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Introduction

The discovery of giant magnetoresistance in 1988 laid the foundations of a new
field of physics - spintronics. Spintronics aims to create devices that will use not
only the electron’s charge but also its spin in data processing, transport and stor-
age. Due to the connection between the spin of the electron and magnetization,
magnetic materials are naturally essential in spintronic devices.

These materials already play a significant role in current data storage tech-
nology. Compared to another device storing digital information - the random
access memory (RAM) - magnetic memories are non-volatile which means that
the information is retained even when the power is off. The most wide-spread
magnetic memory is the hard disk drive (HDD) allowing the storage of large vol-
umes of information for a low price. However, HDDs have slow data access times
and high energy consumption [1]. That is why new designs of magnetic mem-
ories have been suggested, hopefully leading to a memory device combining the
non-volatility of HDDs and fast access times of RAMs. Magnetic random access
memory (MRAM) is already commercially available [1]. It offers about 10000
times faster data access than HDDs [2]. More products have been proposed and
are currently under development such as the racetrack memory [3].

As mentioned above, spintronics not only aims to use the electron’s spin for
storing information but it also aspires to utilize it in data processing. Alternative
ways of processing data are gaining more importance now that the current ways
by which the computers have been getting more powerful are nearing its limits
[4].  For example, magnetic domain-wall logic [5] promises lower-powered and
higher-speed devices than the current technologies [2].

For all of the spintronic devices, it is important to prepare magnetic layers
with desired properties. Atoms on the surface of a layer or on an interface with
another layer have different boundary conditions than the atoms in bulk and
hence they also exhibit different properties. In thin films, these atoms make
up a greater percentage of the volume of the material. Therefore changes at the
interfaces can influence the overall properties of a nanostructure. For the research
in this area, it is important to understand the origin of the modification of the
magnetic properties.

However, modifications of interfaces affect not only magnetic properties but
a number of other material’s characteristics which allows controlling these prop-
erties by tailoring the interfaces.

Two methods of irreversible modifications of magnetic properties are investi-
gated in this work. The first one is by irradiation with Ga™ ions and the second
one by a single pulse of soft X-rays. Both of these techniques also allow pat-
terning of magnetic properties. Samples of different compositions are studied
by magneto-optical spectroscopy and the profiles of the samples are determined
by the comparison between the experiment and theoretical calculations based on
4x4 matrix formalism for anisotropic media.

In addition to this, a way of changing the optical properties of nanostructures
through modifying interfaces is demonstrated in this work.

This work is divided into 6 chapters.

In the first chapter, the changes of magnetic properties are discussed with an



emphasis on magnetic anisotropy. At first, the different contributions towards
magnetic anisotropy of thin films are mentioned. Then the magnetic anisotropy
of sandwiches with Co layers is discussed. Finally, various methods of modifying
the anisotropy are presented and the current state of research into some of the
methods is summarized.

As the experimental methods used in this work utilize polarized light it is
important to show how to describe it which is done in chapter 2. Magneto-optical
parameters are also introduced in this chapter.

In the third chapter, the 4x4 transfer matrix formalism for anisotropic media
which allows the theoretical calculations of magneto-optical response is described.

The next chapter presents the experimental methods used in this thesis.

The studied samples and the methods of their preparation and modification
are laid out in chapter 5.

In the last chapter, the achieved results are presented. This chapter is followed
by conclusions which summarize the results.



1. Magnetic properties and their
modification

Magnetic materials can have their magnetic moments ordered in various ways.
Based on this magnetic ordering materials can be divided into diamagnets, para-
magnets, ferromagnets, ferrimagnets and antiferromagnets. Each of these classes
of materials has a characteristic hysteresis loop, i.e. the dependence of the ma-
terial’s magnetization on the external magnetic field. This work concentrates on
ferromagnetic materials. The magnetic properties whose modifications are dis-
cussed can be determined from the hysteresis loop of the studied material. These
properties are namely: saturation magnetization, coercive field, magnetization
in zero external field and magnetic anisotropy. Special attention is paid to the
changes of magnetic anisotropy due to the possible application of the process in
preparation of nanostructures with perpendicular magnetic anisotropy (PMA) or
patterning of magnetic properties in the industry.

In the first part of this chapter magnetic anisotropy is discussed, at first in
general, and then specifically for nanostructures with thin layers of cobalt. In the
rest of the chapter, a few methods of the modification of magnetic properties are
presented. These can be reversible or non-reversible. The techniques studied in
this work are debated in greater detail.

1.1 Magnetic anisotropy of thin films

Ferromagnetic materials usually have one or more easy axes along which the
magnetization in domains tends to lie. The leading term of the anisotropy energy
E, can be expressed as [6]

E, = K,sin6, (1.1)

where K, is the anisotropy constant and 6 is the angle between the direction of
the magnetization and the easy axis.
The overall magnetic anisotropy of the system is influenced by the shape of
the sample, magneto-crystalline anisotropy, strain and the surface anisotropy.
Shape anisotropy is connected to the demagnetizing field in the sample which
depends on the shape. In the special case of a ferromagnetic ellipsoid the mag-
netostatic energy is given by [6]

1
Em = 5MOV/\/MS?, (1.2)

where i is the permeability constant, V' is the volume of the ellipsoid, N is the
demagnetizing factor and Mj is the magnetization.

The demagnetizing factor N differs for the cases when the ellipsoid is mag-
netized along the easy axis and along the hard axis. Therefore also the mag-
netostatic energy varies between these two cases. The difference between these
energies is related to the anisotropy energy.

The shape anisotropy constant can be written as [6]

1
K, = ZMOMS?(JL — 3N, (1.3)



where the N’ stands for the demagnitizing factor in the easy direction.

The shape anisotropy is strong only for small samples. In the case of thin
films, the shape anisotropy is substantial and results in an in-plane anisotropy
unless other contributions are stronger.

Magneto-crystalline anisotropy expresses in the way that certain directions in
the crystal lattice are preferable for the magnetization to point in. One of the
origins of this anisotropy is the electrostatic interaction of the orbitals which con-
tain magnetic electrons with the field created by the rest of the crystal (single-ion
contributions) [6]. The anisotropy of the dipole-dipole interaction (it is energet-
ically favorable for dipoles to align head-to-tail rather than broadside) together
with the anisotropic exchange give rise to the two-ion contributions [6].

Because of the magneto-crystalline anisotropy, the unique easy axis of cobalt
crystallized in a hexagonal close packed lattice is the hexagonal axis [6].

Uniaxial anisotropy in a ferromagnet can also be induced by uniaxial stress
o. Again, this effect can be explained by single-ion and double-ion contributions.
The stress-induced anisotropy constant has the form [6]

3
Kao = 50')\3 (14)

s is the saturation magnetostriction.

For thin films, there is an additional contribution to the overall anisotropy of
the structure - the surface (or interface) anisotropy.

The single-ion mechanism plays a significant role in the surface anisotropy [6].
The orbitals with magnetic electrons interact with the crystal field. However, in
the case of atoms on the surface, the crystal field is influenced by the anisotropic
surroundings of the atoms so the magnetic moments tend to align in a different
way than the moments in the bulk.

Also, for epitaxial structures strain can be induced by the lattice mismatch
between the epitaxial layer and the substrate which can result in a stress-induced
anisotropy.

The contribution of the surface anisotropy towards the overall effective aniso-
tropy scales with the thickness of the film t. The effective anisotropy constant

K.ss can be written as [6]

K
Keff :Kv—i—T’ (15)

where K, denotes the volume and K the surface contribution.

1.2 Magnetic anisotropy of cobalt nanostructu-
res

Magnetic anisotropy of ultrathin cobalt multilayers depends on the thickness of
the cobalt layer [7]. Cobalt films thinner than the spin-reorientation transition
thickness dsrr exhibit PMA and thicker films have in-plane anisotropy.

As explained in section [Tl the effective magnetic anisotropy arises from the
interplay of different contributions.

Bertero et al sputter deposited Pt/Co multilayers under different conditions
(sputtering pressure and gas, substrate temperature) in order to study the effect



of the conditions on the magnetic properties, especially PMA [8]. The cobalt
layers were ultrathin (< 6 A) therefore the contribution of the surface anisotropy
towards the effective anisotropy was high. The films sputtered in Xe showed
a better quality of layering, i.e. sharper interfaces, than the ones sputtered in
Ar. At the same time, the Xe sputtered films had a higher PMA. This result
indicates that the intermixing of Co and Pt at the interfaces strongly influences
the resulting magnetic anisotropy of the nanostructures.

This hypothesis is further supported by more experiments including the X-ray
magnetic circular dichroism measurements on films sputtered in different gases
[9]. The difference in the amount of intermixing of Pt and Co when the layers
are sputtered in Ar and Xe can be attributed to a bombardment of the growing
film by Ar backscattered neutrals |[10]. PMA is strongest for sharp interfaces
and it degrades with intermixing [9]. Bertero et al explain this based on the
Néel-like anisotropy model [11]. Spin-spin exchange coupling, spin-orbit coupling
and orbit-crystal-field coupling all have to be present for structural anisotropy
to result in magnetic anisotropy. Spin-spin interaction is demonstrated by the
ferromagnetism of cobalt. Spin population together with uncompensated orbital
moments then result in magnetic anisotropy. When the interface is sharp there is
a large spin-polarized population at the interface thanks to Co moments. Pt near
the interface is also spin polarized by the neighboring Co atoms [12]. There are
also a lot of uncompensated orbital moments on the interface because of it being
sharp. In the case of intermixing the polarization of Pt reaches further because
of the Co being diluted in Pt. However, in this case, the orbital moments are
partially compensated hence the resulting magnetic anisotropy is smaller.

Because Pt and Co have different lattice constants strain is induced both
in Pt and Co when they are grown on top of each other. There is a correlation
between the lattice strain and the observed magnetic anisotropy [13]. The volume
contribution towards the overall anisotropy constant can be generally written as
fud

1
K, = —équf + K — constant\,o, (1.6)

where K represents the magneto-crystalline anisotropy.

If (\s0) is negative the easy axis lies in the plane perpendicular to the stress
axis [13]. For hexagonal close packed cobalt A; < 0 [14]. Therefore there will
be a contribution towards PMA if the stress is applied in the in-plane direction
and the Co layer is under tension (o > 0) which is the case of Co grown on Pt.
Zhang et al conclude that even though there are other contributions to anisotropy
such as the mixing at the interfaces mentioned above strain has to be taken into
account when studying the anisotropy of thin cobalt films [13].

It has been shown that the non-magnetic overlayer of the cobalt film has an
effect on the magnetic anisotropy of the nanostructure as well [15, [16]. This
behavior can be attributed to hybridization of the orbitals of atoms at the inter-
face [16]. The anisotropy depends both on the material of the overlayer and the
thickness of the overlayer [16].



1.3 Methods of modification of magnetic prop-
erties

As described above the surface magnetic anisotropy can significantly influence
the total anisotropy of nanostructures. The methods which are discussed in the
following text modify the interfaces in nanostructures which results in the change
of the magnetic anisotropy.

1.3.1 Irradiation by Ga™ ions

Irradiation by energetic ions can be used for patterning of magnetic proper-
ties ﬂﬂ . Collisional intermixing at the interfaces is induced by the bombarding
ions Nﬂ]

Maziewski et al ﬂﬂ] studied the effects the irradiation by different Ga™ ion
fluences has on Pt/Co/Pt structures depending on the ion fluence and the thick-
ness of the Co layer. A 20 nm Mo buffer layer, a 20 nm Pt layer, a wedge-like
Co layer (d¢, thickness between 0 and 5 nm) and a 5 nm Pt cover layer were de-
posited by molecular beam epitaxy (MBE) on an Al,O3 substrate in order to do
this. The spin-reorientation transition occurred at dgrr = 2.2 nm. This sample
was subsequently irradiated by 30 keV Ga™ ions with the ion fluence varying in
the direction perpendicular to the gradient of the Co layer thickness. The mean
in-depth implantation was 10 nm for this energy.

(a) deo = 0.9nm (b) dge = 3.3nm
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Figure 1.1: Polar magneto-optical Kerr rotation 6 hysteresis loops measured
by Maziewski et al for the Co film 0.9 nm and 3.3 nm thick after irradiation
with various ion fluences. H represents the magnetic field intensity, H,,; is the
saturation field, 6,,,, the maximum Kerr rotation and 6,.,, the remanent Kerr
rotation. The picture is taken from Ref. @]

Polar magneto-optical Kerr rotation (PMOKR) hysteresis loops were mea-



sured at different places of the sample (corresponding to a certain Co layer thick-
ness and irradiation with a specific ion fluence).

