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In the last years the scientific interest on nanotechnologies has covered all the research fields,
starting from electronics and magnetism due to the necessity to reduce the sizes of hardware in
computers and increasthe density of memory storage.

The importance of studying the magnetic properties of nanostructures derives from the fact that
they change dramatically when the dimensions are reduced under the micrometer and new
physical phenomena take place. With regptrthe bulk magnetic materials, effects like Giant
Magnoresistance, Oscillatory Exchange Coupling or Perpendicular Magnetic Anisotropy (just to
guote some examples) are evidenced and they have a great impact on the development of new
technological equiprent and products.

The reasons of the different magnetic behavior of the materials when they are in the
nanostructured form must be searched primarily in the change of the relative strength of dipolar
and exchange interactions and in the elemental (and jhg@nantummechanical nature of the
matter, which emerges when the dimensions of the objects are near to those of the atom itself.
One of the important properties which is strongly affected by the size reduction and in which is
contained most of the physitaescription of a magnetic system is the anisotropy energy term: a
directiondependent parameter which strongly contributes to the determination of the
equilibrium state and magnetic behavior.

In this thesis we describe various nanostructured systemserdreting prevalently on thin films

and arrays of interacting nanoparticles and for each system the origin and the physical
implications of magnetic anisotropy is discussed.

In the first chapter we report the theoretical knowledge of nanomagnetism: therggnéerms

involved in the determination of equilibrium state and reversal process, various typologies of



magnetic anisotropies, their origins and their implications. We perform a description of the
magnetic domains and how they are influenced by the shap®dimensions of the nanoparticles.

In the second chapter a brief discussion of the experimental instrumentation is done. We report
the experimental methods and instrument prevalently used: Magnetic Force Microscopy for the
determination and imaging of #1 magnetization distribution, the MagnetOptical Kerr Effect
Magnetometry and Vibrating Sample Magnetometer for the production of the hysteresis loops
and finally the Brillouin Light Scattering technique for the detection of the-sive frequencies

in the magnetic media.

The following part of the thesis deals with the nanostructured systems analyzed and anisotropies
characterizing them. It is divided in two sections: thin magnetostrictive films and arrays of
nanoparticles.

In the first topic, two types fomagnetic anisotropies are presented: Perpendicular Magnetic
Anisotropy which has a crystalline origin and competes with the shape anisotropy of the thin film
LINE RdzOAY 3 | &aAy3dz N eSS 2F YIIySGAO R2YlI Aya
easy magnetic direction is not fixed but could be rotated by means of an external magnetic field).
We tried to give a better explanation and modeling of the Rotatable Anisotropy, making a
parallelism between the static and dynamic experimental evidences.

The second topic regards the description of the interaction of magnetic dots in arrays with
different symmetry and with finite dimensions. In particular we discovered a peculiar space
RSLISYRSYG o0SKIFE@A2N GKIG ¢S OFftf BaRhasiafstoagl £  C
importance when the dimension of the array becomes comparable with the dimension of the

nanoparticles.
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Introduction
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behaviors of systems in which at least one of the spatial dimensions is reduced in the nanoscopic
scale. Nanomagnetism involves objects like films (one dimension is in the nanoscale), nanowires
(two dimensons are in the nanoscale) and nanodots (all the spatial dimensions are in the
nanoscale).

It is possible to combine magnetic and Rovagnetic films in multilayers, superimposing one film

to the other, as it is possible to bring the nanowires so close ttney interact(1) and even to
produce nanowires multilayere(®). Moreover it is possible to form orgimensional (chains) and
two-dimensional arrays of nanodots, single or miditered, and for eeh arrangement the dots

could have different dimension, composition or geometry (circular, squared, exagongBetc.)

All the infinite combinations of dimensionality, size, shape, composition, interaction, symmetry
give asmany different magnetic properties like equilibrium energies, domain shapes, switching
fields, coercive fields or the dynamical responses of the-a@ive frequencies. Every features
change, as we will see, could be associated to an anisotropy term,stlaat €nergy term whose
minimization could be reached only in some particular directions of the system.

To better structure and frame the following considerations on magnetic behaviors and magnetic
anisotropies involved in the studied systems we do a khebretical excursus on the general
knowledge of magnetism and then we relate it with the reduction of dimension in magnetic

materials in the specific sections.



The magnetostatic energy

The magnetostatic energy arises from the interaction of the magnédizatself with the magnetic
field H; i.e. the field coming only from any divergence in the magnetization M. This is the reason
gKe GKA&a GSNY Aa faz2 alAR aaSt¥F¥ SySNHeé¢®d ¢KS

following term:
Ems: %Hd IVC

In a magnetic body in equilibrium, the demagnetizing fiklg is antiparallel to the magnetization

that generates it.

The exchange energy

The exchange energy is a quantum mechanical quantity that can Ilserided by a

phenomenological approach. Considering the following expression:

E..= JS§ cosf!

X
i,]

where S is the total spin momentum per atom afdis the angle between the directions of the

spin momentum vectors of atormand j, the term J is the exchange constant, which is a measure of
the intensity of the interaction. The exchange constant, or exchange integral, comes from the
guantum mechanical interaction between electrons in their shared orbitals. In ferromagnetic
materials the exchange integral is positive and thus the energy is minimized when the spins are
parallel. From this point of view, the exchange energy is in competition with the magnetostatic

energy and the equilibrium point is determined by the shape, skthickness of the objec{4)



The Zeeman energy

The Zeeman contribution to the overall energy is due to the application of an external magnetic

field:
E,= mM HC

The Zeeman energy is minimized when the magnetization is aligned with the external field (as we
can see from the fact that the scalar product reaches its maximum when the magnetization vector

is parallel to the external field).

The anisotropy energy

When a physical property of a material is a function of direction, that property is said to exhibit
anisotropy. The preference for the magnetization to lie in a particular direction in a sample is
called Magnetic Anisotropy.

There are different sources of thenigotropy: shape, magnetocrystalline, surface and interface
anisotropy, strain anisotropy and growth induced anisotropy, configurational anisotropy etc.

Each type of energy term contribution modifies the total amount of energy density and therefore
the magqetic behavior of the material and in particular we will see as magnetic anisotropy could

influence the magnetic properties of a system.

Magnetic Anisotropy

Shape Anisotropy

The shape anisotropy is due to the presence, in every magnetic sample, of a adiniagrfield

H, which opposes to magnetization and tends to reduce it prevalently in the direction in which it

has a greater value.



Suppose a bar sample is magnetized by a field applied from left to right and subsequently
removed.Then a north pole is formed at the right end, and a south pole at the left, as shown in
Fig. 1(5). We see that the Hines, radiating out from the north pole and ending at the south pole,
constitute a field both outside and side the magnet which acts from north to south and which

therefore tends to demagnetizéhe magnet.

AN,
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This seHdemagnetizingaction of a magnetized body is important, not only because of its bearing
on magnetic measurements, but also because it strongly influences the behavior of magnetic
materials in many practical devices.

The demagnetizing fielti ; actsin the opposite direction to the magnetization M which creates it.

If we model the shape of the bar, smoothing its corner, it is possible to obtain a ideally uniform
parallel demagnetizing field. It may be shown, although not easily, that the correct tape
achieve this result is that of an ellipsoid (Fig(®) If an unmagnetized ellipsoid is placed in a
uniform magnetic field, it becomes magnetized uniformly throughout; the uniformity of M and B
are due to the uniformityof Hy throughout the volume. This uniformity can be achieved only in an

ellipsoid.
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Figure 2: Uniform magnetization and uniform demagnetizing field in an ellipsoid.

The demagnetizing fieldqléf a body is proportional to the magnetization which createantl as

said is antiparallel:

Hy =NgM

where N;jis the demagnetizing factor or demagnetizing coefficient.

The value of Ndepends mainly on the shape of the body, and has a single calculable value only
for an ellipsoid.

It is clear that it depends on thelative lengths of the three spatial dimensions: along a short axis

the external surfaces are very close and this favors the demagnetization, and therefore the
RSYF3AYySGATAYy3 FILOG2NI AYONBI 4SaT OAOSOSN&d X Ay
OKIFNBS&a¢0 INB y2i Ot2aS IyR AU Aad Y2NB RATFTTFA
sum of the demagnetizing factors along the three orthogonal axes of an ellipsoid is a constant.

Na+ N+ N=1

For a sphere, the three demagnetizifagtors must be equal, SOspere=1/3.

The general ellipsoid has three unequal axes 2a, 2b, 2c, and a section perpendicular to any axis is

an ellipse (Fig. 305). Of greater practical interest is the ellipsoid of revolutiam,spheroid. A

7



prolate spheroid is formed by rotating an ellipse about its major axis 2c; then a = b < ¢, and the
resulting solid is cigashaped. Rotation about the minor axis 2a results in the-disdped oblate
spheroid, with a < b = c. Maxwell callgstlihe planetary spheroid, which may be easier to

remember(5).

General ellipsoid Prolate spheroid

Oblate spheroid

Figure 3: Ellipsoids with different ratio between the axis. General, Prolate (Cigar) and Oblate (Planetary) spheroids.

Equations, tabular data, and graphs foetdemagnetizing factors of general ellipsoids are given
by E. C. Stoner [Phil. Mag., 36 (1945) p. 823ind J. A. Osborn [Phys. Rev., 67 (1945) p.(3%1]
Specimens often encountered in ourggatice are thin films, elliptical dots or disks magnetized in
their plane.

What is important to evidence is that the contribution to the Magnetostatic Energy is strictly
conditioned from the shape of the sample.

In the next section we will see in particulthree types of systems: thin films, nanostructured
ellipses and circular nanostructured dots. We can to some extent represent thin films as oblate

spheroid (as in figure 3) withPaD and b = ¢ both very large. We see as for thin fiimI\ N© 0.
8



For circlar disk the situation is not trivial and each case must be considered individually. Finally
for the elliptical dots, we can consider the case of a general spheroid but it is simple to show how
the easy direction is everytime the longer one.

Consider a pgkrystalline specimen having no preferred orientation of its grains, and therefore no
net crystal anisotropy. If it is spherical in shape, the same applied field will magnetize it to the
same extent in any direction. But if it is nonspherical, it will bsier to magnetize it along a long

axis than along a short axis. The reason for this is (as clearly described just now) the
demagnetizing field along a short axis is stronger than along a long axis. The applied field along a
short axis then has to be stnger to produce the same true field inside the specimen. Thus shape
alone can be a source of magnetic anisotropy.

In order to treat shape anisotropy quantitatively, we write an expression for the magnetostatic
energy Esof a permanently magnetized body aero applied field. If a body is magnetized by an
applied field to some level A (Figi) and the applied field is then removed, the magnetization

will decrease to C under the action of the demagnetizing figld H

M
\ )
\
\
CI///—D
X
1 H
HA£ O

Figure 4the applied field is then removed, the magnetization will decrease under the action of the demagnetizing. fighe H
shadowed area is the magnetostatic energy of the magnet.

Here OC is the demagnetizifigld line, with a slope ofl/N4, where N is the demagnetizing

coefficient. The specimen then contains stored energyeual to the area of the shaded triangle

9



OCD. This energy is that associated with the demagnetizing field of the specimen, and is variously

called the magnetostatic energy, the seliergy, or the energy of a magnet in its own field.

ms

E,. =% PHZdv

where dv is an element of volume and the integration extends over all space. The distribution of
Hq in space is generally not known accurately and, even when it is,hleiaion of this integral
would be difficult. It is easier to compute the area of the triangle OCD in. Figgtenergy can be

written in vector form as
En= —2H, M
2

where Mis the level of magnetization at poit

Since magnetization amtemagnetizing field vectors are antiparalld], = N,M therefore (in the

)]

Magnetocrystalline Anisotropy

In BCC Fe, the magnetization process is said to be easy in the [100] directions and hard in the [111]
directions because the field needed to magnetize iron to saturation is smaller in the [100]
direction than in any others. This is called Magnetocrystalline Anisotropy because its origin is of
crystalline structure nature and could be explained considethrgy SpinrOrbit coupling in the

atoms of the ferromagnetic material. In FCC Nichel, the case is just the opposite: [111] directions
are easy, [100] hard, and the fields required for saturation in the hard directions are smaller for Ni

than for Fe. Cobalt isexagonal, and its easy direction of magnetization is the ¢ axis; to saturate

10



the sample in the basal plane is very difficult, more than an order of magnitude harder than in the
[111] directions in Fe.

After saturation, reduction of the field to zero less most of the magnetization remaining in the
direction in which the field had been applied if it is an easy direction. In the absence of an external
FASERET GKS YI3ayShiAalttadAazy NBYFAYyAy3a 4G 1 'az

magnetized in hat directions, whereas it is zero for Co magnetized in a hard direction.

1800 - <100>
1600 / Hard
- Medium <111>
1400
~ 1200
=]
=]
= 1000
E |
2
= 800 ¢
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400 s
200 |
0 1 1 1 | ] ] 1 | 1 | ]
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()
s00 | <iil>
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Figure 5: magnetization curves for Iron and Ni¢bgl
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Figure 5 shows that fairly high fields, of the order of several hundred Oersteds, are needed to
saurate iron in a [110] direction.

More generally, the direction of easy magnetization of a crystal is the direction of spontaneous
domain magnetization in the demagnetized state. When an increasing external field is applied to

one arbitrary direction, thanagnetization grows in the easy direction following the scheme of

H
[010] 1107
L
7/

figure 6(5).

f1001]
[001]
(@AQM=0
bym>0 (cyM = M, cos 45° (dyM=M,

Figure 6: an increasing external field is applied away from the easy direction. The domain walls move and favor the dbraains w
component ofmagnetization along the field, reducing the dimensions of the other (b). When the domains are saturated in the easy
directions, the spins rotate along the field direction (d).

Domain wall motion, in a low field, occurs until there are only two domainghéd. 6¢), each with

the same potential energy. The only way in which the magnetization can increase further is by
rotation of the M; vector of each domain until it is parallel with the applied field. This process is
calleddomain rotation The domain gelf, which is a group of atoms, does not rotate. It is the net
magnetic moment of each atom which rotates. Domain rotation thus happens at very high field

RdzZS G2 (0KS YI3IySG20NRaGlIttAYS yAazaNRLRS GKA

aspecific direction.
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When the rotation process is complete (Fig. 6d), the domain wall in Fig. 6c disappears, and the
crystal is saturated.

