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Chapter 1

General Introduction

Magnetism isan attractive and exciting area in condensed mapieysics fascinaing for
fundamental research and various technological applications. Magretmenstudied on natural
permanentmagnetic materials for almost three thousand years. Tad#ntific and technological
interestsin magnetism extend over a wide field of different subjdecten massivemagnes to low-
dimensional system Technologically, magnetic materialsiga variety of differentapplicationsin
electrical power generatippower generatgy transmissiorlines and conversion and transportation
systemsincluding suitable permanent magnetis. recent times magnetic systems with reduced
dimensions have beestudiedand applied as highdensity magnetic storagaevices sensas, in
spintronic applicationgn nanomedicineandmany other fields Suchsystens have different physical
and chemical propertidsecausee.g. the surfaceto volumeratio increasesthe interactionbetween
different grainschangesandthe dimensions of the grains oftapproach the critical domain sifar
magnetic systemdn a number ofstudies, specially the magnetic properties afuch nanasized
magnets have been engineeregimcisesize control andby varying the composition of the magnetic
materialq 1-5]. Examplesf these systems are exchargpeing magnest that are subject of this thesis

The exchangespring magne{ESM), also called exchangmupled composition (ECC) magnet, is
composedf magnetically hard and soft material$ierefore they exhibit asanadvancedttribute the
huge coercivityH. of the hard magnets and the high magnetizatlgrof the soft magnets (see Fig.
1.1). To realize these ECC magnets, raath permanent magnets oroighase alloysd.g. FePt,
CoPt, FePd and MnAl) with strong uniaxial anisotropy are exchaagpled with transition metals,
such as pure Fe, Co, Ni, or soft magnetic alloys such as Permatlayresult, the magnetic hysteresis
loop reflects theombination ohard and soft magnetic components (see Fig. TiBrefore, heideal
hysteresis loops of exchange spring magoatehave much higher energy products tharséhof the
components thembes which are desirable for many applications, in particular also ti@iction
motors, electricvehicles and magnetic data storage devicés addition to combining magnetically
hard and soft materialning the sizeof the magnetic particlesanbe usd to modify the magnetic
properties.This has been showby our group in previous researbly tuningin this waythe coercive
field of pure FePt nanomagnggj.

In this thesis FePt/Co exchangspring nanomagnets of various sizes were pegpsiarting
with thin Co/FePt films omsingle crystallineMgO. The films consisted of layers of chemically ordered
L1,-phase FePt (magnetically hard) anadn topi layers of Co (magnetically soft) of various
thicknesses. The films were napatternedn order to obtairthe desirechanemagnetsThe structures
were cappedby a thin Pt film asa protectivelayer. Inthe secondset of samples, thin Pt layersgre
introducedas buffer layers in between the FePt and the Co films.

L1.-FePt is well knowrasa typical rare eartkfree hardmagneic materialwith high magneto
crystalline anisotropyK,= 6.6 MJ/ni, Js= 1.43 T). The chemically ordered d_fthase shows a face
centered tetragonalfcf) crystal structure. The magnetization of these thinsfion MgO (100)
substrate orients the tetragonalaxis perpendicular to the film plan€o realize high coercive fields
in the nanemagnetsthe samplesan bepostannealed.



As transition metalCo is appropriag as soft magnetcomponentK; = 0.45 MJ/m, Js= 1.7%6 T). As
demonstrated in this thesisietgeneralmagneticbehavior of such a FePt/Co couple can be modified
by changing the nominal thickness of the Co layer or by introducing a thin Pt buffer layer in between.

The structural properties of the samples were investigated Xbyay diffraction (XRD),
atomic/magnetic force microscopy (AFM, MFM).caning electron microscopy (SEMand
transmissiorelectran microscopy, the magnetic propertidsy SQUID magnetometry andh¢ XMCD
(X-ray circular dichroism) tectique.

Mt Soft magnet
/ (He1~<1T)
l{'
Increased ,‘/ Exchange spring magnet
Energy product :
\
\
\\ Hard magnet

= i \ (H: several T)
-~ il \
) ) ¥

Fig.1.1 The magnetic hysteresis loops dfard (blue), soft (orange)and exchangespring magnets(green).
H is theapplied external magnetic field aMlis the magnetization of the materials.



