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Abstract

This thesis deals with the magnetic properties of ultrathin Pt/Co/Pt films and
nanostructures. The films are sputtered under high vacuum conditions. The
nanostructures are then fabricated from the films by using electron beam lithogra-
phy and argon ion milling. Pt/Co/Pt multilayers posses an uniaxial anisotropy
that is either in-plane or out-of-plane, depending on the thickness of the cobalt
layer.

Pt/Co/Pt multilayer with an in-plane anisotropy are investigated and the tem-
perature dependence of the magnetic anisotropy is measured. The Co thickness
tco is varied and the films are either sputtered on a SiO, or SisN, substrates.
At tc, < 2nm the anisotropy increases linearly with increasing temperature for
both substrates. For thicker films the anisotropy decreases. Interface and volume
anisotropy have been determined. The interface anisotropy linearly increases with
increasing temperature, while the volume anisotropy decreases. Since the conven-
tional method to determine the volume and interface anisotropy assumes that the
interfaces between Co and Pt are perfect, a model is proposed that takes alloying
at the interfaces, caused by interdiffusion, into consideration. Due to the alloying,
the saturation magnetisation is reduced with increasing temperature, resulting in
an increase of the anisotropy. The effect on the volume anisotropy is negligible.
However, the conventional approach of using sharp interfaces, overestimates the
interface anisotropy.

For single magnetic nanostructures, the magnetisation behaviour has been in-
vestigated. The three dimensional switching surface has been measured and a
deviation from the uniaxial anisotropy model is found. It is known from previous
simulations [1], that these deviation stem from a tilt between different anisotropy
contributions, that is caused by the local grain structure.

While measuring the temperature dependence of the switching field in the blocked
regime and the switching frequency in the superparamagnetic regime, a too high
attempt frequency of the Néel-Arrhenius law is found. Since the temperature
dependence of the anisotropy can explain such a behaviour, the latter is measured.
The temperature dependence is inherited from the initial film possesses however,
the wrong sign to correct the too high attempt frequency.

In conclusion, the thesis proves that often overlooked properties, like the inter-



faces in metallic multilayers or the tilting of the grains, can have a significant
influence on the magnetic properties of films and nanostructures and should not

be neglected.



Zusammenfassung

Diese Arbeit widmet sich den magnetischen Eigenschaften von ultradiinnen mag-
netische Filmen, sowie magnetischen Nanostrukturen. Die Filme werden im
Ultrahochvakuum mittels Sputterdeposition hergestellt. Die Nanostrukturen wer-
den mit Elektronenstrahllithographie und Ionenatzen aus den Filmen erzeugt. Bei
den untersuchten Proben handelt es sich um Pt/Co/Pt-Schichtsysteme. Dieses
System zeichnet sich durch eine uniaxiale Anisotropie aus, welche abhéngig von der
Kobalt Schichtdicke aus der Filmebene heraus zeigt oder parallel zur Filmebene
liegt. Es wurden temperaturabhingige Messungen der Anisotropie von Filmen
durchgefiihrt fiir verschiedene Kobalt-Dicken und verschiedene Substrate. Die
leichte Achse der Magnetisierung liegt in der Filmebene. Dabei konnte gezeigt
werden, dass die Anisotropie mit steigender Temperatur linear ansteigt. Das
Vorzeichen der Steigung ist abhingig von der Co-Dicke. Bemerkenswert ist die
positive Steigung bei diinnen Co-Schichten. Weiterhin wurde die Temperaturab-
héngigkeit der Grenzflaichen- sowie der Volumenanisotropie bestimmt. Fiir die
Ermittlung der Anisotropiekonstanten werden perfekte Grenzflichen angenommen.
Es wird ein Model vorgestellt, welches den Einfluss einer Legierungsbildung an den
Grenzflachen berticksichtigt. Es konnte gezeigt werden, dass die Legierungsbildung
zu einer Reduzierung der Sattigungsmagnetisierung fithrt. Wahrend der Einfluss
auf die Volumenanisotropie vernachlassighar ist, fithrt die Annahme scharfer Gren-
zflachen zu einer Uberschitzung der Grenzflichenanisotropie.

Fiir eine einzelne Nanostruktur wurde die drei-dimensionale Schaltfliche gemessen.
Diese weicht stark vom uniaxialen Anisotropiemodel ab. Frithere Simulationen
von Staeck [1] haben gezeigt, dass dieses Verhalten auf die lokale Kornstruktur
zuriickzufiihren ist. Die Verkippung der Korner, fiihrt zu einer Verkippung der
einzelnen Anisotropiebeitrige.

Die Temperaturabhangigkeit des Schaltfeldes sowie der Schaltfrequenz ergeben
eine zu hohe Versuchsschaltfrequenz. Da dieses durch die Temperaturabhangigkeit
der Anisotropie erklart werden kann, wird letztere untersucht. Die Temperaturab-
hangigkeit wird vom urspriinglichen magnetischen Film tibertragen, besitzt aber
das falsche Vorzeichen um die Abweichung der Versuchsschaltfrequenz zu erklaren.
Zusammenfassend zeigt diese Thesis, dass hdufig vernachléssigte Eigenschaften,

wie die Legierungsbildung an den Grenzflichen oder die lokale Kornstruktur, die



magnetischen Eigenschaften von Filmen und Nanostrukturen beeinflusst und nicht

ignoriert werden sollten.
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1 Introduction

The unstoppable advance of the information age leads to an increasing demand of
data storage capacity. Since the development of the first hard disk drive (HDD) in
1956 by IBM [2], magnetic recording has been utilised and constantly researched.
The underlying concept of magnetic recording is the storage of data in magnetic
domains of granular magnetic media. The bits are defined as the direction of the
magnetisation in the domains. Early on, the increase of data storage was hindered
by the read heads, that are needed to read out the data. The breakthrough came
in 1988, when Fert [3] and Griinberg [4] discovered the giant magneto-resistance
that has been first used in 1997.

The cornerstone of today’s storage media is the perpendicular magnetic anisotropy
(PMA). Based on PMA, perpendicular magnetic recording (PMR) was first pro-
posed by Iwasaki in 1977 [5]. In PMR the magnetisation points perpendicular to
the medium unlike the previous used longitudinal recording, where it lies in the
plane. Though much higher storage densities can be achieved, it took 28 years
until the first hard disk drives utilising PMR hit the market in 2005.

The everlasting increase in storage density is hindered by the superparamagnetic
limit [6,7]. Superparamagnetism describes a magnetic state in very small magnetic
structures, like the grains used as storage units. At a certain temperature, sponta-
neous magnetisation reversal will be induced by thermal activation, resulting in a
loss of residual magnetisation . The structure behaves like a paramagnet, only

with a much stronger magnetisation. The limit is given by :

KV _

— =25 1.1
T (1.1)

K stands for the magnetic anisotropy, V' describes the volume of the nanostructure,
kg is the Boltzmann constant and T is the temperature. It is evident, that the

storage density can not be increased by simply reducing the size of the storage



1 Introduction

units, because eventually the units become superparamagnetic. The problem can
be solved by increasing the magnetic anisotropy. However, a higher anisotropy
results in a need of stronger magnetic fields to write the data. Such strong mag-
netic field can not be achieved by the commonly used write heads [6,8,9].

This dilemma lead to the development of energy-assisted magnetic recording. One
method is the heat-assisted magnetic recording (HAMR) [10]. A laser locally heats
the magnetic medium, which lowers the needed magnetic write field. An alterna-
tive to HAMR is microwave assisted magnetic recording (MAMR) [11,12]. Here,
a spin-torque oscillator creates an additional magnetic field. A higher anisotropy
becomes possible, which allows to reduce the size of the granular storage units
and thereby increasing the storage density. As of today, the newest road map by
the company Western Digital, shows that neither HAMR nor MAMR HDDs are
realised. Instead a new concept simply called energy-assist PMR (ePMR) will be
utilised. HAMR and MAMR are not to be released before 2023 [13].

PMA remains an important research topic today, not only due to PMR but
also because of the possible application in spin-transfer torque magneto-resistive
random access memory (STT-MRAM) [14]. The technique has the advantage of
being non-volatile, because the data is stored in magnetic storage elements.

Due to the possible application in data storage media, materials possessing PMA
were studied intensively. Gradman et al. fabricated ultra-thin NiFe films on
Cu(111) by means of epitaxy and measured PMA as early as 1966 [15]. Starting
in 1985, Carcia found PMA in sputtered Co/Pd multilayers [16]. In the following
years, PMA was also proven in Co/Pt [17], Co/Au [18], Co/Ru [19] and Co/Ir [20]
multilayers. In the group of Prof. Oepen, Co/Pt films have been thoroughly
studied [21-27]. A characteristic of sputtered multilayers, is the emergence of
intermixing zones due to interdiffusion, which results in the formation of an alloy
at the interfaces. Usually the influence of the intermixing zones on the magnetic
properties is neglected. However, it will be shown that some properties are af-
fected.

Despite the long history of research, basic properties like the temperature de-
pendence of the anisotropy K (7') are sparsely investigated. The temperature
dependence of the anisotropy is well understood in bulk Co, but for the case of
ultrathin Co/Pt multilayers, which is needed to create perpendicular magnetic

anisotropy, the behaviour is not well understood. First measurements in our group



were made by Kobs [26]. This thesis continuous on this investigation.
To further increase the data storage capacity, concepts beyond the energy-
assisted magnetic recording are needed. One such concept is bit patterned media
(BPM) [28], where nanodots are used as storage units, instead of grains in a
magnetic film. The nanodots are made by electron beam lithography and can
be compactly arranged, to maximise the storage density. For BPM to work, the
switching field distribution needs to be small, so that the bits can be written by
the same field strength. To understand if that is possible, the measurement and
understanding of single nanodots is desirable.
The magnetisation behaviour of single nanodots is investigated, by using nanosized
Hall bar magnetometry. The nanodots are carved out of ultra-thin Co/Pt films
by using electron beam lithography and argon ion milling. The emphasize of
this thesis lies on the angular dependence of the switching field, as well as the
temperature dependence of the anisotropy. Further works in this project were
done by A.Neumann [29], C. Thonnien [30], P. Staeck [1] and E.-S. Wilhelm [31].
Also, results are published in [32].

Chapter 2 discusses the theoretical background and chapter 3 describes the
experimental basics. Chapter 4 deals with the temperature dependence of the
anisotropy in ultra-thin films. In chapter 5 the magnetisation behaviour of single

magnetic nanodots is investigated. Chapter 6 is the conclusion.






2 Theoretical background

In this chapter the theoretical background will be be discussed, that is necessary
to understand the experimental outcome of this thesis. The main emphasis is put
on the magnetic anisotropy and the magnetic behaviour of single domain particles.
For further details [33-36] are referenced.

2.1 Basics of magnetism
The fundamental equation to describe magnetism in solid materials is given by:
M=xH (2.1)

H is the magnetic field strength vector, y the magnetic susceptibility tensor and

ditt
av>’

atomic magnetic moment and V' is the volume of the solid. The susceptibility x

M the magnetisation vector. The latter is defined as M = where m is the
can be understood as the response of the magnetisation to an external magnetic
field. In a case of a linear relation between H and M , the susceptibility becomes a
scalar x. Depending on sign and magnitude of x three different classes of magnetic
material are defined.

The case —1 < x < 0 is defined as diamagnetism, where M is aligned in the
opposite direction of the external field H.

The case 0 < x < 1 is defined as paramagnetism. The magnetic moments of the
individual atoms are randomly oriented and there is no residual magnetisation. By
applying an external magnetic field, the magnetic moments can be aligned in the
direction of the magnetic field, resulting in a magnetisation. The magnetisation
can be described by a Langevin equation.

The case y < 1 is defined as ferromagnetism. Due to the exchange interaction, the

magnetic moments are parallel aligned and build a residual magnetisation, that
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exist even without an external magnetic field. To minimise the demagnetisation

energy, the ferromagnet builds domains.

2.2 Magnetic energy terms

To describe the magnetic energy Eag three different contributions are considered.
These are the exchange energy Fg.., the magnetostatic energy Fyr_g, the magnetic

anisotropy energy Fap;.

EMag - EEXC + EM—S + EAni (22)

Exchange energy

The exchange interaction describes a quantum mechanical effect, that stems from
the interplay of the spin dependent part of the Coulomb interaction and the Pauli
principle. It couples neighbouring spins in a manner, that a parallel alignment
is favoured. Because of the Pauli principle, the wave function of electrons is
anti-symmetric regarding the permutation of two particles. The Hamiltonian Hgy.

is defined as:

1<J

S and 5_'; are the spin functions of the neighbouring electrons ¢ and j.

Magnetostatic energy

The magnetostatic energy has two contributions: First the Zeeman energy that
describes the energy that is induced from an external magnetic field on a ferro-
magnet and second the demagnetisation energy, which stems from the external

stray field that is created in a ferromagnet.

Zeeman energy

The Zeeman energy is given by:

EZeeman = —Ho /M : ﬁdv (24)
14



2.2 Magnetic energy terms

fo is the vacuum permeability given by 47 107" H/m. When the magnetic field
and the magnetisation are homogeneous, therefore independent of V| the formula

is simplified by using the vector product:
Egeeman = — o V Mg H cos(6) (2.5)

Msg is the saturation magnetisation and 6 is the angle between M and H.

Demagnetisation energy

The demagnetisation energy is the result of the stray field of a ferromagnet. It is
a result of the Maxwell equation divB = g div(]\7[ + ﬁD) = 0, which is equivalent
to divM = —divH. The demagnetisation energy is then given by:

1 L
Bbonag = =3 Ho /VM Hpdv (2.6)

The demagnetisation energy is easy to calculate for a ellipsoid, where the magnetic
field is homogeneous. This can also be approximated for a thin film, which is a
limiting case of the ellipsoid. The magnetic field is given by Hp = Np - M. Np is
the demagnetisation tensor, that depends on the shape of the sample. In the case

of rotational symmetry of the ellipsoid the demagnetisation energy is given by:
1 .
Epemag = —7 1o MEV (Ny sin®(0) + N1 cos*(0)) (2.7)

Here, 0 is the angle between the magnetisation and the rotational axis and N
and N, are the parallel and perpendicular contributions of the demagnetisation
tensor.

The demagnetisation energy depends on the direction of the magnetisation. In a
thin film this is described by:

1
Ebemag = —5 Ho M3V cos® (0) (2.8)

6 is the angle between magnetisation and film plane. The demagnetisation energy
is at a maximum for # = 90° and at minimum for # = 0°, which means the

magnetisation is favoured to lie in the film plane. The difference in energy density
E(6=0°)—E(6=90°)
- .

is called shape anisotropy Kghape =
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Shape anisotropy
The shape anisotropy of a magnetic film lies parallel to the film plane and is
given by:

Kshape,ﬁlm = —; Mo Ms2 (2-9)
Besides magnetic films, lithographically made nanodots are a main topic in this
thesis. To describe the shape anisotropy of nanodots an expression for cylinders

derived by Millev et al. [37] is used:

1 2 3 1 51 K2
Knavedot = —= o M2 |14+ Zk — =—n— - o Fy [ =212, —— 2.10
hape,dot 2#0 s( +7T/<6 5 —1+/€2 21(22 1+/€2>> ( )

Kk = d/t is the the aspect ratio between the diameter d of the cylinder and the
thickness ¢ of the magnetic layer. o F) is the Gaussian hypergeometric function.
When performing nanostructuring of a magnetic film into a nanodot the shape

anisotropy changes by a value of A Kgape = Kshape,dot — HKshape,film-

Magnetic anisotropy

In a solid certain directions of the magnetisation are preferred, called easy axes
of magnetisation. Energetically unfavourable directions are called hard axes of
magnetisation. The magnetic anisotropy is defined as the difference in energy
density between the easy axis and the hard axis of magnetisation. This anisotropy
is caused by a multitude of physical effects, the main contributions being the

magneto-crystalline anisotropy, interface anisotropy and strain anisotropy.

Magneto-crystalline anisotropy

The magneto-crystalline anisotropy is caused by the spin-orbit interaction that
couples the magnetic moments of the atoms to the crystal lattice of the solid. The
easy axes of magnetisation are equal to certain crystal axes, depending on the
crystal lattice. For hep Cobalt the easy axis is the 001-direction of the lattice.
Such a system with one preferred direction is called a uniaxial anisotropy and is
described by

Evi/V = Ky sin® (0) + Ky sin® (0) + O (sin° (6)) (2.11)



2.2 Magnetic energy terms

K, and K, are the anisotropy constants in first and second order, V' is the volume
of the system and 6 is the angle between the easy axis and the magnetisation.

In cubic crystals another anisotropy occurs, the cubic anisotropy. The energy
density can be expressed by using the direction cosines of the magnetisation o,z

and as. The energy density is given by:

Ecubic/v = Kcub,l (05%053 + Ozgag + 063063) + KcubQOé%OégOég (212)
K1 and Koy, 2 are the cubic anisotropy constant of the first and second order.

Higher orders are neglected.

Interface anisotropy

On surfaces or interfaces of thin films the translation symmetry is broken. This
leads to another contribution of the anisotropy, which causes an easy axis of
magnetisation perpendicular to the film plane. This interface or surface anisotropy

is described by:

2Klnt

Es)V = sin?(6) (2.13)

t is the thickness of the film and the factor 2 stems from the fact, that there are
usually two interfaces. FEp, decreases with higher film thickness and plays an

important part for the magnetism in thin films.

Magneto-elastic energy

In this chapter the magneto-elastic energy is discussed. Any elongation or com-
pression of a crystal results in a change of the magnetisation, because the latter is
connected to the crystal by spin-orbit coupling. This results in another anisotropy
term, known as strain anisotropy. The magneto-elastic energy has been exten-
sively studied by Sander et al. [38-41]. Though Co can grow in hcp as well as fcc
structure, only the magneto-elastic energy of fcc Co is important in this thesis.

The energy density is given by Kittel [42] or Lee [43]:
EME,fcc/V = Bl (610&% -+ 620{% + 630(%) + BQ (640(2043 + €531 + 66041042) (214)

¢; is the elastic strain tensor, B; are the magneto-elastic coupling constants and

oy are the direction cosines. The equation is restricted to the first and second
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order. Higher orders are discussed by Becker and Déring [44] and Carr [45], but

are neglected in this thesis. The magneto-elastic coupling constants are given by:

3
B1 = —5 (011 — 612> )\100 (215)

BQ == —3044)\111 (216)

c;j are the elastic stiffness constants and A the magneto-strictive strain constants.
The numbers of the constants are tabulated in [40] by Sander. It follows for fce Co:
c11 = 242 GPa, ¢ = 160 GPa, cyy = 128 GPa, Ajgo = 75 - 107%, A\j1; = —20 - 1076,
B; = —9.2MJ/m? and By = 7.7MJ/m3. The magnetic anisotropy is defined as
the difference in energy density between the easy axis of magnetisation and the
hard axis. For the films investigated in this thesis, this is the difference between a
magnetisation pointing in the film plane and pointing parallel to the film normal.

For a fcc crystal with a (111) texture this results in:
KME == BQ (Eip - Eoop) (217)

€ip is the in plane strain and €,,, the out of plane strain. They are connected by

the elastic stiffness constants. Sander [40] gives the following relation:

c11 + 2¢10 — ¢
Coop = ————12 M oe (2.18)
¢+ 2c11 +4en

This results in €,,p = —0.57€p,, hence:

KME - BQ - 1.57 €ip (219)

Effective anisotropy
The above mentioned anisotropy terms can be summed up to an effective anisotropy:

2 Kiy 2 K1y
KEH = KMC +KShape+ % +KME = KV,e{T+ mt

(2.20)

Depending on the film thickness the effective anisotropy might lie in the plane
of the film (in-plane anisotropy) or perpendicular to the film plane (out-of-plane

anisotropy). Usually, a negative sign is given to the in-plane contribution of the

10



2.3 Single domain systems

anisotropy and a positive sign to the out-of-plane contribution. The transition from
out-of-plane to in-plane anisotropy is called spin reorientation transition (SRT).
Ky and Ky can be understood as the volume anisotropy Kv = Kyc + Kug-
Volume anisotropy and shape anisotropy give the effective volume anisotropy
Ky et = Kv + Kgnape-

2.3 Single domain systems

Two effects act on the magnetic moments in a solid. The exchange interaction
favours the magnetic moments to align parallel to another. However, the demag-
netisation energy favours an anti-parallel alignment, which minimises the stray
field. The interplay of both effect results in the emergence of domains. That
are regions within the solid, where the magnetic moments are aligned parallel.
The domains themselves are not parallel to another. Typical domain state struc-
tures are stripe domain or Landau domain structures. The transition region
between two domains is called domain wall. The width of the domain walls
is determined by the exchange interaction and the magnetic anisotropy. The
exchange favours only a small rotation of each individual magnetic moment, to
hinder a strong deviation from the parallel alignment. The anisotropy favours
a large rotation in the hard axis of magnetisation. For a Bloch wall the width
is given by do(Keg) = 7 ﬁ—zg [46]. Aex = 31.4pJ/m? is the exchange constant
of Co. Depending on the anisotropy one can find typical domain wall width of
60(100kJ/m?) = 56 nm and dp(300 kJ/m?*) = 32nm.