Due to the fact that the domain rotation spends a certain amount of energy to be performed,
there should be a great aount of energy stored in the material when the magnetization is not in
GKS Sl ae& RANBOGAZ2Y YR (KAAa Aa OFIfftSR GONBAGL
The Russian physicist Akulov showed in 1929 that this energy can be expressed in terms of a series
expansion of the dection cosines of Mrelative to the crystal axes. In a cubic crystal, lef M
subtends angles a, bgcA (0 K G KS ONE & fidhfbethexc8stheas | yR f S b

of these angles, which are called direction cosines. Then

E=K, +K1(afé +4 ’a %ef) aKZ(r 2 gai)a..

where kg, Ky, K, . . are constants for a particular material at a particular temperature and are
expressed in efgm®(cgs) or fin®(SI). Higher powers are negligible, and sometimgs Ko small

that the term involving it could be ignored. The first termy, I independent of angle and is
usually skipped, because normally we are interested only in the change in the enetggnEhe

Mjs vector rotates from one direction to another. For example in a bcc crystalsfpositive, then

Eoo < B1o < R11, and [100]is the easy direction, because E is a minimum whensNh that
direction.

In the hexagonal Cobalt there is a unique easy axis and the other direction are equivalently hard.

We speak of Uniaxial Anisotropy and the Akulov formula could be simplified as
— 2 4
E=K, Ksin"g K,sin" g .
Where' is the angle between the magnetization and the c axis of the hexagonal structure.

When K and Kk are both positive, the energy E is minimum for 0, and the @xis is an axis of

easy magnetization. A crystal with a single easy axis, along which the magnetization can point

13



either up or down, is referred to as a uniaxial crystal, as noted above. Its domain structure in the
demagnetized state is paecularly simple (figure 7). Elemental cobalt, barium ferrite, and many

rare earth transitional metal intermetallic compounds behave in this way.

w

Easy
axis

X

Figure 7: magnetization breaks in domains in uniaxial anisotropy crystals.

Crystal anisotropy is due maintg spirtorbit interaction. The orbit of the electron is strongly
linked to the lattice configuration. There is also a coupling between the spin and the orbital
motion of each electron. When an external field tries to reorient the spin of an electrorgrthie

of that electron also tends to be reoriented. But the orbit is strongly coupled to the lattice and
therefore resists the attempt to rotate the spin axis. The energy required to rotate the spin system

of a domain away from the easy direction, which g&l the anisotropy energy, is just the energy
required to overcome the spg2 ND A G O2dzLf Ay3ad Lyl avYdzOK |a GKS
atomic nuclei arranged in space, each with its surrounding cloud of orbital electrons, we can also

speak of a gp¢lattice coupling and conclude that it too is weak. These several relationships are

summarized in Fig. ®)

14
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Figure 8: Spiorbit coupling scheme.

The magnitude of the crystal anisotropy generally decreases with temperatore rapidly than
the magnetization, and vanishes at the Curie point. Since the anisotropy contributes strongly to

the coercive field, the coercive field generally goes to zero together with the anisotropy.

Anisotropy Field

The crystal anisotropy forceshich hold the spontaneous magnetizations df any domain in an

SIaeé RANBOiGA2Yy OFy Fftaz2z 0SS SELINBa&SR Ay |y Ay
anisotropy constants. For small rotations of the magnetization away from an easy direction, the
crystal anisotropy acts like a magnetic field trying to hold the magnetization parallel to the axis.
This field is called the anisotropy field and is given the symholtté anisotropy field is parallel to

the easy direction and its magnitude, for smadigular deviationsl exerts the same torque on M

as the crystal anisotropy itself. The torque due to the anisotropy fiel i1 sing, or H,M g

for small values of. For example, in a cubic crystal with [100] edsgctions, the torque exerted

on Msby the crystal when Mrotates away from [100is, +K, / 2sin 4y, or 2K,q for smalld.

Equating these torques, we have

H . M.g=2K,

15



2K 2K
Hy :M—: or Hi :ﬁg—l\/llsinSI'

This is the expression for the Anisotropy Field in the case of magnetocrystalline anisotropy. As we

will see in the next chapters it could be associated not only to magnetocrystalline anisotropy but

extended to the other typ of magnetic anisotropies.
Induced Anisotropy

Stress effects

When a substance is exposed to a magnetic field, its dimensions change. This effect is called
magnetostriction. It was discovered in 1842 by Joule, who showed that iron in bulk form increased

its length when it was magnetized lengthwise by a weak {®ld
The fractional change in leng | is simply a strain, and, to distinguish it from the striitaused

by an applied stress, we give the magjcally induced strain a special symbol:

The value ok measured at magnetic saturation is called the saturation magnetostrictioand,
GKSY (GKS g2NR aYl 3y Sa2aidNR OdidBually méaat. THedolgh ofg A (i K

the magnetostriction could be understood looking at the image below (f{§)9)

16



Spontaneous
Above T, / magnetostriction
ﬁ L— AL
C |
H=0 —
Below T¢ 4 AL
\\\
\Ficld-induced
L H magnetostriction

Figure 9: magnetostriction is caused by the rotation of the orbit around the nuclei.

The black dots represent@mic nuclei, the arrows show the net magnetic moment per atom, and
the ellispoidal lines enclose the electrons in a fixed orbit around the nuclei in the magnetostrictive
crystal. The upper row of atoms depicts the paramagnetic state abgug Tor themoment, we
assume that the spuorbit coupling is very strong, then the effect of the spontaneous
magnetization occurring below, Would be to rotate the spins and the electron clouds into some

particular orientation determined by the crystal anisotropyeTnuclei would be forced further

apart, and the spontaneous magnetostriction Would%lé. If we then apply a strong field
0

vertically, the spins and the electron clouds would rotate through 90 degrees, and the domains
. DI
strain by an araunt T

Thus an applied mechanical stress can alter the domain structure and create a new source of
magnetic anisotropy. These effects can have a substantial influence on thieldwnagnetic
properties, such as permeability aneimanence.

The saturation magnetostrictiors; of a cubic crystal in a direction could be expressed as a

function of the direction cosines;, i ,, | 3 relative to the crystal axes, when the magnetization

17



changes from the demagnetized state to saturation in a direction defined by the direction cosines

hy,ho 03, and is given by

o=y it 1 d 0 A B3 R ks a by aw)
where <jpp and <33 are the saturation magnetosttions when the crystal is magnetized, and the
strain is measured, in the directions [100] and [JL ¥&spectively.

The symbol will be used here and in the following paragraphs for applied mechanical stress.

H, M (or B), and could be all parallel, duin general, M and may not be parallel. We know from
the previous equation that the amount of magnetostrictigtrain exhibited by a crystal in a
particular direction depends on the direction of the magnetizatitfhwe impose an additional
strain by @plying a stress, for the Villari effect we expect that the direction of the magnetization
will change. We therefore need a general relation between the direction of M within a domain and
the direction and magnitude of. But we know that, in the absencd stress, the direction of M is
controlled by crystal anisotropy, as characterized by the first anisotropy constarithkrefore,
when a stress is acting, the direction of M is controlled by boémd K. These two quantities are

therefore involved in tie expression for that part of the energy which depends on the direction of

M, which isfor a cubic crystal

E=K(aid +hiaid)a-w( (S a¥d o8 a(g...h s #a .99

Whereh 4, h5, h 5 are the direction cosines of M, as before, agd g,, g, are the direction cosines

2T GKS aidNBaa =~ o ¢KSis$ptdzhithiniaked BzvhiniRUNNBID ihia 2 y 2
direction is seen to be a complicated function @f ®op, <112> F YR X FT2NJ ye 3FAD
EPAPYRCNE

Stress alone can create an easy axis of magnetization. Therefore, when stress is present, stress

anisotropy must be considered. It is a uniaxial anisotropy, and the relation which governs it, is of
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exactly the same form as for uniaxial crystal anisoyror shape anisotropy. We therefore write

for the stress anisotropy energy, which is a magnetoelastic energy
— .2

E..= K sIn"g

Configurational Anisotropy

It was demonstrated3) that in a squared array of spins at leaso different spatial configuration

of the magnetization are equilibrium states of the magnetostatic energy.

(a) (b)
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Figure 10: Flower (a) and Leaf (b) magnetization configuration are equilibrium states, created by the application afoadi¢he
sideort £ 2y 3 (GKS RAF3I2YyIFEt 2F (GKS &dljd2 NBR R2iGd ¢KA& STFTFSOI

It is possible(3) to model the flower and leaf (figure 10 a and b) states analytically as small
perturbations from the uniformly magneted state and find that the energy surface between the
states can be described by a fourfold symmetric configurational anisotropy field which changes
sign at a critical width to thickness aspect ratio. Figure 10 shows examples of equilibrium
magnetizatiorvector fields calculated for square nanostructures. Figure 10a shows the vector field
(also called a configuration) which occurs when one magnetizes the structure parallel to one of its
SRISaADd ¢KAA O2yFAIdzNI GA2Y A3 auksafahd viag it flasesDit A O f
at the top and bottom, like the center of a daffodil. Figure 10b shows the configuration associated
GAGK I &ljdzk NB YI3IySGAT SR ft2y3 Ada RAFI2yLE o

way that it bows out in thecenter and then nips together at the ends, like a plant leaf. The
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numerical calculation of an equilibrium magnetization field can be repeated for each value of a
varying applied field in order to simulate a hysteresis loop, or as a function of nanomagnet
orientation in order to predict anisotropy values.

¢tKS 02y OSLIi O02dzZ# R 0S8 SEGSYRSR (2 aFNN}Xeé& 2F R2

more wide significance, as we will describe in the second part of this thesis.

Other Anisotropies

Various oher anisotropies may be induced in certain materials, chiefly solid solutions, by
appropriate treatments. These induced anisotropies are of interest both to the physicist, for the
light they throw on basic magnetic phenomena, and to the technologist, nvap exploit them in

the design of magnetic materials for specific applicati(@)s

The following treatments can induce magnetic anisotropy:

1. Magnetic annealing. This means heat treatment in a magnetic field, sometimes aalled
thermomagnetic treatment. This treatment can induce anisotropy in certain alloys. (Here the term
Grtfz2eaeg AyOfdzRSa y20 2yte YSOUlFLttAO YIGSNRLf
kind of alloy:

a. Twophase alloys. Here the cause of aiispy is the shape anisotropy of one of the phases and

is therefore not basically new. However, it is industrially important because it affects the behavior
of some of the alnico permanemhagnet alloys.

b. Singlephase soliesolution alloys

2. Stress angaling. This means heat treatment of a material that is simultaneously subjected to an
applied stress.

3. Plastic deformation. This can cause anisotropy both in solid solutions and in pure metals, but by

quite different mechanisms.
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4. Magnetic irradiation.This means irradiation with higenergy particles of a sample in a

magnetic field.

Exchange Anisotropy

Another interesting smajbarticle effect was discovered in 1956 by W. H. Meiklejohn and C. P.
Bean(8), who called it exciinge anisotropy. They took fine, singlemain particles of cobalt and
partially oxidized them, so that each cobalt particle was covered with a layer of CoO. A compact of
these particles was then cooled in a strong field to 77K, and its hysteresis loopeessired at

that temperature. This loop, shown by the full curve of Fig. 11, is not symmetrical about the origin
but shifted to the left. If the material is not cooled in a field, the loop is symmetrical and entirely
normal (dashed curve). The fietdoled material has another unusual characteristic: its rotational
hysteresis loss Wmeasured at 77K, remains high even at fields as large as 16 kOe, whereas W
decreases to zero at high fields in most materials.

These two features of exchange anisotropyshafted loop and higHield rotational hysteresis,

have been found in other materials, including alloys. For example, disordered-mekeglanese
alloys at and near the composition sNin are paramagnetic at room temperature but show

exchange anisotropy winefield-cooled to low temperatures.
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M (arbitrary units)

Figure 11: Asymmetric/symmetric hysteresis loop for a sample cooled/not in a field due to the effect of exchange anisotropy.

Domains and magnetic configurations

In presence of a magnetizationt , the magnetic fieldH can be split in two components, the
applied field H_,, and the magnetostatic fieldd ,, coming only from the magnetizatiom . For
H,the following equation is validb 3H, 6, given that j = 0. The most general solution is

Hy=- ®J(r). From the third Maxwell equation & 8 G), being B=m(M+H) and

substituting - ®J(r), it is obtained thatU(r) is solution of: DU = EMC. Considering the

boundary conditions, the solution of the equation can be calculated:

_1a _p'e@ry,., nMd ..,
U(r)—@énmdl‘ -;st

22



From te equation above two terms can be identified: a bulk termBND), that is zero wherm

is uniform everywhere and a surface term-§1 ), that is zero wherM is parallel to borders.

When a high external field is applied so that the sample reaches a saturated state, uniform
magnetization is favoured. At small magnetic field, the magnetization is generally arranged in
order to reduce the magnetostatic energy.

The wg to do so is formation of domains structure, where the magnetization is arranged in a
closed flux circuit without leakage outside the material. In each magnetic domain the
magnetization is homogenous and oriented parallel to one of the easy directiotise Aiterface
between one domain and the next, the magnetic spins have to change their orientation. Into the
material there are then regions, called domain boundaries, which are costly in terms of éfergy

(9). An excess of anisotropy and exchange energy is stored in domain boundaries, considering that
within the wall each spin is misaligned slightly from its neighbours, against the exchange energy
that will tends to align the adjacent spins. Oretbther hand, these same atomic spins within the
wall do not lie parallel to an easy direction, so there will be an anisotropy energy associated with
the wall presence. Summarizing, the number and the shape of domains are determined by the
balance of threeenergy terms: the magnetostatic energy and the anisotropy and exchange
energies associated with the walls. When the lateral size of the ferromagnetic structure becomes
to be so small that is comparable with the domain wall dimension, the magnetization
configuration becomes a single domain. If then the size becomes too small, the magnetic moment
of the single domain ferromagnet can fluctuate, due to the thermal energy, and the object
becomes superparamagnett0).

In the simpé ideal case, it is assumed that the rotation of the magnetization inside the wall is

always normal to the magnetization on both the domains separated by the wall. This is the case of
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the Bloch wall domain. The energetic cost due to the presence of a dowadi can be evaluated

as:
sW:éz/AK1
GKSNB ! Aa G(GKS SEOKIy3IS adGAFTFySaa Oz2yaidlyid |

type of boundary and the direction normal to the boundary.

Another type is the Néel wall domain: the nmeggization rotates from the direction of the first
domain to the direction of the second, with a rotation that is within the plane of the domain wall.
It consists of a core with fast varying rotation and two tails where the rotation logarithmically

decays.Néel walls are the common magnetic domain wall type in very thin film where the

exchange length is very large compared to the thickness.

Bloch Wall Néel Wall

Figure 12: Bloch wall and Néel wall types.

