core position, and
consequently in the junction resistance, versus the applied field magnitude.
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Figure 3.6: A R-H loop at room temperature for a typical P-AP vortex-pair junction,
along with the real-time voltage traces across the junction (right panels) at the indicated
points in the curve. As the magnitude of the static field is increased, the energy barrier
between the coupled and decoupled states is reduced and thermal fluctuations become
more likely to stochastically switch the state of the vortex pair. This is seen in the time
traces as the junction voltage fluctuating between the two states. Far above and below
the transition region, only the coupled and decoupled states, respectively, are stable.

3.3.1 Thermally activated core decoupling

In a symmetric SAF, the negative and positive fields, at which the cores de- and re-
couple, are equal in magnitude, as are the off-center core displacements upon decou-
pling. The resistance dependence on applied field of a symmetric junction, compared to
a micromagnetic simulation, is shown in Fig. 3.5(a,b). The magnitude of the measured
switching fields, +1.55/−1.8 mT, are smaller than those in the simulations, ±3.5 mT,
due to thermal fluctuations present on the experiment performed at 77 K. Thermal
fluctuations were not included in the micromagnetic simulations, since thermal effects
on phase transitions (for example at the Curie temperature) and points of instability
(at, for example, core decoupling or uniform state switching) are often inaccurately
captured by micromagnetics.

Thermal activation of the decoupling/coupling process can suppress the hysteresis
entirely. As shown in Fig. 3.6 and 3.7(a), no hysteresis is present at room tempera-
ture. Instead, the resistance of the junction abruptly changes at about 1.5 mT. Near
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the transition, the cores continuously decouple/couple as seen from the telegraph-like
noise in the real-time voltage across the junction, shown in the panels on the right
of Fig. 3.6. The life time of the states can be used to estimate the activation energy
through the Arrhenius law, which states that the probability of transition between two
states separated by an energy barrier, Eb, as the wait time, t, increases is given by

P = 1− e−
t
τD , τD =

1
fA

eEb/kB T , (3.6)

where τD is the so-called decay time (or the average life time) and is a function of
the characteristic attempt frequency of the system, fA, and temperature, T . From the
center panel in Fig. 3.6, the life time of the two states in the center of the transition is
tens of microseconds. Taking the attempt frequency to be the coupled-core rotational
resonance fA = 3 GHz, as explained fully in section 3.4, the energy barrier can be
calculated as Eb ∼ 250 meV at 1.5 mT of applied field. Due to the junction read-
out impedance mismatch (described in chapter 2), a square-shaped telegraph noise
expected for the nanosecond fast core transitions is observed to be smoothed out to the
microsecond-range by the relatively large RC-time of the 1 MΩ input of the oscilloscope.

When the core pair is cooled down from room temperature, the probability of ther-
mal activation is greatly reduced and, as shown in Fig. 3.7(b) at 77 K, the transition
becomes hysteretic, with the life times of the two stable core-states (in applied field
corresponding to the center of the hysteresis) estimated to be of the order of hours.
Once the pair decouples above ∼2 mT, the energy barrier to re-couple is much larger
than the average thermal agitation event and the cores remain decoupled until the
field is reduced below ∼1.6 mT. At ultralow temperatures, for example 10 mK shown
in Fig. 3.7(c), thermal fluctuations are almost entirely suppressed and the hysteresis
range, −3.7 to −0.4 mT, is closer to the simulation results.

3.3.2 Core hysteresis in asymmetric SAFs

Asymmetries in the magnetic junction can alter the properties of the vortex, as has
been shown for isolated vortices with core pinning[94, 95, 96, 97, 98] and asymmetric
vortex pairs.[82, 87] Attractively, magnetic asymmetry can provide a valuable tool for
tuning the properties of any vortex system, but the study is also motivated since asym-
metries should also be present in any real device due to the always present fabricational
uncertainties.

Three types of asymmetry could be identified in our nominally symmetric P-AP vor-
tex pairs. Thickness imbalance, where one SAF layer is thicker than the other, leading
to different vortex core lengths. Bias field asymmetry, where the field acting on the
individual vortices is different. And lastly, pinning, where one core is pinned by a mor-
phological or magnetic defect.

Thickness imbalance can either be intentional or due to uncontrolled variations,
such as the often present "magnetically dead layers" at interfaces.[36] In the P-AP state,
the core-core attraction becomes stronger and more monopole-like as the particle thick-
ness increases, which is due to the reduction in the repulsive contributions from the



32 CHAPTER 3. STRONGLY COUPLED VORTEX PAIRS
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Figure 3.7: Core coupling hysteresis measured at (a) room temperature, (b) 77 K, and
(c) 10 mK. At room temperature, thermal fluctuations are sufficient to continuously
excite the pair between the coupled and decoupled core-core states when the field is
below 1.45 mT. If cooled to 77 K, the coupled state remains stable up to 2 mT, above
which thermal events are sufficient to decouple the pair; however, once switched the
energy barrier to the coupled state is too large to overcome and the cores re-couple only
below 1.6 mT. At 10 mK, where the average energy of thermal fluctuations is reduced
by a factor 30 000 compared to that at RT, the measured hysteresis shows a much better
agreement with the micromagnetically simulated results.

inner-outer poles’ interactions [the second term in (3.4) and Fig. 3.4(a)]. The Zeeman
energy for a given applied field is directly proportional to the thickness, making the
cores move more off-center prior to decoupling. The shorter core in the thinner layer,
is pulled in the direction of the longer core due to the increased core attraction and
the larger Zeeman energy of the thicker layer. Despite the increased pre-decoupling
displacements, the pair as a whole is not offset from the center at zero applied field.

The magnitude of the decoupling fields increase compared to the values in a sym-
metric junction, but remain symmetric with respect to positive and negative applied
fields: ±2.5 mT measured at 77 K and ±5 mT simulated, as shown in Fig. 3.8(a,b). As
the thickness imbalance increases the distance the longer core moves upon decoupling
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Figure 3.8: (a) Measured core-core hysteresis of a vortex pair with thickness imbal-
ance, at 77 K; the inset schematically shows the underlying asymmetric SAF. (b) Mi-
cromagnetic simulation with the bottom layer (green) 2 nm thicker than the top layer
(orange). (c) Simulated hysteresis depth in the core displacement in the thicker layer
versus the relative thickness change. (d) Schematic core positions just below (left) and
above (right) the decoupling field. The colored arrows indicate the sweep direction.
As seen in (c), when the thickness imbalance is greater than 1 nm (∆Lz/Lz = 0.2) the
decoupled thicker core is offset in the opposite direction compared to the symmetric
case (∆Lz/Lz = 0), [compare (b) and Fig. 3.5(b)]. The thinner core has a much larger
amplitude of motion and is dragged toward the thicker core before decoupling.

initially decreases till 1 nm imbalance, as shown in Fig. 3.8(c), above which the longer
core snaps backwards towards the particle center, as the cores decouple. This process is
illustrated in Fig. 3.8(d). In the measured junction, the change in resistance at decou-
pling is∆R≈3Ω. With R≈ 1000Ω in the uniform low resistance state (mEA = +1) and a
high resistance of R≈ 1200 Ω, (mEA = −1) the magnetization change upon decoupling
corresponds to ∆mEA= 0.03. From the simulated values in Fig. 3.8(c) such change
of magnetization corresponds to a thickness imbalance of about 1 nm, just above the
threshold. It is likely that this value underestimates the actual thickness imbalance as
the decoupling is affected by thermal agitation even at 77 K. However, with the nominal
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Figure 3.9: (a) Measured core hysteresis of a junction with the R-H loop offset of
roughly 0.4 mT, indicating a bias-field asymmetry of just below 1 mT. The inset shows
the corresponding asymmetric SAF. (b) Simulated hysteresis with an additional 1 mT
static field applied to the bottom core (green). The top core (orange trace), is offset
from the particle center together with the bottom core, at zero applied field. (c) The
decoupling fields (light blue) and the R-H loop offset, calculated as the half difference
of the decoupling fields, (dark blue) versus the magnitude of the bias-field asymmetry.
(d) The bottom layers of two P-AP configurations with opposite chiralities, illustrating
why bias field asymmetry cannot be used to distinguish nominally degenerate P-AP
vortex pair states.

particle-thickness of 5 nm and the rarity with which this backward-snapping at decou-
pling is observed in other junctions on the same wafer, the actual thickness imbalance
is unlikely to be significantly larger than the estimated 1 nm.

Bias field asymmetry is when the static field acting on the two vortices is different.
This can occur due to a not fully flux-closed reference SAF, which in turn could be caused
by a thickness imbalance in the reference layers, or simply if a single reference layer is
used in place of the SAF. Roughness of the tunnel-barrier can lead to a magnetostatic
coupling between the top reference layer and the bottom free layer, the so-called Nèel



3.3. CORE-CORE COUPLING HYSTERESIS IN P-AP VORTEX PAIRS 35

or orange-peel coupling, which would act similar to a field offset of the bottom free
layer.[99, 100]

The core hysteresis is shifted in field, with the shift proportional to the difference in
the field bias, and, as a result, the decoupling fields become asymmetric. Upon decou-
pling, the core displacement is larger in the direction of the field asymmetry and smaller
in the opposite direction. The experimental and simulated field sweeps are shown in
Fig. 3.9(a,b). The core decoupling in the simulation, with the bias field asymmetry of
µ0H f = 1 mT applied to the bottom free layer, is shifted to -4.2 and 3.2 mT, and the
resulting offset (half difference of the two fields) is 0.5 mT. The decoupling fields in the
measured junction are −2.4 and 1.6 mT, giving the loop offset of 0.4 mT. The simulated
decoupling fields and the corresponding R-H loop offset as a function of bias field asym-
metry are shown in Fig. 3.9(c). From the measured offset, the bias field asymmetry of
the measured junction was estimated to be ∼1 mT. Unlike the case of thickness imbal-
ance, thermal activation should be less of a factor in this estimate, since the hysteresis
vanishes without significantly shifting the center of the hysteresis. This can be seen by
comparing Fig. 3.7(a) with the data taken at 300 K and the transition at −1.5 mT, (b)
at 77 K with center of hysteresis at −1.6 mT, and (c) at 10 mK, −1.7 mT.

Bias field asymmetry offsets the core-pair from the particle center with no applied
field. Hwoever, vortex pairs with opposite AP-chirality configurations [two pairs, P-AP1
with (p1, c1, p2, c2) = (1,1, 1,−1) and P-AP2 with (1,−1, 1,1), for example] are offset in
the opposite directions for a given bias field asymmetry. This is illustrated in Fig. 3.9(d),
which shows the bottom layers of the P-AP1 and P-AP2 pairs. The resistance change of
the junction, sensitive only to magnetization, is identical in these specific configurations
and, as a result, bias field asymmetry can not be used to distinguish any of the four
degenerate configurations of the P-AP state.

3.3.3 Core hysteresis in pinned P-AP vortex pairs

The last type of asymmetry identified in this study is pinning of one of the vortex cores.
Pinning occurs on intrinsic defects in the particles, such as grain boundaries in the
polycrystalline films, where variations in the local saturation magnetization, exchange
stiffness, or magnetoelastic energy act as pinning sites.[1] Interface roughness is also
known to effectively pin cores, since roughness leads to local variations in the core
length, which in-turn changes the magnetostatic and exchange energy of the core.[96]
Defects interact mainly with the highly localized core of a vortex and, to pin the core
effectively, must be of similar or slightly larger size as the core.

Due to the strong core-core interaction in the coupled P-AP state, pinning of one
core will effectively pin the pair as a whole. Pinning affects the vortex pair’s behavior
differently depending on the location and strength of the pinning site, but three general
cases can be distinguished.