PMOKR loops for two different thicknesses of the Co layer, one below the
dsrr thickness and one above, after irradiation with various ion fluences are
shown in figure [LI The PMOKR is directly proportional to the out-of-plane
component of a material’s magnetization vector. The hysteresis loops in figure
[T therefore give an information about the magnetic anisotropy for a specific Co
layer thickness and ion fluence. For dg, = 0.9 nm the magnetic anisotropy is
originally out-of-plane because the out-of-plane component of magnetization is
non-zero for a zero outer magnetic field. With irradiation, the coercive field H.
reduces until the sample exhibits superparamagnetic behavior.

Superparamagnetism applies to ferromagnetic particles for which the product
of the anisotropy constant K, and their volume V' is less than or similar to the
thermal energy kpT. This results in the sum of the magnetic moments in the
particle fluctuating randomly ﬂa]

For the thickness d¢, = 3.3 nm the magnetic anisotropy is originally in-plane
(the out-of-plane axis of the film is a hard axis). Irradiation with certain ion
fluences changes the anisotropy to out-of-plane.
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Figure 1.2: A colour map showing the dependence of H,. or Hi.ss on the Co film
thickness d¢, and the ion fluence F for the Pt/Co/Pt multilayer. The picture is
taken from Ref. ﬂﬂ]

As illustrated in figure [L] the coercive field H,. for a PMA state and the
saturation field H,, for an in-plane anisotropy state can be determined from the
hysteresis loops. In case of a film for which the preferred magnetization direction
is in-plane, Hgq represents the effective anisotropy field Hi.rr. The parameters
H. (for a state with PMA) and H;.rs (for a state with in-plane anisotropy) are
plotted as a function of the Co film thickness and the ion fluence in the form of
a color map shown in figure Two ”branches” of induced PMA are visible on
this map.



Maziewski et al [19] explain the observed changes in magnetic anisotropy
upon irradiation by two mechanisms - the intermixing at the interfaces and the
formation of ordered CoPt alloys. As discussed in section [[L2] intermixing of Pt
and Co atoms reduces the PMA. On the other hand, some CoPt alloys exhibit
higher anisotropy than pure Co films [20]. Therefore these mechanisms compete
and the effect of ion irradiation depends on which mechanism is dominant.

The formation of the ordered L1y CoPt alloy is evidenced by a number of ex-
periments [19] performed by Maziewski et al. The lattice parameter deduced from
the high-resolution transmission electron microscopy (HRTEM) images taken on
a sample with d¢, = 3.3 nm irradiated by F' = 2.8 x 10 ions/cm? (from branch
1) matches the lattice parameter of the L1y alloy. The energy dispersive X-ray
analysis (EDXA) carried out on the same sample gives a similar chemical com-
position to the L1, alloy in the depth of the Co layer.

Furthermore, the Co K-edge X-ray magnetic circular dichroism (XMCD) was
measured on a non-irradiated sample with dg, = 3.3 nm, an irradiated sample
(same dg,, F = 2.8 x 10! ions/cm?) and a reference ordered L1, CoPt alloy.
The XMCD spectrum of the irradiated sample can be interpreted as a sum of
contributions from pure Co and L1, alloy.

Sakamaki et al performed Co K-edge extended X-ray absorption fine struc-
ture (EXAFS) measurements on Al,O3/Pt (4.5 nm)/Co (2.4 nm)/Pt (3.5 nm)
nanostructures prepared by sputter deposition [21]. These measurements reveal
that the in-plane lattice constant of Co is expanded by 4.8 % upon irradiation
with /' = 1.5 x 10 Ga™ ions/cm? while the out-of-plane one is only expanded
by 2.4 %. Such a difference in the lattice constant for different directions should
enhance PMA. For a higher ion fluence F' = 4 x 10 ions/cm?, both the in-plane
and the out-of-plane lattice constants expand by a similar percentage. The crys-
tal structure is isotropic in this case and the PMA should disappear. Therefore,
anisotropic strains caused by ion irradiation should also be considered when try-
ing to explain the observed effects. EXAFS measurements also confirm the Co-Pt
intermixing [21].

The work in Ref. [19] was extended by Mazalski et al [22]. In their work both
Ga' and He™ ions were used to irradiate samples with the same composition
as the ones in Ref. [19]. Different kinds of irradiating ions result in different
modifications of magnetic properties [23]. The energy of the ions was 30 keV
which meant that the penetration depth of the He™ ions was 400 nm.

When a map similar to the one shown in figure is plotted two branches
of enhanced magnetic anisotropy are visible for both of the irradiating ion types
(not shown). However, only Ga' ions induce PMA. This can be attributed to the
difference in the mass of the ions. Heavy ions cause ballistic mixing while light
ions create dilute vacancy-interstitial pairs which are highly mobile and hence a
return to the thermodynamically stable state often occurs [24].

Monte Carlo and classical molecular dynamics simulations of irradiating the
Pt/Co/Pt structures by 30 keV Ga™ ions confirm the creation of ordered CoPt
alloys |25]. However, the authors did not find a correlation between the ordered
alloy creation and the observed magnetic anisotropy. Also, the volume of the
ordered alloys created after ion irradiation is small according to the simulations.
The simulations predict an induction of strain. The authors suggest that the
induced strain is at the origin of the observed changes of magnetic properties.

10



Au/Co nanostructures exhibit PMA @] Au, unlike Pt, is immiscible with
Co [27]. Therefore, the ion induced intermixing at the Au/Co interface differs
from the intermixing at the Pt/Co interface. Mazalski et al grew a 20 nm Pt
underlayer, a Co wedge (d¢, = 0-5 nm) and a 5 nm Au overlayer by MBE on an
Al, O3 substrate ﬂﬂ] This sample was then irradiated by 30 keV Ga™ ions. The
fluence of the ions varied in the direction perpendicular to the gradient of the
thickness of the Co layer. Tridyn simulations of atomic collisions ﬂﬁ] show that
the ions penetrate both of the interfaces of the Co layer ﬂﬂ]
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Figure 1.3: A colour map showing the dependence of Hg,; on the Co film thickness
dc, and the ion fluence F' for the Pt/Co/Au multilayer. Areas represented by
red colour correspond to areas with PMA. The picture is taken from Ref. ﬂﬂ]

The same way as described above a color map was made based on the satu-
ration field Hy,; determined from PMOKR hysteresis loops measured at different
places of the sample. The colour map is shown in figure Areas represented by
red color correspond to areas with PMA. Compared to the map in figure the
first branch has an increased saturation field but does not exhibit PMA. PMA is
still present for the second branch. The top Co interface seems to contribute to
the changes of magnetic properties upon irradiation more than the lower interface.

The Co K-edge XMCD spectra measured on a sample with dc, = 3.3 nm and
Au capping layer after irradiation with fluences corresponding to branch 1 and 2
resemble the spectrum of the ordered L1y alloy. Mixing of Au and Co does not
modify the XMCD spectrum. Mazalski et al conclude that the observed changes
of magnetic properties appear due to intermixing and formation of ordered Co-Pt
alloys at the bottom Co interface.

The spectral dependence of polar magneto-optical Kerr effect (PMOKE) of
Co,Pt;_, alloys varies with x ﬂﬁ?] This can be used to determine the level of in-
termixing at the Co/Pt interfaces from measuring PMOKE spectra. Jakubisova-
Liskové et al measured PMOKE spectra of Pt/Co/Pt non-irradiated samples and
samples irradiated with a few fluences of 30 keV Ga™ ions [30, 131]. The mea-
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sured PMOKE spectra were compared with optical multilayer models and the
profile of the samples was determined from the best fit between the model and
the experiment. The same approach is used in this work.

1.3.2 Irradiation by intensive laser pulses

Thermal treatment of Pt/Co and Au/Co nanostructures affects their magnetic
properties. Due to the different miscibility of Pt and Au with Co mentioned in
section [L3.] the effect of annealing is opposite for Pt/Co and Au/Co bilayers.
Thermal treatment of Pt/Co nanostructures leads to intermixing at the interface
[32] which results in a decrease of magnetic anisotropy [9]. In the case of Au/Co
multilayers, the interfaces are sharpened by annealing which leads to the creation
of PMA (for thin enough layers) [33].

The temperature in metals can be locally increased by light absorption. There-
fore intensive laser pulses can locally anneal nanostructures and cause local irre-
versible changes of magnetic properties. This is a promising method of magnetic
patterning as interference lithography can be used [34]. An irreversible decrease
of magnetic anisotropy induced by light irradiation has been reported in Pt/Co
multilayers 35, 36]. For a thin Co film sandwiched with Au layers irradiation
with laser pulses leads to an irreversible increase of the magnetic anisotropy [37].

pulse energy [pJ]

normalized 2
1 3 remancnec ] F
Or/Os0 0

2.0 2.4 28 32 36
Co thickness [nm]

Figure 1.4: A PMOKE normalized remanence image of Pt/Co/Pt after irradiation
with single laser pulses of wavelength 800 nm. 6#gp is the maximum of Kerr
rotation in the region before irradiation. The picture is taken from Ref. [3§].

Kisielewski et al subjected Pt (5 nm)/Co wedge (dc, =1.5-5 nm)/Pt (5 nm)
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multilayers grown on Al,O3 substrate by MBE to single laser pulses of: wave-
length 800 nm, duration 60 fs and energy from 1.3 pJ to 4.6 pJ [38]. The energy
density distributions were in the range of 22-82 mJ/cm?.

A normalized PMOKE remanence image of the sample after irradiation mea-
sured by Kisielewski et al is shown in figure [L4l Zero remanence corresponds
to in-plane magnetic anisotropy. Non-zero remanence means that there is a re-
maining out-of-plane component of the vector of magnetization in zero outer field
which means that the sample has PMA in the area. Colored rings are visible in
the remanence picture where the sample was irradiated with a pulse. The ap-
pearance of the concentric rings is connected to the laser pulse carrying different
energy density for different distances from the center of the pulse.

Measuring the spatial distribution of the energy in the pulse allows putting
the energy density of the light at a specific place of the sample in connection with
the observed normalized remanence at the place. A map showing the dependence
of the normalized remanence on the Co layer thickness and the energy density of
the incident light is shown in figure [L3l As in the case of irradiation by Ga™ ions
two branches of induced out-of-plane magnetization are observed.

80 normalized
remancnce

Or/Os0

60

energy density [mJ/cm?]
.
=

(=]
=

1.5 2.0 2.5 3.0 3.5 4.0 4.5
:Co thickness [nm]

L = = = = = =

Figure 1.5: A map showing the normalized PMOKE remanence of laser irradiated
Pt/Co/Pt in dependence of the thickness of the Co layer and the energy density
of the incident light for the wavelength of 800 nm. The picture is taken from Ref.
[38].

Atomic force microscopy (AFM) measurements of the laser spots show no
change in the sample topography in the places with induced PMA [38]. The 3D
time of flight secondary ion mass spectroscopy (ToF-SIMS) indicated significant
diffusion of the Co atoms into both the top and the bottom Pt layers in the area
of the laser spot [38]. Kisielewski et al suggest that the observed changes of the
magnetic properties are due to the formation of ordered CoPt alloys induced by
laser irradiation but they conclude that more experiments are needed to prove
the hypothesis [38].
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Similar results should be achieved by irradiation with a pulse of extreme
ultraviolet radiation (EUV) because the changes of properties depend rather on
the cooling process than the fast process of heating up [39]. Shorter wavelengths
allow higher resolution optical lithography. Due to a difference in refraction
indices the required energy density to achieve similar modifications is different to
the case of infrared pulses.

Sveklo et al modified MBE grown Pt (5 nm)/Co (d¢,)/Pt (5 nm) samples on
Al,O3 substrates by 3 ns EUV pulses with energy densities up to 110 mJ/cm?

|. The Co layer was grown in steps. The lowest d¢, thickness was 0.5 nm and
the greatest 10 nm. All steps were 1 mm wide. The spectrum of the irradiating
pulse had a peak at the wavelength of 11 nm and a wide EUV tail.

A PMOKE remanence image of a sample modified by single pulses is shown
in figure Similarly, as in the case of irradiation by infrared pulses, concentric
rings can be seen in the image. For Co layer thicknesses below the SRT thickness
(dsgr = 2 nm for this sample) a suppression of PMA can be seen, whereas for
Co layer with thicknesses equal to or greater than the SRT thickness PMA state
is created for certain incident energy densities (white areas).