Specific length -scales

Considering the example of a spherical object wittlius R and constituted by a specific material

(so that A and Kare known) and calculating the energy for the single domain state and for a two
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domains state, the critical radius below which the former state is energetically stable can be
written as(11)
_36/AK,
sd — 2
mM
The competition between exchange and dipolar energy can be expressed in terms

of the exchange length,(12)

2A
mM

ex

which represents the spatiakale below which exchange dominates on the magnetostatic effects.

Another important parameter is the hardness:

= 2K,
M 2
Ml

that measures the relative importance of anisotropy compared to magnetostatic effects.

The domain wall widtlparameter

A

—£X

K, Jk

is related to the domain wall width, is given by(12)

A
%:P?:l

1

The relative values of the characteristic lengths change as a function of theedefyreagnetic

hardness of the materials. For soft magnetic materials, one has:
0
de Iex <<

and for hard magnetic materials,
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In the figure 13(4) below we report some examples of magnetic domain structures in a
rectangular ferromagnet. The magnetostatic energy is considerably reduced for the last two

examples where a closure domain configuration is clearly visible.
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Figure 13: single domain, muttomains and examples of closure domains.

The circular shape has a strong potential for nanomagnets, due to its lack of shape anisotropy and
configurational anisotropy. If the circular dot is constituted by an isotropic material, as it is for Py,
it results that its magnetization can be changed in direction by a very weak applied magnetic field.
It is just in the circular objects that it appears a particular closure domain: the magnetic vortex
(13), in which the magnetization @iction changes in the plane of the object, lowering the system
energy by reducing the stray field. In the core the magnetization is perpendicular to the surface
plane, so the only residual magnetostatic energy is confined in the center which could bassaen
topological singularity, that gives to the object two key properties: chirality (clockwise or
counterclockwise rotation of magnetization) and polarity (positive or negative direction of the
core magnetization). A scheme of the magnetization orieptatin a vortex is represented in

image 14.
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Figure 14: magnetization distribution in a vortex. The topological singularity determines the polarity; the chiralityesthieat
rotation of the magnetization.

Reversal of Magnetization

When the particle lateal dimensions begin to be small, the single domain is energetically more
favorable and the reversal nucleation field is greater in than the extended film. This means that
the coercivity increases when the particle dimension is reduced. We report in fiusescheme

in which the coercivity as function of the particle dimension is summarized. We see that as we go

from right to left (when we reduce the diameter of the particle) the coercivity increases.

MD = multi-domain
SD =single-domain
SP = superparamagnetic

SD

MD

SP

Unstable

Stable

ci

TN

0 D D,

Particle diameter D

7
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Figure 15: as the dimensions of the particle areuaatl, the single domain is favored and as consequence the coercive field grows.
If the dimensions are still reduced, the thermal excitations misalign the spins in a chaotic distribution (superpararbagastar)
and the coercive reduces to zero.

When the diameter of the particle is further reduced the coercivity starts to reduce and when the
thermal energy is greater than the magnetic energy the particle becomes superparamagnetic due
to the thermal excitations which misalign the spin orientation. The me#igation reversal process

is energetically favored if it passes through a domain wall motion, but when the particle is single
domain the nucleation field is still smaller than that for coherent reversal. Two different
mechanism of incoherent spin rotatipthe magnetization buckling and magnetization curling, are

now energetically favoured as sketched in Figuré115.
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Figure 16: coherent rotation, curling and buckling reversal mechanism.

Particle interaction

In a magnetimanodots array the only interaction between the particles is the dipolar interaction

(or dipolar coupling) that acts in the long range, because its magnitude scale’ as
It derives from the magnetic dipoldipole interaction whichwould favor the alignment of the

magnetization of a particle to the stragjosure flux produced by the neighbor particle. In figure 17
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it is simply sketched the dipolar influence of the uniformly magnetized particle A on the particle B

and C.

Figure 17coupling interactions between magnetic particle.

The particle C tends to be magnetized antiparallel to A, while the particle B prefers a
magnetization in the same versus of the particle A.

For circular magnetic dots in an array the coupling interaction favors vortexes with identical
chirality and polarity(15).

It is not trivial to understand how the coupling interaction affect the reversal process in a magnetic
dot array for different dimensions and relative dispositions, but it was one of the objective of the

work done.

Spin Waves

Spin waves are propagating disturbances in the ordering of magnetic materials. These collective

excitations occur in magnetic lattise with continuous symmetry. From the equivalent
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guasiparticle point of view, spin waves are knownrasgnons which are boson modes of the spin

lattice that correspond roughly to the phonon excitations of the nuclear lattice. As temperature is
increased, e thermal excitation of spin waves reduces a ferromagnet's spontaneous
YFEAYSGATFGA2yd ¢KS SySNHASE Spih wawdslkahi propagdtd i | N
magnetic media with magnetic ordering such ferromagnets and antiferromagnets. The freggienc

of the precession of the magnetization depend on the material and its magnetic parameters; in
general precession frequencies are in the microwave fragh00 GHz, exchange resonances in
particular materials can even see frequencies up to several TlzhiGiher precession frequency

opens new possibilities for analogue and digital signal processing.

Spin waves themselves have group velocities on the order of a few km per second. The damping of
spin waves in a magnetic material also causes the decay pfitade of the spin wave with
RAaAGlIYOSET YSIyAy3a GKFEG GKS aLRAy ol @Sa OFy (NI
the dynamical magnetization is accounted by the Gilbert damping constant in the L-aifdhitz

Gilbert equation (LLG equation).

The LL equation was introduced in 1935 by Landau and Lifshitz to model the precessional motion
of magnetization M in a solid with an effective magnetic field &hd with damping. Later, Gilbert
modified the damping term, and in the limit of small dampineids the older LL equation. The LLG

equation is,

a
%: gMxH JI\;I_M VExH )
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the electron gyromagnetic ratio.
A magnonic crystalis a magnetic metanaterial wth alternating magnetic properties. Like

conventional metamaterials, their properties arise from geometrical structuring, rather than their

30



bandstructure or composition directly. Small spatial inhomogeneities create an effective
macroscopic behavior, ldang to properties generally not found in nature. By alternating

parameters such as the relative permeability or saturation magnetization, there exists the
possibility to tailor ‘'magnonic’ bandgaps in the material. By tuning the size of this bandgap, only
spin wave modes able to cross the bandgap would be able to propagate through the media,

leading to selective propagation of certain spin wave frequendiéy

The Micromagnetic modeling

The full quantum mechanical approach sed when the dimensions of the nanostructures are of
the order of atoms and molecules, while in the mesoscopic range phenomenological constants
(i.e. the exchange constant, anisotropy fields) are introduced.

In the mesoscopic scale a classical approximatib the description of the magnetic materials
OFfft SR GYAONRYFAYySGAO I LIINRIFOKé A& AYINRRddzOSR
In the micromagnetic theory the total free energy is a result of several terms, whose balance
determines the magnetic properties of the system. In physics (and therefore in this theory) a
system in equilibrium is in a local minimum of the total free energy. If thermal fluctuations are not
considered, i.e. the system is at 0 K, this can be written as:

Bot= B+ Bx+ E+ Bnis

where g is the magnetostatic energyeHs the exchange energyz 5 the Zeeman energy and

Eanis is the anisotropy energy. The determination of the exact values of all these terms, and in
particular the condition under which they are & local minimum, allows us to predict the

magnetic behavior of the considered system.
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Introduction

The present thesis work concerns an experimental analysis and characterization of some novel
nanostructured systems: FeGa (producedtiy group of Prof. Marangolo at the University Pierre

et Marie Curie in Paris) and TbFeGa (produced by Rocio Ranchal at University Complutense in
Madrid) in thin films, bicomponent array of ferromagnetic ellipses (done by the group of prof
Adeyeye at Uniusity of Singapore) and finitsize array of Py nanodots (by the group of Vavassori

at Cic Nanogune in San Sebastian, Spain).

The main methods for detection of the magnetic properties were Magnetic Force Microscopy, for
the determination and visualizatioof the magnetization configuration, the Magne@ptical Kerr

Effect Magnetovectometry for the determination of the variation of magnetization under the field
application in the three spatial directions, the Vibrating Sample Magnetometer and finally the
Brillouin Light Scattering for the analysis of the spiave frequencies. MFM and MOKE are
measurements performed with instruments at the University of Ferrara, VSM at the UPMC while

BLS is performed at the Department of Physics and Geology of the UnieéiBeyugia.

Magnetic Force Microscopy

The Magnetic Force Microscope is a type of Scanning Probe Microscope. The principle of

operation is based on the scheme reported in the imag@&7)
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Figure 1: scheme of the principle @beration of SPM.
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end a small volume of magnetic material, the tip, is mounted. When a magnetic surface is brought
close to this tip they will interact by €hmagnetic stray field. Magnetic force microscopy is anon
contact technique and during scanning the sample is kept at a distance of several nanometers
from the tip. The interaction between tip and sample can be measured by a detector which
collects the dser beam reflected by the back side of the cantilever. When the sample is moved
with respect to the tip a one dimensional array of interaction data is put into the computer and
stored there. The direction of this motion is called the fast scale dire¢¥pnA number of parallel

scan lines will form a twdimensional array of data in the computer. The direction of the offset
between these lines is called the slow scan direction (Y). A computer assigns grey color with
different contrast to different strentps of interaction forming a microscopic image of the
interaction in the sample surface.

In an MFM two basic detection modes can be applied which are sensitive to two different types of
interaction. The static (or DC) mode detects the magnetic force actiinthe tip whereas the

dynamic (or AC mode) measures the force derivathi).
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Static Mode
I OO2NRAY3A G2 1221S5SQa fl¢g GKS RAALIFOSYSyid ni

it exerts on the tip:

Theproportionality constant c is called the cantilever constant. In this mode the cantilever is used
to translate the force acting on the tip to a displacement which can be measured by the detector.
The detector signal and thus the magnetic image will beectimeasure of the force acting in the

cantilever.

Dynamic Mode

In the dynamic mode the cantilever is oscillated at or close to its resonance frequency. The

cantilever can be treated as a harmonic oscillator having the resonance fregijemicich is give
by

l Ceff

f=— |2

20\ m
with m the effective mass of tip and cantilever. The effective cantilever constgntonsists of

two contributions:

T=

Cot =C ~—
Lz

where c is the cantilever constant. In the close proximity of the sample also the forces acting on

the magnetic tip change when the distance between tip and sample is changed. This can be
described by a force derlvatlv%; . This foce derivative on the tip acts on the cantilever just like

an additional cantilever constant. Note that in case of a large cantilever oscillation amplitude the

force derivative will not be constant over one period, resulting in a-hammonic oscillationFor
34



. F .
low amplitudes, however, a constaliié; can be assumed so that the problem can still be treated

as an harmonic oscillator:

to
ol
f=f1 H&
C

with f, the free resonance frequency of the cantilever in the case of no tip sample interaction

WF

provided thatE < the shift in resonant frquency is given by:

Df ol HF
2C uz

We know that

. U
F Mtip E B and thus the frequency shift is proportional to the second derivative of the

magnetic stray field along z:

, U1°B
Df " —

Uz

There are three ways to detethtis change of the cantilever resonance frequency:
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- Amplitude detection: here the cantilever is oscillated at a fixed frequeficy f, , where

F
in the case of“E =0 the oscillation amplitude is already slightly beltve maximum

amplitude at f,. When the resonance frequency changes this will result in a change in

cantilever oscillation amplitude which can easily be detected. The disadvantage of this
technique is that it is very slow for the cé@atrers with low damping and that a change in
cantilever damping will be misinterpreted as change in resonance frequency.

- Frequency detection: in this method the cantilever is oscillated directly at its resonance
frequency, using a feedback amplifier wamplitude control. The change in resonance
frequency can be directly detected by FM demodulation techniques. Also in this case the
images had to be interpreted very carefully since an increase in cantilever damping can
also reduce the resonance frequenéycomparison of the static and dynamic mode favors
the dynamic mode for high resolutiqd8).

- Finally there is another method for the measurement of the force acting on the cantilever
I Yy R Aphasdiskiffdetéction modeYmehsiires the phase difference between the
frequency voltage that drives the cantilever oscillation and the true cantilever response.
The shift on the cantilever response depends on its damping constant. This is the method

we used in all our measurementsthis thesis word.

Magnetic Forces on the tip

A magnetized body, brought into the stray field of our sample, will have the magnetic potential

energy:
E = -/78 ﬁvl tip H(:)ampledvtip
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The force acting on an MFM tip can thus be calculated by:

F=-B 77 (MR H..dV,
The integration of this equation has to be carried out over the tip volume. In order to simplify
calculations often simple point dipole, elongated dipole or monopole models are used for the tips.

Calculations have been carriedt@about the MFM response of more complicated tips on different

kinds of magnetic structurgd.8).

Non magnetic forces on the tip

Different other forces also act on the tip. With increasing distance these forces have a different

decay rate which is indicated in the figuré1B).

S quantum mechanical forces
S —p
= capillary altraction
v
= van der Waals forces
= « >
electric and magnetic forces
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tip sample distance zu

Figure 2: action of attractive and repulsive forces and their working distances.

Electrostatic forces

Above 10 nm distance between tip and sample surface next to the magfmies also

electrostatic forces are the most important influence on the tip. The electrostatic force is given by:

F|:£Vt§

Y

37



Where C is the electrical capacity between tip and sample \gnds the applied voltagefFor a

conductive tip this force is always attractive, even if both tip and sample have the same voltage. In
the case of an insulating sample, electric surface charges can act on the tip by Coulomb forces. On
insulator, due to the scanning motion even chaggcan occur. Usually these two effects are not
important for magnetic media, since the materials are conductive enough. In constant signal mode
operation often a voltage is applied between tip and sample to keep the overall force (force
derivative) posive so that a regulation loop can keep it constant. This technique is called biasing

(18).

Van der Waals Force

Below 10 nm tipsample distance the influence of the Van der Waal force increases. This type of
force originates fromthe induced electromagnetic dipoldipole interaction between atoms. In
general between two atoms a decay of’ can be assumed for this force. The magnetic dipolar
interaction instead decays as®. For thisreason when the tip is very close to the sample surface,
the Van Der Walls forces are very strong, but when the tip is lifted the Van Der Walls forces rapidly
decrease while the dipolar interaction remains strong. This is the principle on which the MFM
works: in the first pass the tip is kept close to the surface and it feels the Van der Walls forces and
in this way it traces the topography. Knowing the topography it is possible to pass a second time
with a fixed lift height at which the Van der Walls foscare neglectable but magnetic forces are

still strong and in this way only the magnetic forces are accounted for.