Reducing the size of a magnetic structure will at a certain point result in a single
domain state. It is then energetically unfavourable to create domains. Depend-
ing on the size of the structure, different types of magnetisation reversal exist.
For this thesis most important is the model of coherent rotation, also known as
Stoner-Wohlfarth model. Magnetisation reversal by coherent rotation means, that
all magnetic moments of the structure rotate uniformly from one state to the
other like a single macrospin. Increasing the size of the structure will lead to
another form of magnetisation reversal called domain wall nucleation. In this
case a domain in the opposite magnetisation state will be created and grow in
size until the whole structure has changed its state. The critical diamater for

coherent rotation in a cylindrical nanostructure has been given by Skomski [47]

11
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as D(t) ~ 23 § The variable ¢t defines the thickness of the magnetic material.

lo =, /112;41‘?;2 = 4.8 nm [46] is the magnetostatic exchange interaction length, with

Mg(0K) = 1.458 MA /m [48] as the saturation magnetisation. Typical diameters
are D(0.7nm) = 757nm and D(1nm) = 529 nm. The nanostructures that are in-
vestigated are between 16 nm and 45 nm in diameter. Therefore, coherent rotation

is expected, which will be discussed in the next section.

12



2.3 Single domain systems

2.3.1 Stoner-Wohlfarth model

a) 0° b) 90°
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Figure 2.1: a) shows the uniaxial energy potential with a magnetic field applied in the
easy axis of magnetisation. h is the reduced field H/Hg. The different colors represent
the different field strength. For h = 0 two minima can be seen, that represent the two
states of magnetisation. They are separated by the energy barrier. When a magnetic
field is applied the energy potential is altered. When the minimum disappears, the
magnetisation is reversed.

b) shows the case when the magnetic field is applied in the hard axis of magnetisation.
With increasing field, the energy barrier shrinks and the minima converge to another.
Eventually only one minimum remains.

c¢) shows the hysteresis curves of the magnetisation M /Mg in dependence of h for varying
angles ¢. At ¢ = 0° a rectangular hysteresis curve emerges. Moving closer to 90° will
result in a closing of the hysteresis.

d) shows the perpendicular projection of the magnetisation M,/Ms. At 0° the hysteresis
curve is rectangular and gets consequently rounder in shape, when moving to 90°. The
two plateaus are the two states of magnetisation. When the switching field Hgy, is
reached, the magnetisation is reversed, which is seen as a jump in the hysteresis. The
switching field is dependent of ¢.

The model of coherent rotation was developed by Stoner and Wohlfarth and
published in 1948 [49] and republished in 1991 [50]. A review is found in [51]. The

13
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model is based on an uniaxial anisotropy potential, that is effected by an external
magnetic field, which is described by a Zeemann-term. The energy density is
given by:

Esw/V = K sin® (0) — o H Mg cos (0 — ¢) (2.21)

¢ describes the angle between the easy axis of magnetisation and the external
magnetic field. Of particular interest are the cases of the applied magnetic field
parallel to the easy axis of magnetisation (¢ = 0°, see fig. 2.21 a)) and perpendicular
to the easy axis (¢ = 90°, see fig.2.21b)). The magnetic field is displayed as
the reduced field h = H/Hg. The latter is the critical field, which is given by
Hy = 2K

T poMs”
In the first case, the deformation of the energy landscape with increasing magnetic

field, will manifest in the vanishing of one of the minima and the state parallel
to the magnetic field will be preferred. In the second case the energy barrier
between the two minima will shrink and the two minima will converge until at a
certain field, the energy barrier disappears and only one minimum remains. The
energy barrier is defined as the product of anisotropy and volume of the structure:

AFE = KV. It is dependent on the magnetic field and is given by:

H )n((b) (2.22)

AE =KV (1 " e
Pfeiffer [52] gave an approximation of the exponent, which is n(¢) = 0.86 + 1.14 -
Hsyw(¢). In the easy and hard axis of magnetisation n = 2.
In the experiment, usually magnetic field sweeps are performed. Fig.2.21¢)
shows the magnetisation M /Mg in dependence of the reduced field. These curves
are called hysteresis curves. Different angles ¢ are displayed. At ¢ = 0° the
curve has a rectangular form. Moving to ¢ = 90°, the hysteresis begins to
close. The coercive field at ¢ = 0° and 90° is identical to the critical field Hyk.
The measurement technique, that is used in this thesis, is only sensitive to the
perpendicular component of the magnetisation M,. Fig.2.21d) shows hysteresis
curves of M,/Mg(h). The hysteresis does not close, when approaching ¢ = 90°,
but becomes circular. The two plateaus seen in the graph are the two states of
magnetisation. Once the magnetic field strength reaches the switching field Hgy,
the magnetisation is reversed. The magnetisation reversal is represented by a

jump in the hysteresis curve. The switching field Hgy(¢) is depending on the
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2.3 Single domain systems

angle between the magnetic field and the easy axis of magnetisation.
The angular dependence of the switching field is determined by deriving the local

minimum of the energy landscape in dependence of § and is given by:

2K
o Ms

Njw

Hs, (0) = (sin? (9) + cos? (9)) (2.23)
Hsy/Hk(¢) is plotted in fig. 2.2a). The black line shows the angular dependence
of the switching field given by the Stoner-Wohlfarth model. The switching field is
at maximum in the easy axis (¢ = 0°) and the hard axis of magnetisation (90° and
—90°). The curve is symmetric to 45° and —45°, where there is a minimum. The
red line shows an extension of the model, that was proposed by Kronmiiller [53].

The extension adds the second order of the anisotropy K5 and is given by:

Wi

2K, (—tan(9))
Ki 1+ (— tan(gb)ﬁ,) (2.24)

HSW,Kronm. = HSW (1 +

The equation is valid for Ky/K; < 1. In the plot a ratio Ky/K; = 0.25 is
chosen, that is in alignment to the experiment. The second order of the anisotropy
increases the switching field in the hard axis of magnetisation. The easy axis
remains unchanged and the local minima stay at 45°. Chang [54] also investigated
the second order and gave an analytical solution. His findings in the case of
K; > 0 and Ky > 0 and K,/K; < 1 are in close resemblance to the solution
given by Kronmiiller [29]. Another way of displaying the angular dependence of
the switching field is the Stoner-Wohlfarth astroid, where the switching field is
separated into the perpendicular and parallel contribution (see fig. 2.2b)). In order
to understand the three dimensional angular dependence of Hg,,, the astroid can
be rotated around the ordinate. The two dimensional astroid can be understood
as a slice, that is cut out of the three dimensional surface. Fig.2.3 shows the
three dimensional switching surface of the Stoner-Wohlfarth model. The switching
surface is defined by certain characteristics. There is a distinct easy axis point,
that is expressed by a sharp peak in the direction of the easy axis of magnetisation.
The hard plane of magnetisation has a circular shape.

The angular dependence of the switching field is good indicator for the reversal
mode of the investigated nanostructure. Next to coherent rotation, also domain

wall nucleation is possible in single domain systems, which leads to a different
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2 Theoretical background

angular dependence. This will be briefly explained in the next section.

b)
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Figure 2.2: a) The plot displays the angular dependence of the switching field. The
black line shows the Stoner-Wohlfarth model. Hgy, peaks in the easy and hard axis of
magnetisation and is axis symmetric. Also there is a symmetry around 45°. The red
line represents an extension of the model made by Kronmiiller, that takes the second
order of the anisotropy into account. This results in an increase of hgy in the hard axis.
b) is an alternative form of presentation, that is called the Stoner-Wohlfarth astroid.
Hgy, is separated into the perpendicular and parallel contributions. The red line shows
again the extension of Kronmiiller. The astroid can be understood as a slice of the three
dimensional switching surface. The latter can be created by rotating the astroid around
the ordinate.
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Figure 2.3: The three dimensional switching surface of the Stoner-Wohlfarth model
is presented. On the left side, a viewpoint from the side is shown. The surface has a
distinct easy axis point. On the right side, a viewpoint from the top is seen. The hard
plane of magnetisation has a circular shape.
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2.4 Thermal effects
2.3.2 Domain wall nucleation

The model to describe domain wall nucleation in a single domain nanostructure
was published by Kondorsky in 1940 [55]. In this case, the magnetic moments
will not rotate like a macrospin. Instead a nucleus of the reversed magnetisation
state will form somewhere in the nanostructure. This reversed domain will grow
and the domain wall will move through the sample until the whole magnetisation
is reversed. Due to the time scale of the process, in experiment domain wall
nucleation can not be distinguished from coherent rotation by looking at the
hysteresis curve. Instead one can measure the angular dependence of the switching
field. While for coherent rotation the angular dependence is given by eq. 2.23.

For domain wall nucleation the angular dependence is proportional to 1/ cos(f).

2.4 Thermal effects

In single domain structures an effect called superparamagnetism emerges above a
certain temperature. The temperature is called blocking temperature Tg. Once
the thermal energy kg7' becomes comparable in size to the energy barrier KV
spontaneous magnetisation reversal will occur. A common definition for the
blocking temperature is given by KV = 25kgT". Superparamagnetism displays the
same characteristics as paramagnetism, albeit with a much higher magnetisation.
The average time between two magnetisation reversals, called switching frequency,
is given by the following equation, which was developed by Néel based on an
Arrhenius ansatz and is therefore known as Néel-Arrhenius law [56]

f=ro eXp(—ﬂ (2.25)

kgT )
fo is the exponential prefactor. After Néel, Brown took on the problem and
found a solution based on the magnetisation dynamics [57,58]. The magnetisation
dynamics is described by the Landau-Lifschitz-Gilbert equation (LLG). Using the
LLG as a basis, Brown derived the switching frequency, which is always given by
AE

the form of f = foexp(—7). Hence the equation is also known as Néel-Brown

law. In the case of a large energy barrier AF > kgT and a magnetic field applied
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2 Theoretical background

along the easy axis of magnetisation the following rate equation is derived:

AFE KV 9
— ) = ———(1+h 2.26
Fo=hsow (<o) = heow (<on0En?) @)
'+ describes the change of magnetisation orientation from the energetically
preferred minimum into the metastable minimum, while '—’ describes the opposite

case. The attempt frequency fo 1 (h,T') is given by Brown as:

for(h,T) = -(1£h)-(1—h)? (2.27)

ay ([LQHK)2 MsV
1+a2 2k T

v is the gyromagnetic ratio, o is the damping parameter of the material and

2K
poMs *

attempt frequency fy are in the range of 10° Hz and 10 Hz. The pre-factor plays

Hy is the anisotropy field, which is given by Hx = Usual values of the
a prominent role in this thesis and will be discussed later on in the experimental

section.

Spontaneous magnetisation behaviour with an applied magnetic field

Coffey and Kalmykov [59] calculated the effect of an applied magnetic field on
the attempt frequency fy = 1/79. The magnetic field is applied in the hard axis
of magnetisation. They looked at two specific cases, that depend on the damping
parameter a. The two cases are called very low damping (VLD) for @ < 1 and

intermediate high damping (IHD) for @ > 1. For the VLD case the following

v

equation is found, where o = 15%“ and h = H/Hx B = ot

mo (1= Bh+ D2 — Sp3 4 O (h)]

1/ fvin(h, T) = 802 - \/h(1— h)?

exp (a (1-— h)2) (2.28)

With 7y = % . (1;;722), the THD case is given by:

QTNW\/E
oVI+h-(1—2h+/1+4h(1 - h)a-2)

1/fIHD(h7 T) = eXp (U (1 - h)2)

(2.29)

The exponential term of both functions is identical to the Néel-Arrhenius law. The

frontal terms can be understood as field dependent attempt frequencies fovrp(h)
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2.5 Magnetotransport effects

and fO,IHD (h) .

Temperature dependence of the switching field

Below Tg, thermal energy also effects the switching field of single domain structures.
The magnetisation may be reversed before the local minimum in the energy
potential disappears, due to thermal activation. The switching field is thus smaller
than in the case of the Stoner-Wohlfarth model. Different models for Hgy (7") have
been compared by Neumann [29]. He finds that the solution given by Garg [60]
describes the switching field best:

VEM ksT ksTfo 1
1 1 — 2.30
+21n<kBTf0 1>]JKV n(qusVR (2.30)

woMsV R

2K
Hgo(T) = —— |1 —
(1) MoMs(

vem = 0.5772 is the Euler-Mascheroni constant. R is the sweeping rate of the

magnetic field. In the experiment usually 0.01T/s is used.

2.5 Magnetotransport effects

In general, electric resistivity is described by Ohm’s law, which connects the

current density j and the electric field E by the electrical conductivity tensor o.

j=6-E (2.31)

The inverse of the conductivity tensor is the resistivity tensor p = 1.

In a
classical sense, Ohm’s law can be derived by the Drude model. In the Drude model,
the metal consists of positively charged ions while the electrons are treated like a
classic gas. The electrons, that move with a constant velocity, are permanently
colliding with the ions, with an average collision time 7. The conductivity, that is

. . . 2
a scalar in the model, is given by ¢ = &%
m

©.on s the electron density and m, the
electron mass.

Non-classical Ohm’s law can be derived by solving the Boltzmann equation. The
mean collision time 7. is given by 7. = A/vp. The latter is the Fermi velocity
vp = /2Ep/m., where Efp is the Fermie energy. A is the mean free path, which is
typically 10 — 100 nm at room temperature.

7 depends on the different scattering processes. The electron can scatter on lattice,
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2 Theoretical background

interfaces, as well as phonons, and magnons. As the electron-phonon as well as
the electron-magnon scattering is temperature dependent, so is 7. The different

processes are connected by Matthiesens’s rule, which is given by:

1 1 1 1 1
— +—+ + (2.32)
Teol Tdefects Tint Tph (T) Tmagn (T)

Usually, only scattering on lattice defects and phonons are take into consideration.
Scattering at interfaces is only important in ultrathin films and the contribution
of electron-magnon scattering is small compared to electron-phonon scattering.
The temperature dependence of the specific resistivity is decided by the tem-
perature dependence of the electron-phonon scattering, which is given by the

Bloch-Griineisen formula:

p=po+p(T)=po+A (@TD> /OGD/T = f;gx_ ) (2.33)

A is a material constant and ©p is the Debye temperature.

2.5.1 Longitudinal magnetoresistance effects

A magnetic field applied to an electrical conductor will lead to a change in resistivity
of the conductor, which is known as magnetotransport. In a ferromagnet, like
the Pt/Co/Pt samples investigated in this thesis, additionally to the magnetic
field H the magnetisation M has to be considered, thus leading to a resistivity
tensor ﬁ(ﬁ M ). The latter is connected to the electrical field E and the electrical
current fby Ohm’s law:

E=p(H M)-j (2.34)
In this thesis the current is applied in the xy-plane of the film, which leaves two
resistivity contributions py and py. The former is the longitudinal resistivity (the
resistance along the current direction j) and the latter is the transversal resistivity
(the resistance perpendicular to the current direction).
The longitudinal magnetoresistance effects are defined by Onsager’s law as even
functions of the resistivity: px(H, M) = py(—H,—M). In this thesis the follow-
ing magnetoresistance (MR) effects are discussed: Anisotropic MR, anisotropic

interface MR, geometrical size effect, Lorentz MR and Spin disorder MR
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2.5 Magnetotransport effects

Anisotropic magnetoresistance

The anisotropic magnetoresistance (AMR) occurs in ferromagnetic materials
and was discovered by W.Thompson in 1856 [61]. As a consequence of the
AMR, the resistance is depending on the angle ® between magnetisation and
the applied electric current @A(M ,j) Models describing the AMR are based
on an anisotropy in the spin orbit interaction [62-65]. Usually, the resistivity
is larger in the longitudinal case of pione With @ = 0° than for the transversal
case of pyans with & = 90°. The magnitude of the AMR is usually definded by
APAMR = Plong — Ptrans > 0. In the case of technical saturation M = Msg, the

angular dependence of the AMR is given by

P(‘I)) = Ptrans + ApAMR Cosz(CI)) (235)

Kobs and Oepen [66] showed that the AMR in Co/Pt multilayers depends on the
thickness of the Co layer, because of an additional AMR contribution that stems
from the interfaces. The overall magnitude of the AMR is thus determined by the

ratio of interface to bulk.

Anisotropic interface magnetoresistance and geometrical size effect

In 2010 Kobs et al. [67] found a new effect in ultrathin multilayers, which was
called anisotropic interface magneto resistance (AIMR). This effect behaves similar
to the AMR though it depends on the angle between magnetisation and film
normal @4(]\2 ,71). The magnitude of the AIMR is given by the difference between
the polar case p(© = 0°) = ppolar and the transversal case p(© = 90°) = pirans,
hence AparMR = Ppolar — Prans- 10 textured films, the angle dependence is nearly
identical to the AMR albeit higher orders can be observed especially for Co/Ni

multilayers and to a lesser extent in Co/Pt multilayers:
P = Pirans + Apamr (cos?(0) + cos*(O) + cos’(0)) (2.36)

Phenomenology the effect can be explained with magnetisation-dependent scat-
tering probabilities of the electrons on interfaces [66]. Weinberger developed a
fully relativistic model, that includes spin-orbit interaction. The AIMR is only

detectable in thin films, where the magnetic layer is less then 50 nm [68].
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2 Theoretical background

The geometrical size effect (GSE) was discovered in 2005 by Gil et al. [69]. The
GSE stems from magnetisation dependent scattering probability in respect to
the texture of the film. In Pt/Co/Pt film systems the GSE occurs in the same
geometry as the AIMR and is thus superimposed with the latter. It has a negative
sign and, because it is a bulk effect, is independent of the thickness. Therefore
the GSE serves as a constant negative offset to the AIMR in Co/Pt films [67].

Lorentz magnetoresistance

The Lorentz magneto-resistance (LMR) is an anisotropic effect that manifest as
an increase of the resistivity above technical saturation, where the magnetisation
is aligned parallel to the magnetic field. The LMR is a result of the Lorentz force.
An external magnetic field that is applied transversal to the current direction
forces the electrons on helical orbits, which reduces the effective mean free path in
the current direction. The strength of the LMR goes quadratic with the applied
magnetic field [70]:

prvr X B2 (2.37)

The LMR also occurs when the magnetic field is applied in the direction of the

electric current, though the magnitude of the effect is smaller [71].

Spin-disorder magnetoresistance

The saturation magnetisation Mg is temperature dependent, which will become
an important aspect in later parts of this thesis. At higher temperatures the

temperature dependence can be described by Bloch’s T%/? law [72]:
Mg(T) = Ms(0K)(1 — bT3/?) (2.38)

b is the Bloch constant, which is a constant, that depends on the exchange stiffness
A and the lattice constant a of the material. Stearns gives b = 1.5- 1076 K=3/2 [73]
for hep Co above 100 K. Whereas Liu et. al give b = 3.3 - 1076 K=3/2 [74] for
bulk Co. In Co nanoparticles or nanostructures [75-77] the Bloch constant might
deviate from this values, because of surface effects. This might lead to a higher
temperature dependence of the saturation magnetisation.

When applying a magnetic field spin-waves (or magnons) are reduced. This
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2.5 Magnetotransport effects

reduction of magnon density leads to a decrease in magnon-electron scattering,
whereby the resistance will decrease. This effect is known as spin-disorder magneto
resistance (SMR). The SMR is an isotropic effect that exhibits a linear dependence

of the resistance in respect to the magnetic field [78]:
prmr X — |B] (2.39)

At very low temperatures the SMR deviates from the linear behaviour. A change
in sign is observed and the resistance is increasing with the field [79]. Though
this could also be the result of the LMR, when all magnons are annihilated and

magnon-electron scattering (and thus the SMR) completely vanishes.

2.5.2 Transversal magnetoresistance effect
Normal and anomalous Hall effect

When a magnetic field pg Hy is applied perpendicular to an electric current a
voltage will emerge, that is perpendicular to the field and the current. This effect
was discovered in 1879 by Edwin Hall and named Hall effect [80,81]. The Hall
effect is caused by the Lorentz force, which deflects the conducting electrons
perpendicular to the field and current direction jx. The emerging voltage is known

as Hall voltage Uy, and is described by:

Ix po Hy,

; (2.40)

UHaH = RNHE

t is the thickness of the material and Rypg is the Hall constant, which is a material
parameter.

In 1880 Hall discovered the anomalous Hall effect [82,83], that emerges only in
ferromagnetic material, which possess a spontaneous Magnetisation Mg, e.g. Fe,
Co and Ni. This effect is caused by Spin-Orbit interaction, which results in spin
dependent scattering probabilities. Phenomenologically, normal and anomalous
Hall effect are described by:

Utian = tto (Rxue Hz + Rane Mz) Ix/t (2.41)
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Rapg is the anomalous Hall constant. The anomalous Hall effect is often by orders
of magnitude higher than the normal Hall effect. For the materials used in this
thesis, cobalt and platinum, the following values are found in literature. The
normal Hall constant in cobalt and platinum are Rypgco = —1.1-107m?/C
and Rxpppy = —2,3 - 107" m?/C, while the anomalous Hall constant of Co is
given as (1.2 —2) - 1072 m?/C [84].
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3 Sample preparation and experimental

details

In this chapter the sample preparation and experimental details are discussed.
The main emphasis will lie on the Pt/Co/Pt system that is investigated in this
thesis. Also the lithography and nano-structuring that was performed to create
the Hall bars and nanodots will be explained. An expansion of the measurement
principle will be shown with the idea to measure magneto-resistance effects in
nanodots. Furthermore different nanodot lattices will be shown, that were created

for investigations with synchrotron radiation.

3.1 Pt/Co/Pt sample system

In this thesis measurements of ultra-thin Pt/Co/Pt films and nanostructures have
been performed. The films have been investigated in the group of Prof. Oepen over
the past two decades [21-27]. The samples are created by electron cycle resonance
(ECR) sputtering and direct current (DC) magnetron sputtering. Starting with a
SiO, or SigN, substrate a Pt seed layer is evaporated by ECR sputtering, which
induces a good texture. Afterwards another layer of Pt is evaporated by DC
magnetron sputtering. This is followed by the Co layer and a Pt cap layer, both of
them also made by DC magnetron sputtering. The two interfaces between the Co
and Pt layers ensure a strong uniaxial anisotropy, that is perpendicular to the film
plane for thin Co layers. Typical layer thicknesses are (4 + 1) nm or (4 + 3) nm for
the Pt seed layer and 3nm for the Pt cap layer. The Co thickness is varied from
0.7nm to 30 nm, whereby the system will undergo a spin reorientation transition
between 1.2nm and 1.5nm, depending on the substrate.