First, the pinning site can be such that it has no effect on the coupled state. This
occurs if the pinning site is much weaker than the core-core coupling or is located
several core sizes away from the particle center, such that the cores can only interact
with the pinning site in the decoupled state. Decoupled cores behave like isolated
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Figure 3.10: Measured field sweeps at (a) 77 K and (b) room temperature of two
P-AP states with opposite chiralities within the same junction. The two states, P-AP1
(blue) and P-AP2 (orange), are non-degenerate due to a pinning site within roughly one
core radius of the particle center, offsetting the zero field position of the pair. The two
states can still be distinguished at high temperature as the pinning site does not create
a second minimum in the potential. (c) Simulated hysteresis of two P-AP states with
opposite chralities, with the saturation magnetization reduced by half in a 4 nm radius
cylinder located 8 nm from the particle center in the bottom SAF layer. (d) Schematic
representation of the two distinguishable states at zero applied field. The pinning site
is indicated by the green region.

vortices, for which the effects of pinning have been studied extensively.[94, 95, 96, 97,
98]

In the second characteristic case, the pinning site is roughly within one core size
off the particle center, with the pinning strength comparable to the core-core coupling.
Here, the minimum of the core potential is shifted towards the pinning site. Impor-
tantly, the potential is not split into two minima − the zero field position of the coupled
pair is simply offset. This offset is always in the same direction, regardless of the in-
dividual chirality configuration. Specifically, the two example states above, P-AP1 and
P-AP2, would both move towards the pinning site at zero field. The change in the
in-plane magnetization and, consequently, the junction resistance is of the opposite
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Figure 3.11: (a) Measured low temperature hysteresis of a P-AP pair showing zero-field
hysteresis due to a pinning site just outside of one core radius off the particle center,
which creates a second potential minimum. The pair can collectively be depinned (blue
region, increasing field) and pinned (orange, decreasing field) in the coupled state. In
the decoupled state (green), the pinning site does not affect the cores. The schematics
illustrate the state at different points in the sweep. (b) The calculated core potential
without pinning (blue), with a pinning site located such that the single potential mini-
mum is shifted off particle center (orange), and with a pinning site such that a second
minimum is created (green). The curves are vertically offset for clarity.

sign for opposite chiralities, leading to differentiation of these nominally degenerate
P-AP states. Two measured, distinguishable P-AP states in the same junction are shown
in Fig. 3.10(a,b) and compared with a micromagnetic simulation of two pinned P-AP
states of opposite chirality in Fig. 3.10(c). As the core potential retains a single coupled
minimum at zero applied field, the core-offset is not sensitive to thermal fluctuations
and the two states can be distinguished at both 77 K [as in Fig. 3.10(a)], and room
temperature [Fig. 3.10(b)], where the quasi-static core-core hysteresis vanishes under
thermal agitation.

Lastly, the pinning site can be slightly further than one core size away from the
center of the particle, but close enough to affect the coupled core-core state. This
creates a second potential minimum in the core potential, located at the pinning site,
and hysteresis around zero applied field as the pair can be pinned or depinned while
remaining in the coupled state. Such a pinned P-AP state is shown in Fig. 3.11(a), with
the colored regions and the corresponding illustrations showing the coupled-pinned
(orange), coupled-depinned (blue), and decoupled-depinned (green) core states.

The above three characteristic cases of pinning can be modeled by adding a pinning
energy to the core potential of (3.1). Due to the high localization of the cores and the
similarly sized pinning sites, the pinning interaction can be modeled as an exponentially
decaying potential:

Upin = βe−
(X1−X0)

2

∆2 , (3.7)
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where factor β characterizes the depth of the pinning potential and X0 is the pinning site
location. The total energy is shown in Fig. 3.11(b), where the minimum of the potential
is either shifted offcenter (orange curve, corresponding to the second characteristic
case) or a second minimum is created (green, third characteristic case). The effect
of the third type of pinning is suppressed at higher temperatures, as the pair can be
thermally excited to switch between the two minima. For the second type of pinning,
where the minimum is offset, the effect of pinning survives to high temperature. This
creates two stable and distinguishable states, which could be useful in a non-volatile
memory, where the information would be coded onto the highly stable chirality state
of the P-AP vortex pair.

3.4 Resonant dynamics of P-AP vortex pairs

The dynamics of the P-AP vortex-pair state is represented by the motion of the two
vortex cores. Their planar motion is well described by a modified Thiele equation,[101]
incorporating the interaction potential Utot (3.1). The equations of motion can be
derived from the Lagrangian:

L =
G
2

X l Ẏl + 2GXd Ẏd + Utot(Xl ,Xd), (3.8)

where Xl = (X1 − X2)/2 is the separation vector, Xd = (X1 + X2)/2 is the collective
’center-of-mass’ displacement of the pair, and G = µ0 Lz Ms/2γ is the gyroconstant of
a single vortex.[102] When core motion is excited in the P-AP state, either by a high-
frequency field or a spin-polarized current, the symmetry of the two layers forbids direct
excitation of the center-of-mass motion. Only negligible excitation, through the weak
non-linearity in the boundary potential (3.2), is possible. Hence, the pair as a whole
can be considered stationary, dXd/d t ≡ 0, and the dynamics can be entirely described
by the separation vector.

The resulting equations of motion in the presence of magnetic dissipation can be
written as

�

ez ×
dXl

d t

�

=ω(|Xl |)Xl +λ
dXl

d t
+
π

2
µ0Ms Lz (ez × [Hdc + h(t)]) , (3.9)

where λ = πα ln(Lx/2∆) is the modified damping constant dependent on the Gilbert
damping constant α of the material, in permalloy α ≈ 0.013. The 3D phase-space
is spanned by the two components of the separation vector and the initial time but
is independent of the initial velocities − mechanics that is clearly non-Newtonian in
nature.

The intrinsic oscillation frequency of the pair,

ω=
1

2GX l

∂ U(Xl , 0)
∂ Xl

, (3.10)
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Figure 3.12: (a) The calculated core separation during forced oscillations as a function
of the excitation frequency. At low excitation amplitudes, only the coupled rotational
mode is present. The inset shows the result for a slightly higher excitation amplitude,
where the gyrational mode is also excited. (b) At a much increased excitation ampli-
tude, a bistability in the core separation occurs as the rotational mode extends further
down to low frequency. The inset shows a slightly lower excitation amplitude regime,
just after the appearance of the bistability. The micromagnetically simulated spectra
for amplitudes below and above the bistability threshold are shown in (c) and (d), re-
spectively. The bistability is seen in the core separation hysteresis as the frequency is
swept up and down (indicated by the arrows).

is dependent on the oscillation amplitude, X l . From this the induced oscillation am-
plitude, a, under the normalized ac excitation, ĥ = 2Lxh(t)/(4πMs∆), of frequency f
can be calculated as

f =
ω(a)
1+λ2
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 , (3.11)

which has two distinct modes. The higher-frequency mode, the rotational resonance,
has the frequency of roughly 3 GHz and consists of small amplitude (a < ∆) rota-
tions of the two cores in circular orbits about the pair’s magnetic center-of-mass. At
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Figure 3.13: Measured microwave spectra in the coupled state (orange) and decou-
pled state (green), indicated on the core-core hysteresis curve (blue). In the coupled
state, the rotational resonance is found just above 3 GHz. The resonance frequency is
sensitive to the core separation and decreases as the applied dc-field increases. The res-
onance below 200 MHz is due to gyrations of individual cores and can only be excited
in the decoupled state. Exciting the coupled state with sufficiently high excitation-
amplitudes and extended pulse-duration can decouple the pair by thermal agitation
and, again, produce gyrational dynamics.

higher excitation amplitude the rotational mode extends to lower frequencies. Above
some threshold amplitude, a bistability is present and the pair can have either zero
or finite amplitude oscillations within some frequency range. The lower frequency
mode is similar to the gyrational mode of isolated vortices. The motion is large ra-
dius (a � ∆) gyrations of the two cores, largely independent of each other. At high
excitation amplitude, this gyrational mode extends to higher frequencies and eventu-
ally connects with the rotational mode. This evolution is shown in Fig. 3.12(a,b) and
is compared to a micromagnetic simulation performed under similar conditions and
shown in Fig. 3.12(c,d).

Since the rotational mode is a direct consequence of the strong core-core coupling,
the mode is absent in the decoupled state. In contrast, the gyrational mode is the oscil-
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lations of decoupled cores, and can not be excited in the coupled state. The resonance
spectrum can be measured by monitoring the junction resistance while exposing it to
microwave excitation of varying frequency. The changes in the dc-resistance as a func-
tion of excitation frequency are due to a non-linear rectification in the system when the
external excitation is in resonance with the vortex-pair dynamics. The model agrees
well with the experimental results shown in Fig. 3.13. However, at a finite temperature,
it is possible to excite the gyrational mode from the coupled state using a sufficiently
high excitation amplitude, since the coupled cores can be thermally agitated to decou-
ple and subsequently gyrate. The R-f bistability predicted by both the analytical model
and the micromagnetic simulations is not present on the experiment; the microwave-
spectra do not depend on frequency-sweep direction. This can be attributed to thermal
fluctuations exciting the core pair to the upper branch of the oscillations. Confirming
this by micromagnetics has been difficult as it is well known that including thermal ef-
fects in micromagnetic simulations is problematic, especially near switching/instability
and phase-transitions points.

The above model captures many of the dynamic features of the P-AP vortex pair.
However, an additional, even higher-frequency resonance can be excited. This mode
corresponds to sub-nanometer oscillations of the individual vortices about the particle
center at∼ 5 GHz (the so-called vibrational mode) and has been reported previously.[86]
This work will not discuss these higher-frequency modes further, as the respective study
is still in progress.

3.4.1 Resonant decoupling and chaotic dynamics

Core-core decoupling can be induced resonantly, since the core-oscillation amplitude is
highly dependent on the excitation frequency, with almost no response off-resonance.
Biasing the pair with a static field to the center of the hysteresis at low temperature
and applying short microwave pulses of the form shown in Fig. 3.14(b) can induce
core-core decoupling at the rotational resonance. On the experiment, the junction re-
sistance was measured following a field pulse, and, had the pair transitioned between
the two branches of the hysteresis, the dc field was toggled to reset the junction back
into the coupled state. The amplitude dependence, shown in Fig. 3.14(a), follows the
predictions of our Thiele model (3.11) on resonant decoupling, which has non-zero
probability also at lower frequencies as the excitation amplitude increases. Addition-
ally, the center of the resonance, at roughly 2.2 GHz, is shifted down in frequency com-
pared to that for zero static field, roughly at 3 GHz, as shown in Fig. 3.13. This shift
of the rotational resonance (3.10) is a consequence of the dependence on increasing
core-core separation, as the static field approaches the decoupling threshold. At these
near-threshold excitation amplitudes, a sub-harmonic of the rotational resonance is
excited, centered around 1.6 GHz, which also results in decoupling.

The duration of the excitation for the data in Fig. 3.14(a) is set to 100 periods,
50 to 100 ns in the measured frequency range, with the intrinsic oscillation period
in the sub-nanosecond range for the rotational mode of the core pair. This excitation
duration is sufficient to establish a steady-state oscillation, but is also short enough
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Figure 3.14: (a) The frequency and amplitude dependence of the decoupling proba-
bility under resonant excitation, when biased to the center of the core-core hysteresis,
for a P-AP vortex pair. The peak amplitudes increase with the ac field amplitude from
1 mT (blue), 1.2 mT (orange), to 1.5 mT (green), measured with a fixed dc field bias
of 2 mT. The individual error bars are smaller than the data-circles in the plot. (b) The
anharmonic waveform used as the ac-excitation, where the center (green shaded re-
gion) is an harmonic sinewave of a given frequency, repeated 99 times. The decoupling
probability has a clear maximum when the frequency of the central part of the pulse
matches the rotational core-core resonance, which is found slightly lower in frequency
than the zero-field value due to the core-core separation increasing with the applied dc
field bias.

to avoid significant thermal agitation at 77 K. If the ac-field duration is substantially
increased, as shown in Fig. 3.15(a) for 50 ns versus 300 ms long 1 mT amplitude
excitation, the probability peak broadens toward higher frequencies. At these higher
frequencies the core oscillations have a smaller radius and are located deeper within
the core-core potential well. A longer excitation duration results in a larger number of
thermal fluctuations of sufficient strength to decouple such low-laying core trajectories.
This is illustrated in Fig. 3.15(b).

The equations of motion for the separation vector (3.9) can be used to calculate the
trajectories for motion under both decoupling and non-decoupling resonant excitation.
Starting from the coupled state, Xl = 0, with a static applied field bias, HDC 6= 0 and
Xd 6= 0, the different dynamic regimes of the P-AP vortex pair as a function of the
ac field excitation amplitude and frequency can be calculated. The resulting dynamic
regimes are shown in the bifurcation map of Fig. 3.16. The simulated main decoupling
peak (colored areas) appears centered around 2 GHz, slightly below the measured
value (blue line at ∼2.2 GHz). This is most likely caused by the core-core interaction
strength being underestimated in the model for small core separations. However, an
additional lower-frequency satellite pair is visible around 1.4 GHz, which agrees well
with the experiment.