Capillary Forces

If measurements are performed in ambient conditions capillary forces need to be accounted for if
the radius of the contacsiless than the Kelvin radius. Below this dimension vapors (usually water)

condense into the contact area. The Kelvin radius is given by
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r = N
° RTlog(p R)

where g is the surface tension, R is the universal gas constaattie temperature, V is the molar

volume and pis the saturation vapor pressure. Due to the larges@mple separations capillary

forces are assumed to be negligible in this study.

The Multimode SPM z Nanoscope llla

The instrument in our laboratory &Digital Instruments Nanoscope llla. The image of the head of
the microscope is reported below in figuregB37).
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Images consist of rastecanned, electronic renderings of salegurfaces. There are three default
sizes: 128 x 128 pixels, 256 x 256 pixels, and 512 x 512 pixels. In addition, nintowieitiht
aspect ratios may be specified by the user: 1:1, 2:1, 4:1, 8:1, 16:1, 32:1, 64:1, 128:1 and 256:1.
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Thus,itispossiblda 2 206 0FAY GaGNARAL) aO0OlFlyaé oKAOK NBI dza NB
200>m laterally (in X and Y) and>f vertically (Z axis).

The MultiMode is so called because it offers multiple SPM modes, including AFM, ECAFM, ECSTM,
STM and TappingMod®Vith this instrument it is possibile to perform AFM measurements of the
topography following different method:

Contact AFM1 Measures topography by sliding the probe tip across the sample surface.
Operates in both air and fluids

TappingMode AFM1 Measurestopography by tapping the surface with an oscillating tip. This
eliminates shear forces which can damage soft samples and reduce image resolution. This is now
the technique of choice for most AFM work.

Phase Imaging Provides image contrast caused by difieces in surface adhesion and
viscoelasticity.

Non-contact AFMtT Measures topography by sensing Van der Waals attractive forces between
the surface and the probe tip held above the surface. It provides lower resolution than either
contact AFM or TappingMode

Interleave MODE is a feature of NanoScope software which allows the simultaneous acquisition

of two data types. After each main scan line trace and retrace (in which topography is typically
measured), a second (Interleave) trace and retrace is made aéth acquired to produce an
image concurrently with the main scan. Typical applications of interleave scanning include MFM
(magnetic force microscopy). During the interleave scan, the feedback is turned off and the tip is
lifted to a user selected heighbave the surface to perform far field measurements such as MFM.
The lift mode measures MFM or other long range interaction in the second pass, while in the first
pass the topography is measured in tapping mode at a smaller distance at which Van der Waals

forces prevail figure 417).
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Figure 4: scheme of the lift operation mode; in the first pass the microscope traces the topography; the second passiscatfo
a fixed distance (lift distance) at which long range forces (tiegnetic coupling interaction) prevail.

The four elements of the quad photodiode (position sensitive detector) are combined to provide
different information depending on the operating mode. In all modes the four elements combine
to form the SUM signal.he amplified differential signal between the top two elements and the
two bottom elements provides a measure of the deflection of the cantilever. This differential
signal is used directly in the contact AFM. It is fed into an RMS converter (or phase nfiodule
attached) for TappingMode operation.

Figure 5(17) shows the arrangement of the photodiode elements in the MultiMode head.
Different segments of the photodetector are used for generating AFM and LFM (lateral force

microscopekignals.
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Figure 5: the four elements photodiode for the analysis of the reflected beam, the interpretation of the detected signal is
performed by the software.

A version of the TappingMode tip is the MFM probe. This is basically a crystal silicorgVagaien
probe having a magnetic coating on the tip. As the magnetized tip oscillates through magnetic
FAStRa 2y GKS &l YLXS &dz2NFIFOS:E Al Y2RdzZ I GSa
monitored, providing a measure of magnetic field strength andvliog images of magnetic
domains.

AC voltages applied to the scanner crysta¥ Xaxes produce a rastgype scan motion as

represented in Figure 6.
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Figure 6: the % scanner is moved by pieetement actuators.

Magneto-Optical Kerr Effect

The magneteoptical Kerr effect (MOKE) is a technique employed to investigate the magnetization
mechanisms of some sample discussed in this work. Therefore it is helpful to describe the physical

basics and the measurements setup of this technique.

Introductory arguments

In the magneteoptical Kerr effect (MOKHKL9) the interaction between a polarized light and
magnetization of a ferromagnetic sample causes the change of polarization and/or intensity of the
light beam reflected by the sanwlsurface. The transmission analogous to the Kerr effect is the
Faraday effect, where the polarization of the light beam transmitted through the ferromagnetic

material is changed from the polarization of the incident light be@®). The Kerr effect can be
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observed in three different dispositions of the magnetization with respect to both the plane of

incidence of the light and the sample reflecting surfé2®) (figure 7).

_~Plane of incidence—

M~ N -
v
- % )
| | -
a) Polar b) Longitudinal c) Transverse

Figure 7: Polat,ongitudinal and Transverse configuration depending on the orientation of the incidence plane with respect to the
magnetization vector.

In the polar configuration the magnetization is perpendicular to the sample surface and it is
performed at normal incidece. Longitudinal and transverse MOKE operate at a certain angle of
incidence, with a magnetization parallel to the sample surface, either parallel (longitudinal) or
perpendicular (transverse) to the optical plane of incidence. The simplest model torexipdai
MOKE phenomenon is to consider a Lorebtmde theory for a metallic film. The incident light
causes an electrons oscillation parallel to the plane of polarization. In the presence of-a non
ferromagnetic sample, the polarization plane of the reflettight is the same as the incident light.
When the sample has a magnetization that acts on the oscillating electrons through a Lorentz
force, like an internal magnetic field, the result is a second oscillating component perpendicular to
the direction of he magnetization and to the primary motion. Using a linearly polarized incident
light, the polar and longitudinal MOKE vyield the orthogonally polarized component upon reflection
whereas the transverse geometry only affects the intensity, i.e. the amplitifdihe incident
polarization(22). However, the complexity of MOKE theory requires a quantum description, that

stems from the need for explaining the large magnemical effect in the ferromagnetic
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materials (23). The explanation could be found in the spirbit coupling, introduced by Hulme
(24) and improved by Kittel25)and Argyreg$26). The spirorbit interaction couples the magnetic
moment of the electron with its motion, connecting the magnetic and optical properties of a
ferromagnet. This effect is present also in the rraagnetic materials, but it is only in the
ferromagnets that it manifests itself th&s to the unbalanced number of spin up and spin down

electrons.

Mathematic formalism

The formalism to explain the MOKE effect is the same used for the other magpgtal effects.

If we consider a linearly polarized light as a superposition of rightefhdircularly polarized light,

we see how, without an external magnetic field, a defcularly polarized light will drive the
electrons into left circular motion and a rigbircularly polarized light will drive the electrons into
right circular motion The radius of the electron orbit for left and right circular motion will be the
same and, since the electric dipole moment is proportional to the radius of the circular orbit, there
will be no difference between the dielectric constants for both cirdylpplarized electromagnetic
waves.

An interesting effect occurs when dealing with a ferromagnetic sample because a net Lorentz
force acts on the electrons due to the magnetization of the sample. The Lorentz force introduces
an additional small oscillatingpmponent to the motion of the electrons in the perpendicular
direction both to the magnetization and to the displacement of the electrons. By superimposing
the contributions, with their relative phases, the reflected light will result in an elliptical
polarization state(27).

Considering the polar Kerr effect at normal incidence, the complex refraction index of the sample

is n, for the right circularly polarized light and for the left circularly polarized light, where.
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1
can be conceive@®) as n(1° EQ)' Q is the Voigt magnetmptical constant, that is proportional

to the value of the magnetization in the linear approximation. The reflected amplitude, such as the

Fresnel coefficient, will be:

E _n-1
E, n+1

Therefore, it is that:

r=|r|e”

LES L PRICA)
ror.

using the indices + angto denote, for each quantity, the right and left circularly polarized light,
respectively. If the incident light is linearly polarized, the reflected light will be elliptically polarized
because the circular compont) in which it is decomposed, will no longer have equal amplitude
and the major axis will be rotated from the direction of incident polarization because of the phase
difference introduced between these circular compone(3 (28). This rotation angle, the Kerr

rotation, is given by:

considering that the minus sign is due to the reflected light travelling in the negative direction, in
accordance with a coordinate system whethe z direction is positive if going into the sample
surface.

The Kerr ellipticity will be instead:

nl- )
I+ ]

To first order in(n,- n_) such as to first order in Q, the two terms become:
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The relation among the components of the magnetization, the Voigt constant Q and the Kerr
rotation and ellipticity, can be resumed introducing the dielectric tensor of the medanthat

can be decomposed into a symmetric, thusgtinalizable and an antisymmetric part, that gives
rise to the Kerr effect.

Considering a thick magnetic film where the multiple reflections could be ign(@@} when a

light beam is incident on this ferromagnetic medium Ignfr a nommagnetic medium O, the

dielectric tensorcan be written as:
a 1 -iQm, iQm,
x. .

e= g£x0m, 1 1Qm,
ge iQm, iQm, 1

m; are the direction cosines of the magnetization vectog &d Q is the already cited Voigt
magnetooptical constant. At this point is useful to clarify that there are two different sign
formalisms to describe the dielectric tensor and also the sense of magmetcally induced
rotations and ellipticitieg4) (30). The coordinate system and the sign convention chosen in this
treatment (4) are the same used by R¢B1)and Ref(32).
The reflection from the sample can be evaluated through the Fresnel reflection matrix:

— élrr:no M s

C'sp s

where the terms j are the Fresnel reflection coefficients, with the indiceand i related to the

polarization of the incidentind reflected electric field, respectivelg;is the polarization state
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perpendicular to the plane of incidence, whergais the polarization state parallel to the plane of

incidence. The complex Keangle can be now written as:

§ r
— i _Sp S — S _bs
qg_‘z-l-er_,QK_‘z-l-Ke_
rpp rss

with J, and g, the Kerr rotation and ellipticity.

The § will be dependent on magnetization components, refractive index and refraction angle
inside the ferromagnetic medium, in different way depending on the geometry of the
magnetization in relation to the plane of incidence and the sample plane.

The investigaons performed in the longitudinal geometry (magnetization parallel to the plane of

incidence), have pF 1 and m=m, = 0, the coefficients;rare expressed b{83)

., _nb- b
 nb+ b
, _b-nb
r =

* b+n b

. - gbk
b Toptb(nb H W)

where &, =in’Q , b=c0s ((q is the angle of incidence measured from the sample normal) and

b'=«/1 ~(sirf ¢n?)

Measurement setup

The magneteoptic response is measured with a SMOKE systfhsketched in Fig 85). The
incident light originates from a Hde laser, passes through a rotatable Gldrompson polarizer,
strikes o the sample surface and it is reflected. The reflected light beam passes through a photo

elastic modulator (PEM), vibrating at a frequeigcy= 50kHzand through a second rotatable Glan
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Thompson polarizer, to be finally detected by a-araplified photodiale. The components of the
detected signal modulated ¢ and 23 are measured with two lock amplifiers, whereas the dc
component of the signal is measured with a high precision voltmeter. The sample is positioned
between the poles of a twaxes ferrite éectromagnet in order that the magnetic field H can be
applied in the sample surface plane, parallel or perpendicular to the plane of incidence.

Ay

- o —

/)-:‘..____,’, (]
s| M
PEM N N "

S . P1

D

l Laser

Figure 8: scheme of the Magneto Optical Kerr Effect Magnetometer.

The optical arrangement can be analyzed by using the Jmad¢xsx formalism(36), where the
polarization state of the incident and the reflected electromagnetic waves is expressed by a

column vector:

m
I
ek

where the symbols p and s indicates the electric field components, normalized to one, parallel (p)

and perpendicular (s) to the plane of incidence.
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Every optical element can be represented by a 2x2 matrix, expressing the polarization change of
the light passing through this element. A sequence of optical elements is expressed as the product
of the Jones matrix of each element.
In the measurements presented, the incident light is polarized perpendicular (s) or parallel (p) to
the plane of incidence. The miates describing a polarizer that sets these two polarization state
are, respectively:
5 80 0 &0
1 "o
The analyser, in contrast, is positioned at a certain aggleespect to the incidace plane and its
matrix results to be:
_ & cosqg, singcos,qg
—e. )
¢Sing,cosg  sin g
The sample is described by the Fresnel reflection m&rshowed in a previous equation.
The photeelastic modulator PEM is used for modulating or varying at a fixed frequency, the
polarization of the light beam. The PEM operation principle is based on the photoelastic effect, in
which a mechanically stressed sample exhibits birefringencegptiopal to the resulting strain.
Creating an optical axis in the PEM, a linear polarization of light, parallel to the optical axis, has a
slightly different speed from that of a linear polarization perpendicular to this axis. Defimg
the difference béween the two respectively indices of refraction, it is given tixt =Acosyy, t.
A is proportional to the amplitude of the voltage applied to the piezoelectric transducer causing
the vibration, at the frequencyw;,, in the photoelastic material. The phase angle introduced

between two waves travelling through the PEM, with polarization parallel and perpendicular to
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20Dn|
the optic axis, isf :T, where | is the thickness of the optical element and is the

wavelength of the incident light. The matrix of the pheattastic modulator can be written as:

o 8l 0
B o
if the optical axis of the PEM is perpendicular to the plar incidence, thus parallel to the

polarization direction. As just explained, the signal measured in the Kerr experiment can be

expressed as the product:

1, |A® ROE|

T |
dc dc

wheref is the frequency of the measured signigl or 25 v), kcis the dc intensity and, P, R, E
are the Jones matrices described above. Supposing that the incident light is polgrizech
previous equation, neglecting terms of second order in the magnetization, it is for the normalized

lockin output atly and 23 :

ir=C,f(q,) F{rs;;}, 15, =C,f (q) ¢fs!*ps} eq 1

Where f (qfi) = Sin g/ Cos a’ C 1: 4J1 /\/E| l‘ss|2 and C 2: 4‘]2 /\/E| rss|2'
J, =0.51¢ and J, =0.43Zare, respectively, the first and theecond order Bessel function

evaluated atf =137.€ (37). In fact, the termt in the Jones matrix of the PEM is proportional to

coswy,t. If e is expanded in a series of Bessel polynomials:

i 2pAl

eif:e/ cosut

=3(f) 21( £)sin wg(, Yeos2 tw,
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If £, = pA is set at 137.8 degrees,résults to be equal to zero and the firahd second order

Bessel functions have the values cited above. The other higher order terms of equation 2 are
negligible not because are small, but because the-loc#letections are limited to measuring
signals at3 v and 243 v frequencies.