Prior investigations [26,27] insist that the Co layer will grow in a fec-structure and

is strained at thin Co thickness, because of different lattice parameters of Pt and
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3 Sample preparation and experimental details

(b)

Pt cap layer: 3nm
Co layer: 0.7-30nm

Pt seed layer: 5-7nm

Substrate: SisN, or SiO,

Figure 3.1: (a) and (b) depict a model of the film system. The film is evaporated on
a SigNy or SiOs substrate. The first layer consists of 4nm of Pt that is deposited by
electron cyclotron resonance sputtering. This layer of Pt is characterised by a very good
texture. On top of the Pt another layer of 1 — 3nm of Pt is deposited by direct current
magnetron sputtering. This Pt layer is deposited with less energy, so that the thickness
of the interface with the following Co layer is minimised. The Co layer is varied between
0.7nm and 30 nm, depending on the experiment. Out-of-plane anisotropies are achieved
below 1.2nm and everything above will have an in-plane anisotropy. Above the Co
layer another 3nm of Pt is deposited by DC magnetron deposition. This layer creates
another interface to enhance the out-of-plane anisotropy and also protects the Co layer
from oxidation.
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3.2 Measurement technique

Co. The strain contributes to the out-of-plane contribution of the anisotropy. Also
the samples are poly-crystalline, with a typical grain diameter of about 16 nm [31].
These grains are tilted to the film normal. The tilt can be described by a Gaussian
distribution with a peak in the direction of the film normal at 0°. The half width
maximum is 11° and the maximal tilt is 23°. The tilt is isotropically distributed
in all spatial directions and therefore disappears on average. The ramifications of

these structual properties will be discussed in the main part of this thesis.

3.2 Measurement technique

The goal of this thesis was to study the magnetic properties of ultrathin Pt/Co/Pt
films and nanostructures, with the main focus on the magnetic anisotropy. The
measurement principle for the films is basic magnetotransport measurement, with
a direct current applied. Pads made of gold are used to contact the samples by
wire bonding and the longitudinal as well as the transversal voltage are measured.
The nanostructures are probed by Hall magnetometry. Therefore nanosized Hall
bars are used to study the magnetisation behaviour of single nanodots. The
basic effects behind the method are the ordinary and anomalous Hall effect. The
ordinary Hall effect (OHE) occurs in Pt and Co and is proportional to the applied
magnetic Field. The anomalous Hall effect (AHE) emerges only in Co, as it solely
appears in ferromagnetic materials. It is dependent of the magnetisation. The

resulting Hall voltage is given by:
Usianl = o (RoueHz + RaueMz) Ix/t (3.1)

Roug and Ragg are the corresponding Hall constants and Hyz and My the perpen-
dicular components of the applied field and the magnetisation of the sample. Ix
is the applied current and ¢ the dimension of the sample. Both effects are present
in Pt/Co/Pt systems, but the AHE term RapgMy dominates the OHE term by
orders of magnitude. Thus the perpendicular component of the magnetisation
is directly proportional to the Hall voltage Uga.y. Since the investigated samples
possess an easy axis of magnetisation that lies perpendicular to the film plane,
the magnetisation is directly measurable.

The core issue with this technique is the current flow through the Co. In our case,
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the interfaces between the Co and the Pt ensure this point.
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3.3 Lithography and nano-structuring

Figure 3.2: a) A microscope image of the four gold plates to contact the samples. The
area between the pads has a size of 20 yum x 20 um. b) A SEM micrograph of a typical
Hall bar. The leads have a width of 80 nm and the nanodot has a diameter of 45 nm.

3.3 Lithography and nano-structuring

The creation of the nanostructures requires distinguished fabrication processes
that are based on photo- and electron-beam-lithography [29,30]. In a first step,
the Pt/Co/Pt film is covered with contact pads made of gold. This is done with
standard photo-lithography technique utilising a shadow mask and a negative
photo-resist. Afterwards Au is evaporated by sputter coating and the remaining
resist is removed in an ultrasonic bath. These golden contact pads are used
for aluminium wire bondingto contact the sample. The gold pads are shown in
fig. 3.2a) and a finished Hall bar in fig. 3.2b).

Afterwards an array of nanodots is fabricated between the four contact pads. The
process is depicted in fig. 3.3. This is done by using electron beam lithography and
a negative electron beam resist to create cylindrical shadow masks. With the SEM
and commercially available electron beam resist, a minimal diameter of 35 nm was
possible. To further reduce the diameter of the shadow masks an oxygen plasma
could be used used. Unfortunately the cylindrical shadow mask would fall over,
if the ratio of diameter and height (80 nm) would become critical. Due to this
the resist was diluted and the height of the resist reduced. This allowed to create
shadow masks with a diameter as small as 12 nm. Afterwards the film is etched by
using argon ion milling. The cylindrical shadow masks protect the film beneath

them, so that the dots are carved into the film. The etching process is stopped in
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(b)

(d) I

Figure 3.3: The figure shows the creation of the nanodots from a thin film. (a) The
starting point is a thin film, that was created by sputter deposition. The composition of
the film is described in fig. 3.1. The procedure is optimised for this film composition but
can also be applied to other systems. (b) The film is coated with a negative electron
beam resist by using spin coating. (c) The resist is exposed to the electron beam. An
array of dots is written. (d) The resist is developed. The parts of the resist, that were
not exposed to the electron beam are removed by the developer. An array of resist
cylinders remains, that serve as a shadow mask. (e) The film with the shadow mask on
top is subjected to an ion milling process. The film is removed, except for the parts
that are protected by the shadow mask. The ion milling is stopped in the lower Pt layer
and the sample is cleaned to remove the remaining resist.
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Figure 3.4: The figure shows the creation of the Hall bar. (a) The sample from fig. 3.3 )
serves as the starting point. (b) The sample is coated with a negative electron beam
resist. (c) The resist is exposed to the electron beam. A cross is written by the electron
beam. (d) The resist is developed and the non-exposed resist is removed. The cross
shape remains on the sample and serves as a shadow mask. (e) The remaining film is
removed by ion milling. The part beneath the shadow mask is protected from the ion
milling. (f) The sample is cleaned and the remaining resist is removed. A Hall bar is
created from the remaining Pt layer, with a single nanodot in the crossing area of the
Hall bar.
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the Pt seed layer, which will later be used as the current lead through the nanodot.
Usually about 2nm of the seed layer are removed. After ion milling the diameter
of the nanodots will always exceed that of the shadow masks. Possible reasons
for this are redeposition of sputtered materials or a bloating of the shadow mask
during the ion milling process. Nanodots with a diameter ranging from 16 nm to
45nm were fabricated and investigated in this thesis.

Finally the process is repeated to create the nanosized Hall bar, that served as
the aforementioned current lead and the measuring probe for the magnetisation.
This can be seen in fig. 3.4. Again using electron beam lithography and utilising
the alignment program of the software, a Hall bar shadow mask is build above the
nanodot array. The width of the single leads is usually chosen to be 80 nm though
it may also be smaller, e.g. 60 nm, depending on the size of the nanodot. With
perfect alignment the crossing area will cover a single nanodot. Afterwards the
ion milling is used once again, this time removing the remaining seed layer, except
where it is protected by the shadow mask. The latter now needs to be removed,
which is usually achieved by oxygen plasma, though sometimes a treatment with
peroxymonosulfuric acid is necessary. Usually 36 samples are produced on one
substrate, with at least half of them defective, as the alignment of nanodots and
Hall bar did not work out or for other reasons like a defect in the resist.

The typical layout is the Hall bar shown fig. 3.2 with the four leads. Two of
the leads will be used to apply the current. Usually 20 — 40 pua are applied.
The other two leads will be used to measure the Hall voltage. The voltage
usually has a magnitude of several hundred nV. Since it was interesting to also
measure longitudinal magnetoresistance effects, the layout was extended. To
achieve this, eight contact pads were put on the sample and the Hall bar had two
additional leads, to pick up the longitudinal voltage. This is shown in fig. 3.5.
These additional leads ought to be as close to the crossing area, that contains the
nanodot, as possible. This was limited due to the proximity effect. The lead for
the Hall voltage and the two leads for the longitudinal voltage would fuse together
if the distance between them is to small. A distance of 60 nm could be achieved.
While the lithography was successful, the longitudinal magnetoresistance of a
single nanodot could not be probed. The reason for this is probably the poor
filling factor. Due to this the magnetoresistance effects of the magnetic nanodot

are superimposed by effects stemming from the Pt seed layer. As a consequence,
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3.3 Lithography and nano-structuring

Figure 3.5: a) Displays a microscope image of the eight gold plates to contact the
samples. The area between the pads has a size of 40 pm x 40 ym. b) Additional leads
have been added to the Hall bar, allowing the measurement of the longitudinal voltage.
¢) The width of the leads is 80 nm. The space between the leads is 60 nm.

the idea to measure longitudinal magnetoresistance effects in single magnetic
nanodots was no longer pursued.

In collaboration with projects working with synchrotron radiation big arrays of
magnetic nanodots on ultrathin SigNiy (f = 25 — 100 nm) membranes were made.
Fabricating these had a very particular difficulty, as the membranes would very
easily rupture with the slightest bit of touch, thus requiring pronounced fine-motor
skills. The two techniques based on synchrotron radiation used two investigate
the nanodots were magnetic x-ray holography and coherent x-ray scattering. For
x-ray holography dot arrays in simple cubic and kagome lattice were made with
varying distance between the dots. Since more magnetic material is needed to do
holography, Pt/Co/Pt-multilayers were used instead of single layers. In fig. 3.6
an SEM image of a Kagome lattice is depicted as well as a magnetic hologram.
The measurements were performed by J.Wagner, R.Fromter and others and are
discussed in J.Wagners PhD thesis [85].

For the coherent x-ray scattering simple cubic lattices were made. One lattice was
a chequerboard with alternating hard and soft magnetic nanodots. This was done
by using positive electron beam resist. With electron beam lithography nanosized
holes were created in the resist and later filled with magnetic material. Afterwards
the resist was removed and magnetic nanodots remained. The process was

repeated and with alignment technique it was possible to make this aforementioned
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3 Sample preparation and experimental details

Figure 3.6: a) Displays a Kagome lattice of multi-layered Co/Pt nanodots. The sample
was created on a silicon nitride membrane that allows X-ray transmission measurements.
b) A magnetic X-ray holografie measurement of a Kagome lattice as shown in a). The
110nm in the upper right describe the distance from center point to center point of to
aligning dots. The measurement was performed by J. Wagner, R. Fromter and others at
the Petra 3 beamline at Desy. The technique is described in Wagners PhD thesis [85].

chequerboards. In fig. 3.7 SEM images of the chequerboard are shown.

3.4 Experimental setup

The samples are electrically contacted by using wire wedge-bonding. Various
experimental setups were used over the course of the thesis. Mainly a setup
consisting of a cooling finger and a rotatable electro-magnet has been used. The
cooling finger allows to investigate the sample in a temperature range of 77.5 K
and 300 K, when using liquid nitrogen. The electro-magnet can apply magnetic
fields up to 800mT. The electro-magnet can be rotated in one plane by 360°,
allowing measurements in the film plane, film normal and in arbitrary angles in
between.

The second setup is a SpectroMag, which is a cryostat with a superconducting
coil from Oxford Instruments. The SpectroMag is used in a temperature range of
2.5 K up to 300 K. Magnetic fields up to 6 T are applied. The sample holder can
be rotated within the magnetic field. Using an in plane or out of plane holder

allows to measure arbitrary angles.
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3.4 Experimental setup

80000 nm

Figure 3.7: (a) The first lattice of magnetically soft dots is created by using an additive
lithography technique. The diameter of the dots is 200 nm.(b) A positive electron beam
resist is layerd on top of the dots. The black holes serve as evaporation mask for the
second lattice. The two lattices are aligned by the software. (¢) The second lattice
of dots is created and fits shows a good alignment with the first lattice. (d) and (e)
The finished checkerboard is shown in larger magnification. The lattice constant of the
checkerboard is 500 nm. The overall size of the checkerboard is 80 pmx 80 ym
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3 Sample preparation and experimental details

Third, is the Dynacool a closed-cycle cryostat by "Quantum Design’. The Dynacool
can vary the temperature very fast in a range of 2.5 K up to 300 K. Like in the
SpectroMag up to 6 T are applied, but only perpendicular to the sample.

The fourth experimental setup is a three dimensional vector magnet from 'Oxford
Instruments’. This cryostat has three superconducting coils. Therefore the

magnetic field can be applied in every spatial angle up to 500 mT.
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4 Magnetisation behaviour of ultrathin

magnetic films

4.1 Temperature dependence of the anisotropy in ultrathin

magnetic films

4.1.1 Introduction

Sec. 3.1 introduced the Co/Pt multilayers that have been the subject of extensive
research over the past two decades [21-27]. The Co/Pt films are always fabricated
in the same way. Via electron cyclotron sputtering a Pt seed layer is deposited
on either a silicon oxide (SiO2) or a silicon nitride (SizN4) substrate. The high
energy of the deposited atoms creates a film with a fcc (111) texture. Afterwards
another Pt layer, followed by the Co layer and a final Pt cap layer is deposited on
the ECR-Pt seed layer. For this part DC-magnetron sputtering is used. The lower
energy of the technique generates better defined interfaces. The Co layer grows in
a (111) fec crystal structure and the film is poly-crystalline. The typical grain
size is 16 nm. The grains are also tilted from the film normal. The tilting can be
described by a Gaussian distribution with the peak at zero degree. For a SiO,
substrate a sigma of 0 = 11° and a maximal tilting of 23° are found. The tilting
is isotropically distributed in all spatial directions. The magnetic properties of the
film can be described by an uniaxial anisotropy model. Most importantly, the films
exhibit a spin reorientation transition, meaning the easy axis of magnetisation
switches from in-plane for a high Co thickness to out-of-plane for a small Co
thickness. When the transition occurs depends on the substrate. Usually the SRT
lies between 1.5nm and 1.2nm. The films are well understood, nevertheless open
questions remain, for example the temperature dependence of the ferromagnetic

anisotropy.
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4 Magnetisation behaviour of ultrathin magnetic films

The magnetocrystalline anisotropy is the result of spin-orbit coupling. Due to the
exchange coupling the individual moments of the atoms build a reasonable energy
contribution. This is linked to the structure of the crystal, resulting in energetically
favoured and less-favoured directions of the magnetisations. The energy difference
between the favoured direction (called easy axis) of magnetisation and the least-
favoured direction (called hard axis of magnetisaton) is called the anisotropy
energy, which is characterised by a strong temperature dependence. This is
not caused by the spin-orbit coupling. The mechanism behind the temperature
dependence of the anisotropy is thermal excitation of individual magnetic moments.
The moments will start to process and the perfect alignment is destroyed, resulting
in a decrease of the anisotropy. Akulov [86] and Van Vleck [87] published the first
theoretical investigation both using a quantum mechanical approach. Zener [88]
later used a classical ansatz. Keffer [89], Carr [90,91] and Kittel [92] expanded
the existing theories. Later, Callen and Callen [93,94] solved the problem for
low temperatures, while Jensen [95] extended the theory to higher temperatures.
The result is a power law given by K(T') = K(0)(Ms(T)/M(0))". The magnitude
of n differs for fcc (n = 10) and hep (n = 3). As can be seen, the temperature
dependence of the anisotropy is determined by the temperature dependence of
the saturation magnetisation.

For the saturation magnetisation of Co the value given by Crangle will be used [48].
He gives Mg(0) = 1.458 MA/m. The temperature dependence of the saturation
magnetisation is described by Bloch’s T: law [72]. Ms is reduced with rising
temperature due to the increased creation of spin waves. The law is not valid

close to the Curie temperature T¢. It is defined as:
M;(T) = Ms(0)(1 — BT*?) (4.1)

B is a constant that is depending on the exchange stiffness A and the lattice
constant a. For Co B = 1.5 - 1075K?/® at 100K can be found in literature
[73]. In this thesis a temperature window ranging from 2.5 K to 300 K has been
investigated. The saturation magnetisation would be reduced from Mg(0) =
1.458 MA /m to Mg(300K) = 1.447 MA /m. This is a reduction of 0.75%. Kuz'min
proposed an analytical expression for the shape of Ms(T") [96]. He found that most

ferromagnetic materials obey the formula, based on the available experimental
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

data. That includes fcc Co. The expression is given as:

Ms(T) = M(0) (1 s (;;) (- (;})p) (4.2)

s and p are material parameters, as well as the Curie temperature T¢;. For fcec Co
the following values are given: s = 0.11, p = 5/2 and T = 1385 K. Using this
equation a reduction from Mg(0) = 1.458 MA/m to Mg(300K) = 1.443 MA/m is
found. This is a reduction of 1%. In the following the temperature dependence
given by Kuz'min is used, as the factor B in the Bloch T 3 law is only given for
T < 100 K. However, the deviations for both models are pretty small.

The temperature dependence of the anisotropy for bulk hep Co is well known. First
qualitatively good measurements were performed by Sucksmith and Thompson [97]
in 1954 and was later on the research was continued by many others [98-108].
While the temperature dependence is qualitatively the same, the quantitative value
of the anisotropy constant has a spread of about 30%. This lack of consistency
is taken up by Paige et al. [108], who finds inaccuracies in some works and
concludes that the best results are indeed given by Sucksmith and Thompson [97],
Ono [106,107] and himself. The first order of the magnetic anisotropy K; remains
constant up to the point of about 130 K, from where on it starts to decrease linearly.
In this thesis, the temperature window between 2.5 K and 300 K is important.
The work of Ono shows a decrease in this window from K;(2.5K) = 770kJ/m3
to about K;(300K) = 500kJ/m?. Paige [108] also compares the results for the
second order of the anisotropy K. It can be concluded that the second order is
constant in the relevant temperature range.

Regarding the Co/Pt films investigated in this thesis, previous investigations [27]
reveal that Co grows in the fcc phase. Despite the fcc structure, the films do not
show a cubic anisotropy but an effectively acting uniaxial anisotropy. Suzuki et
al. [109] determined the anisotropy constants K., 1 and Ky, 2 of thick fce Co
films (tco, &~ 100nm) at 77 K and 300 K. Ky, 1 decreases linearly from —72kJ/m?
to —62kJ/m3. K.y, decreases from (20 & 5) kJ/m?® to a value of the order of
103 J/m3.

Kobs [26] started the investigation of the temperature dependence in ultra-thin

films. This thesis will present a continuation of that investigation.
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4 Magnetisation behaviour of ultrathin magnetic films

4.1.2 Determination of anisotropy constants in magnetic films

To determine the anisotropy constants of Pt/Co/Pt films, Hall bar magnetometry
has been performed. Therefore a magnetic field sweep is performed in the hard
axis of magnetisation, which is the film normal of the film, and the resistance in
dependence of the field is measured. This is called Hall resistance and consists
of the normal Hall effect and the anomalous Hall effect (s.a. sec.2.5.2) and is
given by Ry.n = po (Rone Hz + Raug Mz) 1/t. Rour and Rapg are the normal
and anomalous Hall constants. The normal Hall effect manifest in a linear slope
that is proportional to the applied magnetic field, which emerges above technical
saturation, hence if My || Hz. As the normal Hall constant in Pt and Co is negative,
a negative slope emerges. Since only the anomalous Hall effect is significant for the
determination of the anisotropy, the normal Hall effect is extrapolated to zero field
and subtracted from the measurement (see inset in fig. 4.1). Under the assumption
of coherent reversal of the magnetisation, the anisotropy will be determined
from the rotation of the magnetisation from the easy axis of magnetisation to
the hard axis. From this rotation the anisotropy can be determined, as long as
the saturation magnetisation is known. The formula is derived from the model
of coherent rotation E/V = K sin?(6) + Ky sin*(0) — po Ms H cos(8 — ¢) with

¢ = 90°, as hard axis field sweeps are performed. Determining the energy minimum
E/V

;= 0 and substituting cos(f) with Mz/Mg = my results in:

QJ\JTijLiWK;(l—mZ)QmZ =—puoH (4.3)
my is identical to Ugay/Us, since the Hall voltage is proportional to the mag-
netisation, which means K; and K, can be determined by fitting the formula to
the inverse curve of the measured data. An example is shown in fig.4.1. This
measurement was performed for a sample with a Co thickness of 3.2 nm evaporated
on a SiOq-substrate and at 150 K. As can be seen the formula is fitted very well to
the measured data. From the fit K; = —(602 + 0.5)kJ/m? has been determined.
For K5 a mean value of Ky = (70 & 30) kJ/m? has been found, which is in the
span of numbers found in literature. To avoid an impact on the investigation
of Kj, K5 has been set to 70kJ/ m3. For the saturation magnetisation of fcc Co
Mg = 1458 kA /m at T = 0K is used. To respect the temperature dependence of
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films
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Figure 4.1: Magnetisation reversal vs. magnetic field for a Co thickness of 3.2nm
evaporated on a SiOg-substrate measured at 150 K. The red line shows the fit of eq. 4.3
in order to determine Kj. From the fit K1 = —(602 + 0.5) was determined with
Ky = 70kJ/m? and Mg = 1454 kA /m as fit parameters. The inset show the complete
measurement. In gray is the high field behaviour where My || Hyz, which is not part of
the fit.

Mg the model of Kuz'min was applied. It is important to note that the tempera-
ture dependence of Mg affect only slightly the fitting results. The outcome of the

investigation is discussed in the following section.