On the high frequency edge of the bifurcation map, above 2 GHz, the core motion
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Figure 3.15: (a) The measured decoupling probability for 50 ns (orange) and 300 ms
(blue) long resonant excitation, at 77 K with an excitation amplitude of 1 mT. For the
short pulse duration, relatively infrequent thermal fluctuations are ineffective in de-
coupling the pair. As the pulse duration increases, the main probability peak broadens
toward higher frequencies. (b) Theoretically predicted core-oscillations near the rota-
tional resonance (3.11) with the illustrated broadening for longer excitation.

undergoes a sequential period doubling as the amplitude increases, as indicated by the
blue, orange, and green regions in Fig. 3.16. The period of the core motion becomes
double, quadruple, octuple, and so on, of the external excitation period. This behavior
can be explained as follows: excitation above some amplitude pulls the cores from the
bottom of the coupled state potential well up toward the top of the energy barrier for
decoupling, where the core separation is greater and the intrinsic resonance frequency
is lower. As a result, the pair detunes from the excitation, loses energy, and relaxes back
lower into the well, where after one period re-tunes with the excitation. The process is
then repeated. As seen from the panels in Fig. 3.16, all trajectories are characterized
by a slower, larger radius of motion, taking the pair close to the top of the potential
barrier, followed by a smaller-radius recovery oscillation close to the bottom of the
coupled well.

The amplitude range preceding each consecutive period doubling becomes more
narrow, which leads to a doubling cascade, and eventually results in chaotic dynamics
(red region) at the border of the dynamic decoupling regime (indicated in grey). The
core motion in the chaotic regime is characterized by a complete lack of periodicity − a
given trajectory is never repeated. Above this regime, the cores decouple dynamically
not relying on thermal fluctuations to initiate the process. In this dynamic decoupling
regime, the cores are excited out of the coupled potential minimum and can, depend-
ing on the excitation parameters, either relax back into the coupled minimum or fully
decouple.

Thermally assisted decoupling in the non-dynamic regime can be modeled by con-
sidering a linearized model, G[ez× Ẋl] = cXl , with c being the linearization parameter,
and including thermal fluctuations as a random force with a white-noise spectrum. The
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Figure 3.16: The bifurcation map of the core-motion for an excitation of given am-
plitude and frequency. The panels show the evolution of the trajectories of the bottom
core as the excitation amplitude is increased, at a constant frequency of 2.2 GHz (blue
line in the main map). The period of the core oscillations undergoes sequential period-
doubling, with each doubling accelerating in terms of incremental amplitude increase.
Eventually, the motion loses all periodicity, becoming entirely chaotic. In the grey area
of the map the cores are directly (dynamically) decoupled by the excitation, requiring
no assistance from thermal agitation. The top core shows the same trajectories but
mirrored about the particle center. The trajectories represent the colored regions of the
map, as indicated by the correspondingly colored circle in the top-left of each panel.
The color scale of the trajectory indicates the time evolution, starting from red, through
the full spectrum, and back to red, during one period of the external excitation. The
start and end points are indicated by the black bar.

number of excitation periods required for decoupling can then be calculated. The cal-
culated decoupling time (T) and the spread in the decoupling time (∆T) are shown
in Fig. 3.17(a). For a non-dynamic, thermally agitated system, transition times should
decrease monotonically with increasing excitation amplitude, as the cores are lifted
further up in the coupled-potential well and experience a reduced effective energy bar-
rier. T and ∆T show a non-monotonic behavior, with minima in both at the amplitude
coinciding with the chaotic regime in Fig. 3.16.

To confirm the presence of true chaotic dynamics, as opposed to a very long-periodicity
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Figure 3.17: (a) The decoupling time (T, blue dots) and decoupling time spread (∆T,
orange curve), simulated including the effects of thermal fluctuations, versus the exci-
tation amplitude, at a fixed frequency of 2.1 GHz. The decoupling time and its spread
drops rapidly as the system undergoes period doubling, eventually reaching a minimum
as the chaotic regime sets in. (b) The calculated Lyapunov characteristic exponents.
Chaotic motion is indicated by the largest LCE (blue) becoming positive, while the
smaller LCE remains negative (orange). The marked green area shows how the chaotic
motion coincides with the minimum in T and ∆T. (c) Measured decoupling probability
as a function of the number of periods in the excitation pulse, with f=2.2 GHz. As the
amplitude increases the core-motion changes from linear (blue points, blue curve −
Poissonian fit), to period-doubled (orange, log-normal fit), and further to the onset of
dynamic decoupling (green, no fit). (d) The width of the decoupling transition, taken
as the difference in the number of periods between 10 and 90% decoupling probability,
extracted from the fits in (c). Non-monotonic behavior of the decoupling probability is
a result of the theoretically predicted chaotic dynamics intrinsic to the system.

motion, the Lyapunov characteristic exponents (LCE, λLC E) were calculated. In the lin-
ear approximation, the deviation from a given trajectory in phase-space, δXl(t), evolves
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as

δXl(t) = δXl(0)e
λLC E t , (3.12)

from some initial deviation δXl(0). The number of LCEs is equal to the number of
dimensions in phase-space. Hence, the LCEs characterize the stability of a given trajec-
tory. With positive LCEs, an initial deviation grows exponentially in time, while with
negative LCEs the deviation decays back to the intial trajectory. Chaotic motion is char-
acterized by (for a three dimensional phase-space) one zero and two non-zero LCEs,
with one being positive and one negative. The calculated LCEs for the P-AP pair are
shown in Fig. 3.17(b) as a function of the excitation field amplitude. The condition for
chaos, marked by green in the figure, is met in the region coinciding with the shortest
decoupling time and the minimum in the decoupling time spread (at onset of chaos).

The same non-monotonic behavior of the decoupling probability versus the exci-
tation amplitude is seen experimentally, as shown in Fig. 3.17(c,d). Three distinct
regimes, shown in Fig. 3.17(c), are observed, as predicted by the calculated bifurca-
tion map. For small excitation amplitudes [blue curve in Fig. 3.17(c)], the decoupling
rate is limited by the number of thermal fluctuations with sufficient energy to lift the
cores from near the bottom of the coupled well. The probability is well described by a
Poisson distribution and corresponds to the initial monotonic drop in ∆T around 1 mT
seen in the 2.2 GHz data in Fig. 3.17(d). The trajectories fall in the quasi-linear regime
in the white area in the bifurcation map of Fig. 3.16, where the core oscillation period
matches that of the external excitation.

Increasing the amplitude forces the system into period-doubled oscillations and,
eventually chaotic motion regime with larger core trajectories, which come closer to
the energy barrier maximum [orange curve in Fig. 3.17(c)]. Lower-energy thermal
fluctuations can then decouple the cores, which increases the total number of thermal
fluctuations of decoupling strength per unit time. Larger-trajectory, near-barrier mo-
tion disfavors full relaxation of the cores, so multiple thermal events can add up within
a single relaxation cycle. This multiplicity of thermal agitation events is not well de-
scribed by a Poissonian and a log-normal distribution fit was used instead − this regime
corresponds to the minimal spread observed between 1 and 3 mT in (d).

Further increasing the amplitude results in dynamic decoupling, where the decou-
pling probability increases non-monotonically with the duration of the excitation pulse
(green curve, no fit). The probability here does not saturate at unity for long pulses.
Due to the qualitatively different behavior from that for lower amplitudes, no tran-
sition width can easily be defined and, as an approximation, the transition width in
Fig. 3.17(d) is taken to be cut off at the transition into the dynamic decoupling regime.

The difference in the experimental data for 2.2 and 2.5 GHz [blue and orange curves
in Fig. 3.17(d)] is also consistent with the predicted behavior, illustrated by Fig. 3.16.
Past the minimum of the map at ∼2 GHz, increasing the frequency requires a higher
excitation amplitude to enter the period-doubling cascade. This leads to a later onset
of chaos, shifting the minimum of the decoupling time-spread to higher amplitudes.
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3.4.2 Dynamic and inertial decoupling and transient dynamics

For excitation amplitudes and frequencies in the dynamic regime, grey area in Fig. 3.16,
core decoupling is deterministic rather than stochastic, provided the excitation dura-
tion is short. When the pulse duration is comparable to the period of the rotational
resonance, the decoupling probability is found to oscillate with the addition of sin-
gle half-periods, as shown in Fig. 3.18(a), where two periods correspond to roughly
1 ns (∼2.2 GHz excitation at the rotational resonance). The resonant excitation lifts
the system from the coupled minimum and, after excitation has ended, the kinetic en-
ergy of the system can only decrease due to the presence of magnetic dissipation, such
that the cores must relax into one of the minima. The trajectories in the phase space,
spanned by the two components of the separation vector, falling towards the coupled
or decoupled states are heavily nested, as seen in Fig. 3.18(b). A shift in the position of
one core by a few nanometers can change whether the cores relax into the decoupled
state or are recaptured by the coupled-state attractor. Thus, the cores can be transiently
decoupled, but their ballistic motion post-excitation can be such that the pair is eventu-
ally re-coupled. The oscillations observed in the decoupling probability in Fig. 3.18(a)
are therefore a direct consequence of the topography of the phase-space. When the
cores are excited to or above the decoupling barrier the exact shape and duration of
the excitation determines the subsequent phase-space trajectory. Additionally, this con-
sideration explains the saturation of the decoupling probability at a value smaller than
one for longer excitation duration [green curve in Fig. 3.17(c)]. The additional time
in the excited state leads to some thermal randomization of the "initial state" in the
phase-space, which, in the center of the hysteresis, is roughly equally covered by the
trajectories leading to the coupled and decoupled states.

Core trajectories in the dynamic-excitation regime were simulated micromagneti-
cally, with the results shown in Fig. 3.19. A change in the magnitude of the decoupling
probability with each added half-period of the field pulse is observed (see comparison
of the left and right panels in the figure). Where core decoupling occurs, it is inertial
in nature, with the momentum of the cores pulling them apart after the excitation has
ended. Interestingly, a sufficient momentum is only acquired if the final quarter-period
is parallel to the static biasing field, which agrees with the difference seen in the exper-
imental data of Fig. 3.18 between the parallel (green curve in Fig. 3.18 and first row
in Fig. 3.19) and antiparallel (orange curve and second row) excitation configurations.
When the final-quarter period matches the static field direction, the falling edge of the
excitation interrupts the relaxation by swinging the cores outside the coupled well, as
opposed to pushing the cores deeper into the coupled minimum observed when the
final quarter-period is antiparallel to the static field.

Anharmonicity of the excitation, illustrated in Fig. 3.18(c), is found to significantly
speed up the decoupling process. The last row of Fig. 3.19 shows the trajectory when
the pair is pulsed by an harmonic, purely sinusoidal waveform of 2.2 GHz, and the same
amplitude and duration as the anharmonic excitation used in the first two rows. Due
to the low dissipation in the system, the cores shoot over the decoupled minimum and,
on switching off the harmonic excitation, following one of the inner blue trajectories
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Figure 3.18: (a) The measured decoupling probability in the dynamic decoupling
regime for excitation duration of the order of single periods of the rotational frequency.
The probability oscillates with the half-period of the excitation, leading to optimal de-
coupling at either even or odd number of half-periods depending on whether the rising
edge of the excitation is parallel (green) or antiparallel (orange) to the biasing field
direction. At lower excitation amplitudes, the decoupling is dominated by thermal ag-
itation, with the probability increasing monotonically versus the excitation duration
(blue). (b) The basins of attraction for the coupled (blue, with the potential minimum
marked by the cross) and decoupled (orange) states in the phase-space spanned by the
two components of the core-separation vector. The pair is biased by an applied dc field
to the center of the hysteresis and, as the field increases to the outer side of the hys-
teresis, the area-fraction covered by the decoupled state’s basin of attraction increases
toward unity. (c) The anharmonic waveform of one period used to excite the vortex
pair. The first and last quarter periods correspond to half the frequency of the center
section (orange curve in green), which matches the rotational resonance at 2.2 GHz.

in Fig. 3.18(b), eventually returning to the coupled state. Decoupling is not observed
in micromagnetic simulations for any short harmonic waveforms until 10 or more pe-
riods of the pulse length is reached. It can thus be concluded that the introduction of
anharmonicity can speed up core decoupling by up to an order of magnitude.
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Figure 3.19: The simulated micromagnetic trajectories of the vortex core in the bottom
layer, illustrating the transient dynamic regime (grey region in Fig. 3.16), with the vor-
tex pair dc-field biased to the center of the core-core hysteresis. The excitation used in
(a-d) is of the same anharmonic type as on the experiment, Fig. 3.18(a,c). The trajec-
tories are colored to correspond to the respective sections of the excitation waveforms
shown on the right in each panel, with the waveform time increasing downwards, and
the dashed line indicating zero field. The blue sections correspond to the half-frequency
of 1.1 GHz, orange − to the rotational resonance frequency of 2.2 GHz, and green − to
the relaxation without excitation. In the first, row the ac excitation starts parallel to the
direction of the static biasing field, as indicated by the arrow in (b), and in the second
row − antiparallel. In the left/right column, the excitation duration is, respectively,
1/1.5 periods. In (e,f), the waveform is harmonic with f =2.2 GHz, and produces
no decoupling at either excitation duration. The potential minima, determined from
Fig. 3.18(b), correspond to the coupled (orange) and decoupled (green) states.