Structure of the thesis

Chapter 2 introduces the basics of magnetism, outlines the fundamentalsicfomagnetism
and gives an introduction to the t lwrsecyrvesa nd
(FORGs ) [6, 7] and into xray circular dichroism (XMCD) measuremdiis techniques that
allow to studymagnetic properties in detail.

Chapter 3 dealswith exchangespring magnet materials. Hard magnets anft magnetsare
introduced Especially, the L¢FePt hard magnet and the Co soft maginetexplainedh detail.

Chapter 4 presentghe fabrication routes and the various techniques applied to characterize the
structure and the magnetic properties of the samples. The sample structure was studiag by X
diffraction (XRD), atomic/magnetic force microscopy (AFM, MFM)casning electron
microscopy (SEM) and transmission electron microsgcdpg magnetic propertidsy SQUID
magnetometry and XMCD (xXay circular dichroism). To vary the coercivity the size and
composition of the magnetic particleere changed

Chapter 5 describeshow the magnetic properties of timanosizedexchangespring magnes
which are artificiallyfabricated changewith differentthicknesses of the Co layérhis givesan
ideahowto optimizethe ESnanomagnest

Chapter 6 describeshow the strength offte exchangeoupling between the Co and the FePt
layer can be controlled by a Pt interlaysrd how this influences the magnetic properties of
naturally formednanoisland of exchange spring magneticThe presence of differensd
elementsinvolved here Fe and Cd allows in particular to investigate the magnetic reversal
process bglementspecificXMCD.

Chapter 7 describesthe realization ofthe large coercive fieldand maximum energy product
(BH)maxwith L1o-FePt hard magnetic phases.

ap






Chapter 2

Basic ofMagnetism

This chapter provides a brief summary of the basics of magnetism as fostahdardext
books.[8-10] General magnetism, types of magnetism and related phenom&mamagnetismand
the theory of the experimentatteiques will be explained.

2.1 The Origin of Magnetism

Magnetismoriginatesfrom thespin and orbitamagneticmomentof electrons in atomslhe
orbital motion of an electrowith a negativecharge around the nucleisssimilar to the current in a
loop of wire The $in is the intrinsic angular momentum of an electrdhe magnetic moments of
nuclei of atomsare about2000 timessmaller than the moments the electronsTo describe the
properties of the atosnpropery, quantum mechanics must be appliétbere quantum numbers
describe the state of electron levelsd are called angular momenturiy spin projection quantum
numbers andthe total angular momentujn

A Morbita=9| M l

Electron ‘

Nucleus

“spinzgS MgS = Mg

Miotai=Horbital + ”spin

Fig.2. 1 Origin of Magnetism. Magnetismin materialsoriginatesfrom the electronsof theatom. Electrons have
aspinmomentandanorbital momentThe latter is due to the orbital motion of the electrons around the nucleus.
The spin moments of the nuclei are negligible.

2.1.1Magnetic moment
The magnetic momendb of a current loop igiven by
e 0gY (2.0

Here,¢ is the unit vector with direction perpendicular to the current loop in the -fightdrule
direction.The amount of the magnetic momeémtis equal tathe producbf the are&s of the current
loop and the currentthrough thisloop. Therefore, e unitfor magnetic momenis ampere square
meter { & ) or joule per tesla (J/T) in the International System of Units {$i¢ quantity J/Tsays
that the magnetic moment is the ratio of the magnetic energy and the external field.