4.1.3 Silicon oxide substrate

In this chapter the samples that were sputtered on a SiOs-substrate will be
discussed. Overall eleven samples have been investigated with the lowest Co
thickness being 2 nm and the highest 30 nm. All of the samples possess an in-plane
anisotropy, which means that the easy axis of magnetisation lies within the film
plane. The measurements were performed in a DynaCool cryostat as explained
in the preceding chapter. The temperature range reached from 2.5 K to 300 K.
The temperature dependence of the effective anisotropy Keg is shown in fig. 4.2.
Two distinct behaviours are found. At higher thickness above 4 nm the effective
anisotropy is decreasing with rising temperature and for a lower thickness of 2nm

the anisotropy is increasing. When looking at the data points in more detail a
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4 Magnetisation behaviour of ultrathin magnetic films
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Figure 4.2: The graph shows the effective anisotropy vs. the temperature for varying
Co thickness. For 2nm the anisotropy increases linearly. Below 4 nm the anisotropy
decreases linearly.

few characteristics are noteworthy. For example although the anisotropy is overall
increasing for lower thickness, between 200 K and 250 K the increase is halted and
the slope of the temperature dependence seems to change the sign. Additionally
the values for 20 nmand 30 nm don’t differ much from each other. At this thickness
the interface anisotropy does not contribute much to the system and the effective
anisotropy is dominated by the volume anisotropy. Overall a linear approach for
the temperature dependence is justifiable. The effective anisotropy is then given
by:

2(Kso+ Ks1-T)

t

In order to quantify the effect, linear equations are fitted to the data in the

Kg(T) = Kyo+ Kyr-T+

(4.4)

temperature range of 50 K to 250 K. This range was chosen because for some
samples the values at 2.5 K or 300 K deviate from a linear behaviour (for example
20nm in fig. 4.2). The slope of the fit determines the size of the effect %5 and is
shown in fig. 4.3. At 2nm the slope is positive with a magnitude of (250+ 1) J/m*K.
Between 2nm and 4nm the slope changes to a negative value and is reduced
to (=138 £ 1) J/m3K. With increasing Co thickness the slope decreases further
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Figure 4.3: The graph shows the slope of the temperature dependence. At 2nm
the slope is positive with a magnitude of (250 & 1) J/m3K. Between 2nm and 4nm
the slope changes to a negative value and is reduced to (—138 + 1)J/m3K. With
increasing Co thickness, the slope decreases further and saturates to a mean value of
(—270 & 45) J/m3K.

and saturates to a mean value of (—270 £ 45)J/m®*K. Two of the linear fits
mentioned above are used in a system of linear equations, in order to determine
Ky(T)=Kyo+ Kyr- T and Ks(T) = Kso+ Ksr- T. For the analysis the data
points of 2nm and 7nm are used. The linear fits of Kggonm(7) and Kgg 7n0m(T)

are used to solve a system of linear equations. This results in:

kJ kJ
Kyge(T) = 1189 — — 0. - T 4.
vEes(T) 89— — 037 — (4.5)
K(T)—666-10—3i—062-10—3 Joop !t 4.6
SV m2 m?K . (46)

The result is shown in 4.4. The solid lines are the linear equations used to calculate
Kg(T') and Ky (7). The dashed lines represent the results for the corresponding
thickness. Though there is an offset between the model and the 4 nm sample, most
measurement are described well by the model. This implies a linear temperature
response of both anisotropy contributions.

To further elaborate on that point, a second method is used, which takes all data

points into account. Ky (7)) and Ks(7") can be determined by plotting the data
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Figure 4.4: The effective anisotropy over temperature for varying Co thickness. For
2nm and 7nm linear fits were applied. From a system of linear equations predictions
for 4nm, 5nm and 9nm were made. While there seems to be an offset for the first, the
others fit quite well, showing that the interface and volume anisotropy might be linear
in their response to temperature.

points as Keg - ¢ over t. This will give one plot for every temperature. Kog(t) - t
can be expressed as Keg - t = Ky e - t + 2Kg. By fitting a linear function to the
plot, Ky e can be determined from the slope and Kg from the intercept of the
fit. Two exemplary measurements are shown in fig. 4.5. One at 300 K and one at
50 K. Both data sets are described by a linear equation. This holds true for all
measurements of the SiOy samples in the investigated temperature range. The
obtained value for Kg and Ky ¢ are plotted in fig. 4.6. Also Ky is shown, that
can be determined by subtracting the shape anisotropy from Ky .g. Kg increases
from 670 1J/m? at 2.5K to 835 uJ/m? at 300 K. The red line in fig. 4.6 shows a
linear fit over the whole temperature range.

Kv e decreases from —1193kJ/m?® at 25K to —1281kJ/m* at 300K. Ky
decreases from 142kJ/m? at 2.5K to —1281kJ/m? at 29K. All terms show a
linear behaviour, so that Kg, Ky .t and Ky can be expressed as linear functions
of T

Ks(T)=Kso+ Ksr- T (4.7)

Kveg(T) = Kvo+ Kyegr- T (4.8)
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Figure 4.5: To determine the interface and volume anisotropy at different temperatures,
Kgg - t over t plots are made. From linear fits Kg and Ky can be determined, where
the former is the intercept and the latter is the slope. For all temperatures the linear
equation fits well to the data points.
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Figure 4.6: The interface anisotropy Kg, the effective volume anisotropy Kv e
and the volume anisotropy Ky, which is the effective volume anisotropy minus the
shape anisotropy are shown for the SiOs substrate. The values are determined
from the measurements shown in fig. 4.5. The interface anisotropy increases linearly
with temperature by (0.674 & 0.07) uJ/m?K. The effective volume anisotropy de-
creases by (—0.28 £ 0.01) kJ/m3K, as well as the volume anisotropy that decreases by
(—0.38 &+ 0.01) kJ/m3K.
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4 Magnetisation behaviour of ultrathin magnetic films

Ky(T)=Ky+Kyr- T (4.9)

The values that were obtained in the fit are shown in table4.1. Both methods yield
very close results. Nevertheless, the K4 -t(t) method takes all of the measurements
into account and is to be preferred. The solution of the linear equations only uses
two data points but can lead to adequate results, when only a few measurements

can be performed. In fig. 4.7, the K¢ - t(¢) fits of all measured temperatures are

Kso | 674+ 10 | pJ/m?
Kst | 05+ 0.07 | pJ/m?K
Kveto | —1196+ 2 | kJ/m®
Kverr | —0.28 £ 0.01 | kJ/m’K
Kvo | 145+2 | kJ/m?
Kyt | —0.38 % 0.01 | kJ/m’°K

Table 4.1: The obtained values of the interface and effective volume anisotropy on a
SiOsy substrate

shown for the SiO5 substrate. The lines are at first parallel to one another and
ordered by their temperature. In a thickness range of (4 — 5)nm all lines cross
and the order of the lines is reversed. This behaviour is the result of the fact that
both the slope and the intercept are linearly dependent of the temperature and

that the slope is of an opposing sign to the intercept.
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Figure 4.7: The K.g(t) - t fits of all measured temperatures are shown for the SiOq
substrate. The lines are at first parallel to one another and ordered by their temperature.
In a thickness range of (4 — 5)nm all lines cross another and the order of the lines is

reversed.
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4 Magnetisation behaviour of ultrathin magnetic films

4.1.4 Silicon nitride substrate

It is known from previous investigations [26,27], that the choice of the substrate
affects the anisotropy. Therefore, films that are prepared on a Si3N, substrate are
investigated. Analogous to the previous chapter, the effective anisotropy constants
for varying Co thickness have been measured as a function of temperature and
are plotted in fig. 4.8. The results are similar to the silicon oxide substrate and a
positive slope is found at 1.5nm and 2nm, while a negative slope is found above
3.2nm. The slope is once again determined from linear fits between 50 K and
250 K.

To determine Kg and Ky, K. - t as a function of ¢ is plotted. In a contrast to
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Figure 4.8: To understand the influence of the substrate, the investigation has also
been carried out by using samples that were sputtered on a SigN,4 substrate. The figure
shows the effective anisotropy in response to the temperature for varying Co thickness.

the samples sputtered on a silicon oxide substrate, the K4 - t over £ behaviour is
not linear over the whole thickness range. Between 3.2nm and 5m a kink occurs.
This can be seen in fig. 4.9, which shows the plot at 300 K and 50 K. The samples
in the range from 1.5nm to 3.2nm can be described by one linear function as
well as the samples ranging from 5nm to 30nm. This behaviour is present in
the whole temperature range. Therefore, two thickness regimes are defined: the
lower thickness regime (¢t < 3.2nm) and the higher thickness regime (f > 5nm).
For both cases Kg and Ky have been determined. In the lower thickness regime
Kg shows a linear increase and Ky a linear decrease, see fig.4.10. In the higher

thickness regime shown in fig. 4.11, Kg seems to be constant, with a high error
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Figure 4.9: Kgg - t over t plots at 300 K and 50 K. Unlike the SiOs substrate, the
measurements on the SizgNy substrate can not be described by one linear equation.
The first three points are described by the red line and all the points above by the
orange line. Therefore two thickness regimes are defined. The lower thickness regime
for t < 3.2nm and the higher thickness regime for ¢ > 5nm. For both regimes the the
temperature dependence of the interface and the volume anisotropy has been determined
from the linear equations. Note that also measurements at other temperatures have

been performed.

bar. Ky as expected from bulk behaviour decreases linearly.

The values are shown in tab. 4.2 together with the values for the silicon oxide
substrate from the previous chapter. The comparison will be discussed in the
following chapter. The found values are within the span of the literature [110-113]
for Co(111) films. The interface anisotropy Kg can be found in the range of
(270 — 1290) uJ/m? at room temperature. For the volume anisotropy Ky =
(80 — 950) kJ/m? is published.

SIOQ Si3N4 Si3N4
(t < 32nm) | (t> 5nm)
Ks o 675 £ 10 ATT £ 5 - pd /m?
Ksr 0.50 £ 0.07 0.68 £ 0.02 - pd /m?K
Kv et 0 —1196 + 2 —745+ 4 —1062 4+ 10 | kJ/m?
Ryerr | —0.28% 0.01 | —0.64+ 0.02 | —0.59 £ 0.04 | kJ/m’K
Kvp 145 4+ 2 616 + 4 275+ 10 kJ/m?
Kv —0.38+ 0.01 | —0.77 + 0.02 | —0.68 + 0.04 | kJ/m°K

Table 4.2: Kg, Ky and Ky (g for both substrates
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Figure 4.10: The interface anisotropy Kg, the effective volume anisotropy Kv es
and the volume anisotropy Ky are shown for the lower thickness regime of the SigNy
substrate. The values are determined from the measurements partly shown in fig. 4.9.
The interface anisotropy increases linearly with temperature by (0.68 & 0.02) uJ /m?K.
The effective volume anisotropy decreases by (—0.64 + 0.02) kJ/m?K, as well as the
volume anisotropy that decreases by (—0.77 & 0.02) kJ/m*K.
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Figure 4.11: The interface anisotropy Kg, the effective volume anisotropy Ky ¢ and
the volume anisotropy Ky are shown for the higher thickness regime of the SigNy
substrate. The values are determined from the measurements partly shown in fig. 4.9.
The slope of the interface anisotropy cannot be determined in the higher thickness
regime. The effective volume anisotropy decreases by (—0.59 & 0.04) kJ/m3K, as well
as the volume anisotropy that decreases by (—0.68 & 0.04) kJ/m3K.
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4 Magnetisation behaviour of ultrathin magnetic films

Fig.4.12 compares the Ko - t (t) plots of both substrates. Blue represents the
SiO9 substrate, while red stands for the SisN4 substrate. The red line is the fit of
the higher thickness regime and the orange line is the fit of the lower thickness
regime. The blue line is the fit of the SiO, data points.

The kink leads to different volume and interface anisotropies in the lower and
higher thickness regimes. Similar behaviour in Co/Pt films has been found
before by Winkler [27] and Neumann [114] and is usually linked to a relaxation
of strain. Winkler investigated naturally oxidised silicon substrates Si,, and
thermally oxidised SiO, substrates. For the Si,, he found a deviation from the
linear behaviour at tc, < 1.1nm. SiOs remained linear. Neumann investigated
SisN, substrates and finds a kink somewhere between tc, = 2 — 4nm. The
deviation from the linear behaviour is usually explained by a relaxation of strain.
The large difference in the lattice constants of fcc Co [115] and Pt leads to a
mismatch of about 11% in Co/Pt . A tensile strain is generated in the film plane.
This tensile strain increases the out of plane contribution of the anisotropy [39,40].
Eventually it becomes energetically favourable to decrease the strain by creating
dislocations [116] and thereby reducing the out of plane anisotropy. The effect
also occurs in Cu/Ni/Cu sandwiches [117].

To further elaborate the point, the change of strain Ag;, is calculated. By using
the difference of the volume anisotropy between the lower and the higher thickness

regime AKy = Kv jow — Kv nigh , A€, can be calculated from eq. 2.19:

By = 7.7MJ/m? is given by Sander [40]. At room temperature this results in a
reduction of strain by Ae;, = 2.6% at room temperature.

In literature a kink is often observed at even smaller Co thickness (fc, < 1nm). A
possible reason for such a kink can be found in Takahashi’s [118] work about the
magneto-strictive strain constants in CoPt alloys. The magneto-elastic coupling
constant B, is linearly dependent on the magneto-strictive strain constant Ajiy.
Takahashi shows that \;;; is depending on the Co content x in the alloy. At
x = 100 % Ai11, approaches —20 - 1075, which is the same number as given by
Sander [40]. However, at x = 20% A1 approaches zero and consequently the

strain anisotropy vanishes. This might apply for samples, where the Co thickness
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

is smaller than the interdiffusion zone at the interfaces, which results in an alloy
Co,Pt; — x. Because of this, the perpendicular anisotropy is weakened. However,
this effect probably appears only at thinner films, where the Co thickness is
smaller than the interdiffusion zone and does not apply to the samples that were
investigated in this thesis.

The results for the volume anisotropy Ky on SiO, and the higher thickness
regime of SizNy are too small for bulk hep Co [108]. This is in accordance
with the the structural investigations of Winkler [27], who found a fcc(111)
phase. Suzuki et al. [109] found magneto-crystalline anisotropy constants of
K1 cupic = 62kJm?® and Ky cupie ~ 1kJm? at 300K for fee Co film with a cubic
anisotropy. Kobs [26] estimated an upper bound for an effectively acting uniaxial
anisoptropy of Ky < %KLcubiC + %ngbw. This give an upper bound of the
volume anisotropy of about 20kJ/m?. This suits the SiO, substrate but is too
small for the SigN, substrate. This either implies a mixture of fcc and hep grains
in the film or an additional contribution due to magneto-elastic anisotropy. The
mixture of fcc and hep is unlikely, because Winkler’s [27] structural investigation
showed otherwise. He performed X-ray diffraction scans of a 50 nm thick Co film
and found no characteristics of the hep phase in the scattering intensity. Therefore,

strong magneto-elastic contributions are likely.
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Figure 4.12: The K.g -t (t) plots of both substrates are compared. Blue represents
the SiO9 substrate, while red stands for the SigNy4 substrate. The red line is the fit of
the higher thickness regime and the orange line is the fit of the lower thickness regime.

The blue line is the fit of the SiOs data points.
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

4.1.5 Discussion

In this chapter possible explanations for the found temperature dependence will
be discussed. The decrease of the anisotropy in the thicker films is larger than
what is expected from bulk hep Co as well as fce Co. The anisotropy at thick films
is dominated by the volume anisotropy Ky. As was mentioned in the previous
chapter, it is possible that Ky has not only magneto-crystalline contributions but
also significant magneto-elastic contributions Kv = Ky mc + Kv ue. The change
of the volume anisotropy is 114 kJ/m? for the SiO, substrate and 204 kJ/m? for
the higher thickness regime of the Si3N, substrate. Assuming the temperature
dependence is completely determined by the magneto-elastic anisotropy, the cor-
responding change in strain can be determined by using eq.4.10. This results
in A€y si0, = 0.94% and A€ gi,n, = 1.69%. Using the thermal expansion
coefficients (ag, = 13- 10 %um/(m K1) and ap; = 8.8 - 107 um/(m K1) [119])
of Co and Pt a thermally induced change of strain of 0.11 % is expected. This is
too small to explain the measured temperature dependence. This also rules out
the strain as the reason for the increase of the interface anisotropy. This is in
accordance to the literature.

Stamps and Louail [120,121] at al. measured epitaxial grown Co/Pt multilayers
with sixfold repetition. Each sample consists of six Co layers (tc, = 3.2nm)
that are each separated by a Pt layer. The authors varied the thickness of the
Pt layer and found for tp; = 1.5nm a decrease of the anisotropy of 170 kJ/m?
between 20 K and 290 K, which is comparable to the results found in this thesis.
Interestingly, for tpy = 1.5nm the anisotropy increases between 20 K and 70 K by
110kJ/m3. From 70 K and 290 K the anisotropy decreases by the same value of
110kJ/m3. They explain this behaviour with the emergence and disappearance of
cone states, where the magnetisation points neither in plane nor out of plane but
lies at an angle in between. The peak of the cone angle overlaps with the peak of
the anisotropy.

Other temperature dependent measurements of the anisotropy have been per-
formed by Sugimoto et al. [122], Zhang et al. [123] and Shan et al. [124]. Shan et
al. determined the anisotropy of Co/Pt film systems for Co thicknesses that vary
between 3nm and 20 nm. Contrary to the findings in this thesis, the anisotropy
decreases with increasing temperature. Between 0.3 nm and 0.5 nm the anisotropy

decreases strongly. Above 0.7 nm K.g remains almost constant. They therefore
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4 Magnetisation behaviour of ultrathin magnetic films

conclude that the interfaces are the major contribution behind the temperature
dependence of the anisotropy.

Sugimoto et al. investigated Co/Pt film systems with a Co layer thickness of
0.4nm and 0.6 nm. In both cases the anisotropy increases. For 0.6 nm K¢ the gain
is about 100 kJ/m?. The sample exhibits a temperature driven spin-reorientation
transition at 150 K. They suggest an increase of the Pt polarisation at low temper-
atures. Zhang et al. measured Co/Pt film systems where the Co thickness ranges
from tc, = 0.3nm to tc, = 2nm. Above tc, = 0.4nm the anisotropy increases
(or almost stays constant) with increasing temperature. They also determined
the temperature dependence of the interface anisotropy. Kg increases, which
is in accordance to the findings in this thesis. Strain is a possible explanation
discussed by the authors. However, there are strong indications that the strain
anisotropy is not the mechanism behind the temperature dependence. First, Zhang
not only investigated Co/Pt, but also Co/Au film systems. The measurements
of Co/Au films do not reveal an increase of the anisotropy. Co/Au posses a
comparable strain to Co/Pt. The lattice constant of fcc Co [115] is smaller than
of Pt and Au, leading to a lattice mismatch of 11 % for Co/Pt and 14 % for
Co/Au. Both systems are almost equally strained, but show an opposite sign of
the temperature dependence of the interface anisotropy. This indicates that the
strain anisotropy is not an explanation for the increase of the anisotropy. Another
look at the thermal expansion coefficients of all materials strengthens this point.
The thermal expansion coefficients of Co and Pt ag, = 13- 107 %um/(m K~!) and
apy = 8.8-107%um/(mK™') [119] evoke a reduction of the strain with rising tem-
perature of about 0.11 %, because Co has a smaller lattice constant than Pt, but
a larger expansion factor. A reduction in strain should weaken the perpendicular
anisotropy. The thermal expansion coefficient of Au aa, = 14.2- 107 ¢um/(m K1)
is bigger than of Co, implying an increase of strain in Co/Au with temperature.
This contradicts the findings of Zhang et al. [123], who showed that the anisotropy
decreases. Therefore, the strain is likely not the cause of the found temperature
behaviour.