3.4.3 Resonant pinning spectroscopy

SAF asymmetries not only change the hysteresis of the P-AP vortex-pair state, but its
dynamic properties as well. Consider the same three asymmetries discussed earlier:
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thickness imbalance, bias field asymmetry, and pinning.

A larger thickness imbalance increases the core-core attraction since the larger sep-
aration of the outer core poles reduces their respective repulsive contributions, while
increasing the Zeeman and magnetostatic restoring forces in the thicker layer. This
serves to steepen the potential and increase the intrinsic oscillation frequency (3.10).
Bias field asymmetry slightly increases the core separation, which, as seen in Fig. 3.12,
reduces the resonance frequency of the rotational mode, but leaves the gyrational mode
more or less unaffected, since the motion is already decoupled and the cores do not in-
teract strongly.

Pinning of the pair can modify the resonance frequencies, even if only one core is
within the pinning defect. Interestingly, a P-AP pair can be resonantly moved in and
out of pinning sites, as shown in Fig. 3.20(a,b) for a junction with zero-field hysteresis
due to pinning of the type shown Fig. 3.11. As discussed previously, core oscillations
of significant amplitude only occur at resonance, which is why moving the pair into
the pinning site only occurs at the gyrational and rotational frequencies (blue shaded
regions in the figure).

Within a pinning site, the magnetic structure of the pinned core is modified, which
leads to core asymmetry in the pair. Pinning of a core can occur on either intrinsic de-
fects or surface roughness. Intrinsic defects, such as grain boundaries or non-magnetic
inclusions, can lower the exchange stiffness and thereby increase the size of the core.
Often simultaneously, the saturation magnetization is reduced,[1] which reduce the
stray fields from the core, thereby weakening the coupling to the second vortex core.
Local changes in the film thickness (i.e., surface roughness) change the exchange en-
ergy of the core and the stray fields from the core, which affect the core-core interaction,
in addition to the basic dependence on the core length, as the core’s magnetic moment
is proportional to its length.

All of the above changes in the core structure alter the resonance frequencies of
the pair as a whole, even if only one core is modified by pinning. This makes possible
unidirectional switching, as illustrated by the two measured spectra in (a) and (b) of
Fig. 3.20. Clearly, the pinning site modifies the resonance spectrum of the pair, hence
detailed characteristics of the site can be inferred. The potential depth can be obtained
from measuring the activation energy of the pinning site. In Fig. 3.20 (c) pinning and
(d) depinning probability as a function of the excitation amplitude is shown, with the
frequency of the excitation matching either the unmodified gyrational resonance (blue
data points) or the pinning-shifted gyrational resonance (orange). The effective acti-
vation energy is reduced when the pair is under resonant excitation, since the cores
oscillate within the pinned or depinned potential wells in trajectories energetically el-
evated above the ground state. For low amplitude-excitations, the trajectory radius
scales linearly with the amplitude and the respective energy scales as the square of the
radius.

The full activation energy of the pinning site can be determined by fitting the prob-
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Figure 3.20: The measured frequency dependence of the probability of (a) pinning
and (b) depinning, with no static applied field, for a junction with pinning-induced
zero-field hysteresis, as exemplified by Fig. 3.11(a). In the coupled-depinned state, the
resonant frequencies match the gyrational and rotational frequencies (blue shaded re-
gions). Upon pinning, the magnetic structure of the pinned core changes, shifting the
resonant frequencies by ∆ fg/r = 125/350 MHz. The probability of resonant (c) pin-
ning and (d) depinning measured as the excitation amplitude increases, for 285 MHz
(blue dots) and 160 MHz (orange dots), for the excitation duration of 300 ms. The
energy barrier between the coupled-depinned and coupled-pinned states can be ex-
tracted from fitting the amplitude dependence to (3.13) (fit shown as green lines). The
extracted energy values are shown in (d), with the potential depth of the pinning site
corresponding to the activation energy for depinning, Edepin.

ability of resonant transitions to

P = 1− exp
�

−t fA

�

−
1

kB T
(Eb − kh2)

��

, (3.13)

which a Poisson probability, taking into account the energy reduction under excitation
using the kh2 term, where h is the excitation amplitude and k is a scaling constant.
While the excitation is on (here for 300 ms) thermal fluctuations will pin/depin the
pair at some attempt frequency, fA. As discussed in detail in the previous sections, at
resonance, the oscillation frequency of the cores matches the excitation field frequency
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Figure 3.21: (a) The measured contour of >80% probability of pinning at the rota-
tional resonance for the same junction as in Fig. 3.20. Above the excitation amplitude
of 0.5 mT, the bandwidth substantially broadens due to the core trajectory overlapping
with the pinning site. By comparing the data to micromagnetics and analytical theory,
the trajectory radius at the amplitude used can be determined as roughly 10 nm, which
gives the pinning site distance to the particle center. (b) Schematic of the theoretically
predicted tilting of the rotational peak, showing why most of the pinning bandwidth
(horizontal red arrows) extends to lower frequencies.

in the low-amplitude regime. Then, the attempt frequency matches the excited mode.
Fitting the data in Fig. 3.20 yields the depinning energy or the pinning site depth, of
about 170 meV. In other studies of pinning of single vortices to intrinsic material defects
similar energies per unit core length were observed.[94, 95, 97]

The distance to the pinning site from the center of the particle, can be from the
changes in the bandwidth of the pinning probability as the excitation amplitude in-
creases, shown in Fig. 3.21(a) (with the excitation at the rotational frequency). The
pair is not pinned until the core trajectories start overlapping with the pinning site, mak-
ing the rotational mode ideal for this study, due to its small radius-trajectories allowing
higher spatial resolution. As the trajectory radii increase with increasing amplitude, a
threshold-like broadening is expected at the amplitude where the radius corresponds
to the pinning site distance to the center of the particle. The radius can be determined
with the help of micromagnetic simulations and (3.11). For the data in Fig. 3.21(a), the
trajectory radius corresponds to just over 10 nm. This is consistent with the calculated
threshold for zero-field hysteresis in Fig. 3.11(b). The bandwidth broadens predomi-
nantly to lower frequencies due to the folding of the rotational peak, as illustrated in
Fig. 3.21(b).

The precise nature of the pinning site can be determined by modeling the deforma-
tion of the core due to roughness and reduced saturation magnetization. The corre-
sponding effects on the spectrum of the vortex pair can be calculated by linearizing the
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equations of motion to the following form:

Gpinez ×X1 = −κpin(X1 −X2)− k1,pinX1

G0ez ×X2 = −κpin(X2 −X1)− k2X2,
(3.14)

where constant

κ=
µ0Ms Ms,pin∆

2

2

�

1
D
+

1
Lz,pin + D

+
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+

1
Lz,pin + Lz,2 + D

�

(3.15)

characterizes the linearized core-core potential, and Ms,pin and Lz,pin are the local
parameters within the pinning site. The pinning-induced core changes are further
parametrized by the modified coefficients Gpin and k1,pin, assuming the pinning site
is located in the bottom layer and that the pinning site is of similar or larger size as the
core itself.

For axially symmetric magnetization distribution in the pinned core, the modified
gyroconstant can be calculated from

Gpin =
2π
γ

∫

d(Ms,pin sinθ )Lz,pin, (3.16)

where θ is the azimuthal magnetization angle in cylindrical coordinates. If the reduc-
tion in the saturation magnetization is assumed to be constant in the pinned core the
modified gyroconstant scales as

GMs ,pin = G0

Ms,pin

Ms
. (3.17)

Should the saturation magnetization not be constant, however, the correction to first
order is a constant form-factor proportional to the size of the core relative to that of the
pinning site, which would change the magnitude of the pinning-modified vortex-pair
spectrum but not its qualitative form.

If instead the pinning is due to surface roughness, the gyroconstant changes as

Gr gh,pin = G0

�

1+
γ+δ

Lz

�

, (3.18)

where the surface defect is characterized by the spacer thickness increase γ and the
tunnel barrier thickness increase δ.

While the boundary restoring force is not modified (the periphery of the vortex is
not affected by a highly localized pinning site), there is an additional restoring force due
to the changes in the exchange energy of the core pinned by surface roughness. This
can be taken into account by modifying the boundary spring constant of the potential
as

k1,pin = k1

�

1+α
γ+δ

Lz

�

, (3.19)
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where α is a constant proportional to the ratio of the spring constant of the pinning
site and that of the boundary. For the pinning site measured in Fig. 3.20, with the
activation energy of ∼170 meV and located about one core-size away from the particle
center, assuming that the site is equal in size to the core and that the potential energy
scales linearly with the distance from the pinning-site center, the pinning-site spring
constant can be estimated as kr gh = Edepin/2∆

2 ≈ 1.5 · 10−4 N/m. This yields α ≈ 1.4
with k1 = 1.1 · 10−4 N/m from (3.2), as a typical value for naturally occurring pinning
sites.

The oscillation frequency can be obtained from (3.14) using the exponential ansatz
Xi(t) = Xi,0eiωt . For a small change in the saturation magnetization, εM = 1−Ms,pin/Ms,
the spectral changes, δ fi = fi,pin/ fi , are given by

δ fg =
p

1+ εM

δ fr =

√

√

√

1− εM

fr − 2 fg

fr
,

(3.20)

for pinning by a defect with reduced saturation magnetization (for example a grain
boundary). The gyrational resonance shifts up in frequency due to the reduced gy-
roconstant, while the rotational resonance shifts down due to the smaller stray fields
from the pinned core weakening the core-core coupling.

The above effects of pinning by surface roughness are strongly dependent on the
relative layer thickness changes and on exactly which interface is the most affected. The
calculated quantitative changes in the vortex-pair resonant dynamics as a function of
the δ and γ parameters are shown in Fig. 3.22 for α= 1. Using α≈1.4, would change
the results by less than 10%. Qualitatively, for small changes of the interfaces, the gyra-
tional mode varies in a straightforward manner. Its frequency is inversely proportional
to the gyroconstant, and for roughness such that the total thickness is increased, the
resonance decreases in frequency, and vice versa.

The rotational mode is dependent on which interface the change occurs at. If the
spacer thickness is locally increased, the nearest poles of the vortices become separated
further, which weakens their interaction and reduces the rotational frequency. In the
same manner, a thinner spacer strengthens the interaction and leads to an increase
in the resonant frequency. At the opposite interface, the total core-core interaction
weakens as the far end of the pinned core becomes farther away from the other vortex
core due to a local decrease in the tunnel barrier thickness, and the opposite for an
increase in the tunnel barrier thickness.

The measured resonance frequency shifts in Fig. 3.20(a) of δ fg ≈ 0.6 and δ fr ≈ 0.9
are inconsistent with pinning due to reduced saturation magnetization as the respective
shifts of the rotational and gyrational resonances are always in opposite directions in
contrast to what is observed on the experiment. The measured spectral changes are
consistent only with the core being pinned by surface roughness. From Fig. 3.22, the
magnetic layer thickness within the pinning site can be determined to protrude away
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Figure 3.22: The contour lines of the shift in the resonance frequencies, normalized
to those without pinning, δ fi , for the gyrational (blue curves) and rotational (orange
curves) modes when the core pair is pinned by surface roughness. The roughness is
characterized by its height at the top (γ) and bottom (δ) interfaces, as illustrated on
the right. The limits are chosen to avoid regions where the spacer/tunnel barrier or the
magnetic layer vanishes completely.

from the other core by 0.4 nm into the tunnel barrier and by 0.1 nm at the spacer
(parameters δ = −0.4 and γ= 0.1).

Thus from the analysis illustrated by Figs. 3.20, 3.21, and 3.22, the pinning site
observed in this junction has been fully characterized: the site is of size of the vortex
core and located about 10 nm from the center of the particle. The pinning site itself is a
’nano-dent’ into the tunnel barrier by roughly 0.4 nm, with the local SAF-spacer thick-
ness increase of 0.1 nm. The resulting core-pinning energy is roughly 170 meV. The
ability to so comprehensively characterize a pinning site is unique to P-AP vortex pairs,
as two resonances are available for spectroscopically interrogating the system, com-
pared to isolated vortices where a single resonance is insufficient to identify different
types of core-pinning. This could make the P-AP system a high-sensitivity nano-scale
defect probe for advanced magnetic materials and devices.