5



In anatom the spin and orbital angular momentum present;f the atomic level as the 3d and 5d
shell in transition elements and the 4f shell in Rare Eanthsunfilled Herdoy, in the L-S coupling
scheme following Hunds Rule the individual electaouple to theotal spin momentuns and a
angularorbital momentumL. The total angular momentum J is given by J-S for less than half
filled shells and & L + S for more than hafilled levels. For the most important magnetic transition
elements Fe, Co and Ni and the 5d element Pt the corresponding values are listegl IhiTéditdIso
includes the measured magnetic moments for the pure metal, whigbr diignificantly. This
phenomenomvill be outlinedn more detail in the next chapter

‘ N Pure metal

S L J m* (EPE+DI*?) — m
Fe 2 2 4 6.7 1.98 0.083
Co 1.5 3 4.5 6.63 1.55 0.153
Ni 1 3 4 5.59 0.6 0.06

Table 2.1 Spin, orbital, and total magnetic moment of Fe, Co, Ni, and Pf{11, 12]

2.1.2Magnetization andField

The magnetizationr magnetic parization expressthe vector field density ahe magnetic
moment ina magnetic materials. The magnetizatialso describeshe magneticinduction by an
externalmagneticfield and is definedasthe vector sum o&ll magnetic moments the magnetic
material Generally, magnetic moments per unit volume are assumediriacasesalso moments per
unit massare considered

o 2 o T (22)
w ()

In other wordsthe induced magnetic moment in a certain volume bbmogerously magnetized
medium is given bynultiplication of magnetizatioby the volume.

In theappliedmagnetic field, the magnetic moments in matetiatgito alignto the fielddirection In
most case, the magnetizatiois just proportionalto the external magnetic fieldThese kinds of
magnetization are describby:

0P LER. — (2.3)

where? is the magnetic susceptibility which is a dimensionless quantig’®is the magnetic field.
The magnetic flux densit§Pin a materials represent by

® ‘- ® P ‘" p ..O*""O 'O (24)
Here," is vacuum permeability with®Jp 1 @ j 0 & Materials with smalk are called diamagnetic

or paramagnetic, according to the minus or plus sign bf strong magnets, such as ferromagnts, the
magnetic moments are correlated and ordered even at field zero.



2.2 The Clas®sof Magnetic Materials

Magnetic materials can behave quiifferenty in the presence of an external magnetic field
Most materialsanbe classifiedas diamagnetic, paramagnetic or ferromagnetic and ferrimagnetic.

2.2.1Ferromagnetism

Ferromagnetism results from a spontaneous niagiien even without external magnetic
field. Ferromagnetic are only few metalssuchasiron, cobalt, nickel and rare earth metatslow
temperature Most of the ferromagnets are alloys. Among them, raseth magnets aneery strong
permanenimagnetse.g. alloys of samarium and neodymium with cobalt or irétereby, due to so
calledpositive exchange interactipapontaneous magnetic moments ocd@inis longrange ordering
phenomenon forms a domaire. regiors with the magnetic momenttine up parallel.An applied
external magnetic fieldorients the domairs in the field direction Ferromagnets remember their
magnetichistory (in dependence ahe magnetidield). The magnetichistory is called hysteresi#t
includes the saturation magnetipa, remanence, and coercive field.

For a detailedunderstandingf ferromagnetisma number ofdifferent modelsexist Among
them,the Stoner criterion anthe Heisenbergnodel will be discussetlere

Stoner modelfor metallic ferromagnets
Spontaneousnagnetizations in ferromagnetmetalsoccur, if the Stoner criterionis fulfilled. Non
magnetic metals havegual, ferromagnetic metads imbalance density of states (DOS) spin up
and down electronat Fermi levellf metalsarein a magnetic fieldther spin populatioris properly
alignedin thefield. Due to spontaneous splitting electrons gain kinetic energy within a narrow energy
strip (UE) at theFermiedge(Er). The total increase in kinetic energy is given by
YO gs P00 1 0
q (25)

with the density of electron states at the Fermi [eQ&D .