Without the strain as an explanation, the increase of the anisotropy for small Co
layer thickness is counter-intuitive and seems to contradict the laws of thermo-
dynamics. Increasing the temperature destroys the alignment of the magnetic

moments and weakens the magnetisation, see eq.4.1 and 4.2. Consistently, the
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

bulk anisotropy in hep Co as well as in fce Co decreases with rising temperature.
However, the decrease of the saturation magnetisation effects not only the crys-
talline anisotropy but also the shape anisotropy Kghape = —% o M52 Since Kghape
is an in plane contribution of the anisotropy, a decrease will strengthen the out
of plane anisotropy. This is a relatively strong effect, despite the small relative
change of Mg, which is about 1 %. It stems from the quadratic-Mg dependence of
the shape anisotropy. This is contrary to eq. 4.3, that was used to experimentally
determine the anisotropy. The found anisotropies as well as the shape of the
temperature dependence are relatively unaffected by Mg(7T'). In fact, the results
do not fundamentally differ even when doing the analysis with a constant Msg.
Using Ms(T') given by Kuz'min (eq.4.2), the difference between the shape
anisotropy at 2.5 K and 300 K is determined. It follows A Kgape = Kshape(2.5 K) —
Kahape (300 K) = 27kJ/m®. However, for tc, = 2nm grown on SiO, the effective
anisotropy is increased by AK.g = 77kJ/m3. The thermally induced decrease of
the shape anisotropy is too small to explain the increase of the effective anisotropy.
For a possible explanation, a closer look at the composition of the samples must
be made. The transition between the Pt and Co occurs not stepwise but is smeared
out. An interdiffusion zone arises, where the Pt and Co form a Co,Pt;_, alloy.
The conventional method to determine the anisotropy assumes perfect interfaces.
The Co thickness is equivalent to the nominal Co thickness t,,,, that is defined by
the deposited material. However, it will be shown that the ferromagnetic effective
Co thickness is smaller, due to the alloying at the interfaces. To simplify the
model both intermixing zones are summed up to one interface and it is assumed
that the Co concentration is distributed linearly along the length of the interface.
The model is shown and explained in fig. 4.13.
Both intermixing zones were found to have a thickness of 0.7nm, making it
tmy = 1l.4nm in total [27].The pure Co thickness that is not affected by the
interface is given by t,om — tint/2, where t,0, is the nominal Co thickness, that
was expected from the deposited material. For the case of a nominal Co thickness
of tpom = 2nm the pure Co thickness would be given by t,om — ting/2 = 1.3 nm.
The remaining 0.7nm of Co are linearly distributed among the 1.4nm of the
interdiffusion zone and form an alloy with Pt.
The thickness of the interdiffusion zone proved to be independent of the nominal

Co thickness, thus the importance of the interface decreases with higher nominal
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4 Magpnetisation behaviour of ultrathin magnetic films

Pt cap layer

Co/Pt alloy

Co layer

Pt seed layer

Figure 4.13: The model of the interdiffusion zone in ultrathin films is shown. a) A film
with perfect interfaces. The blue box represents the Co layer and the silver boxes the Pt
seed and cap layer. The nominal Co thickness ¢y, is determined by the sputtering rate.
b) Instead of perfect interfaces an interdiffusion zone (thickness ti,;) emerges, where
Co and Pt form an alloy. For simplifaction both interfaces are treated as one and it is
assumed that the tpom — %tint of Co are distributed linearly over the interdiffusion zone.
At the interface between the Co layer and Co/Pt alloy the Co concentration is 100%
and at the interface between the Co/Pt alloy and the Pt cap layer the Co concentration
is 0%. Below a threshold Co concentration, the alloy will not be ferromagnetic, which
leads to an effective Co thickness that is given by tpom — %tint + At.
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

Co thickness. As is mentioned above, it is assumed that the concentration of Co
x grows linearly along the interface. x will be 0 at the interface between the Pt
cap layer and the Co,Pt;_, alloy and 100% at the interface between the Co,Pt;_,
alloy and the Co layer. As the Co concentration is reduced, so will be the Curie
temperature T¢. Below a threshold Co concentration xp, the alloy will not be fer-
romagnetic, because T is smaller than the temperature at which the experiment is
conducted. This leads to an effective Co thickness t,om — %tint + At(T). The latter
is the part of the interdiffusion zone, that is ferromagnetic at the temperature 7.

Taking these considerations into account, a new anisotropy model can be defined:

— w4 At

< tnom +2K3
(4.11)

K{, and K{ are the volume and surface anisotropy in the model and K3; is the

tin * tn m
Keff : tnom - K\I/ (tnom - 2t> +KV ‘At+Kshape < 2

tnom

volume anisotropy of the CoPt alloy in the interdiffusion zone. The terms Ky and
Kg, that were determined with the conventional method in the previous chapter,
are actually composed of K{, respectively K{ and additional terms. To use the
model, At(T') needs to be determined. Therefore, T:(z) needs to be discussed.
For bulk Co T has a value of 1385 K [96]. The values of the alloys are given by
Crangle and Parsons [125] as well as Crangle and Scott [126] and Sanchez [127].
At a Co concentration of 85.2%, T¢ is reduced to 1261 K [125] and at 10.2% T¢
falls below room temperature to 218 K. Fig.4.14 (b) shows the Curie temperature
To(x)/Te puk over the Co content. When measuring at 300 K every part of the
interface, where the Co content is less than x1, = 14.3%, will not be ferromagnetic,
because T lies below 300 K.

Due to Tc(x), At will increase at lower temperatures, because more parts of the
interface are ferromagnetic. For example at 50 K the threshold for ferromagnetism
lies at a Co content of 2.9%. Importantly At is not only temperature dependent,
but also the saturation magnetisation is reduced. Fig.4.14 (¢) shows the reduced
magnetisation M /Msg over the Co content. At 100% the reduced magnetisation is at
a maximum of 1. For 15% it lies at 0.27 and for 5% at 0.1. Due to the distribution
of the t;,,/2 = 0.7nm Co over the interface, the saturation magnetisation of At
Co is smaller than that of the pure Co (tcopure = tnom — tint/2). Taking this into
account a model is developed to calculate the magnetisation of At in dependence

of the temperature.
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Figure 4.14: a) shows the Co content = over T¢/Tcpuk, b) the opposite plot

Tc(z)/Te puk and c) %. The data points are taken from [125-127]. T¢ and

Mg are dependent on the Co content and decrease with decreasing x. The red lines are
polynomial fits that are shown in eq.4.17, eg.4.15 and eq. 4.16.
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4.1 Temperature dependence of the anisotropy in ultrathin magnetic films

The saturation magnetisation Ms (x,T') is dependent on the Co concentration x
and the the temperature 7. This can be separated into a temperature independent

term Mg (x,0K) and a temperature dependent term f (%(@)

T
Mg (z,T) = M, 0K) - 4.12
(0T) = Ms (000 () (1.12)
The term T (z) is the Curie temperature, that is also dependent on the Co
concentration z. For convenience the expression above, will be rescaled by the

saturation magnetisation of bulk Co Mg py:

Ms (2, T) _ Ms(z,0K) ( T ) (4.13)

M puik M bk Te(x)

T
To(x)

For the temperature dependence of the magnetisation f ( ), the expression

given by Kuz'min [96] is used (see eq.4.2):

1—-0.11- (Tf@))m —(1-0.11) - (TCT(x>>5/2] i

(4.14)

The terms TTC Céfl)k and z\]/\[i Séfl)k are obtained by fitting polynomial functions to the

data seen in fig. 4.14. Polynomial functions of the third order are fitted to the

/ (Tﬁx)) - ot o8}

data points and scaled over the bulk values Tt puk and Mg pu:

T
o(@) = —0.003+16-2—09-22+04-2° (4.15)
Tc buk
M.
5() 0003419 21522106 28 (4.16)
Mg ik

M = % is plotted in fig4.15 for 300 K and 10 K against the Co content .
The magnetisation is reduced with lower Co content. At a threshold concentration
x1, the magnetisation disappears, because T¢ is below the temperature at which
the experiment was conducted. This threshold is 12.5% at 300 K and below 2%
at 10 K.

In Fig.4.14 (a) the reverse of Fig.4.14 (b) is shown, which is the Co concentration

x in dependence of the Curie temperature. By fitting a polynomial function,
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Figure 4.15: The plot shows M = % for 10K and 300K. The magnetisation

decreases with decreasing Co content. At 300 K the magnetisation is cut off slightly
above x = 12.5%. This stems from the fact that T¢ is smaller than 300 K at this point.
The alloy is no longer ferromagnetic. The amount of magnetic moments that are active
in the interdiffusion zone can be determined by integrating both plots.

x (T¢) can be obtained. At low Co concentrations z, the Curie temperature 7¢
may fall beneath the experimental temperature, hence the temperature at which
the measurements are performed. Above T the sample becomes paramagnetic.
This will define a lower limit x; of Co concentration that is still ferromagnetic
at the measured temperature. This lower limit is given by the polynomial fit

mentioned above and results in:
2 (T)=0.8+0.04-T+0.8-10""- 7% +10-107" - T° (4.17)

xy, is plotted in fig. 4.16, on the left hand side.
With the above mentioned expressions, the factor r (7') can be determined,
which gives the number of magnetic moments, that are active in the interdiffusion

zone. It is given by the following integral:

= Mj};i:{) - (Tf(’x)> » (18)

The factor r is plotted in fig. 4.16, on the right hand side. Under the assumption,
that the magnetic moments are distributed linearly over the interdiffusion zone,
the ferromagnetic part of the interdiffusion zone At (T) can be determined by
At(T) =1 (T) - tins/2. The reduction of the magnetisation is given by:

— tine/2 + AH(T)

tnom

My(T) = (t‘“’m ) My e (4.19)
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Figure 4.16: The left graph, shows x1(T"), which is the threshold Co content. Above
xy, the alloy is ferromagnetic. The right graph, shows the factor r, that is the amount
of active magnetic moments in the alloy in respect to the bulk value. r can be used to
determine the effective ferromagnetic thickness of the interdiffusion zone, which is given

by At =1 - ting/2.

Considering a nominal Co thickness of ¢y, = 2nm and ¢;,,/2 = 0.7nm, the
expression (1 — 0'7;7?;@)) amounts to 0.862 at 10 K and 0.846 at 300 K. This

difference between the two temperatures magnifies when looking at the shape

anisotropy:

1 0.7— AHT)\ u
o) = (1 LY. (1.20)

tnom

The shape anisotropy is reduced to 0.743 of the bulk shape anisotropy at 10 K and
to 0.716 at 300 K. The shape anisotropy is reduced by AKgpape = 37kJ/ m? from
10K to 300 K. Since the shape anisotropy is an in-plane contribution, a reduction
strengthens the out-of-plane contribution of the effective anisotropy, thus giving
another reason why the effective anisotropy increases with rising temperatures.
The term g2 = (1 — M;iiimf is plotted against the temperature in fig. 4.17 a).
The nominal Co thickness is varied, to visualise the decreasing strength of the
effect with a higher thickness. At 20nm the line is almost horizontally, while
at 0.7nm a steep decrease is visible. This amounts to a reduction of Kgyape of
AKgape20nm = 8kJ/m?, AKgapesnm = 16.5kJ/m? AKgape2nm = 37kJ/m? and
AKghapeo7om = 71kJ/ m?3. To further stress the point the anisotropy model is
further discussed.

The anisotropy model (eq.4.11) can be rewritten as:
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Figure 4.17: a) shows the factor g% = (t“‘)"‘_t”‘t/ 2+44(T) ) for different Co thckness.

nom

g? gives the reduction and temperature dependence of the saturation magnetisation.
With increasing thickness, the temperature dependence vanishes and bulk properties are
approached. For smaller thickness the recution of Mg increases as well as the temperature
dependence. The change of shape anisotropy is Kghape 0f AKghape,20nm = 8kJ /m3,
AKghapesnm = 16.5kJ/m?, AKgape2nm = 37kJ/m? and AKghape 0.70m = 71kJ/m3.

0.7-A

tnon)

2
b) shows the correction factor g = (1 + { } ) of the shape anisotropy, when

determining the volume anisotropy from the Keg - t(t) plot. Both temperatures yield
almost the same result and the temperature dependence is negligible. By fitting linear
equations, the correction of the shape can be determined from the slopes. This amounts
to 1.0009 at 2K and 1.0011 ate 300 K, which is below 0.1%. Therefore, the influence of

the alloying at the interfaces on the determination of the volume anisotropy is negligible.
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(4 + Ar)°
12

nom

Keff * Tnom = K\I/ + Kshape 1+

: tnom

til’l *
— (2Kauape + K7 - o (2aape + K) AL+ 2K5 (4.21)

Compared to the conventional model, that assumes sharp interfaces and that is
given by Keg - t = (Kv + Kghape) - t + 2Kg, two additional contributions appear.
The first part in the upper line, can be understood as the slope in the Keg - t(t)
plot. The shape anisotropy is corrected by an additional factor. The second part
in the lower line, is the intercept in the Keg - ¢t(¢) plot. Both parts are dependent
on At(T'). For simplification, the volume anisotropy of Co and the Co,Pt;_, alloy
will be treated as equally K{, = K3.

The term (1 + [mr) “ toom (tnom) = ¢ * tnom (tnom) is plotted in fig. 4.17 b) for
2K and 300 K. The data points are almost undistinguishable and fits of linear
equations yield almost identical results. The slope of the linear equations are
1.0009 at 2K and 1.0011 ate 300 K, which shows that the correction of Kgpape is
smaller than 0.1%. The temperature dependence is even smaller. Therefore, the
effect of the interface on the slope and hence on the determination of the volume
anisotropy is negligible and the usual approach, that has been used in this thesis,
is sufficient. It follows Ky ~ K,

The second part of eq.4.21 is the intercept, where an additional contribution
appears. It follows 2Kg = (2Kghape + Kv) - (—%‘t + At) +2K{. However, the effect
is not big enough to fully explain the temperature dependence of the interface
anisotropy. In fig.4.18, Ks, the correction term K§ = 0.5 - (2Kgape + Kv) -
(—% + At) and K{ are plotted and linear equations are fitted to the data points.
Slopes of 500 mJ/(Km?), 170 mJ/(Km?) and 330 mJ/(Km?) are found. Though
the model cannot fully explain the complete temperature dependence of the
interface anisotropy, it could be shown that the alloying at the interfaces has a
strong contribution and that the conventionally determined interface anisotropy
Ky is strongly overestimated.

According to the model, a further reduction of the Co thickness should manifest
in an even stronger slope of the temperature dependence. In the next chapter
measurements of a film with a nominal thickness of 0.7 nm will be presented. At
this thickness the magnetisation points out of the film plane. In this case, the

method that is used so far is no longer feasible.
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Figure 4.18: The graph shows the interface anisotropy Kg that was determined for
SiOs. Under the consideration of the alloying at the interfaces, the true interface
anisotropy Ké is determined. The correction term KSC is an offset in the intercept. Due
to this the interface anisotropy is overestimated when sharp interfaces are assumed. The
lines are fits of linear equations. The slopes amount to 500 mJ/(Km?), 170 mJ/(Km?)
and 330 mJ/(Km?) for Kg, K{ and K&. However, the temperature dependence of the
interface anisotropy cannot be fully explained by the model.
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4.2 Magneto-transport measurements

Figure 4.19: An explanation of the measurement geometry. n is the film normal, j is
the direction of the applied current and ¢ is the axis perpendicular to both. Magnetic
field sweeps in the direction of n are called polar sweeps, in the direction of j longitudinal
sweeps and in the direction of ¢ transversal sweeps. The angles between the axes are
defined as ¢pr4(j,t), OrL(n,t) and yg£(n, 7). Rotational measurements in respect to
the different angles can be performed by rotating the sample.

4.2 Magneto-transport measurements

So far relatively simple measurements of the transversal resistance have been
made to determine the anisotropy. The method is only feasible in magnetic
films that posses an in-plane magnetisation, where the easy axis of magnetisation
is perpendicular to the film normal. In this chapter a sample with an out-of-
plane magnetisation is investigated, needing more complex measurements of the
longitudinal resistance. The measurement geometry (see fig. 4.19) is defined by
the film normal n, which is also the easy axis of magnetisation, the applied
electric current j and the axis that is perpendicular to both ¢ L (7,n). Magnetic
field sweeps in the direction of n are called polar sweeps, in the direction of j
longitudinal sweeps and in the direction of ¢ transversal sweeps. By applying
strong magnetic fields, the magnetisation will be rotated parallel to the field
direction until it is aligned at technical saturation. The angles between the axes
are defined as ¢r£(j,t), Or4(n,t) and yr£(n, j). The response of the resistance
to the different angles can be probed, by rotating the sample inside a static
magnetic field. The strength of the magnetic field is set to a point, where the

sample is in technical saturation. Usually 6T are used.

4.2.1 Anisotropy in films with perpendicular magnetic anisotropy

To further understand the influence of the intermixing zone, the Co thickness

is decreased to a point where the intermixing zone is larger than the Co layer
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4 Magnetisation behaviour of ultrathin magnetic films

itself, thus creating effectively an alloy. The easy axis of magnetisation now lies
perpendicular to the film plane. The determination of the anisotropy in films with
an out of plane easy axis turns out to be more difficult, as the above measurements
are not hard axis field sweeps but easy axis field sweeps. Therefore the longitudinal
resistance is measured instead of the Hall resistance with the magnetic field in the
plane of the film. Unfortunately the longitudinal resistance will not mirror the
rotation of the magnetisation, because of magnetoresistance effects, namely the
anisotropic MR (AMR). This effect is dependent on the angle ¢45/r between the
direction of the magnetisation and the electric current in the film and is described
by R= R, + (R — R.) cos*(D).

Ry — R, = A Rpmr is also called the AMR-ratio. To determine the anisotropy, a
relation between the AMR and the anisotropy needs to be defined. This relation
can be derived from the energy potential of the uniaxial anisotropy (eq.2.21) with
¢ =90°. The angle 04 (E.A., M) can be substituted with 90° — ®«L(M, j). This is
possible, because the easy axis of magnetisation is parallel to the film normal and
the electric current is perpendicular to the film normal. With the substitution
sin(f) = cos(P) = My — woMsH oan be determined. The new expression links the

Ms 2K
AMR to the anisotropy:

M 2
R=R, + ARaxuRr (2}?) (/ULOI‘I)2 (4.22)

An exemplary measurement can be seen on the left hand side of fig. 4.20. The
magneto-resistance is plotted against the magnetic field. The measurement was
performed at 290 K. The sample is sputtered on a SiO, substrate with a nominal
Co thickness of 0.7 nm. The inset shows the raw measurement. Above technical
saturation at +1, T a linear decrease of the magneto-resistance signal appears.
This behaviour is caused by the spin disorder magneto-resistance (SMR) and needs
to be corrected in order to correctly determine the anisotropy. The corrected
measurement is the main part of the figure. Additionally to the elimination of
the linear response, the offset has been subtracted from the magneto-resistance.
Due to this, AR, becomes zero above technical saturation, thus simplifying the
determination of the anisotropy. Likewise to the previous chapter, the saturation
magnetisation Mg = 1.458 kA /m given by Crangle [48] is used in combination
with the temperature dependence described by Kuz'min [96]. For the depicted
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4.2 Magneto-transport measurements

measurement an anisotropy constant of (300 + 1) kJ/m? is found.

The anisotropy is determined for a broad temperature window, ranging from 2.5 K
to 300 K. The result is displayed on the right hand side of fig. 4.20. The results
verify the findings of the previous chapter. The anisotropy increases with rising
temperatures. Between 2.5 K and 250 K a linear behaviour can be seen. From the
fit of a linear equation df—;ﬁ = (550 £ 16) ﬁ This is higher than what was found
in the previous chapter by almost a factor of two. However, the Co layer thickness
(0.7 nm) is significantly smaller than in the previous chapter. The thinnest Co layer
of the previous chapter is 1.5nm. Above 250 K the anisotropy reaches a plateau
and remains constant. Like the interface anisotropy, the anisotropy increases with
increasing temperature. This could imply that the found temperature dependence
of the anisotropy mirrors the temperature dependence of the interface anisotropy.
This makes sense, as the thickness of the Co layer is smaller than the intermixing
zone. The sample is basically an CoPt alloy and the temperature dependence is
unaffected by the volume anisotropy.

In a second sample the method to determine the anisotropy failed, as an unexpected
behaviour appeared in the longitudinal field sweeps. The sample is sputtered on a
SiO, substrate and has a 5nm Pt seed layer, a nominal Co thickness of 1 nm and
a 3nm Pt cap layer. Four measurements at different temperatures are shown in

fig.4.21. The behaviour will be discussed in the following chapter.
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Figure 4.20: The temperature dependence of the anisotropy is determined for a
Pt/Co/Pt film sputtered on a SiOs substrate. The Pt seed layer has a thickness of 7nm,
the nominal Co thickness is 0.7 nm and the Pt cap layer is 3nm.

On the left hand side, a longitudinal sweep measurement of the magneto-resistance is
shown. In the inset the raw measurement is shown. Between roughly 1T and —1T
the parabola shape of the AMR can be seen. Above technical saturation, the SMR
becomes dominant, resulting in a linear decrease of the magneto-resistance. For the fit
the SMR is corrected and the offset is subtracted from the data, as can be seen in the
main graph. The red line depicts the fit to determine the anisotropy. The measurement
of this particular measurement were performed at 290 K. A broad temperature range
has been investigated.

On the right hand side, the determined anisotropy is plotted against the temperature.
Between 2.5K and 250K a linear increase can be observed. From 250 K onwards
a plateau is reached and the anisotropy remains almost constant. The slope of the
temperature dependence is (550 £ 16) m}],—K between 2.5 K and 250 K.
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Figure 4.21: A second sample has been investigated. The Pt/Co/Pt film sputtered on
a SiOg substrate. The Pt seed layer has a thickness of 5nm, the nominal Co thickness
is 1nm and the Pt cap layer is 3nm. Longitudinal magnetic field sweeps have been
performed. The graph shows the obtained magneto-resistance curves. Four temperatures
can be seen 3K, 100K, 200K and 290 K. The abscissa is set to range from —1T to
1T in order to focus on effect occurring close to zero field. Originally, the behaviour
seen in fig. 4.20 is expected. With rising field strength the magnetisation rotates from
the film normal (the easy axis of magnetisation) into the film plane. While doing so
the anisotropic magneto-resistance occurs and a parabola like shape can be observed in
the magneto-resistance curve. This is only the case at 3K. At 100 K only a very small
effect is visible. At 200 K and 290 K another parabola like shape appears, however with
the opposite sign. This unexpected behaviour will be discussed in the next chapter,
see sec.4.2.2. The behaviour makes it impossible to determine the anisotropy from
longitudinal sweeps. Instead transversal sweeps are performed.

= -

4.2.2 Change of longitudinal resistance

Due to the behaviour found in fig. 4.21, the sample with a nominal Co thickness
of 1nm has been further investigated. Longitudinal, transversal and polar field
sweeps were performed at 3K, 100 K, 200 K and 290 K. The results are shown
in fig. 4.22. All measurements can be separated into two parts: A high field
behaviour above technical saturation and a low field behaviour, where the mag-
netisation is rotated due to the external magnetic field. The high field behaviour
is dominated by two effects, the ordinary (Lorentz) magnetoresistance at 3 K and
the spin wave disorder magnetoresistance at higher temperatures. The Lorentz

magnetoresistance results in an increase with higher magnetic fields. In literature
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4 Magnetisation behaviour of ultrathin magnetic films

one can also find an increase due to the spin wave disorder magnetoresistance at
low temperatures.