3.5 Related papers

Paper VIII is an investigation of the effect of asymmetries in the magnetic layers hosting
the vortex pair. Paper IX investigates the amplitude dependence of the resonant core-
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core decoupling and details the theory behind the period doubling cascade observed
to be preceding the chaotic regime. Paper VI shows that anharmonic excitation in the
dynamic regime, past the region where chaotic dynamics are observed, can be used
for picosecond-range decoupling of the core-core pair. Finally, paper V demonstrates
the use of a P-AP vortex pair as a sensitive probe for characterizing magnetic defects in
nano-devices using a method of resonant pinning spectroscopy.



Chapter 4

Thermal control of indirect exchange cou-
pling

The field of electronics relies on the charge of the electrons and has given rise to much
of our modern technology. The much younger field of spin-electronics, or spintron-
ics, is based on another fundamental property of the electron, the spin. The birth of
spintronics is usually attributed to the discovery of the giant magnetoresistance (GMR)
effect when a change in resistance was measured between the parallel and antiparallel
states in magnetic multilayers.[27, 28] This and other spin-dependent transport phe-
nomena have resulted in a large number of useful as well as promising devices including
memory,[6, 103, 104] oscillators,[9, 105] and sensors.[106]

Flow of spin-current has become the driving mechanism in many applications, per-
haps foremost in spin-transfer-torque (STT) magnetic random access memory (MRAM).[107,
108, 109] Most commonly, spin-currents are generated electrically and carried by as-
sociated charge-currents, which in most spintronic-applications is unwanted. Several
methods of creating usable STT without electrical current have been proposed, includ-
ing spin-pumping,[110, 111] spin Hall effect,[112, 113] and spin Seeback effect.[114]
A sub-field of spintronics, where magnons take the center-stage, is called spincaloritron-
ics. It makes use of the spin Seeback effect where temperature gradients give rise to
a spin-current, and the spin thermoeletric Hall effect where temperature gradients re-
sults in a transverse spin-current.[115] Another promising approach is the use of ther-
magnonic processes, where the flow of heat is used to transfer spin torque via thermal
magnons or spin-waves.[10, 116]

Another thermo-magnetic effect, forming the basis for magnetic refrigeration, is
the magnetocaloric effect.[11] It is defined as the isothermal magnetic entropy change
(∆Sm) in response to an applied field, or equivalently, the field induced adiabatic tem-
perature change (∆Tad). Magnetic refrigeration using the demagnetization of param-
agnetic salts is capable of reaching sub-µK temperature,[117, 118] and was the first
method to reach below the pumped-helium limit.[119] As of today, room temperature
magnetic refrigeration is not of widespread commercial use. However, with the conven-
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tional gas compression based refrigeration reaching its limits, MCE based devices both
for micro- and macro-scale systems are becoming more attractive as a more environ-
mentally friendly alternative.[120, 121] While the MCE is present in all magnetic ma-
terials, the effect is usually small. Large room temperature MCE is commonly limited to
expensive materials, usually incorporating rare-earth metals. Popular materials show-
ing large magnetocaloric effect near room temperature include Gd3Ge2Si2,[122, 123]
and MnAl1−xSbx ,[124] among others.[125]

The first half of this chapter is focused on the investigation of Fe/Cr based multilayer-
systems, where the interlayer RKKY interaction is tuned using heat at temperatures
near room temperature. Commonly, indirect exchange coupling of this type is hard
to tune by external control after the multilayer has been fabricated, making it less
versatile in applications. Attempts at introducing competition between direct and in-
direct exchange coupling have been made, but thermal tuning of magnetization was
never discussed.[126, 127, 128] Changing from ferromagnetic to antiferromagnetic
indirect exchange has been demonstrated using electric field in magnetic tunnel junc-
tions based on gadolinium oxide.[129] Thermal control of the RKKY interaction has
been investigated previously, but studies report weak effects, with thermal switching
between the states of ferromagnetic and antiferromagnetic RKKY interaction smeared
over more than 100 K.[130, 131] This chapter summerizes the experiments on achiev-
ing reversible thermal transitions of ferromagnetic to antiferromagnetic indirect ex-
change, optimized to operate near room temperature, which is the subject of paper IV;
see also Ref. [132].

The second half of this chapter describes a method of using indirect exchange bias
to achieve a large room temperature magnetocaloric effect. Most of the past research
focused on bulk materials, often based on expensive rare-earth metals, which are en-
vironmentally taxing to produce.[11] Further, the giant MCE demonstrated for the
Gd3Ge2Si2 alloy is limited in operation frequency, which is directly related to cooling
power,[133] as a large part of the entropy change is due to a structural change in the
material.[123] Nanostructuring for tuning the MCE properties is a relatively new ap-
proach, but has already been shown to yield appreciable room temperature cooling in,
for example, Cr/Co multilayers[134] and Co-clusters in Ni67Cu33.[135] The approach
has often focused on tailoring the direct exchange and anisotropy of nanomagnets to
lower the driving field requirements, tune the operating temperature, and suppress
hysteretic losses.[136, 137] Unfortunately, this rather conventional method has shown
relatively small improvements. The later parts of this chapter and paper VII, detail our
use of indirect exchange bias at thin-film interfaces to drive a large entropy change as
the structure undergoes a magnetic metatransition. The obtained isothermal entropy
change is much larger than the previously reported bulk giant MCE responses for fields
in the milli-Tesla range.
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Figure 4.1: An illustration of a thermal transition from (a) direct ferromagnetic ex-
change to (b) indirect antiferromagnetic exchange for a Fe/Fe-Cr/Fe trilayer, contrasted
to the case where the transition is from (c) indirect ferromagnetic exchange to (d) indi-
rect antiferromagnetic exchange in a Fe/Cr/Fe-Cr/Cr/Fe stack. Green arrows indicate
the magnetization in the respective layers and red arrows− the direction of the indirect
exchange.

4.1 Thermal interlayer switching

Indirect exchange coupling has been shown to be largely insensitive to external control.
However, for many applications it would be advantageous to be able to switch between
strongly ferromagnetic and strongly antiferromagnetic indirect coupling, preferably in
a narrow transition window. Two methods of switching the sign of the coupling using
the Curie transition of a weakly ferromagnetic layer are illustrated in Fig. 4.1 for a
Fe/spacer/Fe trilayer, with (a-b) a uniform spacer and (c-d) a gradient spacer.

In the case of a uniform spacer, the outer two ferromagnetic layers are separated
by a low Curie-point material, such as the dilute ferromagnetic Fe-Cr alloy. At low tem-
peratures the spacer is ferromagnetic and couples the outer layers via direct exchange,
enforcing parallel alignment as shown in Fig. 4.1(a). Increasing the temperature past
the Curie point of the spacer breaks the direct exchange, Fig. 4.1(b), and for a correctly
chosen thickness of the spacer, approximately 1.5 nm for the Fe/Fe-Cr/Fe system, the
now paramagnetic spacer couples the outer strong ferromagnets by antiferromagnetic
indirect exchange. Thus, in this design the interlayer coupling is switching from direct
exchange, forcing the magnetization of the outer layers to align in parallel, to indirect
antiferromagnetic exchange (RKKY) enforcing antiparallel alignment.
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Figure 4.2: The M-H loop measured with VSM for Fe(2)/spacer/Fe(2) trilayers at
room temperature, with (a) uniform spacer FexCr1−x(1.5) and (b) gradient spacer
Cr(0.4)/FexCr1−x(0.7)/Cr(0.4). In (a), as the Fe-concentration (x , as indicated by the
color) increases to 15%, the direct exchange at the Fe/spacer interfaces orders the alloy
ferromagnetically, directly coupling the two iron layers. Substituting direct exchange
with indirect exchange in (b) necessitates higher Fe-concentration for ordering, about
20%, before sequential indirect-ferromagnet-indirect coupling of the two outer layers
occurs.

This mechanism has one significant disadvantage, however. At the Fe/Fe-Cr in-
terface the outer ferromagnet exerts a strong proximity effect on the spacer via direct
exchange, with the outer ferromagnetic layers acting as sinks of the thermal magnons
present in the low Curie-temperature spacer, suppressing the thermal fluctuations, which
drive the Curie transition. The proximity effect thus results in a non-uniform magne-
tization and non-uniform exchange throughout the thickness of the spacer. This unde-
sirable effect has been shown to be largely alleviated by gradient-style spacers, having
stronger ferromagnetic dilution at the interfaces, e.g. Ni65Cu35(1)/Ni84Cu16(5)/Ni65Cu35(1)
used in Ref. [138].

Improving the multilayer by using a gradient spacer based on indirect exchange, as
illustrated in Fig. 4.1(c-d) for Cr/Fe-Cr/Cr, suppresses the strong interface proximity
effect.[138] At low temperatures, the center of the spacer is ferromagnetically ordered
such that indirect ferromagnetic coupling is sequentially transferred from the outer
Fe-layer, across the Cr outer-spacer, to the Fe-Cr center-spacer, and similarly onward
to the other outer Fe-layer, as shown in Fig. 4.1(c). Above the Curie temperature of
the alloy, the effective thickness of the spacer is, for suitably chosen individual layer
thicknesses, increased such that the sign of the indirect exchange interaction is reversed
from positive to negative, illustrated in Fig. 4.1(d). Note that here the mechanism of
the metamagnetic transition in the system is different from both that in Ref. [132],
where the coupling changes from antiferromagnetic to non-interacting, and that in the
case of the uniform spacer.
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This mechanism of thermally-controlled RKKY can be further elucidated by consid-
ering Fig. 1.6. At low temperatures the effective spacer thickness is such that a posi-
tive exchange constant is obtained, d/λ < 0.5 in the figure, via a sequential indirect-
ferromagnet-indirect interaction. The total spacer thickness must be designed such that
the resulting indirect exchange above the Curie temperature of the alloy is antiferro-
magnetic. The effective spacer thickness should then increase to correspond to the first
minimum at d/λ≈ 0.7 (above the Curie temperature of the spacer).

The Curie transition of FexCr1−x takes place below room temperatures for Fe con-
centrations below x ≈ 35%, as shown in Fig. 2.7. However, due to the strong proximity
effect in the case of the uniform spacer, and the strong indirect exchange bias[139, 140]
in the gradient spacer configuration, the actual Curie transition in the multilayer can be
expected to occur at higher temperatures. Since the Curie transition would determine
the operating temperature range of any device incorporating these systems, the wide
concentration window for Curie-point tuning available in the Fe-Cr alloy, as opposed to
that in magnetic oxides, is advantageous.

Room temperature hysteresis loops for the uniform-spacer trilayer Fe(2) / FexCr1−x(1.5)
/ Fe(2) are shown in Fig. 4.2(a) for x = 0 (blue curve), 10 (orange), and 15% (green).
For the pure chromium spacer, x = 0, there is a strong indirect antiferromagnetic cou-
pling as seen from the zero remanance and high saturation field, µ0Hs ≈ 100 mT. The
RKKY exchange constant can be calculated as[141]

JRKKY = µ0MsHs
t1 t2

t1 + t2
, (4.1)

where Ms = 1700 kA/m is the saturation magnetization of iron, µ0Hs the saturation
field, and t i = 2 nm the thickness of layer i, yielding JRKKY ≈ 0.2 mJ/m2. Increasing
the iron concentration uniformly throughout the spacer rapidly weakens the indirect
exchange due to competition from the direct exchange. At x = 10%, the saturation
field and the corresponding exchange constant, are reduced by roughly one half. Even-
tually, a single rectangular loop is obtained for x = 15%, indicating a dominating direct
exchange coupling between the two outer ferromagnets through the Fe-doped uniform
spacer.

Multilayers with gradient spacers show qualitatively similar results, as shown for
Fe(2)/Cr(0.4)/FexCr1−x(0.7)/Cr(0.4)/Fe(2) in Fig. 4.2(b) with x = 7 (blue curve),
15 (orange), and 20% (green). The magnetic proximity effect is greatly reduced, as
evident by the outer Fe-layers remaining antiparallel up to 20% Fe-concentration versus
15% for the uniform spacer. The antiferromagnetic RKKY exchange coupling between
the two outer layers remains of essentially the same strength until 10% concentration is
reached− the saturation field remains unchanged. The coupling constant is reduced by
one half at roughly 15% Fe concentration. The Cr thickness of 0.4 nm is thin enough
to provide strong ferromagnetic indirect exchange, since at x =20% the two outer-
Fe loops merge into one, indicating a fully parallel alignment of the Fe-layers by the
interlayer exchange.