Considering Eq. dnd the relations between Kerr rotatiod, and Kerr ellipticitye, , it is simple to

show that the former termi’is proportional to Kerr ellipticity, whereas the latter terij, is
proportional to Kerr rotation.

It is interesting to remark the relation that connects the measured signal with the magnetization
components, through the Fresnel reflection coefficients

Flreid = fo:nQg)} m, -{B(nQy m

where g° are functions of the complex refraction index n, of the Voigt magnetooptioaktant

Q and of the incidence angleg.

A similar relation is obtained if the incident light is polarized parallel to the incidence plane (p
polarization), so that, with opportune arrangement and approximations, the measurement of the
single magnetization components is possible. To study therdotion effects between
nanomagnetic structures is sufficient to obtain the rotation and ellipticity quantities that contain

the magnetization, though they are not simply proportional t¢4it

Vibrating Sample Magnetometer ( VSM)

The VSM is the most simple magnetometer and is based on measuring the change of the magnetic
flux when a sample is vibrating inside a changing magnetic field.
The sample, commonly a small disk, is attached to the end of a nonmagnetic rod, the athefr en

which is fixed to a loudspeaker cone (Fig. )pr to some other kind of mechanical vibrator. The
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oscillating magnetic field of the moving sample induces an alternating voltage in the detection
coils, whose magnitude iproportional to the magnetic moment of the sample. The voltage
induced is amplified with a lockn amplifier which is sensitive only to signals at the vibration
frequency. The lockh amplifier must be provided with a reference signal at the frequency of
vibration. The detectioftoil arrangement shown in Fig. 10 is only one of those described by Foner
(38).

The coil arrangement of Fig. 10 is very commonly used. The apparatus is calibrated with a
specimen of known magnetic momgnvhich must be of the same size and shape as the sample to

be measured, and should also be of similar permeability.

Loudspeakes
drive
L g [ g
[ 17T l—Reference
D [ magnel
. ||l

Pickup coils

1 Vibration

Electromagnet

_ Sample

I "
Pickup
Iy coils

Figure 10: Vibrating Sample Magnetometer scheme.
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The Brillouin light scattering

The Brillouin light scattering is referred to tivelastic light scattering from thermally excited spin
waves and offers the possibility to determine the dynamical magnetic excitations in thin film as
well as in ordered nanostructures as nanodot arrays.

It is well known that collective excitations in alid can inelasticly scatter incident light, through
the induced modulation of the optical constants of the medium. In analogy with the etgito
effect caused by acoustic phonons, in the case of spin waves this is achieved via the roggiceto
interadion. This can be understood as the fluctuation of the transverse polarizability of a medium
due to the Lorentz force caused by the fluctuating magnetiza{3®)

In a BLS experiment, a beam of highly monochromatic light is focused on the surface of the sample
and the light scattered within a solid angle is analysed in frequency using apasstiFabrPerot
interferometer. This last one is required in order to @d and separate the weak inelastic
component of light from the elastically scattered contributiG40). If the process is viewed as a
two-particles diffusion, a photon and a magnon (the energy quantum of spinwaves), the
conseavation of the wave vector brings that the wavelength of the revealed spin waves is of the
same order of magnitude as the light magnitude, i.e. much larger than the interatomic distances.
Therefore the medium can be considered as a continuum.

The BLS measments offer also the way to determine different magnetic parameters as the
saturation magnetization, monitoring the spin wave frequencies as a function of the direction and
magnitude of the ipplane wave vector of the incident light and of the directiand strength of

the applied magnetic field. Figure @9) shows the setup of the BLS experiment in the
backscattering configuration, which is usually exploited in studies of thin films or layered

structures.
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Figure 9: schemof the Brillouin Light Scattering apparatus.

In this geometry, the spiwave vector component parallel to the sample surfagés related to

the optical wave vectok; by the following simple equation:

q ~ "1 sing

where g is the angle of incidence of light. The energy conservation guarantees t2 s the

energy of the incident photon an@ is the energy of the magnon then the energy of the

backscattered photon will béz “according to the magnon absorption (right shift or anti

Stokes) or creation (Stokes) in the process, respectively.
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Introduction

Galfenol is an Iron and Gallium magnetostrictive alloy (FeGa) with well known properties and is
employed in the fabrication of various sensors and actuators that makeotiske particular
property of magnetostriction (for example sonars: the acoustic deformation is transformed in an

electromagnetic signal).

The study of FeGa properties in thin film form is important due to the fact that it can be integrated
in spintronicnanodevices: in particular the studied system is produced (as we will see in detail in
the next paragraphs) on a ZnSe/GaAS substrate; therAmninated ZnSe epilayer is a prototype of
the low reactive iron/semiconductor interfacél), it is expected to constitute large tunnel
magnetoresistance devices and is the best ch@d@)for the injection of spin polarized current in

the GaAs semiconductor for the realization of hybrid electronic/spintraeiices. Moreover the
magnetostrictive behavior of the FeGa thin film gives the possibility to change the surface

magnetic features acting, for example, on the Ga concentration or on the film thickness.

An interesting property that we have found3)in the FeGa thin films is the creation of stripe
domains, that are originated by the presence of a Perpendicular Magnetic Anisotropy (in turn
rising from the shorrange ordering of Ga pairs along the [0@tpwth direction)(44). In these

al YL Sa ¢S KIS 20aSNBSR GKS awz2dGlFaGrofS !'yAaz
direction and the direction of preferential magnetization (easy direction).

In this study we aim to deepen our knowledge logé tmagnetic properties of the FeGa thin films as

deposited, in particular of the Rotatable Anisotropy giving an interpretation that couples together
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its dynamical and static definitions (up to now, only a definition based on dynamical properties is

available (45) (46)).

We also would evidence rotation and reversal of the stripe domains by tHeslth MFM
measurements, giving the details of the mechanism and showing what subtend to their evolution.
Finally we will show that it is possible to change the magnetic ordenynthé application of a
strong OOP magnetic field and this bring to the creation of an alternative stable configuration of

(KS &dzNFFOS YIIySiallirzy @KIaG Aa OrttSR GYAE

FeGa film production and characteri stics

The FexGa films were producedht the University Pierre et Marie Curie in Pdoyscoevaporation

from independent Fe and Ga Knudsen cell sources on a substrate of ZnSe/AsGa(001) of a
Molecular Beam Epitaxy chamber as explained elsewhere (by dilicEdt al.) The composition

of the alloys was determined by-Ray Photoelectron Spectroscopy while the thickness of the
samples was investigated by means eRay Reflectivity. The first sample studied in the present

thesis has Ga concentration and thielss respectively of x=0.20 and t=65 nm.

The choice to produce a sample with these composition is due to thg48gthat Fe..Ga thin
films with 0.15<x<0.30 represent the transition betweenlike and FeG#&ulk behavior.One
notices that the biaxial iron magnetic anisotropy favoring the (001) axis is lost whefh5% and
magnetic hysteresis measured along different axes nearly overlap, indicating-iad@&ad
guenching of the biaxial magnetic anisotropy. Recent crystafugc studieg44) show that the
Ga pairs have a preferential direction along the [@@ddwth direction in this kind of thin films and

the deformation of the pristine cells along that direction is responsible for this magneiiavior.
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Magnetic Characterization

The longitudinal hysteresis loop, measured both by MOKE and a vibrating sample magnetometer
(VSM), is reported in Figure 1. When the magnetic field was reduced from positive saturation, we
observed a linear region of Ms.H, starting around B 1500 Oe, typical of materials with sizable
Perpendicular Magnetic Anisotropy (PMA), that is a condition for the existence and formation of
GKS a2 OFftfSRY GaluNRLIS R2YlFIAyaédd ¢KAA Aa Liaa
a criticalvalue. In fact, the existence of stripe domains is proved by MFM measurements as it can
be seen in the image below (Figure 1). The image is obtained applying a saturailagdrfield

(up to 3 kOe) along the crystallographic direction [110], then redutiie field to remanence. The

period of the stripes is obtained by means of the Fourier analysis and is about 90 nm.

The PMA takes place in presence of a positive (negative) magnetostriction constant combined with

a planar compressive (tensile) stress.sTi8 the case of the FeGa thin fild3), where a
competition between the out of plane energy densityIKy R (1 KS RA LJavher&ldt 2y S
represents the saturation magnetization) occurs. The Out Of Plane (OOP) energy avaulthé

rise of an OOP component of magnetization, while the shape factor would prefer the
magnetization all in the plane of the thin film. It is then possible to define the Quality Factor Q=

Kk H <aand, provided that the thickness value is above th& GrA OF £ 2y ST sKSy

domains formation may take place.

In-field and Outof-field MFM measurements have been performed to understand how the stripe
domains behave under the application of an external field. The first measurement was performed
to undestand whether an 800 Oe in plane field annihilates or at least reduces the intensity of the
detected OOP stray field (considering that the MOKE loop displayed that only above 1500 Oe the

complete inplane saturation of the film can be obtained). Then & &k field is applied along the
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in plane [110] direction and the MFM image is obtained (see Figure 2). No particular differences in
the stripes appearance come out from the field application, nor if a detailed analysis of the OOP

profile of magnetization ad stripe period (that remains about 90 nm) is performed.

4 3 2 414 0 1 2 3 4
Field (kOe)

Figure 1: hysteresis loops obtained with MOKE and VSM respectively they give information in the surface and on bulk
magnetization behavior.
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Figure 2: MFM images at remanence andiétd with the magnetization profile in the transverse direction.

Another experiment was the application of an increasing external field along th8][in plane
direction (perpendicular to the [110] one) when the stripes are along the [110] direction. The field
was increased to 100 Oe along that direction, then was reduced to remanence and the MFM
measurement was performed. Then the field was increased to 200 Oe, reduced to remanence and
the MFM image was produced. We continued in this way with steps of 100 Oegaatiling the
maximum external field value of 800 Oe. The sequence of MFM images so obtained is shown in
the image 3. One sees that up to 300 Oe nothing changes, the stripes are still in the [110]

direction. When 400 Oe are reached one can notice thatdinges lie no more along the [110]
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direction but a coherent rotation process has started. While the field is growing one observes that
the rotation angle of the stripe domains increases proportionally with the applied field and the
rotation along the fied direction is completed at 800 Oe. Once the rotation is completed the stripe
domains remain permanently in that direction. We performed the opposite rotation (frorh0]1

to [110] direction) by the application of an increasing field along the [110] andamethat it is
ddzoadlydAalrtte ARSYGAOIt YR NBIldZANBa GKS &l Y

SljdzSy0S KSNBOU® Cl Oldzrtfe G4KS RANBOGAZY | f2y3

x

Easy Magnetization and any in plane direstivould become an Easy one. This is the reason why

6S aLISI1 2F aw2dl G 6 fySh I B/AALaE2 (I NVRALER2 (I NePNUJGEL 4 S dzR 2

H =700 Oe H =800 Oe

Figure 3 MFM images of the rotation of stripes due to the application of an increasiptaire field in the direction trasverse to
the stripes.
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The concept of Rotatable Anisotropy was introduced decades ago in the study of magnetostrictive
Ni, Fe, and NiFe film&7) (48) with perpendicular magnetic anisotropy (PMA) because an
unexpected isotropic shift was observed in the ferromagnetic resonance (FMRy8&(80), or in

the Brillouin light scattering (BLS) frequency of spin wafkl. In order to explain such
experimental evidence in the framework of a model with a uniform in plane magnetization, it was

necessary to invoke a rotatable anisotropy fielg.H

Rotatable Anisotropy in FeGa thin films

G! YyAA2UNRLRE Aa | thit hédwragrietic briperties depshdon tieSdireétidn in
which they are measured; in particular in a magnetic crystal one can distinguish one or more
directions of Easy Magnetization from other that are Medium or Hard directions. In the traditional
conceptof Magnetic Anisotropy (as it is for Crystallographic Anisotropy or Shape Anisotropy) it is
straightforward to differentiate an easy from an hard direction simply comparing the hysteresis
curves: the direction in which the saturation magnetization is reactvith the smallest external

field is the Easy Direction and the Hard one is the direction in which a greater external field is
needed to saturate the sample. The concept of Rotatable Anisotropy comes (as said before) from
the fact that in some magnetosttive magnetic materials a shift was observed in the
ferromagnetic resonance (FMR) field, or in the Brillouin Light Scattering (BLS) frequency of spin
waves along a particular direction as it was the easy direction: however after the application of a
gred enough external field along another direction, this last became the new easy direction,
showing the same shift of FMR field or spin wave frequency and transforming the previous

direction in an hard one.

For its modifiability under external field it ressilthat the rotatable anisotropy field associated

with the stripe domain pattern cannot be measured by means of conventional magnetometry
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techniques (e.g., longitudinal MOKE or VSM hysteresis loop): the measurement of a loop along an
hard direction perpenttular to the stripes rotates the stripes themselves and makes it an easy
direction. Rather, one can use any (quasistatic or dynamic) experimental technique capable of

exerting a nonzero torque on the film magnetization.

A peculiarity of the BLS techniquethat the finite inplane transferred wave vector determines
the spinwave propagation direction with respect to the stripes axis even in the absence of a dc
bias field. An ac sensing field is not required either, because BLS probes the spontaneous,

thermally excited transversal fluctuations of the magnetization.

BLS measurements were performed (at the Department of Physics at Perugia University) in
backscattering geometry focusing about 200 mW of monochromatic light (532 nm wavelength)
onto the sample sdace. The backscattered light was analyzed by a Sandetgpek3 + 3)pass
FabryPerot interferometer(39). The incidence angle of light wasAlLTorresponding to an i

plane transferred wave vector g = 0.61 X &fn™. In afirst set of measurements, the sample was
initially saturated applying a strong magnetic field (H = 3 kOe) along the [110] axis, and then
removing it, in order to obtain a stripe structure along that direction. BLS measurements were
performed at remanenc®N2 (i F G Ay 3 (GKS &l YLX S | NRdzyR GKS FAf
between the inplane transferred wave vector g and the [110] axis (view the inset of Figure 4). The
measured frequencies, together with two typical spectra, are reported in FigureedotWerved

two modes having a constant frequency (green and blue solid points), which correspond to
perpendicular standing spiwave modes (nPSSW) characterized by n nodes of the magnetization
oscillation through the film thickness. In addition, we obsenze spinwave mode (red points),
whose frequency is characterized by a A& ymmetry. Since micromagnetic simulations (further
described) and MOKE measurements indicated that at remanence there is a noticeable

component of the ipplane magnetization direetd along the stripes axis, we interpret the above
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oscillating frequency mode as a dipedwminated magnetostatic mode (MW), having the
maximum spin precession amplitude in the surface region where the magnetization is directed in
plane, parallel to the A LISa | EA&P 2KSy I ' dn 6.1  n
perpendicular (parallel) to the component of the magnetization directed along the stripes axis, i.e.,
in the magnetostatic surface wave (MSSW) [backward volume magnetostatic spin waveNEVMS
configuration. As expected for a mode mainly localized in the surface réggnthe MW mode
exhibits a marked Stokes/arfitokes asymmetry (top of Figure 4), which can be reversed by
simply reversing the direction of thmagnetic field used to prepare the stripe structure. When the
stripes are prepared along other directions, the frequency of the nPSSW modes remains angle
independent, while the MW frequency is rigidly shifted; in Fig.4 one can see that when the stripes
are prepared along the [010] direction (open points), the MW mode has a maximum along the
omMnné RANBOGAZ2Y 6.1 I npuX 6KSNB |j Aa LISNLISy

pseudouniaxial character of the observed anisotropy.
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Figure 4 spinwave modes variation under the rotation of the sample in plane. The red dot are the measured, the red lines are
those calculated. The grey line represents the calculated modes without the anisotropy field.