Above 3K the resistance decreases due to the annihilation of spin wave and there-
fore less electron magnon scattering. Below technical saturation the behaviour is
dependent on the measurement geometry. In the polar geometry the magnetisation
lies parallel to the magnetic field and the magnetoresistance remains constant
except for the SMR. In the transversal geometry parabolic behaviour is found.
With increasing field strength the magnetisation is rotated into the film plane.
Due to the anisotropic interface magnetoresistance a parabolic behaviour emerges
in the longitudinal resistance. In the longitudinal geometry the aforementioned
unexpected behaviour is found. At 3 K a parabolic behaviour is found, analogous
to the transversal geometry but with an opposite sign of the opening. At 200 K
and 290 K the parabola has a different sign than at 3K. Also the parabola is
broader and the magnitude is smaller. 100 K seems to be an intermediate case.
To better understand this unexpected behaviour, rotational measurements have
been made. These are shown in fig. 4.23 and were done at the same temperatures
as the previous measurements. Two geometries were used. The red curves show
the f-rotation, which is the out of plane rotation from the film normal to the film
plane. In this case the rotation axis is perpendicular to the direction of the current.
The blue curves show the ¢gr-rotation. This is the in-plane rotation, where the
magnetic field is rotated from a parallel alignment to a perpendicular alignment
in respect to the current direction. The fg-rotation is sensitive to the anisotropic
interface magnetoresistance (AIMR) and the ¢g-rotation to the regular anisotropic
magnetoresistance (AMR). At 3 K the magnitude of the AMR is significant higher
than the AIMR, which fits to the behaviour found in previous works [26]. This
changes already at 100 K, where both AMR and AIMR have roughly the same
magnitude. At 200 K the AMR is smaller than the AIMR, which becomes even
more pronounced at 290 K. The AMR can be described by a cos? (¢r )-fit, which
is represented by the blue lines in fig. 4.23. As can be seen, the fit represents
very well the measurement data. The dashed red lines show a cos? (fg)-fit to
AIMR, which does not fit very well. This is the result of higher orders that are
prominent in the AIMR. Due to this, the red line shows a fit, that includes also
the second and third order, which than fits very well. A quantitative analysis of
the magnitude of the AMR and AIMR can be found in fig. 4.24. Here the change
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Figure 4.22: Polar, longitudinal and transversal field sweeps are shown at different
temperatures. The behaviour at 3K is in accordance with results of previous investiag-
tions [26]. At 100K the parabola in the longitudinal sweep disappears. Above 200 K
a new parabola emerges. However, the opening has a different sign. The polar and
transversal sweep are not altered by the temperature, except above technical saturation,
where the SMR can be seen.
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Figure 4.23: Rotational measurements with a magnetic field of 6T applied in the
plane (ip) and out of the plane (oop) of the film at different temperatures. While the
magnitude of the in-plane rotation decreases, the out-of-plane rotation increases.
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Figure 4.24: The figure shows the magnitude of the rotational measurements Arhog,..
The in-plane rotation decreases linearly and the out-of-plane rotation increases. At
100K they are of almost the same magnitude. Between 100 K and 200 K, the opening
of the parabola changes the sign. Also at 100 K additional features appear in the curve,
that are similar to what is found in fig. 4.21

in conductivity Apyyip for the AMR and Apyg oop have been calculated. Apyy ip
decreases linearly from 0.065 p€2 - cm at 3K to 0.055 €2 - cm at 290 K. Contrary,
Apyx oop increases strongly from 0.045 €2 - cm at at 3K to 0.064 €2 - cm at 200 K,
where it remains constant. This opposite sign in the temperature dependence
leads to a crossing point at roughly 100 K, where the AMR becomes smaller than
the AIMR. The behaviour of the AIMR is unexpected and not in accordance to
the results of Kobs [26]. So far the reason for this behaviour is not known. Clearly
the two opposing temperature dependencies of the AMR and AIMR are the key to
understand the unexpected behaviour in the longitudinal sweeps. The longitudinal
geometry can be understood as the superposition of the fg- and the ¢gr-rotation.
For a first approximation the relation Rot, =~ ARy, 09 = Ryz 9 — Ryse is assumed.
At 3K the AMR dominates, hence the sweep exhibits a parabolic behaviour. At
200 K and 290 K the AIMR dominates. For this reason the parabolic behaviour
has the opposite sign. At 100 K both AMR and AIMR are roughly the same. In
this case the parabolic behaviour of both rotational measurements, this means the
first order, cancel one another. Only the second and third order remain, resulting

in the non-parabolic behaviour seen in fig. 4.21. To further investigate this point,
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Figure 4.25: Rotational measurements with a magnetic field of 6T applied out of the
plane (oop) of the film at different temperatures. Contrary to fig. 4.23 the v angle is
varied.
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Figure 4.26: Subtraction of the two measurements from fig. 4.23. Counterintuitively
the subtraction is not identically to the rotational measurements in dependence of the
~v-angle shown in fig. 4.25.

the actual yg-rotation R, ~, has been measured and compared to AR, g4, which
are shown in fig. 4.25 and 4.26. The rotational measurements show the behaviour
found in the longitudinal sweeps in fig. 4.21. At 3K there is a parabola with a
positive sign. At 100 K the magnitude of the effect is reduced drastically and
higher orders are observable. At 200 K a parabolic behaviour emerges again,
but with a much smaller magnitude and a negative sign. The AR, g4, show a
comparable behaviour, though it is not exactly the same. The higher orders at
100K are a lot more pronounced than in the actual measurement. Also at 200 K
higher orders appear that are not present in R, ... In conclusion the y-rotation
can not be exactly determined from the fr- and the ¢r-rotation.

Finally, fig.4.27 shows the first, second and third order for both out of plane
rotations. On the left hand side are the results for the fr-rotation. The first order
is always positive and roughly double in size as the second order, which has a

negative sign. The third order is very close to zero. No temperature dependence
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Figure 4.27: First, second and third orders of the fits to g and g rotational mea-
surements shown in fig. 4.23 and 4.25. For the 0r rotation on the left hand side, Ay,
Ay and Ag remain almost constant and A; > As. On the right hand side, the orders of
the yr-rotation are shown. At 100K A; is almost zero and As > Aj, explaining the
additional features found before. A; disappears because the AMR and AIMR, are of the
same magnitude at 100 K, since the effects have an opposing sign.

can be concluded. On the right hand side, the first, second and third order of
the yg-rotation are presented. Contrary to before, the first and second order are
of the same magnitude. Additionally, the first order changes drastically with
temperature. At 3K the sign is negative. At 100 K the sign changes to positive,
but the magnitude of the first order is decreased resulting in a value that is smaller
than the second order. At 200K and above the magnitude of the first order
increases again and is of the same size as the second order. This behaviour is the
result of the different temperature dependencies of the AMR and the AIMR, since
the yg-rotation is some kind of superposition of AMR and AIMR.

Comparing the change of Apyyoop and Keg, it is obvious that both quantities
behave similar. Both quantities increase with rising temperature. The change
of the electronic properties might be an indicator for a change of the spin-orbit

coupling, which is linked to the volume anisotropy.
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5 Investigation of single magnetic

nanostructures

So far magnetic films have been investigated. In this chapter the investigation of
magnetic nanostructures are presented. In this thesis three different nanostructures
have been investigated, that are shown in fig. 5.1. The diameter of the nanodots
ranges from 16 nm to 45 nm. For every nanodot we assume the model of coherent

rotation, which is backed up by theoretical considerations.

Sample overview

The measurement technique is based on the anomalous Hall effect, which connects
the Hall voltage directly to the magnetisation and is explained in sec. 3.2. Three
samples will be discussed in this thesis. Sample (a) has been used to to investigate
the temperature dependent magnetisation behaviour. Temperature dependent
measurements of the switching field and frequency are performed. Furthermore
the magnetic moment and the magnetic anisotropy are determined. Sample (b)
has been used to perform three dimensional measurements of the switching field.
Sample (c) consists of a particularly small nanodot and pushes the measurement
principle to its limits. Since the measurement technique allows to measure in a
broad temperature range, the samples can be investigated in the blocked as well as
in the superparamagnetic regime. Depending on the regime, different measurement
methods are used, that are discussed in the following. In the blocked regime
magnetic field sweeps are applied, leading to hysteresis measurements. In the
superparamagnetic regime the spontaneous magnetisation reversal is determined
by probing the Hall voltage over time. And also in the blocked regime, so called
destabilisation measurements are performed were spontaneous magnetisation

reversal is induced by manipulating the energy barrier.
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Figure 5.1: Overview of the samples, that are investigated in this thesis. Sample a)(d =
32nm and tc, = 0.7nm) will be discussed in sec. 5.2 and was used to investigate the
temperature dependent magnetisation behaviour. Temperature dependent measurements
of the switching field and frequency are performed. Furthermore the magnetic moment
and the magnetic anisotropy are determined.

Sample b) (d = 45nm and tc, = 1 nm) is discussed in sec. 5.1.1. The three dimensional
switching surface is measured for this sample. Strong deviations to the Stoner-Wohlfarth
model are found. A model is shown to explain the behaviour.

Sample ¢) (d = 16nm and f{c, = 0.7nm) is shown in sec.5.1.3. The nanodot is
comparably small and shows the limit of the measurement technique.

Hysteresis measurements

Below the blocking temperature, in the blocked regime, magnetic field sweeps
are made. If the field is strong enough the magnetisation will align itself to the
field. When sweeping the field between a high positive and negative field strength,
typical hysteresis loops can be measured. From these hysteresis measurements
switching fields Hg,, can be determined. The angle ¢ between the field and the film
normal can be varied. This makes it possible to determine the angular dependence
of the switching field, which is discussed in chapter5.1.1. A typical hysteresis
curve is shown in fig. 5.2 and the measurement geometry is explained. The angle
[ is the angle between the x-axis and the projection of the magnetic field in the
xy-plane. [ can be varied to determine the three dimensional switching behaviour.
If not stated otherwise g = 0°.

Random telegraph noise measurement

Above the blocking temperature the nanodot will be superparamagnetic. The

thermal energy k7" is high enough to induce spontaneous magnetisation reversal
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Figure 5.2: The figure shows a hysteresis loop of sample a). The measurement has
been performed at T' = 77.5 K with an applied current of 40 uA. The red dots show
one individual measurement, called single loop. The black curve shows a mean loop,
that is averaged over ten individual measurement. This is done to reduce the noise.
To perform a magnetic field sweep a field B needs to be applied. The direction of B
is defined by the two angles ¢ and 3, that can be seen in the coordinate system. To
measure the angular dependence of the switching field, the angle ¢ is varied, while (3 is
constant. If not stated otherwise, 8 = 0°. The jump in the hysteresis curve defines the
switching field poHsy-
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Figure 5.3: The figure shows the measurement of the random telegraph noise of sample
a). The Hall voltage is simply measured over a time intervall. The signal jumps between
two plateaus, that are the two states of magnetisation. From the measurement the
average switching time can be determined.

between the two possible states of magnetisation. Since the Hall voltage is
dependent on the state of magnetisation, two plateaus can be observed in the
measurement signal, that correspond to one of the two states. This kind of
measurement is called random telegraph noise measurement (RTM) and is made
by measuring the Hall voltage over a time interval. The average time that it takes
to switch between the two states of magnetisation is called average switching time
7. The inverse of the switching time is called the switching frequency f = 1/7.
Usually 7 will be used in this thesis, though f might appear occasionally, when
referring to other papers. The superparamagnetic behaviour is described by the
Néel-Arrhenius law:

Kv) (5.1)

kgT

To is the pre-exponential factor of the Néel-Arrhenius law. It is the inverse of the

T = Tg exp (
often used attempt frequency fo = 1/70.

Overview of single nanostructures in literature

Magnetic nanostructures have been investigated by multiple researchers over
the years, using many different measuring techniques. Most often ensemble
measurements are performed, which is often done by magnetic force microscopy
(MFM) [128-140]. Krause et al. [141-143] uses spin-polarised STM to probe
single Fe/W(110) nanoislands. Wernsdorfer [144] used micro-squids to investigate

single magnetic nanostructures. Wernsdorfer et al. performed a multitude of
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measurements [145-166] from switching times measurements to the measurements
of three dimensional switching surface, which will be later discussed. Compared
to Hall magnetometry, the technique is limited in temperature and the strength
of the magnetic field, because the squid needs to be superconducting. On the
positive side, due to a higher sensitivity smaller particles have been investigated
for example 3nm Co cluster.

An alternative to micro-squids is Hall magnetometry. This can be either based on
the normal Hall effect [167-176] or like in this thesis the anomalous Hall effect.
The AHE is not limited in the temperature range or the magnetic field and has
also been utilised by Kikuchi et al. [177-181], who was able to measure single
structures down to 40 nm. The group has also performed ensemble measurements
of dots with a diameter of 10nm [182]. In this thesis a single nanodots as small

as 16 nm has been measured.
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5.1 Magnetisation behaviour of single magnetic

nanostructures

5.1.1 Three dimensional switching curve

Figure 5.4: A SEM micrograph of a Hall bar with a nanodot in the crossing area of
the leads. The nanodot (d = 45nm and tc, = 1nm) is used to determine the three
dimensional switching field surface. The motivation is to gain knowledge about the
anisotropy potential of the nanodot.

This section deals with the angular dependence of the switching field in three
dimensions. The three dimensional switching surface is investigated for the sample
shown in fig. 5.4, which is a Pt/Co/Pt nanodot with a diameter of 45 nm and a Co
thickness of 1 nm. The underling idea behind the measurement was to determine
the energy potential from the switching behaviour. The measurements were done
in a cryostat containing a three dimensional vector magnet, that allowed to apply
magnetic fields in all spatial angles. The switching fields are determined as a
function of two angles called ¢ and 3. The two angles are defined in fig. 5.4.
The switching field has been measured in dependence of ¢ at fixed angles 3, ranging
between § = 0° and § = 180° in steps of A g = 22.5°. The angular dependence of
the switching field in respect to the angle ¢ for different angles 3 are shown in
fig. 5.5. The curves differ quite a lot, but some overall similarities can be seen in
all measurements. There is always a maximum in the hard axis of magnetisation
at roughly ¢ = 90° (respectively ¢ = —90°). The exact position of the hard
axis seems to change by a few degree for the different curves. Another peak

arises close to ¢ = 0°, which can be understood as the easy axis of magnetisation.
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The strength of the peak in the hard axis of magnetisation varies drastically for
different (3, while the one at the easy axis of magnetisation remains unchanged.
For g = 0°, 22.5° and 157.5° the switching field in the easy axis is higher than in
the hard axis, while at = 90°, 67.5° and 112.5° it is the opposite. Compared to
the Stoner-Wohlfarth model (see fig. 2.2), the switching field in the easy axis is
squeezed at those angles. Also, the peak in direction of the easy axis is broader
than in the model. Between the peaks are two local minima at roughly ¢ = 45° and
¢ = —45°. Interestingly the curve is not axial symmetric in all cases. For g = 90°
the magnitude of the two minima differs strongly. For a better visualisation,
the three dimensional switching surface will be determined and compared to
the Stoner-Wohlfarth model. The three dimensional switching surface of the
Stoner-Wohlfarth (see fig. 2.3) is axis symmetric with a circular hard axis plane.
The switching surface has a distinct easy axis point. The switching field in hard
and easy axis are of identical magnitude and the connecting lines between the
hard axis and the easy axis are axial symmetric. It is clear from fig. 5.5, that the
measured data set will look different. The experimental switching field surface

can be determined from the measurements by using spherical coordinates:

By By, - sin(¢) sin(f)
By | = | Bsy - sin(¢) cos(f) (5.2)
B, Bsy, - cos(¢)

The result can be seen in fig. 5.6. Comparing this to the Stoner-Wohlfarth switching
surface, several distinctions are seen in the experimental data. Most of all, the
symmetry is broken and the switching surface cannot be created by rotating
a two dimensional switching field astroid. The hard axis plane of the surface
is not circular but ellipsoidal (see fig. 5.6 top view). The switching field of the
easy axis is squeezed compared to the long axis of the ellipse and the easy axis
peak is broader. The connecting lines between hard and easy axis are not axis
symmetric. Furthermore, the switching field surface is tilted with respect to the
laboratory reference of frame. Obviously, the question arises how the assumption
of a uniaxial anisotropy is still justified considering the aforementioned results.
Kronmiiller [183] as well as Chang and Fredkin [184] looked at the influence of
the second order of the anisotropy on the switching field astroid. While the

second order can explain the squeezing of the switching field in the easy axis,
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Figure 5.5: The figure shows all measured angular dependences of the switching field.
The curves are distinguished by the spatial angle 8, which has been varied. The peak at
the hard axis of magnetisation (~ £90°), differs strongly in strength and changes the
position by a few degree. The peak at the easy axis of magnetisation (= 0°) remains
of the same magnitude. Overall, the found curves show a strong deviation from the

Stoner-Wohlfarth model (see fig. 2.2).
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5.1 Magnetisation behaviour of single magnetic nanostructures

all other features are missing. Fulmek and Hauser [185] calculated the angular
dependence of the switching field for vFe,O3 particles under the consideration
of the demagnetisation field and compared their results to the unaltered Stoner-
Wohlfarth model. They found a reduction of the coercive field, but not the kind
of deviation that can be seen in fig. 5.1.1. Due to this, in the next part a method
developed by A. Thiaville [186, 187] is presented, that enables the opportunity to
calculate the switching field surface for any given energy potential. Afterwards
simulations that were made by Staeck in his PhD thesis [1] are show. He modified
the uniaxial energy potential based on the knowledge of the structural properties
of the initial Co/Pt film system.
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Figure 5.6: The three dimensional switching surface of a Co/Pt nanodot (d = 45nm
and tc, = 1nm). Only the upper half of the surface has been measured. For a better
visualisation, four different view points are shown. The experimental data deviate
strongly from the Stoner-Wohlfarth model. The hard axis plane is ellipsoidal in shape.
The easy axis point is replaced by a cusp. The switching field is squeezed in the direction
of the easy axis and the connecting lines running from the hard axis to the easy axis are
not axis symmetric. The whole surface is tilted with respect to the laboratory reference

of frame.
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5.1 Magnetisation behaviour of single magnetic nanostructures
5.1.2 Thiaville method to determine three dimensional switching curves

A. Thiaville derived a method to determine the three-dimensional switching field
astroid for an arbitrary energy potential Fa,; [186,187]. The switching field is
given by:

— 2 13E ni = 1 aE ni
/’LOHSW - < A A

Msv \2 90 T 2sin(0) 09 '%“m) (5:3)

A is given by:

A

B L B 1 (’32EAni i COS(@) aEAni 82EAni
4V sin?(f) O¢? sin(d) 90 062

. L 0B, 03(0) 0Fpu 0 2+ L0 (1 0B ?
sin?(0) 0¢? sin(9) 00 002 90 \sin(0) 0¢

(5.4)

This method was used by P. Staeck in his PhD thesis [1] to simulate switching
field surfaces based on modified anisotropy potentials. His work will be shortly
summarised. The idea was based on the poly-crystalline nature of the initial
magnetic films. The film consists of grains, that have a diameter of 16 nm and
may be tilted in respect to the film plane by a maximum angle of 23°. The
tilting of the grains can be described by a Gaussian distribution, that has a peak
in direction of the film normal and is isotrop in all spatial angles. Therefore,
in a film the tilting disappears on average and all effects that arise from such
tilted grains can be neglected. The investigated nanodot has a diameter of
45nm, meaning it consists only of a few grains and the tilting of the grains is
not negligible. The underlying idea is, that the tilting of the grains results in
a tilted volume and interface anisotropy. However, the shape anisotropy, which
is determined by the shape of the nanodot, is not tilted. The uniaxial energy
potential E/V = (KLV + % — Kshape) sin?(#) can then be modified to:

E/V = <K17V + 2I§I('S> : sin2(¢9 — (90) - Kshape ~AN - Sing(e) (55>

AN describes the modification of the shape anisotropy for a cylindrical shaped

nanostructure given by Millev et al. [37]. 6y is the tilting of the volume and
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Figure 5.7: The figure shows a simulation made by Staeck (taken from [1]) by
using the method of Thiaville [187]. Staeck used a modified energy potential
E/V = (Kl,v + %) -sin?(0 — 0y) — Kshape - AN -sin?(6), that is based on the structural
properties of the initial, polycrystalline Co/Pt film system. The individual grains may
be tilted in respect to the film normal. This may result in a tilting of the volume and
interface anisotropy. The shape anisotropy is not tilted. The found switching field
surface fits well to the experimental data. As in the measurement, the hard plane axis
is ellipsoidal and the easy axis point is replace by a cusp. The switching field in the easy
axis is squeezed. Furthermore, the surface is tilted in respect to the reference of frame.