The temperature evolution of the remanence for the gradient-spacer multilayer is
shown in Fig. 4.3(a) for Fe concentrations between 10 and 20%. A clear metamagnetic
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Figure 4.3: The temperature dependence of (a) the remanent magnetization and (b)
the corresponding RKKY exchange constant for a Fe/spacer/Fe trilayer with a gradi-
ent spacer Cr(0.4)/FexCr1−x(0.7)/Cr(0.4). The Fe-concentration, indicated by the line
color, can be used to tune the temperature of the ferro- (full remanence) to antiferro-
magnetic (no remanence) transition in the interlayer coupling. The width of the transi-
tion, from 0.8 to 0.2 in remanance, is narrow, ∼ 30 K, and largely independent of iron
concentration. (c) The temperature evolution of the M-H loops of the multilayer with
x = 17.5% measured using MOKE. The vertical dashed lines indicate the field used to
calculate the exchange constant.

transition can be observed as the remanent magnetization changes from unity (fully
parallel alignment) to zero (fully antiparallel alignment), with the interlayer coupling
transitioning from ferro- to antiferromagnetic upon heating past the Curie temperature
of the spacer. The same transition is seen in the exchange constant shown in Fig. 4.3(b),
which can be calculated from the saturation field using (4.1). The values below zero
indicate antiferromagnetic indirect exchange, which couples the two outer iron layers
in antiparallel. For x = 17.5 and 20%, ferromagnetic coupling aligns the layers in
parallel below 250 and 300 K, respectively, as indicated by the vanishing exchange
constant.
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The temperature evolution of the hysteresis curve for a gradient-spacer multilayer
with x = 17.5% is shown in Fig. 4.3(c), with the saturation field marked by the dashed
vertical line. The field is taken at the center of the magnetic transition to exclude any
contribution from the intrinsic coercivity of the individual Fe layers.

The transition temperature can be tuned from at least 100 to 450 K in the studied
material system, as demonstrated in Fig. 4.3(a) and (b), which should offer a great
flexibility in device design. In principle, even higher device operating ranges should
be possible, as long as one stays sufficiently below the Curie temperature of pure iron,
∼ 1000 K. Attractive for applications is that the width of the transition (defined here as
0.8 to 0.2 remanence) remains sharp, roughly 30 K, for all investigated Fe concentra-
tions. However, the exchange constant saturates at lower negative values for increased
Fe concentration, indicating weaker antiparallel alignment. This is likely due to in-
creased spin depolarization of the conduction electrons carrying the indirect exchange
interaction by the paramagnetic iron atoms in the Fe-Cr spacer layer. Nevertheless, fully
antiparallel alignment, with sufficiently strong indirect exchange for switching the re-
manence between zero and unity, is achieved for all investigated Fe concentrations.

An important note is that the magnetic state of the diluted Fe-Cr alloy is affected
by the indirect exchange bias present at the interfaces. Although it is weaker than the
direct exchange, indirect exchange has been shown capable of increasing the Curie
temperature in other material systems.[139, 140] Similar effects were observed here,
as the Curie temperature of the alloy is in all cases higher than expected. For example,
Tc ≈ 450 K for x = 20% in Fig. 4.3(a), while in the bulk the same alloy is expected
to have Tc ≈ 75 K as seen from Fig. 2.7. Even for alloys where ferromagnetic order
is not present in the bulk at any temperatures (x ≤ 15%), the strong bias from the
indirect exchange at the interfaces orders the alloy, with Tc ≈ 200 K for x = 15%, as
an example.

4.2 Indirect exchange driven magnetocaloric effect

In a NiCu-spacer based multilayer with low Ni-concentrations the parallel to antiparallel
switching of the outer layers’ magnetic moments has been predicted to result in a large
isothermal entropy change (or, equivalently, adiabatic temperature change).[142] The
magnetic entropy is predicted to change due to the direct proximity effect exerted by
the outer ferromagnets either adding up (in the parallel configuration) or canceling
(antiparallel configuration). However, it has been shown using atomistic simulations
of the NiCu-system that direct exchange is too strong and never fully cancels out in the
spacer,[138] which should result in neglible MCE. The situation is different in the case
of the indirect exchange through gradient-spacers described above, where the proximity
effect is significantly suppressed.

In a gradient-spacer based system, the observed large increase of the Fe-Cr alloy’s
Curie temperature, detailed in the previous section, is a clear indication that indirect
exchange bias can be made sufficiently strong to alter the entropy state of a thin, weakly
ferromagnetic spacer layer. Additionally, due to the sharp oscillations of the indirect
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exchange coupling versus the thickness of the nonmagnetic spacer (∼ 15 Å period
for Fe/Cr), the multilayer can be designed to match the contribution from the two
interfaces for a given thickness of the spacer. The resulting magnetocaloric effect is
enhanced near the Curie temperature of the spacer as the effective RKKY-exchange
fields suppress or enhance the critical spin fluctuations at Tc .

The multilayer discussed in the previous section can be modified to include an eas-
ily switchable free layer, F f ree, and a fixed reference layer, Fpin, such that stable parallel
and antiparallel states can be obtained by sweeping the external field. In Fig. 4.4(a), a
room-temperature hysteresis curve is shown for a structure with F f ree = Py(4)/Fe(0.5),
where the 0.5 nm thin iron-dusting enhances the surface spin polarization, and Fpin = Fe(2).
The Fe-layer is fixed by coupling it using antiferromagnetic RKKY to a much thicker
Fkeg = Fe(8). The full multilayer stack is schematically shown below the measured
data in Fig. 4.4(a). At fields above roughly 300 mT all magnetic moments in the struc-
ture are fully aligned [inset (1)]. At lower fields, Fpin rotates antiparallel to Fkeg , as
intended by the stack design [inset (2)]. The free layer can be switched by low field
[inset (3)], which, importantly, occurs before the thick Fkeg aligns with the applied field
and through the strong RKKY coupling switches Fpin [inset (4)]. This allows switching
of only the F f ree layer and yields a clear parallel-to-antiparallel transition, as seen in
the minor loop of F f ree shown in orange, superposed onto the major loop near zero
field. At high negative fields the entire multilayer is saturated opposite to the original
direction [inset (5)].

The temperature dependence of the F f ree minor loop is shown in Fig. 4.4(b) for
gradient spacer Cr(1)/Fe25Cr75(1)/Cr(1), and in (c) for nonmagnetic spacer Cr(6) −
too thick to transmit any interlayer exchange. The minor loop with the pure-Cr spacer
shows a temperature evolution expected of a free single-layer ferromagnet, with both
negative and positive coercive fields increasing at low temperature as thermal activation
decreases. The center of the hysteresis curve is shifted to positive fields by ∼10 mT for
all investigated samples, this is most likely caused by the Néel coupling due to the
interface roughness in the multilayer.

In stark contrast, the structure with the gradient-spacer shows the standard temper-
ature evolution only for the positive (right) coercive field, H↑↑c , corresponding to the
parallel-to-antiparallel switching. The negative (left) coercivity, corresponding to the
antiparallel-to-parallel switching, H↑↓c , is essentially independent of temperature. This
behavior is shown in Fig. 4.5(a) down to 160 K, the Curie temperature of bulk Fe25Cr75.
Coercivity in polycrystalline films is known to be a thermally activated process, in which
reverse-magnetization domains propagate through the film while thermal fluctuations
lift the respective domain walls out of local pinning sites, with the characteristic acti-
vation energy determined by the material and morphology of the film.

The excitation energy is supplied in the form of magnons, the number of which
increases with temperature. The weak temperature dependence of the negative co-
ercivity indicates that the free layer experiences a large magnon-flux from the spacer
in the antiparallel state in the measured temperature range. In the antiparallel state,
the indirect exchange bias from the two outer layers cancel within the inner spacer.
As a result the Curie temperature of the Fe25Cr75 spacer is not enhanced and remains
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Figure 4.4: (a) The VSM-measured hysteresis curve at room temperature of the mul-
tilayer illustrated below the graph, with gradient spacer Cr(1)/Fe25Cr75(1)/Cr(1). The
arrows in the insets indicate the magnetization direction in F f ree = Py(4)/Fe(0.5)
(green arrow), Fpin = Fe(2) (light green), Fkeg = Fe(8) (black). The minor loop of
F f ree is shown in orange. The temperature dependence of the minor loop measured us-
ing MOKE with (b) gradient spacer Cr(1)/Fe25Cr75(1)/Cr(1) and (c) pure Cr(6) spacer.

essentially bulk, TC ≈ 160 K. In the parallel state, however, the indirect bias adds up
inside the spacer. And the resulting effective field can be calculated using (4.1) and
MFeCr = 0.25MFe to be µ0He f f ≈ 10 T per interface. This effective field is sufficient to
order the paramagnetic Fe-Cr far above the bulk Curie temperature, which shuts off the
magnon flux from the spacer to the free layer. This process is schematically shown in
Fig. 4.5(b).

Coercivity can be phenomenologically modeled as a thermally activated process:

Hc = Hc0

�

1−∆H e−Q/εkB T
�

, (4.2)

where Hc0 is the zero temperature coercivity, and ∆H a scaling constant. The activa-
tion energy, Q, dependent on the sample morphology and material parameters, varies
only weakly (if at all) with temperature and will, in the following analysis, be assumed
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Figure 4.5: (a) Temperature dependence of the left (blue dots) and right (orange
dots) coercivities of the minor loop in the structure measured in Fig. 4.4, with the
Fe-Cr thickness of 1 nm. Green and red dots correspond to the spacer-thickness of
2 and 4 nm, respectively, showing the same temperature dependence as the pure Cr
spacer. Solid orange and blue lines are fits to (4.2). The coercive fields of the minor
loop are defined in the inset. (b) Illustration of the parallel to antiparallel switching
of the Py free layer. The interface of the weakly ferromagnetic alloy in the gradient
spacer is biased by the indirect exchange from the Py and Fe layers, either adding up
or canceling out depending on their mutual orientation. This results in switching of
the magnetization of ferromagnetic order in the alloy on/off by sweeping through the
minor loop.

constant. To model the external magnon flux, a dimensionless parameter ε is intro-
duced for the antiparallel, ε↑↓, and parallel, ε↑↑, states. Fits to the measured data
using (4.2) are shown as the solid lines in Fig. 4.5(a), from which the ε parameter
can be extracted, yielding ε↑↓/ε↑↑ ≈ 7, which indicates a seven-fold increase in the
effective magnetic temperature of the free layer. The total number of magnons, Nm,
scales according to Bloch’s law and should increase 73/2 ≈ 20-fold upon switching of
the Py-layer. Estimating the activation temperature of the parallel state, where the
external magnon flux is essentially zero, from the fit yields T ↑↑a = Q/ε↑↑kB ≈ 375 K .
At this temperature, the number of magnons can be estimated using Bloch’s law as
Nm ≈ 2 × 1015 cm−2. The activation temperature in the antiparallel state is 1/7th as
high, or T ↑↓a ≈ 50 K, but should have as many magnons as the parallel state above 375 K.
This implies that the change in magnon number upon parallel to antiparallel switching
is roughly ∆Nm ≈ 2× 1015 cm−2. In the fully paramagnetic Fe25Cr75, each iron atom
would emit roughly 2 magnons (pure bcc-iron has 2.2µB per atom). Taking the thick-
ness as 1 nm, the maximum number of magnons is Nm,max ≈ 4× 1015 cm−2, with one
half flowing towards each of the two outer layers. The agreement of the estimate and
the model fit is almost one-to-one, which supports the conclusion of a paramagnetic to
ferromagnetic phase transition in the system as the outer-layers switch between parallel
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and antiparallel alignment.
The exchange-induced magnetic phase transition in the spacer has an associated

entropy difference, which in the mean-field approximation is given by

∆S = nkB∆s =
nkB

2

�

−
Msµ0He f f

kB T

�2

, (4.3)

where n = 2 × 1022 Fe-atoms cm−3 is the iron atomic density, ms = 2.2µB Fe atomic
spin number, and He f f = 20 T the total effective field acting on the atomic ensamble.
The isothermal entropy change in the spacer is then ∆S ≈ −10 mJ cm−3 K−1, or ∆S ≈
−1.4 mJ g−1 K−1, when taking the density as ρ = 7.33 g cm−3 for the alloy. This can
be compared to bulk Gd at room temperature with ∆S ≈ 0.02 mJ g−1 K−1, and MnAs
with ∆S ≈ 0.2 mJ g−1 K−1 in the 10 mT field range.[11]

A disadvantage in the presented design is the small ratio of the active (1 nm thick
spacer) to the passive (∼10 nm) volume. For example, the adiabatic temperature
change ∆Tad = T∆S/Cp is roughly ∼1 K per transition when considering only the
spacer, and would decrease to ∼0.1 K for the whole stack (taking Cp = 450 mJ g−1 K−1

for Fe and Cr at 100 K), which is still a respectable value.