Micromagnetic Simulations

A simulation with theLLG micromagnetic package was conducted to find the configuration of
magnetization in the internal stripes structure. For the purpose it was used a magnetization
al Gdz2NY> GA2y @I tdz2S n-aa I' mMmTpyn hS O0RSNARISR TN
1.6 x 10° ergdcm, the outof-plane anisotropy constantkc 4.2 x 10° ergdem®, and the

tetragonal anisotropy K= H0.8 x 10° ergd cn?, favoring the [110] and [10] directions were
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obtained by the fit of BLS and FMR measurements in a high magnetk vVidlen the

magnetization is saturated in plane (not shown here).

The figure 5 shows the calculated hysteresis loops for the bulk and for the upper 10 nm of the film.
The remanent magnetization for the Bulk is lower than the Mr for the surface in queditati
agreement with the measured data (VSM probes the bulk while the MOKE interacts with the
surface magnetization). The image 6 is a sketch of the spatial distribution of the remanent
magnetization as calculated with simulation. In the bulk the magnetizatextor rotates around

the longitudinal stripes direction alternately clockwise and counterclockwise, so that the
separation plane between adjacent domains is alternately upward and downward. In the surface
region the magnetization vectors tend to staytire plane of the surface with a net component

along the stripe axis.

. 4 3 2 1.0 1 2 3 4
Field (kOe)

Figure 5 calculated hysteresis loops for surface and bulk magnetization
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Figure 6 magnetization distribution at remanence calculated with LLG micromagnetic simulator

To easily establish a relationship between BLS and MFM measurements, we exploited an
approximate analytic expressio(89) that allows the calculation of spwave frequency as
functions of different variables (including the dadpetween the field and the stripes direction and

the applied fields) valid for thin films with a uniformptane magnetization.
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vector q) with the [110] direction, and D is the demagnetizing factor. Owing to the presence of
stripes, K and D are phenomenologically introduced as fit paramei@2). Using the same
parameters of the micromagnetisimulation, we obtain Hrot = 1350 Oe, nearly ten times larger
than H1 = 2dMs = 114 Oe (the effective field associated witkpiane anisotropy), and D = 0.51,

almost equal to the ratio MM measured by MOKE. This substantiates the surface character of
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the MW mode. Note that & > 0 is crucial to get a good fit of the MWfrequency: The calculated
(red) curve of Fig. would be downshifted (gray curve) by more than 3 GHz in the absenge of H

resulting in a relevant disagreement with the experimental data.

Finally it was calculated the Jd dependence on the value of the applied field. In the
approximation formula above, The measured frequencies (red point) were introduced as function
of the applied fields, using D = M(H)}Merived from MOKE measurements aalues for
demagnetizing factor ki vs external field H was determined (see fig 7)x presents a linear
decrease and reduces to zero in correspondence of a field at which the sample is saturated in

plane.
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Figure 7 frequency of the spiwave moderelated to the rotatable anisotropy under an external field (red line); calculate
anisotropy field value as function of an incresing external field.
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Comparison between BLS and MFM

Since in BLS it is possible to distinguish a MW mode whose frequestiagtlg correlated with the
angle between the transferred iplane wave vector and the stripes direction we measured the
MW frequency shift in a stripes rotation experiment following the same procedure performed in

the MFM measurements.

The stripes were ie@pared along the [110] direction by applying a 3 kOe external field and the
sample was rotated 90 degrees in plane. A 100 Oe field was applied alonglfkditection and
shutted off while the MW mode frequency was detected. Next the external fieldlaciso 200

Oe, turned off and the MW frequency was measured and so on until an 800 Oe field was reached.
In an analogous MFM experiment we saw that the stripes started rotating at about 400 Oe and the
angle of rotation increased as the applied field ireged. In the image 8 we reported in the

graphic below the measured frequencies (red dot) vs the applied field and in the upper graphic the

€Ny

Ol £t Odzf F GSR Fy3aftSa 2F AGNALIS NRGIFIOGAZ2Y . o0& Y
with the measured angk of stripes rotation (derived from MFM images). There is a good

agreement between the calculated and measured angles, proving the goodness of our model.
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Figure 8 comparison between measured and calculated rotation angle of the stripes.

Rotation and R eversal Processes

As could be inferred from the MOKE measurements this sample has a coercive field of about 200
Oe, field at which the magnetization changes sign and abruptly increases until it reaches the 65%
of the saturation magnetization within a feverts of Oersted. One can argue that it happens
between 200 and 300 Oe. Over this field value the linear M vs H behavior starts and the field
Go2N] aé¢ G2 avyz22d0K GKS YI3IySaialltdAazy Ff2y3 GKS
happens in the stpes domains when the magnetization is inverted we observed the process with

the MFM.

We simply saturate the sample along the [110] direction with880 Oe negative field, we

performed the MFM in field measurement, then we inverted the field to +800 Qkdaoserved
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the stripes at this field. In order to establish if the stripes moved from their position we found the
following method to create a precise reference: in the image below (fig 9) we reported (for the
same measurement) both the MFM signal and tA&M topography. Imperfections on the
topography generally are considered a bother in the MFM technique but, in this measurement,
were a help for the creation of a map of the analyzed surface. In fact we put a marker on 5 precise
defects and, superimposingn it the MFM image, we transferred the marker position on the
stripes. This is done also for the successive MFM image: in this way, if the stripes are not in the
precise position with respect to the markers, it is because the stripes moved from theiopsev

position.

In these measurements we circled two markers (red crosses) that we considered the most
representative. In the left image (violet circles) the cross in the left is positioned on the center of a
white (upward magnetized) stripe. In the righhage the same cross instead is positioned
precisely in the center of a black (downward magnetized) stripe. In the left image the right circled
cross is positioned at the edge of the black/white signal that is between two stripes (the black is
on the rightthe white on the left of the cross). In the right image, the same cross instead is yet in
between two stripes but this time the black is on the left and the white on the right. In both the
previous two cases, the 4plane magnetization sign inversion praskd a complete inversion of

the out-of-plane component of magnetization along the transverse direction of the stripes and
applied field. Considering this component as a wave, there was a shift of 180 degrees (half wave

length) of the magnetization.
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200 nm

Figue & comparison between topography and magnetic information allows to determine the shif of the stripes after the reversal.

For the other three crosses the situation is not so clear because the complete saturation is not
achieved and probably the applidald is not sufficient to complete the process of shift of the
OOP component of magnetization along the direction transverse to the stripes axis. An indication
of this could be found looking at the position of upper portion of the stripes with respettido

case previous the field application: the stripes are bent because only the bottom section has

accomplished the transition.

Then we repeated the experiment with closer field steps. After the saturation (and then stripes
induction) with a-6000 Oe fieldn the [110] direction we reduce the field to remanence and then

start to increase it to positive value as one can see in the image below (fig 10).
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We concentrate on the lightlue marker and the lighd f dzS F NNRga AYRAOF GAy3
At +35 Odield the blue marker encircles a cross on a right border of a white stripe (left border of
a black one) while at the upper right of the MFM image there are two bifurcations (two stripes
come together to become one indicated with numbers 1 and 2). At 2. #h@ right bifurcation 2
disappears and a new bifurcation (3) is created below it. At 255 Oe also the left bifurcation (1)
disappears but leaves place to another (4) at its left : the bifurcation has moved to left in a process
that we can call propagatioaf a dislocation. The propagation of the bifurcation leads to the 180
degrees transversal shift of the stripes before noticed. Finally, the green circles indicate two more
crosses showing where inversion leads to the 180 degrees shift of the OOP transvers
magnetization; notice that the process is completed at 294 Oe in the field range in which the
magnetization changes sign. This is the process by which the stripe domains pattern performs the

reversal of in plane magnetization.
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Figure 10stripes reveral analysis

This analysis performed in the case of the rotation of the stripes suggests that the process is the
same. We can conjecture that the rotation process happens with a breaking and propagation of
defect points (bifurcations) and terminates withc@mbination under a different angle. In a series
of steps breakinglislocationrecomposition the rotation goes ahead until the process is

completed. While the in plane sign change of M and the 180 degrees shift of the stripes starts at
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200300 Oe externafield, the rotation process needs more energy: the stripes in facts start
rotating at about 400 Oe and complete the rotation at about 800 Oe. In support to this hypothesis
(of the stripes rotation mechanism) we show a rotation of stripes of a 135 degregs €éig. 11).

After induction of the stripes along thell10] direction with a +800 Oe field the sample was
rotated in plane of 135 degrees. Then an increasing external field was applied along the [100]
direction. One can see no coherent rotation, astlwe case of the 90 degrees rotation, but
unexpectedly above the 400 Oe the stripes break in a lot of segments randomly oriented (but
preferentially along the starting direction and the normal direction). This is a clear proof of how
0KS ai NR LISt réta2eYoh theit &ntirR Rnf@; instead they break in correspondence of

defect point and recompose to form new stripes with different orientation and length.

[100]

Figure 11rotation of stripes about 145 degrees produces labyrinth domains.

We would like toremember that the stripe domains are not domains with a crystallographic
origin, and that their formation is due to the balance between different type of magnetic energy
contribution; this is the reason why it is possible to break and recompose them dthlyhe field

application.

As a consequence, in some particular conditions (that we now are going to describe), it is possible
in the same kind of sample, to produce a particular type of domains, called Bubble Domains.
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Bubble Domains Formation

The experirent consists of applying a strong magnetic field perfectly perpendicular to the plane of
the thin film. The images below (figures 12 and 13) were obtained by applying a 1.6 Tesla field
along the Out Of Plane direction. The resulting domain pattern isghe O t t SR daAESH

t I { G(31INBAEs, as the locution says, a tangle of striji@ domains and Bubble domains.

Bubble domains are defined as isolated uniformly magnetized domains having a cylindrical shape
in which the magnetization vector inside points in a direction opposite to the magnetization vector
outside the bubble. The existence of stable bubble domaingoiseerned by the presence of a
perpendicular magnetic anisotropy along the cylinder axis (in this case in the OOP direction) and
generally it is possiblés3)to obtain transient single bubble domains by the application of & Bia
field orthogonal to the bubble axis starting from a state of mixed bubble/labyrinth domains

(equilibrium state).

In our case we observed the formation of the mixed state (bubbles and labyrinth or stripe
domains) by the application of a strong OOP fislal,it is logical conjecturing that we increased
the anisotropy along the OOP direction. This is a noticeable point: we already demonstrated that
the Rotatable ifplane Anisotropy determines the rotation of the stripes and the frequency shift of
spinwavesassociated to a Rotatable anisotropy Field but, with this experiment we show that we
can increase the perpendicular magnetic anisotropy (and then the quality factor,Q# K°p

producing a new metatable state.
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Figure 12and 13: mangnetic bubbles inded by a strong Out Of Plane field.

It is not possible by now with our instrument to perform an MFM measurement applying a Bias

OORP field to produce single bubble domains (as one could expect from this kind of starting
domains configuration) but we coukke that as it is possible to pass from stripe domains pattern

to a this new regime (of mixed bubble domains) it is also possible the inverse process, and the
mechanism is totally reproducible. We show this applying a +800 Oe field along an in plane

direction and the result is shown in the image below (Fig. 14)

Figure 14 after the application of an plane field the stripes return to be aligned.
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We then observe the transition from the Mixed Bubble to the stripe domains with an increasing in
plane field After the production of the Mixed Bubbles Pattern by the application of a 1.6 Tesla
field perfectly orthogonal to the film ([001] crystallographic direction) we start growing the in

plane field along the arbitrary chosen [110] direction. Figures 15 &nd 1
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H=+314Oe
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Figures 15 and 1&n incresing iplane field gradually transform bubble domain pattern in ordered stripes.
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Omitting greater field values (because as already said conducting to the stable stripe domains
configuration) it is interesting to notice ¢hrecurrency of the field range 20@00 Oe as the range

at which the transition from the mixed bubble to the stripe domains occurs. We conjectured that
despite the difference between the reversal of the in plane magnetization and the stripe rotation,
the two processes subtend to the same properties that is, the propagation of defects in the
domains. It was clear that the reversal required less energy than the rotation because the second
process involved a continuous breaking and recomposition of theestnunder different angle. In

the case of mixed bubble the situation is not so different: the bubbles evolve with the increasing
field until they disappear becoming part of the stripe pattern. Moreover it is helpful to highlight
that under the applicator2 ¥ F 02dzi 2y S Kdzy RNBR hS TFTASER (F
considerably, but start to disjoint only above 200 Oe: the same field at which the in plane reversal
starts. So there should be a bond between the reversal through the bifurcations propagation an
the dismemberment of the bubble domains as it would be, if we considered both the bubbles and

bifurcation as topological singularities born in defect points.

Another connection between the in plane magnetized domains and the mixed bubble domains in
this film comes out from an experiment of stripes rotation: after have induced the stripes along
the in plane [110] direction we applied an increasing field along thplane [£10] direction
(perpendicular to the stripes) and we performed the MFM measuremientield (see fig. 17). At a

field of 419 Oe it is possible to identify two bubbles with opposite polarity (one with the core
prevalently upward magnetized and another with the core downward magnetized). At a greater
field 484 Oe one of the bubble disapps and leaves place to a stripe domain forming a larger
angle with the starting [110] direction. In a 544 Oe field also the second soliton disappeared and
another portion of stripe pattern rotated along the field direction. At this field the patterncis ri

of bifurcation, and one can really realize how the rotation process is accomplished by means of
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breaking and recompositions of defects in the stripes pattern. The bubble domains seem to be in
this sense a stripe domain that wraps on itself in a defewipor a dislocation. One should notice
that the average diameter of a bubble domain is comparable with the period of the stripes:
notwithstanding they are two different kind of domain, the minimization of the involved energies

brings to the same periodiy.