\

interface anisotropy in respect to the shape anisotropy. Using the aforementioned
method of Thiaville, Staeck was able to model the three dimensional switching
surface for this energy potential. The results are shown in fig. 5.7 and are taken
from [1]. The model shows a good agreement to the experimentally found switching
field surface seen in fig. 5.6. Especially the ellipsoid form of the hard axis plane
and the tilting of the three dimensional astroid are reproduced well. The easy
axis point is replaced by broad peak and the switching field in the easy axis is
squeezed. Staeck also made two dimensional cut outs of the surface. These cut
outs compare well to the two dimensional curves seen in fig. 5.5, that show the
angular dependence of the switching field for different spatial angles. There is one
feature that can be seen in the experimental data, but is missing in the simulation.
The connecting lines between the hard axis to the easy axis are not symmetric.
The experimental switching surface looks kind of buckled. Even more complex
anisotropy terms, would be necessary for a complete description of the nanodot.
Nevertheless, the model, that is based on the structural properties of the Co/Pt

film, describes the experimental data well.
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5.1 Magnetisation behaviour of single magnetic nanostructures

In literature similar investigations have been done by the group of Wernsdorfer,
whose measurement technique is based on micro-squids [146,166]. Wernsdorfer et
al. [152] measured the switching field astroid of BaFeCoTiO nanoparticles. At a
first look, a good agreement to the Stoner-Wohlfarth astroid is found. In detail it
can be seen, that the easy axis is tilted by about 20°. Furthermore, the peak is
round unlike the Stoner-Wohlfarth astroid, which has a sharp peak. Like in this
thesis, their first explanatory ansatz is based on the work of Fulmek et al. [185]
and Chang [54]. Fulmek et al. regarded the influence of the second order of the
anisotropy, which leads to a quartic anisotropy Kyy = Kisin?(6) + K, sint(0).
Depending on the ratio of Kj/K, different shapes of the switching field astroid
appear. The second order can explain a reduction of the switching field in the
easy axis, but does not result in a tilt of the easy axis. The same conclusion can
be drawn from Chang, who took the demagnetisation field under consideration.
Similar deviations from the Stoner-Wohlfarth model are found in a Ni wire [149]
and in a FeSi wire [154].

In a collaboration with Thiaville [187], they started to modify the anisotropy
potential in order to reproduce their experimental switching field astroids. As
an example they used Co particles, that were measured by Wernsdorfer [153].
Thiaville proposes a biaxial anisotropy constant in combination with higher order
anisotropy terms of fcc origin. He finds a good agreement, to the data.

Bonet et al. [157] were the first to measure a three dimensional switching surface
of a BaFeO nanoparticle. Similar to the findings in this thesis, their curve can not
be created by rotating a two dimensional switching field astroid. They explain
this deviation by adding the shape anisotropy and hexagonal anisotropy terms to
the anisotropy potential.

A very similar result to the Co/Pt nanodots, has been published by Jamet et
al. [161,164], who measured 3nm Co clusters. The switching field surface has the
same ellipsoidal shape in the hard plane as the Co/Pt dots. Jamet et al. explain
this by adding a fourth order anisotropy term to the anisotropy potential, which
has a different coordinate system than the first and second order. The fourth order
is tilted by 45° in respect to the z-axis of the first and second order coordinate
system. They performed high resolution TEM of their cluster, gaining knowledge
about the structural properties. Despite the different anisotropy potential, their

model reproduces similar features, than the simulation shown in fig. 5.7.
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In conclusion, the determination of the anisotropy potential from the switching
field astroid can not be deemed unambiguous without knowledge of the structural
properties of the film. Additional anisotropy terms can reproduce the experimental
features, but the validity of the model might be questionable. In our case, the used
model is backed by the knowledge of the structural properties of the initial thin
film. Tilted grains result in an angle between Kgyape and Ky + %, which leads to
an modified anisotropy potential. In consequence, the three dimensional switching
surface can not be created by rotating a two dimensional astroid. Features like
a ellipsoidal shape of the hard axis plane, a squeezing of the switching field in
the easy axis as well as a replacement of the easy axis point by a broad peak can
be modelled. More complicated anisotropy models might of course lead to even

better agreement of model and measurement.

5.1.3 Limits of the measurement technique

This chapter shows the limits of the measurement technique and displays the
smallest nanodot, that could be created by the setup used in this thesis. The
dot is shown in fig. 5.8 and has a diameter of just 16 nm. The leads of the Hall
bar are 80 nm wide. A relatively high current of 70 A had to be applied to the
sample to measure a signal (usually 20 — 40 uA are applied). A high current
results in higher Joule heating, that might lead to changes in the crystal structure.
This might alter the properties of the nanodot. In fig. 5.9 on the left hand side
a hysteresis curve is shown. This is a mean loop that was averaged over seven
single loops. The signal difference between the two plateaus is 100nV, which
is comparably small and results in a bad signal to noise ratio of 2. The signal
to noise ratio could be improved, by decreasing the width of the Hall bar leads
to 60nm or 40nm. A drawback could be a decrease in durability, as smaller
leads might easier break due to small discharges. On the right hand side of
fig. 5.9 temperature dependent measurements of the switching field have been
performed. The blocking temperature of the nanodot lies approximately between
75 K and 85 K, which shrinks the possible temperature range for the investigations.
Between 30 K and 60 K the switching field decreases almost linearly, witch is in
accordance to the theories of temperature dependent switching fields that are given
by Sharrock [188,189], Chantrell [190,191], El-Hilo [192] and Garg [60]. Between

2.5 K and 30K the slope of the decrease is smaller. This behaviour deviates from

92



5.1 Magnetisation behaviour of single magnetic nanostructures

Figure 5.8: A SEM micrograph of a Hall bar containing a nanodot with a diameter
of d = 16 nm. The leads of the cross have a width of 80 nm. The initial magnetic film
was composed of a 7nm Pt seed layer, a 0.7nm Co layer and a 5nm Pt cap layer. This
results in magnetic volume of V' = 141 nm?3. This nanodot displays the smallest sample
that was created by means of electron beam lithography.

the mentioned theories and was also found by A.Neumann [29] and Wilhelm [31]
and is so far unexplained. Possible explanations are magnetic quantum tunnelling
and Bose-Einstein condensation of magnons. In magnetic quantum tunnelling
the magnetisation tunnels through the energy barrier instead of overcoming it
due to thermal energy [193]. This has been measured by Wernsdorfer [152] in
BaFeCoTiO nanoparticles containing 10° up at temperatures below 0.4 K. The
high temperature used in the experiment (7" > 2.5K) makes it unlikely to be the
reason for the decreasing switching field. Bose-Einstein condensation of magnons
leads to a reduction of the saturation magnetisation below the condensation
temperature [194-196], which could be a reason for the reduced switching field.
In fig. 5.10 the angular dependence of the switching field has been measured
for 2.5 K, 45K and 60 K. On the left hand side the switching field is plotted
against the the angle 6, hence the angle between the field and the easy axis of
magnetisation, that is the film normal. The angular dependence deviates strongly
from the expected behaviour of the Stoner-Wohlfarth model. These deviations
are even stronger pronounced than seen in the previous chapter in fig. 5.5. First
the maxima, that are attributed to the hard axis of magnetisation and lie at
0 = 90° and # = —90° in the Stoner-Wohlfarth model, are found at # = —55° and
6 = 125°. The third maximum that is attributed to the easy axis of magnetisation
lies at & = —20°. This maximum is relatively weak and the position between

the hard axis is not symmetric. On the right hand side in fig. 5.5 the data has
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Figure 5.9: The left hand side shows a hysteresis loop of the Hall voltage at 2.5 K. The
plot shows a mean loop that was averaged over seven single loops. This was necessary
because of the bad signal to noise ratio. The noise of a single is 50 nV, while the signal
difference between the plateaus of the hysteresis is about 100nV. 70 A has been applied
to the Hall bar.

On the right hand side the temperature dependence of the switching field is plotted.
The switching field was measured at an angle 8 = 35°. The switching field decreases
from 130mT at 2.5 K to 40 mT at 60 K. The blocking temperatures lies approximately
between 75 K and 85 K.

been plotted in astroid form. When comparing the different temperatures the
decrease of the switching field appears to be uniform for most angles. This is
in accordance to Jamet [161]. Like in fig. 5.6 and fig5.7 a strong tilting can be
seen. Compared to the previous measurement similar features are found albeit in
a stronger manifestation. This can be understood by the fact, that the smaller
nanodot contains fewer grains and the characteristics of the nanodot are dominated
by possibly only one grain. When the crystal axis of this grain is strongly tilted,
the effects described in the previous chapter found by Staeck [1] come into play.
In a larger nanodot, that consists of more grains, the effect can be smaller. This
stems from the fact, that the individual tilting angles of the different grains may
cancel each other out in average to some extent. Also it must be mentioned that
my colleague E.-S. Wilhelm [31] found similar results in larger nanodots.

Summarising, it is possible to create nanodots with a diameter as small as 16 nm.
Due to reasons stemming from the measurement technique and the characteristics
of the nanodot, drawbacks are found. A high current has to be applied leading
to higher Joule heating. A bad signal to noise ratio of 2 is found. This could
be improved by decreasing the diameter of the leads from 80nm to 40 nm or
60nm. This would lead to drawbacks in terms of durability of the Hall bar.
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Figure 5.10: Both plots show the angular dependence of the switching field. On the
left hand side the switching field is plotted against the angle between the magnetic
field and the easy axis of magnetisation. Maxima are found at # = —55° and 6 = 125°,
which is a strong deviation from the Stoner-Wohlfarth model, that puts the maxima at
0 = —90° and 6 = 90°. The maximum at 8 = —20° is relatively weak.

On the right hand side the x- and y- components of the switching field are plotted
resulting in the astroid form. A strong tilting of the astroid can be seen, which is in
accordance to the simulations performed by Staeck [1] that are shown in fig5.7. The

astroid shrinks uniformly with rising temperatures which is accordance to results found
by [161].

The temperature range to perform investigations becomes much smaller, as the
blocking temperature decreases because of the smaller magnetic volume. Finally,
the nanodot might display a strong deviation from the Stoner-Wohlfarth model,
which makes it difficult to model the measurement data. For this reasons, a larger
nanodot was used in the following chapter, which continues the investigation of

the temperature dependence of the anisotropy.
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5.2 Temperature dependence of the anisotropy in single

magnetic nanostructures

Figure 5.11: A hall bar containing a nanodot with a diameter of d = 32nm. The leads
of the cross have a width of 80 nm. The initial magnetic film was composed of a 7nm Pt
seed layer, a 0.7nm Co layer and a 5nm Pt cap layer. This gives a nominal magnetic
volume of V' = 563nm?>. The sample was used in the following investigation about the
magnetic anisotropy.

In chap. 4.1 the temperature dependency of the anisotropy in thin magnetic films
was investigated. The following chapter extends this investigation to magnetic
nanostructures. Therefore a Hall bar containing a nanodot was prepared from a
Pt/Co/Pt film (see ch.3.3). The film was composed of a 7nm Pt seed layer, a
0.7nm Co layer and a 5nm Pt cap layer. Fig.5.11 shows a SEM image of the Hall
bar geometry. The nanodot in the crossing area of the Hall bar has a diameter of
32nm. Using the nominal Co thickness of 0.7 nm a magnetic volume of 563 nm?
arises. For a preliminary characterisation, the angular dependence of the switching
field was determined at 77.5 K, which is shown in fig. 5.12. Though some of the
characteristics found in ch.5.1.1 can also be seen here, the angular dependence
deviates significantly less from the Stoner-Wohlfarth model. The hard axis of
magnetisation lies in the film plane, which is represented by the peak at £90°.
The easy axis lies at 5° and two minima appear at 45° and —45°. The switching
field in the hard axis is 300 mT and in the easy axis 250 mT. The peak in the
easy axis is broadend. Hg, is 175mT at 45° and 190 mT at —45°. The difference
of 15mT is much less than in other measurements (see again ch.5.5). The right
side of fig. 5.12 shows the switching field astroid.

Overall, Hsy(¢) of the nanodot shows a much better agreement to the Stoner-
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Figure 5.12: On the left hand side, the angular dependence of the switching field
Hgw measured at 77.5K is shown. The hard axis of magnetisation lies at £90°
with a corresponding switching field of about 300 mT. The easy axis lies at 5o with
Hgy, = 250mT. At 45° and —45° two minima are located. At 45° the switching
field lies at 175 mT and at —45° at 190 mT. Compared to the measurements in the
previous chapter (seeb5.1.1) the deviations from a perfect Stoner-Wohlfarth behaviour
are relatively small, as the maximum in the easy axis of magnetisation is only tilted by a
few degrees and only 50 mT smaller than in the hard axis. The minima at 45° and —45°
only deviate by about 15mT. The right hand side, shows the astroid representation.

Wohlfarth model than the previous samples. This makes the nanodot a good
candidate for the investigation. Since there are only slight deviations from the
Stoner-Wohlfarth model, it is assumed that the tilt between both the volume
and interface anisotropy and the shape anisotropy is only small and the Stoner-
Wohlfarth model is still suited to describe the nanodot.
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5.2.1 Temperature dependence of switching field and

superparamagnetic behaviour
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Figure 5.13: On the left, the switching fields of the blocked nanodot are shown with a fit
of the Garg formula [60]. The switching field decreases with increasing temperature. The
blocking temperature is around 220 K. On the right, switching times over temperature
for the superparamagnetic nanodot. In red the Néel-Arrhenius law is fitted to the data.
The pre-exponential factor 7y is determined as 2 - 10714, which is orders of magnitude
lower than expected [7].

The experimental method allows for the investigation of a broad temperature
range, meaning the nanostructures can be investigated in the blocked regime
as well as in the superparamagnetic regime. Two kinds of measurements are
performed: hysteresis loops in the blocked regime and switching frequencies in the
superparamagnetic regime. The temperature dependence of the switching field
and the switching times are plotted in fig. 5.13. The switching times can be well
described by a Néel-Arrhenius law, as can be seen on the right hand side of fig. 5.13.
The fit gives KV = 1.1 107 J. The pre-exponential factor 7, is determined
as 2 - 10~™s, which is some orders of magnitude lower than expected from
Brown’s theory (107s —107!!s) [7]. This is supported by temperature dependent
measurements of the switching fields in the easy axis, that are determined from
the hysteresis loops, which is plotted on the left hand side of fig.5.13. The
temperature dependent measurements yield a blocking temperature of Ty = 220 K.
The formula of Garg (eq.2.30) is fitted to the measurement data, resulting in a
pre-exponential factor (= 107!4s) that is also well below the expected result. For
KV the same value that was determined from the Néel-Arrhenius fit is used.

Other works reported also high attempt frequencies in other systems [142,197,198].
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Krause et al. reported about the switching behaviour of in-plane magnetised
atomic-scale Fe/W(110) nanoislands, which were investigated with spin-polarised
scanning tunneling microscopy [142]. Varying pre-exponential factors were found,
ranging from 107'%s up to 107'3s. These factors strongly depend on the size and
shape of the islands. The switching mechanism in the nanoislands is revealed to
be domain wall nucleation and propagation. In [143] Krause et al. continue their
investigation. Here, nanoislands are investigated in two different temperature
regimes, that cannot be described by one single Néel-Arrhenius law, as the
switching times in the higher temperature regime differ by orders of magnitude
from the lower temperature regime. Using an analytical four-state hopping model,
they explain this with a complex interplay between nucleation, annihilation and
propagation. Rohart et al. [198] investigated two-dimensional Co nanodots on
Au(111). Atomic scale simulations at finite temperatures (based on the Heisenberg
Hamiltonian) found a deviation from the macrospin model, that can be explained
by thermally excited spin-wave modes. The simulations show f; to depend on the
number of atoms. Increasing the number of atoms from 1 to 1000 increases fy by
one order of magnitude from 40 GHZ to several hundred GHz. In [199] and [200]
structural impacts were investigated, namely side wall damage in nanostructures
due to the patterning process [199] and the influence of Pt capping on the magnetic
properties of Co nanodots [200]. In both cases a strong influence on the anisotropy
is found.

Beside these existing theories another approach is presented in this thesis, that
might partially explain deviations of the pre-exponential factor (or attempt
frequency) from Brown’s theory. This approach (also discussed in [29] and [32]) is
based on the temperature dependence of the anisotropy. This becomes evident
when the Néel-Arrhenius law is rewritten to In(*) - kg7 = K'V. This form of
presentation is shown in fig. 5.14. KV decreases with temperature, which can
be roughly described by a linear fit. It is assumed that the volume remains
constant over the small temperature range, implying a temperature dependent
anisotropy, which was also found in thin magnetic films (see ch.4.1). When a

linear temperature dependence K (7T') = Ko+ % -T' is assumed, the Néel-Arrhenius

law can be modified to 7 = 1 exp ((KOIB#T)V), which is equivalent to:
KpV Ky
T = Tpexp ( 1:3 ) exp (kBOT> (5.6)
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Figure 5.14: The energy barrier KV is calculated from the switching times by KV =
In(%) - k7. For the calculation a pre-exponential factor of 79 = 105 is used.
KV decreases and in red a linear fit is applied. Assuming that the volume remains
constant over the temperature range, this indicates that the anisotropy decreases further
motivating the idea that a temperature dependent anisotropy effects the pre-exponential

factor of the Néel-Arrhenius law.

Compared to the classical Néel-Arrhenius law, an additional exponential term,

exp (E2Y) “appears. When the Néel-Arrhenius law is fitted to measured switching
kg

times, the found pre-exponential factor 7) will in fact be a product of 75 and the

KrV
kp

dependent anisotropy can be observed in thin magnetic films (ch.4.1), whereas

additional term: 7 = 715 - exp ( ) As was already mentioned, a temperature
small Co layer thickness (¢c, = 2nm) shows a negative slope and large thickness
(tco > 5nm) a positive slope. Using the highest positive and negative slopes of
the films found in sec. 4.1.5 an additional factor of 1072 or 10* is possible, leading
to an high uncertainty in the determination of 7y without exact knowledge of the
anisotropy. Therefore, it will be investigated if the anisotropy of the film is passed
on to the nanodot and if the temperature dependence of the anisotropy explains
the pre-exponential factor. Stier et al. [201] published a general theoretical investi-
gation about the impact of a temperature dependent anisotropy on the analysis of
superparamagnetic behaviour, confirming the previously presented considerations.
The publication emphasizes that the determined attempt frequencies need to be
interpreted carefully, in particular when the investigated temperature interval

is close to the Curie temperature. A fact that is especially important for the
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investigation of nanoparticles, as alloying on the interfaces can drastically reduce
the Curie temperature (see cha.4.1).

This gave the motivation to experimentally investigate the temperature depen-
dence of the anisotropy in nanodots as well. The biggest obstacle to determine the
anisotropy is the missing knowledge of the saturation magnetisation Mg and the
volume V' of the nanodot. This problem is bypassed by determining the magnetic

moment m = MgV, which is explained in the next section.

5.2.2 Determination of the magnetic moment

The magnetic moment is a significant material property to understand the magnetic
behaviour of a nanodot. It is also necessary to determine the magnetic anisotropy.
The first approach would be to take the saturation magnetisation of Co from
literature and measure the diameter of the nanodot by scanning electron microscopy
to calculate the volume. The magnetic moment would then be given by m = MgV'.
Unfortunately this magnetic moment yields unrealistic results, when used as a
fit parameter for the measurements seen in sec. 5.2.1. Using a reverse approach
and taking realistic values, leads to the finding, that the magnetic moment is
significantly smaller by as much as a factor of 2.

The reduced magnetic moment might be the result of a reduced Mg, V or a
combination of both. A reduced Mg and V might be the result of the interdiffusion,
that is described in chap.4.1.5. There is also good reason to assume that the
active magnetic volume is smaller than the complete volume of the nanodot,
that was determined from SEM micrographs. As was described in sec. 3.3, the
nanodots are carved out of a thin film by argon ion milling. Therefore nanosized
pillars are used as a shadow mask. These shadow masks are initially smaller in
diameter than the resulting nanodots [202]. This observation might be explained
by redeposition of sputtered material on the edges. The redeposited material is
possibly a CoPt alloy, which reduces Mg. Another possibility is that the shadow
mask expanses during the ion milling process. The nanodot would than have the
form of a truncated cone, explaining why the Co volume is smaller than for a
cylinder.

Since the magnetic moment could not be quantified from the characteristics of the
nanodot, an experimental method was developed to directly probe it. Therefore the

nanodot is measured in the superparamagnetic regime, hence above the blocking
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temperature. Telegraph noise data is recorded and the average switching time 7
is determined. 7 is described by the Néel-Arrhenius law 7 = 7 exp(lﬁg—‘;). When
applying an external magnetic field parallel to the easy axis of magnetisation, one
of the two states will be favoured and the average switching times of the upper
state 7, and the lower state 7_ will differ. The Néel-Arrhenius law changes to
Ty = Tot exp(%) [203]. The logarithm of the ratio of 7, and 7_ is then

calculated, which results in In(7*) = In(7*) + i%?-

oE is very close to 1 [1], so that In(7**) ~ 0, which leads to the final equation

In (”) _ b (5.7)

T N k’BT

7. and 7_ can be measured in the experiment, B and T are controlled by the
experiment and kg is a constant, thus m can be determined from a linear fit
as is shown in fig. 5.15. Note that the measurement data had to be corrected,
because of a residual field from the coils, which is about 100u4T. The measurement
is performed at 245K and a magnetic moment m = (2.3 &+ 0.2) - 107 Am? is
found. Using the magneton number of Co 1.75 - up [48] a number of nearly
14000 free electrons in the nanodot can be estimated. Taking the literature value
of Mg = 1458 kA /m [48] gives a diameter of 16.5nm, nearly half the diameter
measured by SEM (32nm). On the other hand, the SEM radius gives a reduced
Mg of about 500 kA /m, which is nearly one third of the literature value. This is
also illustrated in fig. 5.16. The diameter of 16.5 nm can be understood as a lower
limit of the nanodot, while the diameter found in the SEM (32nm) is the upper
limit. The anisotropy K and the volume V' can not be determined separately
from each other by the methods used in this thesis. Due to that, the product of
both, KV, will be determined in the following investigations. Therefore the value

of m = (2.340.2) - 107! Am? will be used.
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Figure 5.15: The magnetic moment m is determined. A magnetic field is applied
in the easy axis of magnetisation of the superparamagnetic nanodot at 245 K. The
occupation of the two states is altered with the external field and the average switching
times are measured. With eq.5.7 the magnetic moment is determined from the natural
logarithm of the ratio of 7 and 7_. A magnetic moment of m = (2.340.2) - 1071 Am?
is determined.
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Figure 5.16: Using M = m/V, the magnetisation M is plotted over the diameter
d of the nanodot. Under the assumption that the magnetisation is identical to the
saturation magnetisation of Co a lower limit of the nanodot diameter can be determined,
which is 16.5 nm. Otherwise the upper limit of the diameter, which is given by a SEM
micrograph, results in a drastically reduced magnetisation.
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5 Investigation of single magnetic nanostructures

5.2.3 Determination of anisotropy constants in nanostructures

The determination of the anisotropy in magnetic nanostructures is a difficult
task. A method is used that induces spontaneous magnetisation reversal in an
actually blocked nanodot. Therefore a magnetic field is applied in the hard axis
of magnetisation. According to the Stoner-Wohlfarth model, the energy barrier,
that is separating the two states of magnetisation, is reduced, while both states
remain energetically equal, see fig. 5.17. Due to the reduction of the energy barrier
a path for magnetisation reversal opens up in the blocked nanodot, allowing for
spontaneous magnetisation reversal like in a superparamagnetic nanodot. In the
Stoner-Wohlfarth model, when applying an external magnetic field parallel to
the hard axis of magnetisation, the energy barrier of the nanodot is described
by AE = KV (1 — H/Hk)?. This is inserted into the Néel-Arrhenius law, which

leads to the expression:

KV m o H\
- 1 .
T 0P (kBT ( 2KV ) ) (5:8)

Like in the superparamagnetic case, switching times can be determined that are
in this case depending not only on the temperature but also on the magnetic
field. The measurement data looks similar like in the case of a superparamagnetic
nanodot. In the superparamagnetic case the occupation ratio is exactly at 50%.
For the destabilisation measurement this is only true, when the field is applied
exactly in the hard axis. Because of the inaccuracy of the experimental set-up,
a small discrepancy occurs leading to a ratio of about 45 : 55. The effect on
the switching time is negligible. This method makes it possible to measure field
dependent switching times for a constant temperature.