4.3 Related papers

Paper IV demonstrates thermal control of the indirect exchange coupling achieved in
Curie-valve type multilayers and their temperature dependent characteristics. Paper
VII investigates the magnetocaloric properties of multilayers obtained by tailoring the
materials studied in paper IV for MCE.





Chapter 5

Conclusions

Since the 1990-s nanostructured magnetic elements are being intensively investigated
with the aim of a universal magnetic random access memory. Current state-of-the-art
MRAM has been demonstrated to have high read/write speeds, ability to scale down
below 20 nm, essentially infinite endurance, and nonvolatility. Though most efforts are
focused on uniformly magnetized nanoparticles, spin vortices are being considered as
another memory-element candidate. Furthermore, due to the low-dissipation and often
narrow-linewidth of the vortex-dynamics, represented by the movement of the highly
localized out-of-plane core, vortices are viewed as promising for nanoscale microwave
oscillators.

In this work coupled vortex pairs are investigated in trilayer nanostructures, with
two ferromagnetic permalloy layers separated by a thin nonmagnetic tantalum-nitride
spacer – a so-called synthetic antiferromagnet in the uniform-magnetization ground
state. The main focus is on the vortex-pair configuration with parallel core polarizations
and antiparallel chiralities (P-AP), where the use of an ultra-thin spacer results in a
monopole-like magnetostatic attraction between the cores at small lateral separations.

At room temperature, thermal fluctuations suppress the expected hysteresis in the
core-core separation versus applied field. Below about 100 K, thermal fluctuations
are weak enough for both the coupled (zero core separation) and decoupled (core
separation larger than the core size) states to be stable at field values of a few milli-
tesla. Asymmetries within the SAF, introduced during the fabrication process, are found
to modify the core-core hysteresis. An uneven bias-field offsets the core-pair from the
zero external-field position in the center of the particle and shifts the hysteresis in the
direction of the asymmetric bias field. A thickness imbalance leads to a behavior similar
to that found in an isolated vortex, with the thinner core essentially being dragged by
the thicker core. Pinning of one of the cores is found to effectively pin the pair as
a whole in the coupled core-core state. For pinning sites located within a core-size
away from the particle center, the normally degenerate chirality states of the P-AP pair
can be made non-degenerate in a way that is insensitive to thermal fluctuations, with
the behavior persisting to high temperatures, past where the core-hysteresis is fully
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suppressed.
Core-core decoupling can also be resonantly excited by high-frequency magnetic

fields. The P-AP vortex pair has two main resonance modes: the coupled rotational
mode at ∼3 GHz with the oscillation-radius much smaller than the core radius, and
the decoupled gyrational mode at ∼100s MHz where the individual trajectory radii are
larger than the core size. When excited by a microwave field at the rotational mode,
the system undergoes a period-doubling cascade as the excitation amplitude increases:
the core-oscillation period becomes double, quadruple etc., of the excitation period.
Eventually the pair loses all periodicity and the dynamics become chaotic.

By further increasing the excitation amplitude, past the chaotic regime, the pair
is dynamically decoupled, independently of thermal fluctuations. The decoupling is
largely inertial, taking place after the excitation has ended. Introducing anharmonicity
into the excitation waveform reduces the number of excitation periods required for
decoupling by an order of magnitude.

Various asymmetries can affect the dynamics of the P-AP pair. A pinning site modi-
fies the magnetic structure of the pinned core, changing the spectral properties of the
system. It becomes possible to unidirectionally move the pair in and out of the pinning
site by resonant excitation. The spectral changes can be modeled and the pinning site
fully characterized in terms of location, potential depth, and defect type, allowing the
P-AP vortex to be used as an ultra-sensitive nano-scale probe for magnetic defects.

Indirect exchange coupling in magnetic multilayers is utilized in many spintronic de-
vices, such as MRAM. The coupling is largely insensitive to external control, being deter-
mined by the physical spacer thickness set during fabrication, which limits its practical
use.

In this thesis, a method for reversing the sign of the indirect exchange coupling
by heating a spacer-layer above its Curie temperature is demonstrated. Two designs
are implemented, compared, and contrasted. The first makes use of direct exchange
across a Fe-Cr alloy spacer, whose thickness is chosen such that in the paramagnetic
state the spacer transmits antiferromagnetic indirect RKKY exchange. This design is
improved by the use of a gradient spacer, Cr/Fe-Cr/Cr, where the Cr layers’ thicknesses
are chosen to transmit indirect ferromagnetic exchange at low temperatures. Above
the Curie temperature of the Fe-Cr alloy, the total thickness of the now paramagnetic
layers is chosen such that the indirect antiferromagnetic coupling is achieved. The
improved design shows sharper thermal transition widths and stronger interaction in
a wide operating temperature range, which can be tuned by increasing the Fe-content
in the alloy.

The gradient spacer can be incorporated in a system with a fixed and a free layer,
such that the relative alignment of the outer layers can either be parallel or antiparallel.
In this design, the combined RKKY bias in the spacer cancels for the antiparallel align-
ment and adds up in the parallel state, corresponding to an effective field change of
∼20 T on switching the free layer. For thin spacers this change in the RKKY bias is suf-
ficient to drive a para-to-ferromagnetic transition, with an associated magnetocaloric
effect of a magnitude rivaling the best bulk rare-earth-based materials.



Appendix A

Fabrication process for magnetic nano-particle
arrays

This appendix describes a process for the fabrication of arrays of elliptical nano-particles
by a two-step etching process. The process was used for fabricating the nanostructures
measured with the MOKE setup described in Ch. 2, with the results unpublished at the
time of writing this thesis.

The outline of the process is as follows: thin-film multilayers are deposited and
their magnetic properties are optimized via measurements, with feedback to deposi-
tion. Once the desired properties are obtained, the final multilayer is deposited and
capped with an additional layer, which will serve as the hardmask in the final step of
the process. Next, a second thin mask is patterned in the shape of the final structures
by an electron beam lithography (EBL) liftoff-process. The pattern is then transferred
from the EBL-defined mask to the hardmask by selective reactive ion etching (RIE).
Finally, the pattern of the hardmask is transferred onto the magnetic stack by argon
milling. The details of the process are as follows.

1. Multilayer and hardmask material considerations and deposition

The magnetic multilayer and the hardmask are deposited by sputtering in the ATC Orion
system from AJA international. To avoid contamination, both can be deposited without
breaking vacuum.

In general, this process does not limit the choice of magnetic materials or the stack
layout. Common materials in our research projects include hard-to-etch Ni, Cr, and Cu,
as well as other alloys and compounds, which are not possible to efficiently pattern
with RIE. We have successfully patterned stacks in the 10-100 nm thickness range into
circles and ellipses down to 50 nm in diameter.

Once the multilayer is fabricated, the hardmask is deposited. The choice of the
hardmask material is important, as the material must be resistant to argon milling, not
affect the properties of the previously calibrated multilayer, and be reactively etchable
with high selectivity versus the EBL-mask. Importantly, it must also transmit light atλ=
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Material TaN SiO2

Power [W] 90 150
Power Supply RF RF
Gas Flow [sccm] 25 Ar/2.5 N2 25 Ar
Pressure [mTorr] 3 3
Rate [nm/min] ∼1 ∼0.5
Transmittance [%] ∼80[143] ∼99
RIE chemistry F, Cl F, Cl

Table A.1: Deposition parameters for the tantalum-nitride and silicon-dioxide hard-
masks. Both materials can be etched with fluorine and chlorine plasma, and in thin
films both are transparent at the wavelength of the HeNe-laser, 633 nm.

633 nm to be compatible with MOKE measurements. Both tantalum nitride and silicon
dioxide fit these criteria, and both are available in the sputtering system. The TaN-
hardmask showed better milling-resistance, resulting in more accurate pattern transfer
onto the multilayer. The hardmasks were sputter deposited using the AJA-Orion ATC
sputter deposition system briefly described in Ch. 2, with the deposition parameters
given in Table A.1.

The thickness of the hardmask must be chosen such that it is not completely re-
moved in the final argon milling etch. With the parameters presented in this appendix,
the ratio of the multilayer and the hardmask etch rates, the so-called selectivity, for most
Co, Fe, and Ni metals and alloys is∼1:1 with respect to TaN. The results presented here
consistently use a hardmask thickness twice that of the multilayer thickness.

Both hardmask materials in Table A.1 can be etched at room temperature with fluo-
rine and chlorine plasma using RIE. Aluminum and chromium are highly etch-resistant
to fluorine plasma while also being easy to deposit using evaporation techniques. This
makes them ideal for use as the thin mask patterned by the EBL-liftoff process. The se-
lectivity of aluminum to hardmask, with the parameters presented in this appendix, is
>20:1 for a fluorine-based plasma, which enables very thin EBL patterned mask-layers.

Process steps:

1.1. Deposit a magnetic multilayer with the desired properties.

1.2. Deposit TaN or SiO2 in the AJA deposition system, using the parameters in Ta-
ble A.1, with the thickness twice that of the multilayer. Best results were achieved
with the TaN hardmask.

2. Patterning with electron beam lithography

The array of elliptical nanoparticles, as well as any alignment marks needed, are defined
using a dedicated e-beam lithography system, VOYAGER from RAITH GmbH, with the
acceleration voltage of 50 kV.
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500 nm

Figure A.1: The EBL-pattern with alignment marks (blue) surrounding the nano-
particle array (green). Orange lines mark the write field boundaries, which should
be placed such as to not intersect the array (to avoid stitching errors). The SEM image
on the right shows a section of an array with 55×50 nm particles and 200 nm spacing.

Due to the high selectivity between the hardmask and the patterned mask in the
RIE step, thin layers of aluminum or chromium could be used and, therefore, the resist
thickness can be small. The resolution of an EBL-exposure is a function of the electron
beam diameter and the resist-electron interactions. Once the electron beam enters the
resist, the beam diameter broadens due to forward scattering of the incoming electrons.
Increasing the acceleration voltage makes the forward-scattering cone more narrow.
The resolution generally improves with reduced resist thickness as the thinner resist
essentially cuts the forward-scattering-cone closer to the apex, reducing the effective
beam diameter.[144]

Typically, a bilayer of a high-resolution resist on top and a high-sensitivity resist
below is optimal when performing liftoff, as this creates a large undercut in the bottom
resist layer, while still cutting the forward-scattered-electron-cone near its apex in the
top resist layer. Additionally, a bilayer configuration reduces the exposure-dose from
backscattering electrons from the substrate, increasing the resolution in the top layer.
We, however, used a single layer of 950K PMMA 4A resist from MicroChem, spincoated
to a thickness of 200 nm, as the resolution was already sufficient with the acceleration
voltage of 50 kV. If improved resolution was necessary, another PMMA resist with lower
molecular weight (600K is commonly used) or a MMA MAA copolymer resist could be
used as the bottom layer under the 950K PMMA resist in a bilayer-resist configuration.
A typical pattern exposed using the EBL system is shown in Fig. A.1.

The optimal electron dose of the resist depends on the particle separation in the
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Structure Particle array Alignment marks
Acceleration voltage [kV] 50 50
Aperture Mode LC-30 µm (∼100 pA) MC-60 µm (∼2 nA)
Element type Curved Area
Step size [nm] 2 10
Dose [µC/cm2] 200−600 200
Write-field size [µm×µm] 200×200 200×200
Exposure time [min] ∼4 ∼2

Table A.2: Exposure parameters of the VOYAGER system for a nanoparticle array and
its alignment marks. Both structures are exposed in the same exposure.

patterned array. For large continuous structures (such as the alignment marks used
for aligning the laser-spot with the array in the MOKE measurements), the optimal
dose was found to be 200 µC/cm2. Approximately the same dose worked well for
particle arrays with the particle separation of 200 nm and 100 nm particle diameter.
The optimal dose increases as the particle separation increases, due to a reduction in the
so-called proximity effect (cross-talk between elements due to backscattered electrons
from the substrate). For separation of ∼500 nm, the optimal dose increased to around
600 µC/cm2. Above 500 nm separation, the optimal dose remained constant. The
dose is also dependent on the particle size and increases as the size decreases. As an
example, the array of Al-ellipses shown in Fig. A.1 after liftoff, with 55×50 nm particles
and 200 nm inter-particle spacing, was exposed with a dose of 500 µC/cm2.