Figure 1.6: A PMOKE remanence image of Pt/Co/Pt after irradiation with
single laser pulses of EUV irradiation. Black color corresponds to zero and white
to non-zero remanence. The thickness of the cobalt layer varies in steps. Each
pulse irradiated partly an area of the sample with one thickness and partly an
area with a different one. The picture is taken from Ref. @]

AFM images do not show substantial damage to the surface of irradiated
samples for incident energy densities up to approximately 70 mJ/cm? @]

Transmission electron microscopy (TEM) measurements performed on the
Pt/Co/Pt trilayers repeatedly irradiated with EUV pulses with a maximal energy
density of 50 mJ/cm? reveal significant intermixing of the Pt and Co layers ﬂﬂ]
XRD measurements do not indicate a creation of ordered CoPt alloys ﬂﬁ]

Sveklo et al suggest that the changes in magnetic properties can be attributed
to residual strain after thermoplastic deformation caused by the absorption of
the EUV pulse @] This explanation is also supported by experiments on the
effects of repeated irradiation or irradiation with overlapping pulses @] The
CoPts disordered alloy with magnetic anisotropy [41] might also be present in
the samples.

1.3.3 Reversible modification of magnetic properties

Reversible modifications of magnetic properties can be used for controlling the
motion of domain walls in new spintronic devices as has been shown for example

in Refs. ﬂﬁ, ] A number of methods have been suggested.
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One way to go is to combine piezoelectric and magnetic materials. When the
materials are grown on top of each other magnetic properties can be controlled
through voltage application [44].

Also, application of a voltage across a ferromagnetic metal/oxide interface
results in charge accumulation at the interface which can affect the interface
magnetic anisotropy [45]. However, the observed influence on domain wall prop-
agation is not large [46].

Bauer et al demonstrated an approach to switching magnetic properties of
ferromagnetic nanostructures through ion migration in electric field [43]. Mag-
netic anisotropy of nanostructures with a Co/metal-oxide interface is influenced
by Co-O hybridization [47]. When a good ionic conductor such as amorphous
GdOx [48] is used migration of O~ ions can be controlled by an electric field
which affects the magnetic anisotropy.

Virgin -4V,1s -4V,150's -4V,230s +4V,270s
~ 2x% T— 16x
3
N
g — — — —
‘@
3
> y
-600 o] 600 -600 0 600 -600 0 600 -600 0 600 -600 0 600
Magnetic field (Oe) Magnetic field (Oe) Magnetic field (Oe) Magnetic field (Oe) Magnetic field (Oe)

Figure 1.7: PMOKE hysteresis loops of Si/SiOy/Ta (4 nm)/Pt (3 nm)/Co (0.9
nm)/GdOx (3 nm)/GdOx (30 nm)/Ta (2 nm)/Au (12 nm) nanostructures before
and after application of negative and then positive voltage for a certain amount
of time. The picture is taken from Ref. [49)].

Bauer et al sputter deposited Ta (4 nm)/Pt (3 nm)/Co (0.9 nm)/GdOx (3
nm) on oxidized Si substrate. GdOx (30 nm)/Ta (2 nm)/Au (12 nm) electrodes
were then deposited on this structure. Figure[l.7shows PMOKE hysteresis loops
measured on the electrodes of these samples after application of specific voltage
for a certain amount of time. The as-deposited sample has out-of-plane anisotropy
as can be seen from the hysteresis loop. When a negative voltage is applied (while
the sample is heated to 100 °C) the coercive field increases at first but with longer
modification times it reduces to zero. Zero coercive field in PMOKE corresponds
to in-plane anisotropy. Upon application of +4 V for 270 s on the sample heated
to 100 °C the original state is restored which shows that the induced changes are
reversible.

In situ spatially resolved electron energy-loss measurements performed in
TEM on samples with the same composition as above confirmed the migration
of O?~ ions [49]. Application of negative bias for long enough time leads to the
O getting as far as the bottom Pt/Co interface.

A reduction of the GdOx, Ta and Au layer thicknesses results in lower modi-
fication times at room temperature [49)].

The effects of ion migration in electric field were also studied by magneto-
optical spectroscopy which confirmed that the Co layer became partly oxidized
after application of voltage [50).
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2. Polarized light and
magneto-optical observables

Magneto-optical Kerr effect is the change of polarization or intensity of reflected
light when polarized light reflects from a magnetized surface. Therefore, when
discussing magneto-optics it is necessary to first say something about the de-
scription of polarized light and only then define the magneto-optical Kerr effect
itself.

2.1 Ellipse of polarization

Polarization is a degree of freedom of electromagnetic waves. It is determined
from the vector of the intensity of electric field of the wave because electric field
results in higher Lorentz force than the magnetic field of the wave.

Light is generally elliptically polarized. Special cases of polarization are linear
and circular polarization.

Four parameters are needed to describe a polarization state. For a plane wave
propagating in the z direction of a Cartesian coordinate system these parameters
may be: the amplitude a, and phase ¢, of the x-component of the wave and the
amplitude a, and the phase ¢, of the y-component of the wave.

When it is not important to know the exact phase of the wave at the time
t = 0 only three parameters are enough to describe the polarization state. For the
example mentioned above it can be a,, a, and the phase difference ¢ = ¢, — @,.

Alternatively, the parameters of the ellipse of polarization shown in figure
2.1 also give the full information about the polarization state of a plane wave
propagating in the z direction.

EOO

Figure 2.1: The ellipse of polarization with its parameters.

The tilt of the ellipse 1 is called the azimuth and it is an oriented angle in
the interval —5 < ¢ < 7.

The ellipticity angle x is defined by the equation tan y = ig where a is the
length of the major axis and b the length of the minor axis of the ellipse. The
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ellipticity angle satisfies the condition —% < x < 7. e = tany is called the

ellipticity. Positive sign of e is used for right—_handed polarization in this work.
Finally, Fog = va? + b? is the amplitude.

2.2 Jones formalism

In order to easily and effectively describe the polarization of light and its changes
when light passes through polarizing optical elements, the formalism of Jones
vectors and matrices has been created. Only fully polarized light can be described
within this formalism.

Let us have a plane wave propagating along the z axis of a Cartesian coordinate

system:
ay ei(wt—kz-l—gox)

E = [ a eivt-keten) || (2.1)
0

where w is the angular frequency of the wave and k= (0,0, k) is the wavevector.
Jones vector is constructed by taking only the parameters which affect polar-
ization from the first two elements of the vector in equation (2.1))

= (AL [ager
= <Ay) B (ayewy) . (22)
The scalar product of Jones vectors is defined as follows
(fl, J}) = Ay Al + Ay Al (2.3)

When the absolute phase is not important €= can be factored out from the
Jones vector and omitted, leaving the following vector

J = (a:‘efw) . (2.4)

With the definition (2.3]) the scalar product of a Jones vector J with itself is
proportional to the intensity of light. Often the absolute intensity is not needed
so the Jones vectors are normalized to 1.

A Jones vector of light linearly polarized in a plane at an angle o with the x

axis is the following
Jo = (Cf)s O‘) . (2.5)
sin a

For right hand circular polarized (R) and left hand circular polarized(L) light

we get
= . 2.
L~ V2 (ﬂ) 20

In Jones formalism, every optical element which modifies the polarization
state of the light passing through it is assigned a matrix 7. To get the Jones
vector J, of the light at the output of the element the vector J; at the input is
multiplied by the matrix of the optical element

— —

J,=TJ. (2.7)

=
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The Jones matrix of a polarizer with an easy axis at an angle § with the x
axis of the coordinate system is

p_ < cos® 3 sinﬁcosﬁ) . (2.8)

sin (3 cos 3 sin? 3

A waveplate characterized by retardation I' has the following Jones matrix

R= (e .F> . (2.9)
0 e*2

Materials exhibiting magneto-optical effects modify the polarization of the
light too. This can be expressed by a Jones matrix. In the case of light incident
on a material it is best to work in the basis of s- (perpendicular to the plane
of incidence) and p- (parallel to the plane of incidence) polarizations. A general
matrix of a sample in reflection geometry is

S = <TSS “p) . (2.10)

Tps Tpp

rss and rp, are the reflection coefficients for s- and p-polarized light, respec-
tively. The off-diagonal elements cause mixing of s- and p-polarized components
of the incident wave and materials for which they are non-zero exhibit magneto-
optical effects.

Figure 2.2: The coordination system for the incident (i) and the reflected wave

(0).

When light reflects from a sample the z axis of the coordinate system of the
Jones vector still has to correspond to the direction of propagation. Therefore
there is a coordinate system for the incident light and another one for the reflected
light as shown in figure 2.2l With this coordinate system the x axis corresponds
to s-polarization and the y axis to p-polarization.
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2.3 Magneto-optical observables

There are three geometries of magneto-optical experiments based on the direction
of magnetization in the sample with respect to the plane of incidence of light.
They are sketched in figure 23]

AV AV AV

M

M — >

| | |

Polar Longitudinal Transversal

Figure 2.3: Geometries of magneto-optical experiments. M is the magnetization
vector.

In polar geometry, the sample is magnetized in the direction perpendicu-
lar to its surface whereas for longitudinal and transversal geometry the vector
of magnetization lies parallel to the surface. Polar magneto-optical Kerr effect
(PMOKE), longitudinal magneto-optical Kerr effect (LMOKE) and transversal
magneto-optical Kerr effect (TMOKE) are caused by the respective component
of the magnetization vector. PMOKE and LMOKE modify the polarization of
light, TMOKE changes the intensity of reflected p-polarized light as a function
of the magnitude of the transversal element of magnetization.

The elements of the matrix (2I0) are not independent in the case of po-
lar, longitudinal or transversal geometry. Taking symmetry of the problem into
account the Jones matrix of the sample in polar geometry can be rewritten as

[51]
S = (T“ Tsp) . (2.11)

Tsp Tpp
The general definitions of magneto-optical Kerr effect for s- and p-polarized
light are [51]

r

bp = -2 2.12

Ks TSS? ( )

B = 2. (2.13)
Tpp

For small magneto-optical angles the following approximation can be made
[51]

(I)Ks ~ HKS — iEKS, (214)

(I)Kp %9[(}7 —’iEKp, (215)

where 0 is the Kerr rotation and e the Kerr ellipticity.
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3. Calculations of
magneto-optical effects

This work uses a comparison between a theoretical calculation of the spectral de-
pendence of magneto-optical Kerr effect and experimental spectra to determine
the profile of studied nanostructures. In order to calculate the magneto-optical
spectra, we need to discuss the equations governing the propagation of light in
such structures. Wave equation for propagation in an anisotropic material is
written and solved and then a matrix formalism for layered anisotropic media is
presented in this chapter. This formalism allows calculations of reflection coeffi-
cients which can then be used to calculate the Kerr effect.

3.1 Wave equation in anisotropic media

Electromagnetism is governed by four Maxwell’s equations

. 9B
‘7 x B —+ 75;‘ 0, (3 1)
vxi-2 3 (3.2)
at _.]7
V-D=p, )
V-B=0. 3.4)

Let us consider a case with no sources, i.e. j: 0 and p = 0. Furthermore, let
us assume the validity of the following material relations

D = €eyE, (3.5)
B = pi,poH, (3.6)

where £ is the tensor of relative permittivity, g the vacuum permittivity, p, the
relative permeability and py the vacuum permeability.

The relative permeability p, can be set to 1 at optical frequences [52]. Then
the interaction between light and a material is given just by the permittivity
tensor of the material

Exx Exy Euxz
= ey €y Ey: |- (3.7)

e Ezy Ezz

—
9

The wave equation can be derived from equations (3.1) and (8.2]). For a plane

wave with electric intensity £ = E_’Oei(“’tfg"?) it takes the form [51]

2

Ex(ExE)JrC?E:o, (3.8)

where ¢ is the speed of light in vacuum.
By the use of the identity for the triple vector product

ax(bxad) =ba & —aa-b). (3.9)
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we get
2

E(E-E)—E(E~l§)+w—2?ﬁ:0. (3.10)
c
It is useful to introduce the reduced wave vector
N =Fk<.
w
The vector equation ([B.I0) with the use of the definition (B.I1]) expressed in
components takes the form

(3.11)

NZ‘NjEj — N]N]EZ + EijEj = O, (312)

where Einstein’s summation convention is used.
The relationship ([B.12) is a system of equations which can be rewritten in a
matrix form while the coordinate system can be chosen in such a way that N, = 0

€20 — N2 — N2 €ay €2z E,
Eya ey — N2 e +NN. | [ E, | =0 (3.13)
Era €y + NyN. .. — N E,

If the system of equations has a nontrivial solution the determinant of the
matrix is zero. Upon expressing the determinant we get a polynomial of the fourth
degree. If N, is a fixed value four solutions N,; are given by the characteristic
equation.