On the other sidehe interactions of spins with taolecularfield decrease potential energy
The molecularfield (_d ) is due to exchange byoGlomb interactionand proportional to the

magnetizatiorM. The number density of up and down electrorisiis - € "QO 1 Q with the

total number density of electrons, The manetization can be expressby the difference of the
number density of spin tgnddownelectronsp *  &u  £&s . The molecular field energy is

i I g*v'n'o 1 0¢  (26)

YOgq N VIO _ ¢ o-

with Coulomb energyy * * ¢

o =

The total change in energy is given by

o o o Pon . o
Y% YOgg YOgs EQO 1T0p YO (2.7)

Thus spontaneous ferromagnetisrpassibleif the total changi energyis less than zerd/O 1t



It means

Yo e 28)

Thisis the Soner criterionLarge density of state at Fermi energy and the strong Coulomb effects
favorablefor ferromagnesm In the absence of an applied magnetic field, the exchange splitiihg
which is the energy splitting betweenthe spinup and -down bands is due tospontaneous
ferromagnetism.

EA

5\ i

OE

<
<

Density of State, D(E) i

Fig.2. 2 Density of state (DOS) okpontaneoussplitting in energy bands without an applied magnetic field.
Ferromagnetic materials can becomspin-split spontaneously

Heisenberg Model

In this modd, the magnetic interactiois estimatel in theframe of amean field approximation.
A single magnetic moment produces a magnetic field infagaaith the neighborsand aligring them
The exchange energy can be descriinethe Heisenberg Hamiltonian

O v WO (29

h
Jj is the exchange constabetweenneighbouredspins.”?and™P representtheir spin moments.
Positive J; value is meantferromagnetic interactigmegativeJ; value n an anitoferre or ferri-
magnetic.To explain magnetic orderirig anexternal magnetic field, thdeisenbergnodel is used as
a mathematical model in statistical mechanics.

0 0wy WJO (210)

h

The second ternm the Hamiltonian of Eqn. 2.1@escribes thénteractionwith the externamagnetic
field H.

All ferromagnetdavea critical temperatureknown asthe Curie temperaturé.. Pure Iron, Cobalt
and Nickelhave critical temperatur&s of ~ 1043 K, 138&, and 627 K, respectivefjl1] Above Tc,
ferromagnetic phasehangesinto paramagnetic Here theindividual magnetic moments react
independentlyon temperatureThe spinsare wncorrelated and oriented randomBelow Tc, there
exists an ordered magnetization even at field zero with spontarfeaws or ferromagnetic
magnetization.



Thetemperaturegee ndence of spontaneous magneti zati on

oY Pmop YUY ! (2.11)

where0P 11 is the spontaneous magnetization dt.0lt is depicted in Fig. 2.3. With increasing
temperature the spontaneous magnetization decrease and is Terdha Curie temperaturé can
be determined by the Cufideiss law? 6] Y "Y)).

=

M(T)/M(0)

0 T/ 1

Fig.2 3 Temperature dependence of theaturation magnetization.B | o cTHdaw. Spinsin of graph line
showcorrelated thermal fluctuations and siderandom thermal fluctuations.

2.2.2Antif erromagnetismand Ferrimagnetism

Alsq antiferromagnett andferrimagneticmaterialsare materias with ordeled magnetic spins.
In these materials neighboring magnetic momentare alignedin the opposite direction|f the
magnituds of spirs are thesamethe materials are calleghtiferromagnedg; if they aredifferent they
called ferrimagnett. (see figure 2.4Alsq the antiferromagnetisnis temperaturedependentvith a
magnetic phase transitiat theNéel temperaturelf no external magnetic field is applied, the total
magnetization of antiferromagnetic materials vanish¥gh an external magnetic field applied,

antiferromagnetic materials align their spin component of the antiferromagnetic coupling sultfattice.

pradice, antiferromagnets adoptultidomain configuration Alloys of iron manganese (FeMn) and
nickel oxide (NiO) are typical antiferromagnetic materials.

Ferrimagnetsexhibits, lke ferromagnetsshowa spontaneous magnetization below the Curie
temperatureFerrimagnetism has the magnetization compensation pitimta net magnetic moment
of zera This is differentfrom ferromagnetismFerrimagnetism is found iferrites, magnetite (RF€s)
and magnetic garnets.