[1-10]

[110]

Figure 17 bubble domain in stripe rotation process.

We showed that there is not a precise separation between stripe domain pattern and mixed
domains and we can easily travel from one configuration to another acting with an external field.
The mixedbubble domains are produced by the application of a perfectly orthogonal to the film

field (without this condition, stripes pattern forms along the in plane component of the field), but
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once the bubbles are formed, they are relatively stable and theitrdeson requires a field near

to the inplane reversal one.

Conclusions

In this chapter we studied the magnetic properties of the FeGa thin film deposited on
ZnSe/GaAs(001) with a Ga concentration above 15% (the transition composition between the Fe
like to the FeGa magnetic behavior) with thickness between 70 and 90 nm. The FeGa as deposited
shows no irplane Easy direction but presents a relevant Perpendicular Magnetic Anisotropy that
allows the formation of stripe domains with period of about 90 nm. $tipes can be rotated by

the application of a field of about 800 Oe and remain rotated even after the field removal and that
direction becomes the easy one. This effect is known as Rotatable Anisotropy, an unusual type of
magnetic anisotropy which we &t to better comprehend creating a link to its dynamical and its
static definition. With the Magnetic Force Microscope we imaged the stripe rotation process and
obtained the means rotation angle as function of the applied field. With the Brillouin Light
Sattering method we derived the spiwaves frequencies as function of the angle between the
stripe axis and the transferred wave vector of the incident light. By means of a formula that
expresses the spiwave frequency as function of the applied field atié angle between the

stripe and the transferred waveector we connected the data from MFM and BLS, calculating the
value of the Rotatable Anisotropy field Hrot introduced as fit parameter without which neither the
theoretical frequencies of the modes ndorK S G KS2NBGAOFf Fy3ftSa 2F (K
with the measured one. At this point we described how the magnetization reversal occurs and
found that when the magnetization change sing, the OOP component of M transverse to the
stripes axis udergoes to a shift of an half period inverting its sign along the perpendicular
direction. The mechanism realizes through a series of propagation of dislocations (bifurcations).
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The same mechanism guides the rotation of the stripes but with the sequereakibgrotation-
recomposition of stripes in correspondence of those defect points. Finally we showed that is
Ll2adAofsS G2 AYyRdzOS | LI NIOAOdzZ NI YFIAYySGAO RAA
strong field perfectly orthogonal to the film suria¢and the orthogonality is necessary condition)
that remains also after the field removal. The domains formed in this way (bubbles and stripes) are

meta-stable and maintain the same lateral dimensions (for the bubbles we can talk of diameter)

than the alernative configuration with aligned stripes.
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Introduction

In the previous chapter we treated the study of thin film systems made of the magnetostrictive
alloy FeGa with a relevant PMA which allows the formation of an ordered stripmidopattern

and we described and tried to give a better explanation of the Rotatable Anisotropy. Materials
systems with perpendicular magnetic anisotropy (PMA), but in general with arbitrarily adjustable
magnetic anisotropy are of great interest becaudettteir applications on patterned media for
magnetic storage or in spintronic devicgsl) (55). Systems exhibiting PMA have larger magnetic
anisotropy energy and the domain configuration is more stald uniform as compared to most

of in-plane anisotropy materials6). For example, in spintronic devices with ultrahigh density, it is
necessary to employ systems with an anisotropy energy constant equal or higher thenyath®

(54). Nowadays, different approaches are analyzed to reach this high magnetic anisotropy, leading
to various structures such as FePt and CoPt lay®r$ (58) multilayer comprising magnetic
transition metals (Co, Fe, CoFe) and noble metals (Pt, Pq58)(60) (61) or FeCoB layers with
PMA(62). Wehave investigated the domain shape and behavior of cosputtered ThFeGa thin films,
deposited by evaporation from two separated cells (Th&ed FgGa) using alternately two

different power sources (DC or Pulsed) on the cells.

Production of ThFeGa Thin Fil ms

Samples were deposited (by Dr. Rocio Ranchal at University Complutense in N&&jrad)room
temperature on 5x 4 mnf glass substrates. Two targets with a nominal composition of stk
FeGa were employed to deposit bgosputtering the alloys. The cosputtering process was

performed in the oblique incidence, being the angle of incidence between each target and the
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substrate of about 25 degred64)(65)and the disance between the targets and the substrate of

15 cm. Two series of samples have been obtained depending on the type of power source (DC or
pulsed) used in each target. In series A, a fixed DC power of 100W is applied inGlaet&rget

and different compsitions are achieved by modifying the pulsed power from 60 to 120 W in the
TbFe target. In series B, the DC source is applied at a fixed power of 100W in thetdigfee,
whereas the pulsed power ranged between 80 and 120W in th&&eln all cases, ¢hfrequency

(25 kHz) and the deatiime (5 us) were fixed parameters in the pulsed source. The thickness of the
TbFeGa layers was around 250 nm. Mo lay2@snm) were used as buffer and capping layers for

all the samples. They weggown with a DC power &0 W. The Ar pressure was 2%lfhbar to
evaporate all the layers: buffer, capping, and ternary TbFeGa alloys. The samples grown are listed
in table 1, and for every sample the anisotropy direction and value, the compensation
temperature and the composan are reported.

The composition of the samples was analyzed by means of the Energy Dispersiye X
{LISOGNR&AO2LIR 0695{0 AY | [SAOF nnn {%a rayA ONR ¢
diffractometry patterns were measured in the Bra@gentano configration. At room
temperature, inplane and outof-plane hysteresis loops were performed in a vibrating sample
magnetometer (VSM). In the VSM we can measure th@ane loops at different angles between

the applied magnetic field and the-plane referencedirection. Moreover fieldcooled (FC) curves

were performed in a superconducting quantum interfererd®vice (SQUID) magnetometer as
done and explained in a previous wdf6). Before measuring the temperature dependence @& th
magnetization, the sample was first cooled from room temperature to 5 K under a saturation field
of 2 kOe and then, the FC curves were recorded with an applied magnetic field of 100 Oe during

the warmingup. We have measured the composition of all thevgdes by the EDS technique
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(Table 1). The ThFeGa alloys were compositionally homogeneous and we have not observed any of
the compositional fluctuations.

By means of the technique used in the present work we are able to tune the composition of the
samplesacting on the growth power. The decrease (increase) of pulsed power in the(Fafca)

target raises the Ga content in the TbFeGa alloys. Moreover, the use of a DC or a pulsed power

source in each target allows to obtain the same composition from difteggowth conditions

(Table 1).
Table 1
Composition Growth conditions Magnetic anisotropy (erg/cm?) Teomp (K) Tb in the TbyFe;_, (at.%)
TbyoFe;7Gays TbFe,. Pulsed: 120 W FesGa. DC: 100 W PMA = 1.5 x 10° =300 =28 Series A
TbypFe;aGagy TbFe,. Pulsed: 100 W FesGa. DC: 100 W Weak PMA 0.6 = 106 176 22
ThyFessGagg ThFes. Pulsed: 60 W FesGa. Pulsed: 100 W In-plane 0.5 = 108 31 18
TbioFer7Gans TbFes. DC: 100 W FeaGa. Pulsed: 80 W PMA = 1.5 = 106 =300 =28 Series B
Tb,oFe;sGagy TbFe,. DC: 100 W Fe,Ga. Pulsed: 100 W PMA 1.0 x 10° =300 =28
TheFessGaie TbFe,. DC: 100 W FesGa. Pulsed: 120 W In-plane 0.4 = 10° 15 16

X-ray diffraction patterns of the two series of samples only exhibit one main diffraction peak at
I NP dzy’ R H(Figufe 1)nThisgeak is close to the peak of the Jb#ees phase, that appears

I i =H40.74°We have not found evidences of any other peak close to any of those previously
reported in Fe,Gg, or TbFeGa alloys and then, the experimentally observed diffraction peak can
be related to the presence of crystallineFb.« phases with a structure cée to the cubic Tbke

In any case, the intensity of this peak is low and we can consider our samples as polycrystalline.
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In Fig 2a we present the diffraction angle as a function of the Ga content for the two series of
sampes. In both series, the decrease of the Ga content shifts the diffraction peak towards the
theoretical diffraction angle of the Thfeubic structure (40.74°). Nevertheless, for samples with

the same composition the position of the diffraction peak depewd the growth conditions. The

peak appears closer to 40.74f layers from set B (Fig. 1b) revealing a structure more similar to
the TbFe. We have calculated the lattice parameter from the diffraction scans considering a cubic
structure (Fig. 2b). In latases, the lattice parameter is higher than the theoretical value of ;TbFe
(7.341 A) and in both series it depends on the Ga content. Mo grows as a polycrystal on glass and

there is a possible influence of the lattice mismatch between Mo and ThFeGa.
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Theinfluence of the Ga content and the growth conditions on the lattice parameter (Fig. 2b) is
greater than a hypothetical lattice mismatch between the Mo buffer and the TbFeGa layers.

The type of power source appears to be relevant since samples with the samposition but
deposited in different ways exhibit a different intensity for the diffraction peak and different
lattice parameters (Figs. 1 and 2b). The increase of the Ga content promotes the decrease of the
peak intensity suggesting that Ga dopingtdibs the crystalline structure (Fig. 1). The peak
intensity is higher in set B in comparison to A revealing that the use of the DC power source to
evaporate the TbRdavors layers with a higher structural quality. Moreover, layers of set B have a
lattice parameter closer to the theoretical value of ThR&.34 A) that indicates a JHe.,
crystalline phase more similar to the Laves phase (Fig. 2b).

We have determined the type of magnetic anisotropy at room temperature following the
methodology used in grevious work(64) In Table 1 we have summarized the magnetic
anisotropy found in each sample following this procedure. In the two series of samples, the
magnetic anisotropy evolves from-plane to PMA as the Ga contentdiecreased. In the VSM, the
maximum possible applied magnetic field was of 12.5 kOe and in some cases, the hysteresis loops
could not be saturated. In Table e present the inferred values for all the studied samples
although the anisotropy constant coulibt always exactly be evaluated. In samples showing a
clear PMA, we have inferred an anisotropy constant of at leaSedficm®, a value of the same

order of magnitude to what reported i(67) (68). Nevertheless, the growth conditions also have

an effect on the anisotropy. The BesGasalloy does show a different anisotropy in each set of
samples and in Fig.\Be present the VSM hysteresis loops recorded with magnetic field applied
perpendicuarly and inplane: the magnetization curves indicate that the alloy from series A
exhibits a weak PMA (Fig. 3a) whereas the samples from series B show a distinct PMA Fig. 3b).

Moreover, the inferred anisotropy energy constant is different in each sampéblgTl).
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Therefore, the magnetic anisotropy can be tuned by means of both the composition and the type

of power source (growth conditions).
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Figure 3: irplane and ouof-plane hysteresis loops for both A and B samples.

MFM and MOKE measurements

In orderto gain a deeper insight into the properties of TbFeGa alloys in thin film form we have
performed Magnetic Force Microscopy measurements on all the samples described in this paper.
Films with high PMA often show stripe domains, as in the case of thdilini{fFeGa) treated in
previous chapter. We starting by measuring TbFeGa film of series A and with increasing content of
Ga.

Henceforward we will indicate the sample listed in Table 1 as A1, A2 and A3 for series A and B1,
B2, B3 for those of series B: arcrease of the index number indicates a reduction of the Ga

content.
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Series A

We want to describe the MFM results beginning from sample Al. In the image 4a we show the
MFM image performed at remanence. The magnetic signal is formed prevalently by mixele bu
and stripe domains without a preferential orientation. We applied an 8 kOe field along the
indicated direction and the resulting magnetization configuration is reported in image 4b. As one
can see, in spite of the strong in plane field applied, thgpstdomains have not assumed any
particular orientation and are substantially unchanged. In the figure 4c we performed-BHELND
measurement with a 800 Oe field (in the same direction) and observed the same area of the
previous measurement. When the twast images are compared, one sees that nothing changed
and that the stripe domains are exactly identical. The strong PMA not only allows the creation of
this kind of magnetic domains with a net upward/downward Out Of Plane component of the
magnetizationbut is strong enough that a 800 Oe field is not sufficient to alter them. Notice also
that bubblelike domains are present, in agreement with the previous statement in which we said

that a greater PMA favors the existence and stability of that kind of diasna

Figure 4: MFM image of the sample Al, at remanence (a), after the application of a strong field (b) and in a 800 Oe field (c)
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The MFM image at remanence on the second sample A2 is reported in figure 5.
This sample has a weaker PMA with respecthte sample A1 and shows a magnetic domain
patter very similar (in shape) to the previous one, but with a stripe lateral dimension very

different.

Figure 5

In order to show this, we computed the 2D Fast Fourier Transform to determine the so called
Power Spctral Density (PSD) distribution, whose maximum represents the average dimension of

the domains. In the image 6 the 2D FFT for the sample Al is reported.

10*

269 nm

PSD (nm*%)

..

10! 10 ¢
Wawelenght (um)

Figure 6: PSD of the MFM image at remanence for the sample Al.
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As the reader can see, the maximwadue of the PSD for the sample A2 is 269 nm.

Then we applied an 800 Oe in plane magnetic field (see fig. 7a) and we saw that it is sufficient to
completely annihilate the OOP magnetic signal or equivalently to achieve the total reorientation of
the perperdicular component of the magnetization along the field direction. This effect is proved
also by means of MOKE magnetovectometry, as reported in figure 8, where in the ordinates the
ratio M/M ¢4 versus the applied in plane field gives the behavior of tkiPGnagnetization.

Therefore the weakening of the PMA on this thin film produced stripe domains with a lower
lateral dimension (or period) and with a weaker strength of the OOP component of the
magnetization with respect to the previous sample Al.

Reducig the external field to 400 Oe (figure 7b) we saw that the domains reappear and finally,
shutting off the field (figure 7c), we observed that the domain pattern is preferentially oriented
along the field application direction. The stripes followed a ram@atmechanism similar to what

described in the previous chapter concerning the FeGa thin films.

Oe

800

Figure 7: MFM images of the sample Al performefigl (a), at 400 Oe (b) and at remanence (c).
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Figure 8: behavior of the OOP component of thagnetization during an hysteresis cycle with the field applied in plane.

To get more insight into the stripes pattern reorientation process we performed tHeeloh

rotation of the domains by applying a transversal field as shown in figure 9.