Now, for a constant temperature the switching times can be determined for vary-
ing magnetic fields. To find the hard axis of magnetisation the angle between
magnetic field and sample plane is altered until an equal occupation ratio is found.
This is shown in fig. 5.18 for 150 K. The magnetic field is varied by about 10 mT
from 164 mT to about 174 mT, which leads to a strong decrease of the average
switching times from 1.04s to 0.47s, due to the exponential dependence from the
magnetic field. For the pre-exponential factor 7y three values in accordance to
Brown’s theory were chosen. The fits are shown in fig. 5.18, where the different

colors represent the different 75. As can be seen all three fits give a satisfying
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Figure 5.17: The change of the uniaxial energy landscape, when a magnetic field is
applied in the hard axis of magnetisation. With increasing field, the energy barrier
shrinks and the two minima move closer to another. Due to the change of the energy
landscape less thermal energy is necessary to overcome the energy barrier. Thus, at
temperatures, where the nanodot is supposed to be blocked, spontaneous magnetisation
reversal like in the superparamagnetic regime can be induced. In the experiment,
telegraph noise data is measured and average switching times can be determined in
dependence of the applied magnetic field. The shrinking of the energy barrier in the

2
Stoner-Wohlfarth model is given by AE(H) = KV (1 — HLK) . This can be inserted in
the Néel-Arrhenius law, giving a field dependent expression.

result, giving the following K'V' depending on 7y:

To KV

107%s 8.6-10720J
107%s 81-1072°J
107%s  7.6-1072°J

KV(150K) . . KV _
T 50K Sives o7 = 42

for 79 = 107''s and % = 37 for 7y = 107%s. These values are in the expected

All values come with an error of 0.1-1072° J. Calculating

range that was determined from the blocking temperature and also shows that
the nanodot is well above the threshold of lf;—‘; = 25 for superparamagnetism at
150 K.

Since the aim is to determine the temperature dependency of KV, the measure-
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Figure 5.18: The average switching times are measured depending on the magnetic
field for 150 K. To do this a magnetic field is applied in the hard axis of magnetisation
inducing spontaneous magnetisation reversal. The magnetic field is increased from
165mT to 174mT. Despite the small field interval the switching time decreases by
almost a factor of 2 from 1s to 0.5s. To determine KV, eq. 5.8 is fitted to the data
using different 75. The red line uses 7 = 107%s and the orange (blue) line 7o = 10~ !*s
(0 = 1079s). All fits describe the data sufficiently.

ment is repeated over a broad temperature range from 80 K to 200 K, which can
be seen in fig. 5.19. For each temperature the magnetic fields were chosen in a
way, that the average switching times lie between 0.5s and 1.5s. As can also
be seen in fig. 5.18 for 150 K the decrease of the switching times is very steep so
that the magnetic field is only varied by about 10mT. In fig. 5.19 only the fits
for 7y = 107195 are shown for reasons of clarity, though also 7 = 10~!'s and
To = 1079 s were fitted.

The results are shown in fig. 5.20. The orange points represent the values obtained
with a pre-exponential factor 7o = 107*!'s and the red (blue) points respective for
70 = 1071%s (75 = 107%s). The graphs show a similar albeit not identical behaviour.
First the magnitude of KV is dependent on 7y, with smaller 7y resulting in higher
values for K'V. Second, all three graphs show that the magnetic anisotropy is in
fact not constant over the temperature range, but overall exhibiting an increase
with rising temperature. This increase seems to be almost linear from 77.5 K up
to 175 K. Above 175K the temperature dependence flattens for 7o = 107!ts. For

70 = 107%s KV remains constant and for 7, = 10™%s the slope changes sign.
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5.2 Temperature dependence of the anisotropy in single magnetic nanostructures

Linear fits between 77.5 K and 175 K are applied resulting in the following slopes:

To KVrp

1071s 1.4-1072J/K
10795 1.1-1072J/K
107%s  0.8-1072J/K

The error from the fit amounts to 0.1 - 10722 J /K for all slopes. The tempera-
ture dependence shows a good accordance to the results of ch.4.1, where the
temperature dependence of the anisotropy in thin films is investigated. In both
cases an increase is found. For a better comparison the slopes are converted
into an anisotropy Kr. The lower limit of the magnetic nanodot volume can
be determined: V = m/Mg = 160 nm?. Using this volume, Kt is found to lie
between 855 J/(Km?) (70 = 107" s) and 507 J/(Km?) (75 = 107%s). The upper
limit is 460 nm3. This results in 304J/(Km?) (7, = 107"'s) and 173 J/(Km?)
(1o = 107%s). This is of a similar magnitude as the slopes found in thin films
in ch.4.1. It can be concluded, that the sign and magnitude of the temperature
dependence in the nanodot are in accordance to the films.

So far fixed 7y were used, based on general theoretical assumptions. Also the
influence of the applied magnetic field on 75 has not been regarded. In order to
account to 79, the models developed by Coffey and Kalmykov [59] are utilized,

which will be discussed in the next chapter.
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Figure 5.19: The average switching times depending on the magnetic field for six
different temperatures between 77.5K and 200K. Eq.5.8 is fitted to the data. For
clarity reasons only the fits using 79 = 1071 s are shown. Though fits using 7o = 107! s
and 79 = 10™%s were also performed. The determined KV are shown in fig. 5.20.
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Figure 5.20: KV determined by fitting eq.5.8 to the measurement data shown in
fig. 5.18 and 5.19. The red dots correspond to a pre-exponential factor of 79 = 107105
and the orange (blue) dots to 79 = 107 s (19 = 107%s). KV increases with rising
temperature showing that KV is not constant over temperature

108



5.2 Temperature dependence of the anisotropy in single magnetic nanostructures

5.2.4 Field dependent switching times based on Coffey and Kalmykov
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Figure 5.21: The average switching times depending on the magnetic field for 150 K and
six different temperatures between 77.5 K and 200 K. This time eq. 2.29 by Kalmykov
in the case of intermediate high damping is fitted to the data, which also fits well.

So far the influence of the magnetic field on the attempt frequency fo = 1/79
has been neglected. To investigate this issue, the field dependent formula given
by Coffey and Kalmykov [59] are used. The authors described two cases, the
intermediate high damping (IHD) for o > 1 and the very low damping (VLD)
a < 1. For Co/Pt a damping constant of o = 0.3 has been found by Metaxas et
al. [204] and is assumed for our samples, which lies between IHD and VLD. In

this case the authors give a general solution for the problem.

L AaS) +aSy)
T THD 05 A(aSy)

(5.9)

Since we assume that both potential wells are equivalent, A’?f;g 1)2?55*2)) = jgi‘;‘;)

For a = 0.3 this results in jgigfg ~ 1 [30]. For this reason the IHD case will be

used further on, as it is a good approximation. Despite the complicated form of

eq. 2.29, the model shows a good agreement to the measured data. Compared to
a constant 7y, the same temperature dependence is found. The values lie between
the values that were found for 75 = 107!%s and 7y = 107!'s. In fig.5.22 79 is
plotted over temperature. 7y lies between 2.8 107" s at 77.5K and 1.6- 107! s at
200 K. The determined 71y are within the same order of magnitude that is expected
from Brown’s theory. 7y is not constant, but decreases by almost a factor of 2.

So far it was shown, that the anisotropy in a nanodot is not constant over

temperature but increases, which is comparable to the behaviour in thin magnetic
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Figure 5.22: KV as determined from the equation for intermediate high damping.
The temperature dependence of KV is in accordance as when using a constant 7g.
The pre-exponential factor 7o ap, that was determined from the fit, is plotted over
temperature. It is of the magnitude of 10! s and decreases with temperature.

films (see chap. 4.1). Nevertheless the question remains, how exactly the anisotropy
in thin films and nanodots (that are carved out via ion milling from those films)
are related. The nanostructure presented in this chapter was sputtered at the
same time as the magnetic film, that was discussed in chap.4.2.1. Therefore, both

samples can be compared.

5.2.5 Comparing film and dot

The anisotropy of the Pt/Co/Pt film is determined by performing magnetoresis-
tance measurements. This is the same method discussed in chap.4.2.1. The film is
investigated from 2 K up to 300 K. The anisotropy overall increases from 160 kJ/m?
at 2K to 295kJ/m3 at 250 K. Above this temperature the anisotropy becomes

constant up to 300 K. Between 2 K and 250 K the increase can be described by

K
m3K*

film and nanodot, the change in shape anisotropy is calculated. Therefore the

linear relation, resulting in K = (550 17) For a better comparison between
model given by Millev et al. [37] is used. The model is shown in ch.2.2 and
applies well to magnetic nanodots. It assumes a cylindrical form of the nanodots.
Though the exact geometrical shape of the nanodots is not known, Neumann et
al. [114] proved the model to be sufficient, as other models using a truncated
cone [205] or a truncated sphere give the same results. This comes from the fact
that the film thickness ¢ is significantly smaller than the nanodot diameter d. The

change in shape anisotropy is dependent on the film thickness t = 0.7 nm and the
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Figure 5.23: Comparing the anisotropy K of the film with KV of the nanodot. In
both cases the anisotropy increases with temperature which is in accordance to the
results found in sec.4.1. Starting at 250 K the anisotropy of the film stops increasing.
KV of the nanodot could not be determined up to that point, but it is likely to assume
that it would behave similar.

diameter of the nanodot. In the previous chapter, a lower limit of the diameter is
estimated from the measured magnetic moment m, which gives d = 16.5nm. This
results in a change of shape anisotropy between nanodot and film of maximal
AKspape = 214kJ /m?.

Finally comparing film and nanodot overall a good agreement is found, which is
shown in fig. 5.23. In both cases the anisotropy is increasing with temperature.
The anisotropy increases linear in both film and dot up to 200 K. The anisotropy
of the film reaches a plateau and remains constant above 250 K. This might also
be the case for the nanodot though it was not possible to measure up to that point,
because the nanodot becomes superparamagnetic at 220 K. The temperature
dependence of the film is determined as K7 gim = (550 £ 17) mgK. For the nanodot
KVrgot = (1.34 £ 0.08) - 10722 £ is found. Using the lower limit for the diameter
this gives Krdor = (848 & 50) —3=. With the upper limit K7 g0t = (291 £ 50) —3

m3K

can be determined. Both values are very close to the value of the film.

The found temperature dependence KVygor = (1.34 £ 0.08) - 10722 % yields a
variation in the Néel-Arrhenius law of exp (KV/kg) = 1.6 - 10*). The temperature
dependence of the anisotropy is probably not the only explanation of the unex-

pected values of the pre-exponential factor 75. In our case, K7 has a positive sign,
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which would further increase the discrepancy between the experimental determined
pre-exponential factor and Brown’s theory. Nevertheless, the findings prove that
the anisotropy is not constant and thus a temperature dependent anisotropy needs
to be considered, when applying the Néel-Arrhenius law to magnetic nanodots

and nanoparticles.
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6 Conclusion

The main focus of this thesis is the temperature dependence of magnetic properties
in thin magnetic Pt/Co/Pt films and single nanodots. The film systems were
fabricated by a combination of electron cyclotron resonance sputtering and DC
magnetron sputtering techniques under ultra-high vacuum condition. To fabricate
the nanostructures distinguished lithography techniques were used and further
developed. Nanodots with a diameter below 20 nm were created via electron beam
lithography. Before such small diameters could only be achieved by nanosphere
lithography, which has the disadvantage of a random arrangement of the nanodots
on the Hall bar. Furthermore, nanostructuring on ultra-thin silicon nitride mem-
branes has been done. This is necessary for measurement techniques utilising x-ray
transmission. A chequerboard with alternating magnetic hard and soft nanodots
was created, as well as a stacked Kagome lattice of nanodots, which was used for
magnetic x-ray holography.

For ultra-thin magnetic Pt/Co/Pt film systems a thorough investigation of the
temperature dependence of magnetic anisotropy constants has been made for
various layer thickness of the magnetic material, ranging from 1.5nm and up
to 30nm, which is getting close to bulk behaviour. In this thickness regime
the easy axis of the magnetisation lies within in the film plane. To investigate
the impact of the substrate on the anisotropy constant, the magnetic films were
prepared on silicon oxide and silicon nitride substrates. On both substrates the
temperature dependence of the anisotropy behaves similar. At higher Co thickness
the anisotropy decreases with an increase of temperature, which is in accordance
to the behaviour of bulk Co. At a smaller thickness of the Co layer, the anisotropy
increases with increasing temperature.

For a better understanding Kog - t(¢) plots have been made for different temper-
atures. By fitting linear equations to the data, the effective volume anisotropy

Ky s and the interface anisotropy Kg can be obtained from the slope and the
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intercept. On the silicon nitride substrate two regimes emerged, that are called
lower thickness regime and higher thickness regime. These regimes are the result of
strain relaxation. Contrary, there is only one regime on the silicon oxide substrate.
From the fits the individual temperature dependence of Kg and Ky . could be
determined. For both substrates the temperature dependence of Kg and Ky g
behave linear. Kjg has a positive slope and Ky .r has a negative slope.

A model has been presented to explain the increase of the anisotropy. The conven-
tional method that was used to determine the anisotropy constants, assumes sharp
interfaces. However, at the two interfaces between Pt and Co and Co and Pt an
interdiffusion zone emerges. In the intermixing zone a Co,Pt;_, alloy is present.
Due to the interdiffusion zone, the slope and the interface are not equivalent
to the volume and interface anisotropy, but are superimposed with additional
contributions. At lower Co concentration the Curie temperature T is reduced,
which might be beneath the temperature at which the experiment is conducted.
Thus the amount of ferromagnetic material is smaller than initially expected. This
leads to a temperature dependent reduction of the saturation magnetisation. It
was found that the saturation magnetisation of a nominal Co layer of ¢,,,, = 2nm
is reduced by a factor of 0.8616 at 10 K and by a factor of 0.8456 at 300 K. This
amounts to a difference of the shape anisotropy of 37kJ/m?. Since the shape
anisotropy is an in-plane contribution, this difference will result in an increase of
the effective anisotropy.

The model proves that the assumption of sharp interfaces is problematic. Therefore,
the conventional approach to determine the anisotropy of sputtered multilayers
may result in wrong numbers. While the effect on the volume anisotropy is
negligible, the interface anisotropy, which is determined by the intercept, differs
strongly. The conventional approach yields too high numbers and overestimates
K, as the interdiffusion zone leads to an offset in the intercept.

To further investigate the influence of the intermixing zone, films with a Co layer
of t < 1nm were prepared. These films exhibit an easy axis of magnetisation
that is perpendicular to the film plane. It could be shown that the temperature
dependence of the anisotropy is indeed positive and thus stems from the interfaces.
During the investigation of the out-of-plane films an unexpected behaviour was
found. Longitudinal field sweeps were applied. While the magnetisation is rotated

into the plane of the film, a parabolic response becomes visible in the magneto-
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resistance, which is the result of the magneto-resistance effects AMR and AIMR.
Unlike previous measurements [26], the opening of the parabola changes the sign,
when the temperature is increased. This is caused by an opposing temperature
dependence of the magnetoresistance effects AMR and AIMR. At low temperatures
the AMR dominates and at higher temperatures the AIMR. It is unclear were this
behaviour stems from. The increase of the AIMR is similar to the increase of Kg.
This indicates a change of the electronic properties of the alloy, which influences
the spin-orbit coupling. This also affects the magnetic volume anisotropy.

In the second part of the thesis, the magnetisation behaviour of single magnetic
nanodots was investigated by using nanosized Hall bar magnetometry. First the
angular dependence of the switching field has been measured in three dimensions.
A strong deviation from the Stoner-Wohlfath model was found. The three dimen-
sional switching surface exhibits an ellipsoidal shape as well as no overall symmetry.
A possible explanation was given by Staeck [1]. Due to the polycristalline nature of
the initital films, a single nanodot consists of a few grains. The crystal axis of the
grains may be tilted in respect to the film normal. A possible result can be a tilted
volume and interface anisotropy in respect to the shape anisotropy. Staeck set up
a modified energy potential and used the method given by Thiaville [186, 187] to
simulate the switching field surface. The simulation fits well to the experimental
results and reproduces features like the ellipsoidal shape or the lack of symmetry.
A very small nanodot has been created, whose diameter (16 nm) approaches the
mean diameter of the grains (16 nm). The small size of the nanodot pointed
out the limits of the measuring technique. A bad signal to noise ration has
been obtained, that could have been improved by reducing the size of the leads
of the Hall bar. However a decreased durability of the Hall bar would be the
consequence. Also the temperature range for the investigation becomes smaller,
as superparamagnetic behaviour emerges at lower temperatures.

Finally a nanodot has been thoroughly investigated with the goal of determining
the temperature dependence of the anisotropy. The angular dependence of the
switching field shows a much better agreement to the Stoner-Wohlfarth model,
making the sample a good candidate for the investigation. The nanodot was
investigated in the superparamagnetic regime. The average switching times were
determined for varying temperatures. The Néel-Arrhenius law was applied to the

data and the pre-exponential factor was found to be in the range of 7y = 10'*s,
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that deviates by orders of magnitude from the usually assumed GHz regime [7].
The temperature dependence of the switching field was measured. Fitting the
theoretical equation given by Garg [60] revealed a pre-exponential factor in the
range of 75 = 10'*s. Taking into account a temperature dependent anisotropy, as
was found in the initial films, it is shown that this would alter the Néel-Arrhenius
law. An additional exponential factor emerges that could explain the deviations of
the pre-exponential factor from theoretical values. A big obstacle proved to be the
exact knowledge of the magnetic moment. This was determined by applying an
external field parallel to the easy axis of magnetisation, which alters the occupation
probability of the two states of magnetisation. Using this method a value of the
magnetic moment m = (2.3 +0.2) - 1071 Am? was found at 245 K. A lower and
upper limit of the nanodot volume could be estimated. To determine the magnetic
anisotropy, the nanodot was investigated in the blocked regime. By applying
a magnetic field parallel to the hard axis of magnetisation, the energy barrier
is lowered and spontaneous magnetisation reversal is induced, that is similar to
the magnetisation reversal in the superparamagnetic regime. By using a field
dependent Néel-Arrhenius law, the temperature dependence of the anisotropy in

a nanodot is determined to be Kr 4o = (848 £ 50) —3= in the lower limit and

m3K
Kraot = (291 £ 50) ﬁ This is in accordance to the value obtained for the
initial film that lies at K g, = (550 4+ 17) ﬁ, which shows that the temperature

dependence of the anisotropy is passed on from the initial film to the nanodot.
The proposed idea that the temperature dependent anisotropy fixes the value of
the pre-exponential factor does not hold up for the nanodot, as the temperature
dependence has the wrong sign. Nevertheless it was shown that the anisotropy in
the nanodot is inherited from the magnetic film and is not constant.

Future investigations of single nanostructures can be performed in mono-crystalline
structures, that do not consist of grains. These could be made by molecular-beam
epitaxy. The occurrence of grains makes the description of single nanodots very
difficult, as complicated energy terms may arise. Mono-crystalline structures
would simplify the theoretical description of the nanodots. Also, the influence of
the grains should be further investigated.

Future investigations of magnetic films should further elaborate on the effects
that occur in the interfaces. Bulk behaviour can not be transferred to ultra thin

systems, that are dominated by the interfaces. Further theoretical investigation
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should be performed for a better understanding of the effect at interfaces. The
proposed model is only a simplification of the real structure. The model can be
extended to distinguish between both interfaces. Finally, the found behaviour of
the AIMR should be investigated in more detail. So far only the SiO5 substrate
was measured. The measurements should also be made for a SizIN, substrate.

In conclusion, the thesis proves that often overlooked properties, like the interfaces
in metallic multilayers or the tilting of the grain structure, can have a significant
influence on the magnetic properties of films and nanostructures and should not

be neglected.
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