NUDRRRIRT RN IEY ED £

Ferromagnetism Antiferromagnetism Ferrimagnetism

Fig.2. 4 Magnetic structure. Spin ordering irferro-, antiferro andferri- magnetsFerromagnes orderwith one
direction. And antiferromagnetorder opposite direction witlthe same strength. Ferrimagnet alsordeis
opposite directionthoughstrengths ardifferent.
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Fig.2. 5 Temperature dependence of the magnetic susceptibility in paraferro- and antiferro -magnets
The magnetic structure ttie material can be assumed by temperatuite Curie temperaturéc for
ferromagnetismiNéel temperatur@&y for antiferromagnetisni2]

2.2.3Paramagnetism

Paramagneti media have a positive susceptibility.. When an external magnetic fields
applied the magnetic moment aligned paraltel the field direction. In field zero, the magnetic
moment vanishe Most chemical elementsvith an open atomic shelhre paramagnetic. The

magnetizatio)Pas a function of the applied magndtald ‘®@and the temperatureis given by

0P 0@ 6 wh 0P 0@ 212)
0 ... UL . . -
5 S : PRI OC-E,—p(b 3, d)é"Q‘ap—,(b h ok "Q0 §gQY (2.13
b} QU CL cL

HereMs is the saturation magnetizatianis Landéfactor,®is the total angular momentud. @ is
the Brillouin function.At low magnetic field and not to low temperatutbge susceptibilitycan be
approximagd by

b 0ed pQ 0. Y 0
o T~ Tw 0o 7
"® oQ"Y oQ

Nee p° (2.14)

¢

This formula is called Curie law. The Curie const&htis a materialspecific constantThe
magnetizationiPis related to temperatufie
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Fig.2. 6 Brillouin function. The Brillouin function is a special function foalculation ofan ideal paramagneti
material in statistical mechanicBhe magnetization is related to the applied magnetic field and the total ai
momentum quantum numbé&in Eqn. (2.13).

2.2.4Diamagnetism

The diamagnetisris describedy Larmorsusceptibility In atom, electrons generate a current
around the nucleiA magneticfield B appliedto anelectron(chargee and mas#n) produce a current
that causea magnetic momerppositeto the field The current o electrons igjiven by

WQ 6
™ &

(2.55)

The magnetic momerdbof a current loop igivenby the producof current and area of the loophe

average loomreais assumed to ba " with rjbeing the mean radiugherefore, the magnetic
moment is:
s e GO0 %
0 bl QO —— " §e) (2.16)

wherec is smallnegativeconstants.

All atoms exhibit diamagnetism.

11



2.3 Basics of Ferromagnetic Hysteresidoop

The magnetianaterialbehavioras a function of an external magnetic fieddcharacterizedby
thehysteresis loog.e.therelation between external magneield H andthe sample magnetizatidn.
Characteristic properties afge saturation magnetizatidu, the remanenci;, and the coercivitc,
(seefFig 27).

a)
Remanence: ameasure ———
of the remaining magnetization e
when the driving field is e T
dropped to zero.
Strength of
= S +» magnetizin
C 0ercivily. a measure s-gr?al g
of the reverse field needed
to drive the magnetization
to zero after being saturated.
- -
- -— -—
- - -
b) A M
Hard w Soft w i

A

[ > >
Fig.2. 7 Schematic hysteresis loopa) Characteristic properties lysteresis loofs] Change of magnetizatio
M in ferromagnet by an applied magnetic fields indicated by the hysteresis looBy increasing applied field
magnetizations approachedhagetic saturation.fithe applied field reaches to zetberetained magnetizatiol

is called remanenchkl,. The applied field tadecreasemagnetizationto zeroafter saturation is coercivity @
coercive fieldHc. b) Typical hysteresis loops in hard and soft magf@ts.

The saturation magnetizatidvs is the maximal value By reducingthe magnetic fieldto zerqg the
remainng magnetizations defined as remanenceM,. Increasing ofthe magneticfield to opposite
direction remove the magnetizatiorat the coercive fieldHc. Continuously, increasg the applied
field along the negative directiqurovidesoppositesaturation magnetizatio®y forward turning the
magnetic fieldhe M(H) curveformsaclosed loop.