Due to thefragmentation of the domains in mixed bubble and stripes (even at remanence), a
LINBOA &S R2YIFIAYQa 2NASyYyGlI A2y OFyy2G 0SS RSTAY
observed; therefore a precise detection of the angle vs field dependence could estdddished.
Nevertheless it is possible to notice that in a field range between 330 and 470 Oe the rotation
achieves its completion and after the OOP saturation in a 800 Oe field, the stripes are

preferentially rotated along the field direction after tHield removal.
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H =800 Oe

Figure 9: stripes reorientation under the application of an increasimiane field.

We can also in this case refer to Rotatable Anisotropy due to the character of directional stability
of the stripes pattern once they are rotated, evémough with all the restrictions of the case
(absence of the dynamical counterpart, absence of a pure stripe domains pattern, impossibility to
study the stripes angle dependence with the external field strength).

The last sample of the A series, A3, i8 tine with the minimum content of Gallium and from the
preceding VSM characterization we revealed that it has a little perpendicular magnetic anisotropy,
comparable but lower than that of the sample A2. The MFM image performed at remanence and

in field isreported below in figure 10.

95



The case of the sample A3 is the most unusual for the presence of two different magnetic phases
that are revealed when the sample is subjected to an in plane field.

In figure 10a the MFM image performed at remanence is repor@ual the visible magnetic phase
6GKFG ¢S OFy OFff GFANBRG YI3IYySGAO LKIFaASeéov ¢S
recalls the mixed bubble domain pattern with a very little lateral size. Increasing the applied in
plane field to 250 Oe ifure 10b) it seems that while the little domains start disappearing, a
second structure with a net OOP magnetization emerges. At 800 Oe the first phase is completely
FYYAKATFGSR gKAETS GKS aSO2y R &0 NUzOG dzN&SI RREA G |
After the field removal (fig. 10d) the system returns to its previous configuration, and there is a

coexistence of the two phase phases.

H=800 Oe

Figure 10: iffield MFM images for the sample A3.
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coexistence. Our data suggest (as would become more clear later in this chapter) that due to the
growth conditions, the creation of a Thferystalline phase immersed in an amorphous TbFeGa
phase would be favored: théwo magnetic phases could be associated to two different
crystallographic phases induced by the particular growth parameters (both pulsed on the ThFe

and the FegGa target, see table 1).

Series B

The first two samples of series B have both a strong PMA a8 is predictable, the domains of
these two samples are formed by mixed bubble and stripe pattern. We treat the two samples in
the same paragraph due to their reciprocal similarity, as the reader can see observing their MFM

image at remanence (figurdsa and 12a)

In-field MFM: 800 Oe Remanence In-field MFM: 800 Oe

Remanence
Sample B1 Sample B2

% B

Remanence after Remanence after Remanence after Remanence after
4000 Oe in-plane 8000 Oe in-plane 4000 Oe in-plane 8000 Oe in-plane

Figure 11: sample B1 Figure 12: sample B2

The 2D Fast Fourier Transform analysis reveals an average domain lateral dimensioun 858b
nm for the sample B1 and about 550 nanometers for the sample B2. The larger is the PMA value

the bigger is the size of the stripe.
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surface regionndicated with a circle in the insets a and b of both the figures 11 and 12 encloses
domains that result completely unchanged in a 800 Oe field (applied in plane) with respect to the
same area at remanence. This is due to the strong PMA that generatesirdomih an OOP
component of the magnetization very robust under the influence of an external field.

Finally we apply a strong external in plane field, up to 4000 Oe and after up to 8000 Oe. For the
sample B1 we assist to a little elongation of domaing @long the field direction); in the sample

B2 nothing considerably changes.

2S FAYlLIfEte YSYyGAz2y &alyYLXS .o GKFIG KIFI@Ay3a y2
with Magnetic Force Microscope.

In conclusion: the growth conditions play a cruciakerot determining the out of plane (OOP)
component of themagnetization in TbFeGa alloys. The Perpendicular Magnetic Anisotropy (PMA),
the size and topology of domain patterns can be tailored by changing the evaporation parameters
of TbFe, being the serieé\ and B grown with different power sources but delivering to the same
composition. The OOP component of the magnetization is enhanced when the DC power source is
used to evaporate the Thkésamples B, strong PMA). We correlate this effect with Tb enectim

of the TlFe.xphases present in the samples.

Films with a weak PMA display rotatable anisotropy (sample A2): stripes direction can be changed
by an external field and maintained when the field is switched off.

Finally we have found two different magtic phases that can coexist in a films with weak PMA
(samples A3) but we have not yet found a satisfactory explanation of this result (although some

steps forward are already done).
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Introduction

In the previous two chapters we discussed the magnetic peculiarities of thin films like
perpendicular and rotatable magnetic anisotropies, and studied how the anisotropy inflsidinee
R2YlIAyQa O2yFAIdzNY A2y YR atloAfAlted ¢KS O2y
to the fact that the thin film has one of the three spatial dimensions limited in the range of the
mesoscopic scale (under the micron) or in the nankes¢f@w tens of nanometers). In the field of
nanophysics, the reduction of one dimension under the microscopic scale is equivalent to produce

a 2 dimensional objec69) only thanks to the low dimensionality the stripe domaingh the

above described characteristics can form because they are the result of the competition between
the Perpendicular Magnetic Anisotropy and the dipolar energy that favors the in plane
magnetization in a two dimensional nanostructure. If we limie thimension of 2 sides of an

object reducing again the dimensionality of the nanostructure, we obtain a wire. We can reduce all
GKS o &L}l GAlrf RAYSYaAz2ya dzyRSNJ 0KS YAONR&AO2 LI
dot has magnetic properties thaliffer from the 3D (or bulk) counterpart or in general from

objects made of the same material but with different dimensionality.

In the last decade magnetic dots have been extensively studied in their different shape or
dimension, either from the point ofview of the static magnetic domain configuration and
hysteresis behavior or in the field of the dynamical spaves spectrun{70), (71), (72), (73), (74),

(750 C2NJ SEFYLX S FOGAy3a 2y (GKS akKhkLS 65 Oly Y2
easy direction along the major axis of an elliptical or rectangular(®jotWe can also change the

ferromagnetic material keeping the same shape. Finally it is possible to bring two different dots
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very close and their mutual interaction modifies the properties of each single dot: this last @ase is
GeLsS 2F aO2y T A 3 ZE)due xo2the Ifatt thit ywithaitie Gade did shape we can
construct an infinite combination of 2 or more dots that interact reciprocally and giving to the

system different magnetic propeds.

We aim to modify together the configurational anisotropy and the composition of the dots, acting
both on the reciprocal position of dots and changing the material in the same configuration. To
this purpose a collaboration with different internationplartners have been started for the
production and characterization of samples. In particular the group of professor Adeyeye
(University of Singapore) provided the samples, the group of professor Giovanni Carlotti
(University of Perugia) performed the BL8asurements. Here in Ferrara the group of magnetism
performed the simulations, MOKE and MFM analysis of samples. We produced four series of
samples all with the same base shape consisting of two ellipses very close and parallel along the
long axis, condlidzi SR 2F (G662 RAFFSNBYG YFIGSNARAIfa OGKIF G
series are made of bicomponent particles (interacting and-mb@racting along their easy axis) of

Cobalt and Permalloy, two (interacting and Rioteracting) of Permalloyrad Nickel, see Figure 1.

Non-interacting Interacting

Bicomponent
Permalloy-Cobat

Bicomponent
Permalloy-Nichel

Figure 1: schematic representation of the four different samples produced and analyzed in this work
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The major axis of the single ellipse is 1 micron and the minor axis is 200 nm. The thickness for all

the samples is 25 nm.

In both interacting Co/Py and Ni/Py bicomponent nanostructures the separation along the major
axis was 140 nm, while in the namteracting bicomponent the distance was 600 nm. The little

separation along the minor axis is about 30 nm.

The sample was produced &ingapore University by prof. Adeyeye and collaborators by a self
aligned shadow deposition techniqu@7) improved; all the details of this kind of deposition

process is well described in the indicated reference.

Bicomponent Co/Py

Non interacting Co/Py dots

In the image below (figure 2) we report the hysteresis cycle obtained with MOKE for the Non
Interacting Co/Py bicomponent pattern. The sample was saturated with a strgplgne negative

field and the bicomponent dot was rgaetized in the direction of the field. Reading the graph we
distinguish a zone in which the hysteresis branch forms a plateau: it corresponds to a state in
which the Py particle (that is the softer material) has switched its magnetization along the field
direction, whereas the Co particle has not yet switched. The switching process for the Py starts at
about 200 Oe, has a maximum rate at about 305 Oe (the slope reaches a maximum, see fig 2), and
at about 380 Oe is completed. At this point the particle®gfand Co are magnetized Antiparallel

(78).
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Figure 2: hysteresis cycle obtained with MOKE for the-Nt@racting Co/Py bicomponent pattern

The plateau extends until the Co begins to rotate its magnetization in thedueddtion, namely at
about 580 Oe, then the switching of the Co grows at his maximum rate (corresponding to the
maximum of the first derivative dM/dH purple colored in figure 3) namely at 720 Oe. Then the
entire system goes to saturation which is reachadadield equal or greater than 900 Oe. The

state is characterized with the Co and Py particle magnetized parallel to the applied field.
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Figure 3: Hysteresis loop produced witMIOKE along the easy direction for the interacting Co/Py dot pattern.

Theentire process was followed also with the Magnetic Force Microscope (See figure 4). Here we
report MFM images taken at relevant fields: at the first magnetization change coincident with the
Py inversion field, inside the range of the plateau, at the seddrathange (Co inversion), near the

saturation and finally at remanence, after the saturation.
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Figure 4: MFM images taken at relevant fields

Notice that after the sample has completed the inversion of magnetization for both particles and
the field is lovered to zero, the system remains in a stable parallel state. This could be inferred
also from the MOKE cycle, considering that at remanence the magnetization remained near to
saturation: a confirmation of the fact that the two particles remain in the datatate also after

field removal.

[ SGQa O2yaARSNIyYy26 | YAY2N KeadSNBaAra 221 4
(figure 5), therefore a range of fields within which only the Py switches, while the Co remains
magnetized in a steadyrdiction. Properly we start applying a saturating field in a direction, then
passing through the remanent state we increase the external field until We reach 463 Oe in the
opposite direction. We are on the plateau so in the field range in which the Pywiitated, while

the Co has not, we are in the Antiparallel state (AP). Then we go to remanence and observe that

the AP state persists. At this point, following the minor loop, we increase the field in the initial
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direction until the Py reswitches (at +428e) making the system returning in the original Parallel

state (P).

H=00e H=+4280e.

Figure 5: MFM images of Co/Py roiteracting particles produced following a minor loop (within the Py switching fields)

Interacting Co/Py

We now discuss the case of interacting Caggasticles consisting of a chain of bicomponent Co/Py
dots disposed head to tail along the easy magnetic direction with a distance of about 140 nm. We
report the hysteresis cycle along the easy direction in Figure 6. The shape of the branches is very
similar to the case of nofinteracting particles: from the saturation parallel state, there is a Py
switching field that brings the system on the plateau, corresponding to the AP state. Continuing
the field increase also the second material starts to invertriggnetization in the field direction,

until the achievement of the P state and then the saturation is obtained. The main differences
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between single particle and interacting particles pattern are the switching fields and consequently

the plateau widthsandl)2 8 A G A2y a | yR ¢SQff RAaOdzaa GKAa TSI

Co/Py Interacting
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Figure 6: hysteresis cycle obtained with MOKE for the Interacting Co/Py bicomponent pattern

We now continue with the description of the interacting bicomponent chain, showiegMFM

images correspondent to the ascending branch of previous hysteresis loop (see figure 7).
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H=-702 Qe

Figure 7: MFM images of the Interacting Co/Py taken at relevant fields.

As in the case of nemteracting particles we reported the more significant MFM im&ge
corresponding to relevant external field values; in particular in the images above we see the
magnetization configuration at remanence, after the application of a positive saturating field, two
images at the beginning and in the middle of the plateall@ and-558 Oe), at the end of the
plateau €702 Oe) when the Co start switching, and near the end of the skay® (Oe). The last
image is kept at remanence, after we have saturated the sample. See as all the particles remain in

the P state, stably.

Forcompleteness we report the MFM images taken following the minor loop as we did in the case

of nonrinteracting particles (figure 8).
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Figure 8: MFM images of Co/Py Interacting particles produced following a minor loop (within the Py switching fields)

Caomparison between interacting and non -interacting Co/Py patrticles

Below in figure 9 we report the hysteresis loops corresponding to the patterns, in particular the
red continuous line represents the cycle for the Aateracting dots, while the black contious

line the cycle of the interacting dots.

We observe that the hysteresis curve for the interacting dots is wider than the other and that the
plateau is larger. Going from the remanence to greater positive field we see that the switching Py
field is lowe for the noninteracting dots than for the interacting (305 Oe and 360 Oe
respectively). This is due to the hetwitail dipolar interaction whose effect is to keep the
magnetization of adjacent Py dots in the same direction and that is greater fortdradting dot.

This effect is also indicated as configurational anisotropy that is the magnetic anisotropy rising
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from the different configuration of a same dot in a pattern. Notice that the two samples reach the

saturation at the same external field inispthe different hysteresis.
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Figure 9: hysteresis loops corresponding to the pattern; the red continuous line represents the cycle for-thieramting dots,
the black continuous line the cycle of the interacting dots. The blue line is the deeivdtihe positive branch of loop relative to
the noninteracting dots.

We found a confirmation of different switching fields also with numerical simulation performed by

the micromagnetic simulator OOMMF (acronym for ObjfeagentedMicroMagneticFrameworl.

The simulations were performed by Dr. Perla Malago (Department of Physics of Ferrara

University).
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In the image 10 one can see the hysteresis loops as simulated for interacting amuteracting

Co/Py dots.
OOMMF simulation - Co/Py ellipses —— Interacting
~—non interacting

0 -
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Figure 10: simulated hysteresis loops iftteracting and norinteracting Co/Py dots

As often found in the comparison between simulated and experimental hysteresis (6980),
the switching fields are not perfectly identical but, whatimportant to notice is that there is a
shift toward higher value of the switching field following qualitatively the same behavior seen in

the experimental case.

Another confirmation of this behavior comes from the measurements performed with MFM. In
figure 11 we have done a comparison between interacting andintamacting dots when an

external field (in the range between the plateau and the saturation) is applied.
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Figure 11: MFM comparison between interacting and-imderacting dots when an extaal field is applied in the range between
the plateau and the saturation.
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