For every N,; there is a corresponding solution of the wave equation (B.13)
[53]

—Eay (5_32 - N;) + Eaz (5531 + Nysz)
e; = (€22 — N? (e_m - N2 - ]ijz — Ey2Erm . (3.14)
- (gm - Ny2 - szj) (Ezy + Nysz) + €aaay

The solutions €; are the proper modes in the anisotropic medium which means
that their polarization state does not change when propagating in the medium.

A general electric field intensity E can be expressed as a linear combination
of the proper modes as

4 N
E=Y)" one*jei@’t*%]vf’”). (3.15)

j=1

3.2 Propagation along the magnetization vector

Let us apply the theory to a special case of light propagating in the direction of
the vector of magnetization of the material now. Let the magnetization vector be
oriented along the z axis of the coordinate system. In such case the permittivity
tensor has the form [51]

IS5 —’i€2 0

E= i, = 0]. (3.16)
0 0 €3
This leads to the wave equation
€1 — N; — N? —igy 0 ey
i€2 51_— :7\]3 ]\/vy]\/vE €y =0. (317)
0 NyN, e3— Ny2 e,
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We are investigating the special case of light propagating along the magneti-
zation vector, i.e. the z axis. That means that Ny = 0.

The determinant of the system of equations has to be zero to obtain a non-
trivial solution.

g1 — NZQ —’l&"% 0 B
iea  e1—NZ 0|=(s1— Nf)2 €3 — e2e3 = 0. (3.18)
0 0 €3
That gives the following relationship for the square of N,
N? =¢; % e (3.19)

That corresponds to squares of the complex indices of refraction for proper
modes in anisotropic medium [51/

N+ = \VE1 + &2 and N_ = VEL — €2. (320)

When the reduced wave vector N is known it is possible to calculate the
proper modes by putting it into equation (3.I4]). The results are summed up in
table 3.1

Table 3.1: The values of N, and the corresponding proper modes when light
propagates along the magnetization vector.

NZIZNJr Nz2:_N+ Nz3:Nf 4= —N_
1 1 1 1

a=il|a={i] |a=-i]|a=]|-
0 0 0 0

From the comparison of the modes in table B. Il with the Jones vectors in equa-
tion (2.6)) it is evident that the proper modes are right hand circular polarization
(1 and €7) and left hand circular polarization (€5 and €3). The solutions with
the same proper modes differ by the sign of the z-component of the reduced wave
vector. That corresponds to opposite direction of propagation as can be easily
seen from the definition of the reduced wave vector (B.IT]).

To sum the results up, when anisotropy is caused by magnetization in an
originally isotropic medium and light propagates along the vector of magnetiza-
tion circular polarizations become the proper modes in the medium. The com-
plex refractive index varies between the right-hand circular polarization and the
left-hand circular polarization which means that the propagation speed and the
absorption also differ between these polarization states.

The special case discussed above applies to the Faraday effect and the polar
Kerr effect at normal light incidence.

3.3 4x4 transfer matrix formalism for anisotro-
pic media

Yeh developed a matrix formalism to describe the interaction of a plane wave
with a layered non-absorbing medium [54]. This formalism can also be extended
to absorbing media [53]. The formalism is laid out briefly in this section.
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Let us consider the following situation: we have a structure with m layers.
The interfaces between the layers are flat and parallel. The Cartesian coordinate
system is chosen in such a way that the z axis is perpendicular to the interfaces
of the layers and y-z is the plane of incidence of light. The angle of incidence

is ¢. The optical properties of each layer are given by AR z, denotes the z
coordinate of the interface between the nth and the the (n+ 1)th layer. The
isotropic half-spaces before and after the multilayer are numbered 0 and m + 1.

First of all, the solution of the wave equation has to be found for each layer.
Thanks to the choice of the coordinate system the assumption N, = 0 used during
the solving of the wave equation in section B.1] is fulfilled. Snell’s law implies
that the tangential component of the wave vector is conserved at an interface.
This means that N, for all layers is equal to N, of the incident wave which is
N, = |ﬁ(0)| sing = £kOsing = N©sing where £ is the magnitude of the
wave vector of the incident wave and N© is the complex index of refraction in
the half-space 0.

In the layer n there are four NZ(;-L) as shown in section B.Il One proper mode
=(n)

e; corresponds to each NZ(;L). The electric field of a plane wave in the layer n

can be expressed as a superposition of these modes

B _ Z Eé’;) (2) é(jn)ei[wt—%(Nyy+N§;?>(z—zn))]_ (3.21)

j=1

The magnetic field B can be expressed using the equation derived for a plane
wave from Maxwell’s equations

. 1= N
B=-NxE. (3.22)
c
Using the equations (3:22]) and (B21]) we get

L " i[wt—2 (Nyy+N
B = 3 ED () Bl (Tt 0 w))] (3.23)

J=1

gg") is the proper mode of B multiplied by the speed of light. As follows from
the equation (3:22]) it is equal to

0
0= N, | xén. (3.24)

N

Boundary conditions for electric and magnetic field allow to link the electric
and magnetic fields at different layers. The tangential component of electric
field is continuous at an interface. The same is true for B when there are no
free surface currents at the interface. Let us assume the condition is fulfilled.
The following system of equations describes the requirement of the continuity of
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tangential components of E and B at the interface between layers n — 1 and n

n An) =7 jun™
ZEO (Zn-1) ZESJ (zn) e e N, tn. (3.25)
n— n— _f n n 7 g (”)
S G = S
j=1
! (n)
5B (e T, = 3B () T (3.27)
o j—l
n— n— T’ n n - Gen®
ZEé] 2 (Zn-1) ﬁ( Y ZESJ (zn) iyt N tn. (3.28)
j=1

where i, and fy are the unity vectors in the direction of the respective axes of the
coordinate system.
The set of equations can be rewritten in a matrix form

D™ is called the dynamical matrix and has the form

A OOV A OB A O

61) - - - 64) -
DM — bgn)'iy g(n iy b:(%n)'iy ggtn)'iy (3.30)
ol SR SO A I A CIrA B |
1y by Gty Gy
AR 5(" i 0 i BV,
The matrix .
P = b6l SN (3.31)

is the propagation matrix and ¢, = z, — z,_1.
Finally, Eé") (zn) is a column vector with Eé?) (zn) as the elements.

The equation (3:29) can be multiplied by the inverse matrix of D™ from
the left and a transfer matrix 7),_; , can be defined.

n— n— -1 n n n n
ES ™Y (z1) = (D) DO PO ED (2,) =T, 1 B (2) (3.32)
We have achieved to link the coefficients F, at two interfaces by a matrix.

If the process is repeated for all the layers it is possible to write a relationship
between the coefficients at the top and bottom surface of the multilayer

m+1
EY (2) = (H Tn_l,n> ES™ (2) = MES™™ () (3.33)

n=1

where a matrix M was defined.
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3.4 Isotropic layers

Multilayers often contain some isotropic layers. Even when they do not the matrix
formalism in section [3.3] supposes two isotropic half-spaces so it is important to
solve the wave equation for an isotropic case too. The tensor of permittivity of
an isotropic layer is diagonal and the elements are equal to 852" ) = 55") — N®?
where N is the complex refractive index of the layer.

The solution (BI4) of the wave equation is only valid for anisotropic media
as for an isotropic material it gives a zero vector. A different solution has to be
found for isotropic layers. We will make the same assumptions as we did in the
case of solving the wave equation for the anisotropic layers, i.e. N, =0 and N,
is fixed. In such a case the wave vector can be written as

0

=(n w _

kg:z N, |, (3.34)
+Q™

where Q™ is a parameter.
The magnitude of the wave vector can be expressed as

K =l KT = ,/N2+Q<n (3.35)

Modifying the equation gives the following relationship for the parameter Q™

n 2 \/
VN® - N2, (3.36)

We have found the values of the z-component of the reduced wave vector,
N 7(?) = +Q™. The proper modes can be chosen in a way to suit the problem
[53]. One possible choice is for example s- and p-polarizations. When the proper
modes are chosen the dynamical matrix of the isotropic layer can be constructed.

3.5 Reflection coefficients

Let us assume the following situation to calculate the reflection coefficients. The
wave incident on the multilayer from the half-space 0 is a superposition of two
ortogonal polarizations é(lo) and 6(30) with amplitudes E((n) (z0) and E03) (20). The
polarizations 5(20) and 64 propagate in the opposite direction than é(l and 6(30).
No light shines on the multilayer from the half-space (m + 1). Therefore we have

the following condition
ESY (2,) = ES™ (2,) = 0. (3.37)

The relation (3:33) then takes the form

Ey) (z0) My My My My\ [ES (z)

E((Jg) (20) | Moy My Moz Moy 0 (3.39)
Eég) (20) Mz, Msy Msz My EégmH) (Zm) '
E((]Z) (2’0) My My Mg My 0
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From this equation the coefficients of reflection can be expressed

19 = Eég) (20) _ Moy M3z — Moz My, (3.39)
Egy (20) 5O (20)=0 My Msg — M3 M3,

g — E (2) _ My Mgz — Myz Mz (3.40)
Ef (%) O (20)=0 My Mss — M3 Mz

I E((]zol) (ZO) _ M11M43 — M41M13 (341>
Eg (20) B9 (20)=0 My Mz — MyzMs,

T3y = By () _ My Myy = Moy Mo (3.42)
Egy (20) 5O (20)=0 My Mss — MyzMs,

3.6 Polar Kerr effect at normal light incidence

When we investigate polar Kerr effect at normal light incidence the electromag-
netic wave travels along the magnetization vector. The wave equation was solved
for this case in section and it was shown that the circular polarizations are
the proper modes.

1
&) =&l = | (3.43)

With the knowledge of N Z(;) and the proper modes é(j") the dynamical matrix
D™ for the nth layer, the inverse dynamical matrix D™Y for the (n — 1)st
layer and the propagation matrix can be constructed. When the matrices are
multiplied in the same order as in (3.32) the transfer matrix 7;,_; ,, is found. As
derived in Ref. [51] the transfer matrix is block diagonal with 2 x 2 blocks. The

M matrix is a product of transfer matrices therefore it is block diagonal too:

My, M, O 0

My My 0O 0
0 0 Mss Msy
0 0 Mys My

M = (3.44)

The equation (3.39) then gives the following reflection coefficient of the right

hand circularly polarized light
My

ry = :
T My
Similarly, we get for the left hand circularly polarized light from equation

(3.41)

(3.45)

My

— 3.46
Vo (3.46)
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Polar Kerr rotation and ellipticity can be calculated from [51]

1 r_

O = = — 3.47

K 9 arg T+7 ( )
| = Il

ex = 1t (3.48)
FAESTN

The derivation here was done for the special case of normal incidence of light

but the same formalism can be used to calculate the Kerr effect at a general angle
of incidence.
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4. Experimental methods

Magneto-optical and optical methods are used in this work. These methods
are nondestructive and have in-depth sensitivity hence they are also sensitive to
interfaces in nanostructures.

Magneto-optical spectroscopy is a powerful tool for studying nanostructures
with magnetic layers. Some materials are studied because of the magneto-optical
properties themselves. This is the case of materials with possible applications in
new 3D screens or for use in integrated photonic non-reciprocal devices where the
amplitude of Kerr or Faraday rotation is important.

Also, off-diagonal components of the permittivity tensor can be calculated
from measured magneto-optical spectra when the diagonal components are known.|
Upon doing that the whole information to describe the material’s optical response
is known (assuming that p = pyp).

Last but not least, magneto-optical spectroscopy provides a way to study
changes in magnetic materials which is the way it is employed in this work.

Magneto-optical methods can be divided into two groups: methods measuring
intensity and modulation techniques [51].

One of the intensity methods is the differential intensity detection method
where a polarization bridge is used to decompose the light reflected from the
sample into two spatially separated beams with orthogonal polarizations. The
intensity of each of the beams is measured. This technique is often used for
measurements of hysteresis loops.

Another method based on measuring the intensity of light is the rotating
analyzer method which was used for measurements of Kerr spectra in this work.
It is explained in greater detail further in this chapter.

The modulation techniques either modulate the azimuth or the ellipticity of
the polarized light beam used for measurement. They are discussed for example
in Ref. [51].