Edge roughness of the nanoparticles can affect their magnetic properties. It has
been shown that increased edge roughness can significantly reduce the shape anisotropy
of an elliptical magnetic particle[145] and promote vortex formation.[146] There are
several ways of reducing edge roughness in an EBL exposure. First, roughness can be
reduced by using a smaller step size in the exposure parameters, however this will also
lead to longer exposure times. Here, 2 nm step was found to give good exposure results
and acceptably short exposure times. If needed the step size could be further reduced
down toward the system limit of 0.5 nm. Second, the pattern can be made smaller than
the desired size and exposed with a higher dose. This leads to a slight, but symmetric,
"swelling" of the structure, which smoothens the edges. In the results presented in this
appendix, the particle size was consistently "underdimensioned" by 10% and the pre-
sented particle-dimensions are the actual SEM-measured values. Finally, the pattern
can be exposed twice with half the optimal dose in each exposure, which can reduce
the short-term drift and jitter, although double-exposure was not used in the fabrica-
tion work presented in this thesis. The above is by no means an exhaustive list, though
the three methods mentioned give the largest improvement for the least amount of
additional work.

The choice of the aperture and write-field size is important. Generally, the least dis-
tortions of the pattern occurs on the optical axis of the electron beam going through the
smallest aperture. The VOYAGER is capable of writing 500×500 µm areas (so-called
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writefields) without stage movement or subfield-stitching. However, for larger beam
deflections from the optical axis (center of writefield), pattern distortions increase.
With the dynamic focus and stigmator correction available in the system, which cali-
brate out off-axis distortions prior to exposure, this problem is somewhat alleviated. At
a writefield size of 200×200 µm (large enough for probing with our MOKE setup laser-
spot, ∼50 µm in diameter), no pattern distortion could be observed at the boundaries.

As the aperture size decreases, the optical aberrations decrease and the depth of
field/focus increases. The VOYAGER system comes equipped with 30, 40, 60 and 70µm
apertures, as well as an extra condenser lens, which can be used to increase the beam
current at the cost of decreased resolution. In the results presented herein, the small-
est aperture (30 µm, depth of focus ∼8 µm, 2 nm beam spot) was used for making
the particle arrays, and the high-current mode (active condenser lens) with a 60 µm
aperture for the marks.

The development step of the process can be optimized for increased resolution.
Methyl isobutyl ketone (MIBK) is used as the developer for PMMA resists, however,
MIBK is always diluted in isopropyl alcohol (IPA). Diluting MIBK:IPA to a ratio of 1:1
or 1:3 drastically improves the resolution as the concentration of IPA increases. Higher
ratios are uncommonly used but should in principle work. With the PMMA resist from
MicroChem, the optimal developing time was around 90 seconds for both concentra-
tions. The optimal dose increased slightly (< 10%) at higher IPA ratios. Immediately
after bathing the sample in the MIBK:IPA mix, it is immersed in IPA to halt the devel-
oping process, and then rinsed thoroughly in deionized water. While never tested in
this process, using a cold developer can further increase the contrast of the resist. With
the melting point of MIBK at −40 ◦C, leaving the mixture in the process lab’s chemical
freezer (−18 ◦C) overnight is expected to further improve the exposure results.

Process steps:

2.1. Spincoat a layer of 950K PMMA 4A resist in two steps, 50 RPM for 10 seconds
followed by 7000 RPM for 60 seconds. Resulting thickness is ∼200 nm.

2.2. Bake on a hotplate, 180 ◦C for 60 seconds.

2.3. Expose in the Voyager EBL-system with the parameters given in Table A.2.

2.4. Develop by immersion in a MIBK:IPA 1:1 (lower resolution) or 1:3 (higher reso-
lution) mix for 90 seconds at room temperature, rinse in IPA for 10 seconds, and
then wash thoroughly in deionized water for 30 seconds. Blow dry with nitrogen.

2.5. Bake on a hotplate, 100 ◦C for 60 seconds.

3. Pattern transfer into the hardmask by RIE

With the marks and array written in the resist, the pattern can be transferred into the
hardmask of tantalum-nitride or silicon dioxide, both of which can be etched in fluorine
plasma at room temperature with high selectivity to aluminum and chromium.
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Process Fluorine etch Ar-mill
RF power [watt] 50 100
ICP power [watt] 50 400
Gas flow [sccm] SF6 10/Ar 10/O2 1 Ar 10
Pressure [mTorr] 10 7
Temperature [◦C] 30 −50
Etch rate [nm/min] ∼40 ∼10
Selectivity to mask >20:1 ∼1:1

Table A.3: Parameters for the fluorine and argon etching processes used with the plas-
malab100 system from Oxford Instruments.

When using liftoff techniques, it is advantageous to also use a deposition method,
where the material is deposited only in the areas with direct line-of-sight to the source
(anisotropic deposition). An undercut in the resist is naturally created even for single
resist layers, due to the cone shape of the forward scattering electrons. The undercut
prevents sidewall deposition, making the unmasked material easier to remove by liftoff.
The most common anisotropic deposition method is e-beam evaporation. Available
in our nanolab are two custom-built e-gun systems: "Sputnik" (for aluminum) and
"Eurovac" (for chromium),

The arrays with the best EBL-masks-to-hardmask pattern-transfer were obtained
using aluminum in the liftoff process. This could be due to the deposited aluminum
containing some high concentration of oxygen and/or nitrogen, which would increase
the chemical and milling resistance of the film. The impurity concentration of gas i,
Ci , in a film deposited by evaporation can, assuming all impinging gas molecules are
incorporated in the film, be calculated as[147]

Ci = K
pb Ma

p

Mg Tρḋ
, (A.1)

where pb [Torr] is the base pressure, Ma [g/mol] is the molecular weight of the target
material, Mg [g/mol] is the molecular weight of the gas, T [K] is the temperature,
ρ [g/cm3] is the film density, ḋ [cm/s] is the deposition rate, and K = 5.82 ·10−2 [Torr
cm2 s mol−1/2g−1/2K−1/2]. With the base pressure of> 10−7 Torr, and typical deposition
rates of ∼ 1 Å/s in the Sputnik system, the total oxygen and nitrogen concentration in
the aluminum film (assuming 80% of the base pressure is from nitrogen and 20% from
oxygen) is > 5% when deposited at room temperature.

PMMA resists are readily removed in acetone. To avoid aluminum flakes on the
surface of the sample, the sample should first be bathed in acetone without ultrasonic
agitation. This prevents the aluminum from breaking into small pieces that can get
stuck on the surface of the sample. Once most resist is gone, ultrasonic agitation in
new, clean acetone helps remove any remaining resist or flakes. Finally, ultrasonic
agitation in IPA removes any remaining chemicals from the surface.
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CF CHF SF4 3 6

200 nm200 nm200 nm

Figure A.2: SEM images of the etched hardmask for arrays of 150 nm diameter circles
with 200 nm spacing. The RIE processes used CF4 (left), CHF3 (center), SF6 (right).
The pattern shape is transferred with the highest fidelity using SF6 as the process gas.

The pattern of the aluminum/chromium mask was transferred into the hardmask
via a fluorine based reactive ion etching process (RIE). The selectivity of TaN to Al,
with the process parameters of Table A.3, is more than 20:1 when using SF6 as the
process gas, with similar values for any combination of Al/Cr and SiO2/TaN. Three
fluorine-based etching gases are available in our plasmalab100 system from Oxford
Instruments: CF4, CHF3, and SF6. The results of three respective etch runs for arrays
with 150 nm circles and 200 nm spacing are shown in Fig. A.2 (recipe of Table A.3,
with CF4 or CHF3 substituted for SF6 at a flow rate of 10 sccm). As evident from the
SEM images, the pattern was transferred with the least distortions when using SF6 as
the process gas, followed in terms of transfer quality by CHF3, and then CF4, with the
latter producing much worse results than the other two gases.

The fidelity of the pattern transfer is sensitive to the gas-composition as well as
the relative gas-pressures of the process atmosphere in the fluorine-based RIE step. In
the process described in Table A.3, argon and oxygen were added to improve the pat-
tern transfer. The addition of argon increases the physical component (pure surface
ion-bombardment) of the etch, which can, by creating defects and dangling-bonds at
the surface as well as increasing the removal-rate of by-products from horizontal sur-
faces, make the etch-direction more vertical. Oxygen creates more fluorine radicals
and ions, which increases the chemical component of the etch-process, thereby greatly
increasing the etching-rate.[148, 149] This latter component etches isotropically and
may in principle cause a large undercut of the mask, which however was not observed
for the RIE-parameters used. The resulting hardmask pattern for an etch with rela-
tive gas flows of SF6:Ar:O2 10:10:1 is shown in Fig. A.3. The slope of the sidewall is
roughly 30◦ outwards. This type of a sidewall is characteristic of an etch where the
physical component is dominant.[147] The result could be improved by increasing the
(non-directional) ICP power, which makes the plasma more ion- and free radical-dense,
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~30 degrees

200 nm

Figure A.3: SEM image of a TaN-hardmask etched with the parameters of Table A.3.
The image is taken at a 45◦ stage-tilt. The orange curves indicate the edges of the
Al-mask (top) and TaN-mask (bottom), showing how the sidewall is not vertical, but
slopes outwards at approximately 30◦ angle.

further increasing the chemical component of the etching, or by the same reasoning as
above, increasing the ratio of SF6 to Ar.

Process steps:

3.1. Deposit aluminum or chromium by e-gun evaporation in the Edwards or Sputnik
systems. The thickness must be sufficiently large to form a continuous layer and
survive the fluorine etch process. Best results were achieved with aluminum.

3.2. Perform liftoff. First bathe the sample in acetone for up to 30 minutes without
agitation, followed by ultrasonic agitation for 10 minutes at low power (p=2
setting on our bath) in fresh acetone. Finally, immerse in IPA and ultrasound-
bathe for another 10 minutes at low power.

3.3. Transfer the Al/Cr-pattern into the hardmask by fluorine based RIE in the Plas-
malab100 system using the parameters of Table A.3.

4. Final patterning by argon milling

Finally, the pattern in the hardmask can be transferred into the multilayer. To not
restrict the types of materials in the magnetic stack, the final etch is a physical argon
milling process, performed using the same Plasmalab100 system.

Physical sputtering is a high-energy process, which can damage the underlying film.
However, with the rather low-power argon milling parameters of Table A.3, no degra-
dation of magnetic properties was observed. This is possibly due to the active cooling
used during the etch, keeping the sample temperature low. The final shape of the mag-
netic nanoparticles is sensitive not only to the hardmask shape, but also to the argon
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RF power: 100 W
ICP power: 100 W

RF power: 100 W
ICP power: 400 W

RF power: 300 W
ICP power: 400 W

200 nm 200 nm 200 nm

200 nm 200 nm 200 nm

Figure A.4: SEM image of the center of three arrays with 200 nm diameter circles and
250 nm spacing, after argon milling. The images in the bottom row are taken with a
45◦ stage tilt. The milling parameters used are given in Table A.3, except the power
of the RF/ICP: 100/100 W (left column), 100/400 W (center, same as table values),
300/400 W (right). Etch-depth was kept constant for all three samples.

milling parameters. It was found that the shape was retained better if the RF-power
(the directional component, which accelerates ions toward the sample) was kept low
and the ICP-power (the non-directional component, which increase the ion density)
was kept high. This is illustrated in Fig. A.4, where three arrays were argon milled
with the RF/ICP power of 100/100 W, 100/400 W, and 300/400 W. The etch-rate was
calibrated such that the etch-depth in all three cases would remain constant. Never-
theless, at high RF-power the edge of the particles is highly deformed, while at low RF-
and ICP-power the size was kept but the shape became irregular. At low RF- and high
ICP-power (dense plasma with low energy bombardment of the surface) both shape
and size were kept well.

Process steps:

4.1. Transfer the pattern into the magnetic multilayer with argon milling using the
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Plasmalab100 and the parameters in Table A.3.

To summarize, the developed process allows the patterning of magnetic multilayers
into arrays of nanoparticles. While requiring more work, this method has some advan-
tages over other, simpler processes. It is highly flexible as the choice of materials in the
magnetic stack is not restricted and the total thickness can be in the hundred nanome-
ter range. Since the process is subtractive (material is removed), it prevents the layers
in the stack from forming magnetic "shorts" across the non-magnetic spacer-layers, as
can be the case if the entire particle is formed in a lift-off process. As an example, SAFs
with very thin spacer-layers can be fabricated without introducing direct exchange at
the particle boundary.
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