From the optical methods, spectroscopic ellipsometry which allows the deter-
mination the diagonal elements of the permittivity tensor from measuring the
change of polarization upon reflection from a sample is laid out here.

4.1 Magneto-optical spectroscopy: rotating ana-|
lyzer method

A diagram of the rotating analyzer apparatus is shown in figure .1l Light is
collimated by a lens, passes through a polarizer, is focused on the sample mag-
netized in the out-of-plane direction, reflects from it, gets collimated again, goes
through waveplates and an analyzer which can rotate and finally is focused to a
detector.

The intensity measured by the detector can be calculated using the Jones
matrix formalism. Let us assume that the polarizer is oriented in such a way that
the passing light is p-polarized. In that case the Jones vector at the output of
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Figure 4.1: A diagram of the setup for measuring PMOKE spectra by the rotating
analyser method. P stands for a polarizer, R for a retarder, A for an analyser and
DET for a detector. M denotes the direction of the magnetization of a sample.

the apparatus is equal to

J cos® a sin a cos « e’ 0 Tss Tsp 0
- . . .T
© sin o cos a sin? a 0 e '2 Tps Tpp 1

;T ;T .

Tspe'? cos® o + Tpp€ "2 SIN (v COS (v (4.1)

= T . ;L . 3 .
Tsp€'2 SIN (v COS ¢ + Tppe "2 sin? a

Nl

where « is the angle of the turning of the analyser and I' is the relative phase
difference between the ordinary and extraordinary beam gained in the waveplate.
The angle o = 0 corresponds to the closed position of the analyser, i.e. if the
polarizer and the analyser were directly after each other no light would be trans-
mitted for a = 0.

The intensity of the light can be calculated as

I * —iD .
Sin & cos & + rsprppe S11 ¢ COS (v.

(4.2)
This relation can be further rewritten with the definition of Kerr effect for
p-polarized light (2.13))

I o |1l [|®s, |* cos® a + sin® o + sin 2aR (P, e )] . (4.3)

I x |j;|2 = |Tsp|2 cos® a+ |7°pp|2 sin” a+TSPT;p6i

Because the Kerr effect is usually small the first term can be omitted. The
use of the definition (Z.153]) then leads to the final relation

I o< |7yl [sin® @ + sin 2 (0, cosT + €k, sinT)] . (4.4)
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When the intensity I at the output of the apparatus is measured as a function
of the angle o without waveplates Kerr rotation fk, can be determined by fitting
the measured dependence with the relation (#4)). Kerr ellipticity ek, can then be
extracted from the measurement with waveplates with a specific I' for each weve-
length. I' = 7 would be ideal because that way the ellipticity e, could be fitted
directly from the measurement. However, it is not possible to make waveplates
with ' = 7 for a wide spectral range. Therefore the term (QKP cosI' + €g, sin F)
is fitted and the ellipticity €g, is calculated using the rotation 0k, determined
from the measurement without the retarder.

A rotating analyzer apparatus built for measurements with high spatial reso-
lution is shown in figure

Figure 4.2: Apparatus built for measurements with high spatial resolution.

Light from a 150 W Xe lamp is brought to the apparatus by a fiber. In
addition to figure 1] there are spectral filters between the waveguide and the
collimating lens. The whole spectral region from 1.2 €V to 5 eV covered by this
apparatus is measured in four parts. The spectral filters are there to prevent
higher diffraction orders of the grating in the spectrometer from influencing the
measurements.

Both the polarizer and the analyzer were Rochon type polarizers made of
a-BBO.

All of the PMOKE spectra presented in this work were measured for p-
polarized light. P-polarization was set by turning the polarizer in such a way
that the reflection of light incident on a piece of glass under Brewster angle dis-
appeared.

A focusing probe from the J. A. Woollam RC2 spectroscopic ellipsometer was
used for focusing the light beam on the sample. Figure shows the size of the
spot in comparison to the size of the sample which was 1cm x 1cm.

The sample was mounted on an x-y translation stage with micrometric screws
to allow precise manipulation with the position of the sample. The sample was
placed in a gap of an electromagnet’s magnetic circuit. The electromagnet was
able to produce a maximal magnetic field of 682 mT in the gap.
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Figure 4.3: The 1c¢m x 1 cm sample and the spot in its bottom left corner.

The analyzer was mounted in a motor allowing to turn it by a motor controller
connected to the computer. The smallest step of the motor was 1 mdeg.

After passing through the analyzer the light was focused by a lens to an
optical fiber leading to a Shamrock SR-303i-B spectrometer. This spectrometer
was equipped with three diffraction gratings and its chip could be cooled down
to -90 °C which lowered the dark current.

PMOKE is usually measured at normal incidence or a very small angle of
incidence. The rather unusual angle of incidence (64.5 deg) which was used for
the apparatus in figure was used because a high spatial resolution was needed
but, at the same time, the samples had a rather high saturation field. Other
strong electromagnets in our laboratory did not allow the focusing lens to be
close enough to the sample to achieve the desired spatial resolution.

Samples which were not patterned and hence did not need focusing were
measured by the same setup with the focusing lens removed. Also, a different
electromagnet with field up to 1.2 T was used and the angle of incidence was
nearly normal.

4.2 Spectroscopic ellipsometry

The Fresnel coefficients generally vary for an s- and a p-polarized wave. There-
fore, when light with both s- and p-components of polarization reflects from (or
transmits through) a sample its polarization generally changes. Measurement of
these changes can then give information about the optical constants of the sample
and the thicknesses of the layers @]

All spectroscopic ellipsometers need a polarization generator and a polariza-
tion analyzer. These are, based on the configuration, constructed of polarizers,
compensators and phase modulators @]

A demonstration of the principle of ellipsometric measurements is done for the
rotating analyzer configuration in the following text. A diagram of an ellipsometer
with such configuration is in figure [£.41

The polarization of light after passing through a polarizer oriented at an angle
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X0

Figure 4.4: A diagram of a spectroscopic ellipsometer with a rotating analyser.
P stands for the polariser, A for the analyser, DET for the detector.

«, reflecting from a sample and going through an analyser oriented at an angle
can be calculated by multiplying the Jones vector of light polarized in the same
direction as the orientation of the first polarizer by Jones matrices of a sample
(with zero off-diagonal elements because the sample is not magnetized) and a
polarizer.

J_ cos?f  sinfcosO\ (r, 0O Cos o
7 \sinfcosf  sin?6 0 7,) \sinw
- rscosozcos20+Tpsinasin0(:os€ (4.5)
~ \rscosasinf cosf + r,sin o sin’ 6 ’

The intensity I measured by the detector can be derived from J, as

> 1
I o< |Jo|? = |rs|” cos? a cos® O + |rp|* sin® asin® 6 + 1 (rery +riry) sin 20 sin 26.
(4.6)
In ellipsometry it is usually the parameters ¥ and A which are used to describe

the change in polarization. These parameters are defined by the following relation
[55]

p= % = tan Ue'®. (4.7)

The relation (0] can be rewritten with the definition (£71) into the form [55]
I o<1+ nsin26 + £ cos 26. (4.8)

The parameters 7 and & are defined as follows [55]

B 1 —tan® atan® ¥

B tan atan ¥ cos A
a 14+ tan?atan? ¥’

4.9
1+ tan? o tan? ¥ ( )

§

From the measurement with a rotating analyser the intensity [ is known as
a function of the angle . The parameters 1 and £ from the equation (4.8) can
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be fitted from the measured dependence. ¥ and A can be calculated from the
equations (L9) because the angle « is known.

When only a single reflection can be taken into account the relation (Z7))
can be inverted so that it gives the optical constants . However, even for bulk
materials often a thin surface layer of oxide or roughness is present. In such a case
the inversion of an equation for single reflection gives pseudo optical constants

561
1 + tan®; (%)1 , (4.10)

(8) = sin® ¥,

where 1J; is the angle of incidence.

To determine the optical constants of a layered structure (or the bulk material
with a surface layer) the exact equations for reflection at a multilayer structure
have to be used. Such an equation is difficult to invert so the optical constants
and thicknesses of the individual layers are determined by regression.

Instead of fitting the measured ¥ and A with the complex permittivity (or the
complex index of refraction) for each wavelength various relations for describing
the spectral dependence of these properties can be used.

@ The Cauchy relationship can be used to describe materials which do not absorb
|:
n(A):A+%+%, (4.11)
where A, B and C are parameters. The relationship does not force Kramers-
Kronig consistency @]

Absorbing regions are often modeled by oscillators @] Absorption is parame-

trized by amplitude, broadening and central energy.

Figure 4.5: Spectroscopic ellipsometer J. A. Woollam RC2 modified for in situ
measurements of voltage induced changes of optical properties with high spatial
resolution.

33



Spectroscopic ellipsometer J. A. Woollam RC2 was used for measurements.
Focusing probes and translation stage were used to measure with high spatial
resolution. The studied sample had one bottom and a number of top electrodes.
A silver wire was attached to the bottom electrode by silver paste. An add-on
with a Signatone micropositioner was designed and mounted on the ellipsometer
to allow application of voltage to the small top electrodes. A camera was used
during contacting the top electrodes and to check where the light beam spot was
on the sample. The photo of the apparatus is in figure [4.5]
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5. Studied samples

The compositions and the methods of preparation of the samples studied in this
work are described in this chapter.

5.1 Pt/Co/Pt trilayers irradiated with soft X-
rays

Two sets of samples were grown by molecular beam epitaxy (MBE) on annealed
Al,03(0001) substrates at the Institute of Physics of Polish Academy of Sciences.
The sets only differed by the temperature of the substrate during the deposition
of the bottom Pt layer. The substrate was not heated for set A and was heated
to 750 °C for set B. For set B, the substrate with the bottom Pt layer was cooled
down before the deposition process continued.

The structure of the samples and the thicknesses of the layers are shown in
figure .11

Pt 5 nm

Pt 5 nm
Al,O5

Figure 5.1: The structure of the samples on which the studies of the effects of
irradiation by soft X-rays were performed.

Prague Asterix Laser System [57] was used to pump a Xe puff target [58] taken
from the Military University of Technology in Warsaw, Poland. The spectrum of
the emitted radiation had a peak at the wavelength of 10-11 nm and an extreme
ultraviolet tail up to 70 nm. The radiation was focused by an ellipsoidal mirror.
Samples were irradiated by a single pulse of approximate duration 400 ps. Each
sample was irradiated homogeneously by a single energy density. The energy
densities varied between 15 and 54 mJ/cm?.

Magneto-optical remanence images show high homogeneity of modification of
all of the studied samples (not shown).

5.2 Samples irradiated with Ga™ ions

Samples of two different compositions were prepared by MBE at the Institute of
Physics of Polish Academy of Sciences:

e Al,O3(0001)/Pt (20 nm)/Co (3 nm)/Pt (5 nm),
e Al,O3(0001)/Pt (20 nm)/Au (20 nm)/Co (3 nm)/Au (5 nm).

These samples were irradiated by 30 keV Ga™ ions in 0.9 mm wide stripes at
Helmholtz-Zentrum Dresden-Rossendorf in Germany. Each stripe was irradiated
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by different ion fluence. The fluences varied between 5x10'? ions/cm? and 1x 10
ions/cm?. One stripe for each composition was left non-irradiated and was used
as a reference.

5.3 Samples for studying the effects of ion mi-
gration in electric field on optical properties

The structure of the samples for measuring the changes of optical properties in-
duced by ion migration in an electric field is shown in figure[5.21 The samples were
prepared at the Department of Materials Science and Engineering, Massachusetts
Institute of Technology, USA. D. c. magnetron sputtering at room temperature
was used to prepare the Ta, Pt and Au layers. The deposition was done under
3 mtorr Ar pressure with a background pressure of 1x10~7 torr. Reactive sput-
tering at an oxygen partial pressure 5x107° torr was used to deposit the GdOx
layer. The top Au electrodes with a diameter of 200 um were sputtered through
a shadow mask.

SAU 3nm

GdOx ~20 nm |
Pt 10 nm

Ta 4 nm
SiO, 50 nm

Si

Figure 5.2: The structure of the sample for the measurements of the induced
changes of optical properties. The Au layer is used as the top and the Pt layer
as the bottom electrode.
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6. Results

The results of optical and magneto-optical measurements of the samples described
in chapter [ are presented in this chapter. It is divided into 4 sections. The first
one presents measurements of optical constants of Al,O3 which was used as a
substrate for the majority of the sample sets. The division into the other sections
is based on the studied method of modification.

6.1 Permittivity of Al,O;

Spectroscopic ellipsometry was used to measure the permittivity of non-annealed
and annealed Al;O3(0001) monocrystals. The knowledge of the optical constants
is important because Aly,O3(0001) was used as the substrate for the majority of
the studied samples. Because of the low thickness of the layers grown on the
substrates (especially in the case of the samples modified by soft X-rays) the
light gets all the way to the substrate and hence its permittivity can significantly
influence the calculated magneto-optical response of the samples.

The spectral dependence of ellipsometric angles ¥ and A was measured for
each sample for three angles of incidence - 55 deg, 60 deg and 65 deg. The Cauchy
relationship was used to fit the experimental data.

The fitted real part of permittivity for the non-annealed substrate is shown
in figure 6.1 €, for the annealed substrate is in figure [6.2l For both samples the
imaginary part of permittivity was fitted as zero, corresponding to zero absorption
in the studied spectral region.

The graphs and are nearly identical which means that annealing does
not notably affect the optical properties of Al;Os3.

3.8

3.6

3.2 |

30 | | | | | |

E [eV]

Figure 6.1: The spectral dependence of the real part of permittivity of non-
annealed Al,O3(0001).
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Figure 6.2: The spectral dependence of the real part of permittivity of annealed
Al,O3(0001).

6.2 Modification by a pulse of soft X-rays

In this section, the samples from set A will sometimes be labeled with ”RT”
indicating that the substrate was not heated during the growth of the bottom Pt
layer. Similarly, the samples from set B will be labeled ”750 °C”.

6.2.1 Non-irradiated Pt/Co/Pt samples

Samples prepared in the same deposition round as the samples which were later
irradiated were used as a reference. Measurements of the reference samples firstly
allow to compare the properties of the nanostructures before and after modifi-
cation and secondly can be used to calculate the optical and magneto-optical
constants of Co which can then be used in models of the irradiated samples.

Polar Kerr rotation hysteresis loops measured on the reference samples at the
photon energy 1.94 eV from both of the sets are shown in figure [6.3] Both of the
samples have in-plane anisotropy as can be seen from the hysteresis loops. Clearly,
the magnetic properties of the samples depend on the deposition conditions of
the bottom Pt layer as the saturation field differs between the sample from set A
and set B.

Also, the spectral dependence of polar magneto-optical Kerr effect varies be-
tween the samples from different sets which can be seen in figure [6.4]

X-ray reflectivity (XRR) measurements performed at the University of Bia-
lystok and summed up in table gave information about layer thicknesses and
roughnesses. The sample from set B (750 °C) on which XRR was measured was
prepared in the same deposition round as the sample investigated in this work.
This was not possible for the sample from set A (RT) investigated here. Therefore
XRR was measured on a sample from a different deposition round but prepared
under the same conditions.

38



1.0 — 1.0
— 05 1o 0s) |
= 0.0 = 0.0
< o5 | < o5 f
~1.0— ; - —1.0 = ; -
B [T] B [T]
(a) (b)

Figure 6.3: Polar Kerr rotation hysteresis loops at the photon energy 1.94 eV for
non-irradiated Al,O3(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) samples from the
set: (a) RT, (b) 750 °C. These measurements were performed at the University
of Bialystok, Poland.
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Figure 6.4: Comparison of polar Kerr rotation and ellipticity spectra of non-
irradiated Al,O3(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) samples grown under
different conditions.
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Table 6.1: The thicknesses and roughnesses of individual layers fitted to XRR
data measured at the University of Bialystok.

Set A (RT) Set B (750 °C)
Thickness [nm| | Roughness [nm] | Thickness [nm] | Roughness [nm]
Pt 4.80 0.69 4.61 0.84
Co 3.03 0.68 3.25 0.55
Pt 4.86 0.59 4.63 0.28
Al,O3 - - - -

In order to calculate the off-diagonal elements of the permittivity tensor of the
Co layer for each of the sample sets the knowledge of the diagonal elements of the
permittivity tensor is needed. Spectroscopic ellipsometry was measured on the
non-irradiated samples for the following angles of incidence: 55 deg, 60 deg and
65 deg. Layer thicknesses for the fitting of the results were taken from table [6.1l
The roughness of the layers was described by effective medium approximation
(EMA). The B-spline routine [59] was used to fit the optical constants of the Co
layers. The optical constants of the substrate were taken from figure

Figures and show the fitted optical constants of Co in the non-irradia-
ted sample from set A (RT) and set B (750 °C) respectively. The optical constants
are similar for both of the sets. Just for lower photon energies, there are subtle
differences in the shape of the spectra. That might be caused by a difference in
the carrier concentration or mobility.

0
1120
_20 [ |
1100
—40 | i
180
5 —60 | h =
W | 60 W
—80 | i
140
—100 + :
120
—120 - f
0 70

E [eV]

Figure 6.5: Real (blue line) and imaginary (red line) part of the diagonal elements
of the tensor of permittivity of Co in the non-irradiated sample from set A (RT).

Using the optical constants of annealed Al,O3 shown in figure [6.2 the results
of XRR fits in table 6.1 and the optical constants of Co in figures [6.5 and [6.6] the
off-diagonal elements of the permittivity tensor of Co were calculated from the

measured PMOKE spectra shown in figure The optical constants of Pt were
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Figure 6.6: Real (blue line) and imaginary (red line) part of the diagonal elements
of the tensor of permittivity of Co in the non-irradiated sample from set B (750

°Q).
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Figure 6.7: Real (blue line) and imaginary (red line) part of the off-diagonal
elements of the tensor of permittivity of Co in the non-irradiated sample from set
A (RT).
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taken from Ref. [60]. Again the calculation was done separately for each sample
set.
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Figure 6.8: Real (blue line) and imaginary (red line) part of the off-diagonal
elements of the tensor of permittivity of Co in the non-irradiated sample from set

B (750 °C).

The spectral range in which the magneto-optical constants were calculated
is limited by the spectral region in which the constants of the other materials
present in the structures are known.

Figure shows the calculted magneto-optical constants of Co in nanostruc-
tures from set A (RT). The constants of Co in samples from set B (750 °C) are
shown in figure

The amplitude of the magneto-optical constants is higher for the samples from
set A (RT). The calculated ey, is noisy for both sets. In the case of set A (RT) ey,
decreases monotonously with increasing photon energy. However, for the second
set, €9, decreases at first but then starts to increase. The imaginary part of the
off-diagonal element of the permittivity tensor has the same shape for both sets.

6.2.2 Irradiated samples

Each sample was irradiated by a single pulse of soft X-rays as described in chapter
Bl Investigated samples from set A (RT) were irradiated by energy densities 15
mJ/cm? and 54 mJ/cm?. Samples from set B (750 °C) were irradiated by energy
densities 15 mJ/cm?, 23 mJ/cm?, 28 mJ/cm? and 54 mJ/cm?.

Polar Kerr rotation hysteresis loops measured on the irradiated samples from
set A are shown in figure Both of the hysteresis loops are modified in compar-
ison with the loop in figure For both of the modified samples, the saturation
magnetic field is reduced. For the sample modified with the energy density 54
mJ/cm? a change in magnetic anisotropy also appears as the sample has non-zero
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Figure 6.9: Polar Kerr rotation hysteresis loops at the photon energy 1.94 eV
for Aly03(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) samples from set A (RT)
irradiated with a single pulse of energy density: (a) 15 mJ/cm?, (b) 54 mJ/cm?.
These measurements were performed at the University of Bialystok, Poland.
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Figure 6.10: Polar Kerr rotation hysteresis loops at the photon energy 1.94 eV
for Al;03(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) samples from set B (750 °C)
irradiated with a single pulse of energy density: (a) 15 mJ/cm?, (b) 23 mJ/cm?,
(c) 28 mJ/cm?, (d) 54 mJ/cm? These measurements were performed at the
University of Bialystok, Poland.
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magnetization in the out-of-plane direction in zero external magnetic field after
irradiation.

Similar hysteresis loops for the irradiated samples from set B are presented
in figure [6.10. Again, the hysteresis loops changed with irradiation for all of the
energy densities used for modification.

The hysteresis loop of the sample irradiated with the energy density 15 mJ/cm?]
shown in figure looks identical to the loop of the sample from set A irra-
diated by the same energy density even though the hysteresis loops of the non-
irradiated samples differ.

The hysteresis loops of samples irradiated with energy densities 23 mJ/cm?
and 28 mJ/cm? are very similar. PMA is induced for these energy densities.

After irradiation with the energy density 54 mJ/cm? magnetic anisotropy is
changed but full PMA is not created as can be seen from the loop in figure [6.10dl
The remanent magnetization is greater in this case than for the sample from set
A irradiated by the same energy density.

Magneto-optical spectroscopy was measured on magnetically saturated sam-
ples for a nearly normal incidence of light.

The experimental spectra were compared to a theoretical calculation using
4x4 transfer matrix formalism. The permittivity tensors of the materials present
in the structure and the layer thicknesses were the input of the theoretical calcu-
lations.

Previous work done on similar samples which is summed up in section
has shown that CoPt alloys are created upon irradiation. To include them in
the theoretical calculations the knowledge of their optical and magneto-optical
constants is necessary.

The diagonal elements of the tensor of permittivity of CoPt alloys were cal-
culated by EMA. The off-diagonal elements were then calculated from magneto-
optical spectra reported by Brandle et al and Visnovsky et al [61), 162].

The spectral dependences of £; and €5 calculated in section were used
as constants of pure Co (not in alloys) in the samples.

The dependence of the concentration of Co on the depth was approximated
by a stepwise profile with these Co concentrations: 0 %, 28 %, 47 %, 59 %, 72 %
and 100 %.

Thicknesses of individual layers in the theoretical calculation were modified
until the best agreement between the measured spectra and the theoretical cal-
culation was achieved. These thicknesses then give the profiles of the samples.

PMOKE spectra measured on irradiated samples from set A and theoretical
models are shown in figure .11 The parameters of the models are summarized
in table 6.2l Spectra of Kerr rotation in figure are compared to theoretical
calculations of Ok in figure [6.11Dl Similarly, the measured spectra of Kerr ellip-
ticity are in figure and the calculated ones in figure [E.11dl A calculation
for a nanostructure with nominal layer thicknesses from table is included as
well.

The theoretical modeling which assumes intermixing of adjacent layers and the
formation of CoPt alloys manages to describe the trend of the observed changes
in PMOKE spectra very well.
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Figure 6.11: Polar Kerr rotation and ellipticity spectra of Al,03(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) from set A (RT) irradiated by
15 mJ/cm? and 54 mJ/cm? and the theoretical models. A theoretical calculation for the nominal layer thicknesses (taken from table [B.1])
is included in the graphs for comparison.



The agreement between the experimental and the measured spectral depen-
dence of PMOKE for the sample irradiated with the energy density 15 mJ/cm?
is good. The only difference is for the ellipticity in the infrared region.

Irradiation by energy density 54 mJ/cm? results in a significant modification of
PMOKE. The amplitude is increased and the modulation of Kerr rotation around
the energy of 2 eV gets more pronounced. Both of these can be attributed to
the creation of CoPt alloys. The nanostructures are totally intermixed and some
material is evaporated from the sample according to the models. The spectral
shape of the calculation agrees well with the experimental data. However, the
amplitude is different.

Table 6.2: Layer thicknesses for which the best agreement between the measured
PMOKE spectra and the theoretical calculations was achieved for sample set A

(RT).

15 mJ/cm? 54 mJ/cm?
Layer thickness [nm] | Layer thickness [nm]
Pt 4.64 0
Cog.28Pto.72 0 0
Cop.47Pto 53 0.6 0
Cog.50Pto.41 0.3 0
Cog.72Ptg 28 0.2 0
Co 2.46 0
COQ_72Pt0_28 0.2 0
COQ_59Pt0_41 0.3 0
COQ_47Pt0_53 0.6 0
Cog.28Pto.72 0 9
Pt 4.66 1
Al O3 - -

The results of PMOKE spectroscopy and theoretical calculations for set B
(750 °C) are in figure The layer thicknesses used in the models are listed in
table 6.3

For the sample irradiated by 15 mJ/cm?, the theoretical models do not indi-
cate any intermixing unlike for the sample from the other set irradiated by the
same energy density. The PMOKE spectra of this sample are nearly identical to
the non-irradiated sample. The only differences are for the lower photon energies
where the amplitude is reduced compared to the non-irradiated sample. This
reduction is hard to describe within our model because alloying and potential
evaporation of Pt from the top layer both increase the amplitude. The explana-
tion might be the effect of strain. Because the nanostructures from sets A and B
were grown under different conditions the strain in them may vary. The initial
difference in strain may influence the way the samples respond to irradiation.

The layer thicknesses for the sample irradiated by 15 mJ/cm? listed in table
correspond to the layer thicknesses of the non-irradiated sample determined
by XRR (shown in table [61). That is also the reason why the model for the
nominal structure is not shown for this set - it overlaps with the model for the
sample irradiated by 15 mJ/cm?. The roughness was neglected as it did not
significantly influence the results.
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Figure 6.12: Polar Kerr rotation and ellipticity spectra of Al;O3(0001)/Pt (5 nm)/Co (3.5 nm)/Pt (5 nm) from set B (750 °C) irradiated
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A big modification of PMOKE spectra is visible after irradiation by 23 mJ /cm? |
28 mJ/cm? and 54 mJ/cm?.

The spectra of the samples irradiated by 23 mJ/cm? and 28 mJ/cm? are very
similar as are their hysteresis loops (figures [6.10b] and [6.10d). Modeling suggests
that the Pt and Co layers get totally intermixed (parameters are in table [(.3)).
In contrast to the sample from set A irradiated by 54 mJ/cm?, less material
is removed from the sample. The theoretical calculation does not manage to
describe the amplitude of the measured spectra fully.

The amplitude of PMOKE spectra measured on the sample irradiated by a
pulse of energy density 54 mJ/cm? is lower than for samples irradiated with 23
mJ/cm? and 28 mJ/cm?. Tt is difficult to ascribe this to a single cause. One
possibility is that some Co atoms are removed from the structure by irradiation.
However, that does not always lead to a decrease in amplitude of both Kerr
rotation and ellipticity because the trilayers are very thin and removal of some
material from the sample increases the contribution of the substrate.

Another point which needs to be taken into account is the thickness of the
bottom Pt layer. For the samples irradiated with energy densities of 23 mJ/cm?
and 28 mJ/cm? the layers get totally intermixed. However, it is important to
realize that unlike in the case of ion irradiation studied further in this chapter
laser irradiation does not have to cause gradual changes. When the X-ray pulse
is absorbed by the sample non-equilibrium thermodynamical processes occur. In
the case of lower energies, the temperature of the lattice might be increased and
the layers totally intermix and for higher energies, a part of the sample might be
evaporated and the rest does not intermix totally.

The theoretical calculations give the best agreement for the layer thicknesses
specified in table [6.3. Therefore we suggest that a fraction of the Co and Pt
atoms is removed from the sample and a 1 nm thick Pt layer remains between
the intermixed layer and the substrate. However, the system and the analysis is
complicated and more measurements are necessary to confirm this.

In summary, strong modifications of the spectral dependence of PMOKE are
visible for samples irradiated with a pulse of soft X-rays. This indicates the
creation of Pt-rich CoPt alloys. The theoretical calculations describe the trends
of the changes of the PMOKE spectra well. The disagreement in the experimental
and calculated PMOKE amplitudes of the samples irradiated with higher energy
densities may be caused by a presence of different CoPt alloys than the ones
used in the models as the analysis in this work was restricted by the CoPt alloy
constants available.

The CoPt alloy which provided the best agreement between the experimental
data and the calculations for higher irradiating energies has a ratio of Co and
Pt close to the ratio in the disordered CoPts alloy with magnetic anisotropy
[41]. The creation of this alloy might be responsible for the observed changes in
magnetic properties.

The effect of strain and the potential modification of the substrate by the
X-rays also have to be considered when interpreting the magneto-optical spectra.
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Table 6.3: Layer thicknesses for which the best agreement between the measured
PMOKE spectra and the theoretical calculations was achieved for sample set B

(750 °C).

15 mJ/cm? 23 mJ/ecm? 28 mJ/cm? 54 mJ/cm?

Layer Layer Layer Layer
thickness thickness thickness thickness

] ] ] ]
Pt 4.89 0 0 0
COQQgPtQ]Q 0 0 0 0
000.47Pt0_53 0 0 0 0
COO.59Pto_41 0 0 0 0
Cog.72Ptg.28 0 0 0 0
Co 3.67 0 0 0
COO.7QPtO_28 0 0 0 0
000.59Pt0_41 0 0 0 0
000.47Pt0_53 0 0 0 0
COQQgPtQ]Q 0 12 12 9
Pt 4.77 0 0 1
Al,Os3 - - - -

6.3 Modification by Ga' ions

Polar Kerr microscopy remanence image taken of the irradiated Al,O3/Pt/Co/Pt
sample is shown in figure[6.13l From this image it is visible that the non-irradiated
stripe (bottom of the image) has in-plane magnetic anisotropy. Certain ion flu-
ences result in enhanced PMA. Two branches of enhanced PMA are observed in
accordance with the previously reported results which were summarized in section
L3I

PMOKE spectroscopy was measured on all of the irradiated stripes in high
enough magnetic field to saturate the sample. Measurements were performed
with p-polarized light and at the 64.5 degrees angle of incidence. Due to the
irradiated stripes being narrow focusing optics was needed. The proximity of
the lenses to the magnet resulted in parasitic Faraday rotation in the material
of the lenses. In order to subtract this parasitic contribution from the measured
PMOKE spectra, a Ru sample was measured as well. This material exhibits
zero Kerr effect, therefore the spectra measured on this sample correspond to the
contribution of the optics elements near the magnet.

The photon energy of 4.52 eV was chosen to demonstrate the dependence of
the amplitude of Kerr rotation on the ion dose used to irradiate the stripe. The
graph is shown in figure 6141

The observed evolution of the Kerr rotation amplitude with ion dose may be
explained by three main contributions. First of all, the intermixing of the Co and
Pt layers increases the amplitude of Kerr rotation as CoPt alloys have a higher
amplitude at this wavelength than pure Co.

Secondly, etching of the top Pt layer also increases the amplitude as the frac-
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Figure 6.13: A polar Kerr microscopy remanence image of the Al,O3/Pt/Co/Pt
sample irradiated in stripes with increasing ion fluence from bottom up. These
measurements were performed at the University of Bialystok, Poland.

tion of the magnetic material in the sample grows with this.

Finally, as the intermixing gets more significant with higher ion fluences the Co
atoms get closer to the surface of the samples. Etching depth also increases with
ion dose. Therefore for high ion fluences, Co atoms are removed from the sample
as well which results in a decrease of the measured Kerr rotation amplitude.

Figure can be interpreted in the following way: with ion irradiation the
Kerr rotation amplitude increases because of the intermixing of adjacent layers
and the resulting formation of CoPt alloys. As the number of bombarding ions
increases the resulting etching rises. At first, only Pt is removed from the sample
which further increases the Kerr rotation amplitude but for higher doses the Co
atoms are etched away too which has the opposite effect.

Similarly as in section [6.2] the measured spectral dependencies for each stripe
were compared to theoretical calculations in order to estimate the profile of the
structures after irradiation and connect it to the observed magnetic properties.
The optical constants of Co were taken from Ref. @] and the magneto-optical
ones from Ref. @]

The results of modeling of four stripes are presented here - the non-irradiated
one and three irradiated ones. One irradiated stripe was chosen from branch 1 of
the enhanced PMA (the brightest stripe in figure [6.13]), one from between branch
1 and 2 and the last one from branch 2. Hysteresis loops for the selected stripes
are shown in figure

PMOKE spectra of these stripes and the theoretical models are shown in
figure [6.16l The parameters of the theoretical models are listed in table

The first thing to notice is that the PMOKE spectra of the non-irradiated
samples are very different to the spectra of the reference samples from the sets
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Figure 6.14: Polar Kerr rotation amplitude at the photon energy of 4.52 eV
as a function of Ga™ ion fluence F' in ions/cm? measured on Al,O3/Pt/Co/Pt
nanostructures.

irradiated by soft X-rays (figure [6.4]). This is caused by the different thickness of
the Pt buffer which influences how much light gets to and therefore ”experiences”
the substrate and also by the different angle of incidence between the measure-
ments of the samples irradiated by a laser and by ions. The difference in the Co
layer thickness also plays a role.

The models suggest that the layers are already partly intermixed for the as-
grown sample (let us point out that the XRR measurements used in section
were not capable of distinguishing roughness and intermixing). The agreement
between the models and the experiment is not ideal for the non-irradiated sam-
ple. The theoretical calculations describe the spectral dependence of Kerr rotation
rather well but the calculated spectrum of ellipticity has a similar shape but is
shifted. The situation improves a little when the constants calculated in section
are used but not much (not shown here). That is interesting but as shown in
section the properties of the nanostructures are very sensitive to the prepa-
ration technique. It is possible that in this case the difference in the thickness of
the Co layer in this sample and the non-irradiated samples from section also
influences the properties.

XRR measurements of the non-irradiated sample were not possible in this
case as the sample was inhomogeneous (it consisted of many stripes irradiated
with different ion fluences).

According to the model, the intermixing is significant and there is nearly no
pure Co left in the stripe irradiated by 2 x 10* ions/cm?. That indicates that the
disagreement in ellipticity between the measurement and the model in the case
of the non-irradiated sample might be caused by the constants of Co used in the
calculation because the models fit much better once there is next to no pure Co
in the nanostructures. The etching of the top Pt layer is negligible.
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Figure 6.15: Polar Kerr rotation hysteresis loops at the photon energy 1.94 eV for
a stripe of the Al,03(0001)/Pt/Co/Pt nanostructure irradiated by the following
ion dose: (a) 0 ions/cm?, (b) 2 x 10 ions/cm?, (c) 6 x 10'* ions/cm?, (d) 5 x 101
ions/cm?. These measurements were performed at the University of Bialystok,
Poland.

Table 6.4: Layer thicknesses for which the best agreement between the mea-
sured PMOKE spectra and the theoretical calculations was achieved for the
Al,O3/Pt/Co/Pt sample set irradiated with ions.

2x 10  6x10" 5x10%

0 fons/cm® ions/cm?  ions/cm?  ions/cm?
Layer Layer Layer Layer
thickness | thickness | thickness | thickness
pw) | [ | ] | o)
Pt 4.8 3.05 1.6 0
Cog.28Pto.72 0.15 1.7 3 0
COQ_47Pt0_53 0.1 0.95 14 0
COQ_59Pt0_41 0.05 0.4 0 0
COQ_72Pt0_28 0.05 0.2 0 0
Co 2.69 0.39 0 0
Cog.7oPtg.28 0.05 0.2 0 0
Cog.590Pto.41 0.05 0.4 0 0
Cog.47Pto.53 0.1 0.95 1.4 0
COO_QgPtO_?Q 0.15 1.7 3 4.9
Pt 19.8 18.05 17.1 16.37
Al, O3 - - - -
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Figure 6.16: Polar Kerr rotation and ellipticity spectra of Al;O3(0001)/Pt (20 nm)/Co (3 nm)/Pt (5 nm) irradiated by various ion fluences
and the theoretical models. A theoretical calculation for the nominal layer thicknesses is included in the graphs for comparison.



The stripe irradiated by 6 x 10! ions/cm? does not exhibit enhanced PMA
as can be seen from the hysteresis loop in figure The shape of the loop
indicates the presence of two phases with different magnetic properties. The
theoretical models indicate that no pure Co is present in this stripe and also the
Co-rich alloys have disappeared. The etching is estimated to be around 0.5 nm.

The models suggest significant intermixing and etching for the sample irra-
diated by the ion fluence of 5 x 10'® ions/cm?. Only the CoPt alloy with the
highest percentage of Pt is present according to the calculations. Due to the high
level of intermixing, it is reasonable to expect that alloys with an even higher
concentration of Pt are present in the nanostructure. Unfortunately, that could
not be included in the simulations due to the lack of their constants.

Generally, the theoretical calculations describe the trends in the PMOKE
spectra with irradiation rather well. The measured spectral shape of ellipticity
differs from the calculation for higher photon energies for samples irradiated by
6 x 10 ions/cm? and 5 x 10'® ions/cm?. The models also do not predict the
crossing of the spectra for the samples irradiated by 2 x 104 ions/cm? and 5 x 101
ions/cm?.

These disagreements might be caused by a creation of CoPt alloys with a
different composition than the compositions of the alloys used in the calculations.

The models presented here calculate with equal intermixing at the top and the
bottom interface. However, logically the intermixing at the top interface should
be higher. It is questionable though how high the difference in the intermixing is
and it might be negligible as the mean implantation depth is around 10 nm [19].
Unfortunately, the models are only sensitive to significant differences in top and
bottom interface intermixing so they do not provide much information about the
small differences in intermixing. These differences were therefore neglected.

6.3.2 Al,O3/Pt/Au/Co/Au

A polar Kerr rotation remanence image of the Al,O3/Pt/Au/Co/Au sample ir-
radiated in stripes shown in figure reveals that for no stripe there is any
out-of-plane magnetization in zero outer magnetic field.

Polar Kerr magneto-optical spectroscopy was measured on each of the stripes.
The results were corrected for the parasitic Faraday rotation caused by the stray
field from the electromagnet.

The polar Kerr rotation amplitude is plotted as a function of ion dose in figure
[6.18] this time for the photon energy of 3.72 eV.

For lower ion fluences, the amplitude decreases at first and then increases
again but the changes are not big. Doses above F' = 2.8 x 10'* ions/cm? result
in a rapid drop of the amplitude. For the highest ion fluences, the amplitude is
close to zero.

Co and Au are immiscible. Therefore, we can suppose that ion bombardment
results in Co nanoparticles dispersing in Au. EMA can be used to estimate the
optical a magneto-optical constants of such material [63]. We supposed spherical
shape of the Co nanoparticles in the calculations.

Theoretical calculations predict that intermixing of the Co and Au layers de-
creases the amplitude of PMOKE. The effect is not strong though and significant
intermixing is needed to see an effect on the calculated spectra.

54



Figure 6.17: A polar Kerr microscopy remanence image of the
Al O3/Pt/Au/Co/Au sample irradiated in stripes with increasing ion flu-
ence from bottom up. These measurements were performed at the University of
Bialystok, Poland.

As in the case of Pt, etching of the top Au layer also increases PMOKE
amplitude. For higher levels of irradiation, the Co atoms are removed from the
sample as well which results in a drop of amplitude.

Bearing these effects in mind the graph in figure may be interpreted
followingly: the ion irradiation intermixes the Co and Au layers with minimal
effects on the Kerr spectra. For higher ion doses the etching and intermixing is
stronger resulting in a removal of Co atoms from the sample and the consequential
decrease in the amplitude of the PMOKE spectra. The highest of the used ion
fluences leave few magnetic atoms in the samples.

From the comparison of the ion dose for which the PMOKE amplitude drops
for this sample and the Al,O3/Pt/Co/Pt sample and also the ion fluences result-
ing in close to zero amplitudes it is possible to say that Au is etched more easily
than Pt by Ga™ ions.

Results of measurements on stripes irradiated by the same fluences as for
Al,O3/Pt/Co/Pt are presented here except for the highest fluence which corre-
sponds to nearly zero amplitude for this sample.

The hysteresis loops measured on the selected stripes and shown in figure
confirm that no changes of magnetic anisotropy appear. Just for the fluence of
6 x 10! ions/cm? the shape of the loop indicates a presence of different magnetic
phases.

Magneto-optical measurements were compared to theoretical models. Both of
these are shown in figure Intermixing was included in the models by EMA
of Co particles in Au matrix with four different percentages of Co in the material.
All the parameters of models are listed in table
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Figure 6.18: Polar Kerr rotation amplitude at the photon energy of 3.72 eV as
a function of Ga™ ion fluence F' in ions/cm? measured on Al,O3/Pt/Au/Co/Au
nanostructures.
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Figure 6.19: Polar Kerr rotation hysteresis loops at the photon energy 1.94 eV for
a stripe of the Al;O3/Pt/Au/Co/Au nanostructure irradiated by the following
ion dose: (a) 0 ions/cm?, (b) 2 x 10* ions/cm?, (c) 6 x 10 ions/cm?. These
measurements were performed at the University of Bialystok, Poland.
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Figure 6.20: Polar Kerr rotation and ellipticity spectra of Al;O3(0001)/Pt (20 nm)/Au (20 nm)/Co (3 nm)/Au (5 nm) irradiated by
various ion fluences and the theoretical models.
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Table 6.5: Layer thicknesses for which the best agreement between the mea-

sured PMOKE spectra and the theoretical calculations was achieved for the
Al O3/Pt/Au/Co/Au sample set irradiated with ions.

0 fons /cm? 2x 10" 6 x 10
ions/cm?  ions/cm?
Layer Layer Layer
thickness | thickness | thickness
p] | fm] | [om)
Au 5 1.4 0
EMA: 20 % Co, 80 % Au 0 2.8 0
EMA: 40 % Co, 60 % Au 0 2.2 0
EMA: 60 % Co, 40 % Au 0 0.1 0
EMA: 80 % Co, 20 % Au 0 0 0
Co 3 0 0
EMA: 80 % Co, 20 % Au 0 0 0
EMA: 60 % Co, 40 % Au 0 0.1 0
EMA: 40 % Co, 60 % Au 0 2.2 2.5
EMA: 20 % Co, 80 % Au 0 2.8 4.4
Au 20 16.4 15.58
Pt 20 20 20
Al, O3 - - -

The theoretical calculations describe the PMOKE spectra of the non-irradiated]
sample very well when nominal thicknesses are used as the parameters. The fact
that the models fit well for this sample and did not for Al,O3/Pt/Co/Pt indi-
cates that the properties of the Co layer vary based on the underlayer (the same
constants of Co were used in both models).

The theoretical models feature modulations of the spectra around the photon
energy 2.7 eV for Kerr rotation and 2.9 eV for Kerr ellipticity. These can be
attributed to Au. The modulations are present in the measured spectra too but
are much weaker indicating a difference between the actual optical constants of
Au in the nanostructures and the constants taken from the literature.

It is worth mentioning that even though the comparison between the theoreti-
cal calculations and experiment indicate no intermixing for the as-grown structure
it cannot be ruled out totally because the weak sensitivity of the spectra to this
intermixing results in a high uncertainty of the determined layer thicknesses of
intermixed Au and Co.

Irradiation with 2 x 10'* ions/cm? results in a slight decrease of amplitude of
the PMOKE spectra. This is in accordance with the above-mentioned effect of
intermixing of Co and Au. No pure Co is left in the nanostructure at this level
of irradiation. Etching is negligent.

Further decrease of the PMOKE amplitude is visible after irradiation with
the ion dose of 6 x 10'* ions/cm?. The etching is high for this level of irradiation.
The disagreement between the shape of the measured PMOKE spectra and the
calculated ones might be caused by the approximations made in the calculations.
The Co nanoparticles in Au were approximated by spheres but the shapes of
the nanoparticles may vary in the sample. Also, the sample is approximated
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as a number of layers with ideally flat interfaces but the interfaces in the real
nanostructure are likely to be rough.

6.4 Modification of optical properties by volt-
age application

Unlike in the sections and induced changes of optical properties are inves-
tigated in this part. Previous work on samples containing Pt/Co/GdOx layers
for which magnetic properties were modified by an electric field has shown that
also other properties of the samples change. The samples in our current work
contain no Co layer but the observed changes should be connected to the same
mechanism as before - ion migration in an electric field.

The sample was attached to the translator stage of the ellipsometer and con-
tacted by a BeCu probe tip. A picture of a contacted electrode taken by the
camera of the ellipsometer is shown in figure [6.211

Figure 6.21: A picture of an electrode contacted by a BeCu probe tip before
application of voltage. The green ellipse indicates the size of the light beam spot
on the sample for the angle of incidence equal to 20 deg.

The measurements were done at a single angle of incidence which was 20
degrees. Such low incidence angle was chosen to achieve the smallest possible
size of the spot. During measurements, the light also partly shined on the BeCu
tip. Due to the shape and the position of the tip and because focusing probes
were used we expect minimal effect on the results. Also, as the results presented
here show only relative changes of optical properties the presence of the tip in
the spot is not important.

A measurement of the ellipsometric parameters ¥ and A was carried out on
a contacted electrode before applying the voltage to it. These parameters are
plotted in figure [6.221

+3 V were applied to the top Au electrode of the structure. In situ measure-
ment mode of the ellipsometer was used to observe the time dependence of the
changes of ¥ and A. Figure shows the time evolution of ¥ for a few selected
wavelengths.

No changes in W are seen roughly for the first 14 minutes. W then increases
for the photon energy F = 2.672 eV which is close to the middle of the mea-
sured spectral region. The changes are then small for a few minutes before a
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Figure 6.22: Parameters ¥ (blue line) and A (red line) measured on a contacted
electrode before application of voltage.
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Figure 6.23: The time dependence of W for a few photon energies upon application
of +3 V to the top electrode.
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modification of W for all of the plotted energies is observed, especially strong for
E =2672¢eV.

Figure shows the parameters ¥ and A after application of +3 V for 30
minutes. This measurement was carried out at zero voltage but the electrode was
still contacted. The changes in the spectra are significant.
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Figure 6.24: Parameters ¥ (blue line) and A (red line) measured on a contacted
electrode after application of 43 V for 30 minutes.

The modification is also visible with naked eye, see figure [6.25]

We assume that the changes occur in the GdOx layer due to the migration of
O?~ ions in the electric field. Also, there are indications from other experiments
performed at MIT that the chemical properties of the top Au layer change with
voltage too. That might affect the optical properties as well.

Figure 6.25: A picture of an electrode contacted by a BeCu probe tip after
application of +3 V for 30 minutes.

In order to learn more about the process of the modification, the permittivity
of the individual layers has to be fitted from the measured ¥ and A. However,
that has proven complicated. A reason for this might be that the spot is slightly

61



bigger than the electrode. In that case, the areas around the electrode would
contribute to the measured data and make fitting more difficult. Also, the probe
tip might contribute to the experimental W and A afterall. To rule out these
possibilities and to enable measurements at higher angles of incidence we will
receive a new set of samples with bigger top electrodes. Unfortunately, it is not
possible to include the new set in this thesis.
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Conclusion

Two methods of nonreversible modification of magnetic properties of ultrathin
Co films sandwiched with either Pt or Au layers were investigated in this work -
irradiation by a single pulse of soft X-rays and irradiation by 30 keV Ga™ ions.

Polar Kerr rotation hysteresis loops measured on Pt/Co/Pt trilayers modified
by soft X-rays revealed an enhancement of perpendicular magnetic anisotropy for
certain irradiating energy densities. PMOKE spectra measured on the samples
in the photon energy range from 1.2 eV to 5 eV are strongly modified for higher
irradiating energy densities.

The experimental PMOKE spectra were compared to a theoretical calcula-
tion. Intermixing of the Co and Pt layers and evaporation of material upon
irradiation was assumed in the models. The profile of the samples modified by
various energy densities was determined from the best agreement between the
experimental and calculated data. The models provide a reasonable agreement
with the experiment. A presence of a CoPt alloy with 28 % is indicated by the
comparison with theoretical calculations. This is close to the composition of the
disordered CoPt3 alloy with high magnetic anisotropy. The creation of the disor-
dered CoPt3 alloy upon irradiation might be the reason for the observed changes
in magnetic properties.

Ion irradiation enhances the perpendicular magnetic anisotropy of Pt/Co/Pt
trilayers for certain ion doses. On the other hand, the effects of the ion irradiation
on the magnetic properties of Au/Co/Au are minimal.

Theoretical calculations describe the changes in PMOKE spectra of Pt/Co/Pt
and Au/Co/Au with ion irradiation well and the profiles of the samples are de-
termined.

The results of the theoretical calculations for the non-irradiated Pt/Co/Pt
and Au/Co/Au samples suggest that the Co properties vary with the underlayer.

A modification of optical properties of a Ta/Pt/GdOx/Au device through
voltage application was demonstrated. The fitting of the ellipsometric angles W
and A proved difficult. A modification in the device design is necessary to obtain
better data for fitting.
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List of Abbreviations

AFM
EDXA
EMA
EUV
EXAFS
HDD
HRTEM
LMOKE
MBE
MRAM
PMA
PMOKE
PMOKR
RAM
TEM
TMOKE
ToF-SIMS
XMCD
XRR

Atomic force microscopy

Energy dispersive X-ray analysis

Effective medium approximation

Extreme ultraviolet

Extended X-ray absorption fine structure

Hard disk drive

High-resolution transmission electron microscopy
Longitudinal magneto-optical Kerr effect
Molecular beam epitaxy

Magnetic random access memory
Perpendicular magnetic anisotropy

Polar magneto-optical Kerr effect

Polar magneto-optical Kerr rotation

Random access memory

Transmission electron microscopy

Transversal magneto-optical Kerr effect

Time of flight secondary ion mass spectroscopy
X-ray magnetic circular dichroism

X-ray reflectivity
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