Fig. 2.7 b) showsa typicalhysteresidoop for hard and soft magnetdard magnetic materisbare used
asstable permanent magnet¥ery ft magnetic materials are easily magnetized and demagnetized
with asmaller coercivity.

12



The coercivity can vary between the lowest values Sfil0 to about 2 T, as forMu-metal (76 % Ni,
5% Cu, 2 % CrandL1o-phase FeRtrespectivelyas also shown ithisthesis). The highest saturation
magnetization is appached in Ho metal with a valwé 3 T (at 4K, H > 3T Tc ~ 20 K)

The magnetic anisotropy energy (MAE) is a prerequisite for hystetésiependson the preferred
direction ofthe magnetization by the crystal structure and the shapleeofample omternal gains.
The crystal structure dependent anisotropy is called magnetocrystalline anisotropy @eCresults
from the spinorbit interaction since the orbital motion of the electrons couples withe crystal
electric field The other contribution to the MAEs the shape anisotropgnd related to the
demagnetizing fieldvhich depends on thgeometry of the systenf.he demagnetizindield will be
explained in more detailateron.

Onetechnologicallysignificantvaluefor permanent magneis the energy produ¢BH)max. Nowadays
the highest value of 59 MGOeas foundfor NdFeB[13] The maximum energy product can be
deduced from the hysteresis as showfig 28.

. 18161

(BH) max
H,. B,

Field [Oe] Maximum Energy Product. BH [MGOe]

Fig.2. 8 The maximum energy product 8H)max calculation from BH curve
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2.3.1The Stoner-Wohlfarth (SW) model

The StoneMohlfarth model is one of the most commonly useddek for the numerical
calculation of singlelomain magnetic hysteresisirves; it providesa relation betweenthe external
magnetic fieldH, the easyaxis direction of the magnetizatiorvector, and the projection of the
magnetization along the applietagnetic field The variation of the external field leads to a coherent
rotation of the magnetization. Thiirection of the magnetization and the anisotropy constant of
ferromagnet othesample are given by the angleand—-respectively14]

a) Easy axis b) asl— e -
| —o0=10°
A H 0-30-
05} — =45
— 0 = 60°
M ¢ & | ——o=00° //
E 0.0

0.5 -

o et

Fig.2. 9 Stoner-Wohlfarth model. a) Arrangement of angle in the\8 model. The orientation of samp
magnetization and the external figfidwith respect to the easy axis giventhg anglé andd, respectively. k
Hysteresis loopsatculated by SW model for different angked betweerexternal field and anisotropy axis.

The energy of the systeismiwrittenregardinghe anisotropy enerdya and theZeemarenergyEz[14].
0O O O Vo Q¢ ‘0 ©0OOER % % — (267)
To minimize energyor thelongitudinalhysteresisurve the corresponding 1%&s varied

The StonerWohlfarth model is used to calculate the hysteresis loop with intrinsic magnetic
properties of materials, such asagnetocrystalline anisotropy energy and saturation magnetization.
However, in bulkhard magnetmaterias there are multdomain stateswhich result in a notrivial
calculaion of the complete hysteresis loop. An empirical approaclgiven by the Kronniiller
equation(2.18), which is inspired by the Ston&ohlfarth mode[.15]

0 | chjtb O D (2.79)

where U and Ne are eperimenal parametersThe Kronniiller ecuation will be referredlater in
section 2.4.4.
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2.3.2Preisach modeland First Order Reversal Curves

The Preisachalso onemodel forhysteresidoops based orthe conceptof parallel connection
of relayhysteroms.[6] In ferromagnetic materialsmall domainsredistributedandnetworkwith each
other, andgeneratehe total magnetic moments. The relay hystei®the basicblock of the Preisach
model andhastwo values of 1 and 0 withwitch between theon-off condition. It forms a loopas
shown in fig.2.D.
1Y
1

a o B X
Fig.2. 10 The operation of the relay hysteronJa nd b d e f i-aff and bnthethreshweli respdctively.

It is mathematically describedsb:

p Q@ 1
ug T QQ | (2.19)
T Q0Q » I
wherek = 0 if theprevious region is il | . Andk = 1 if the previous regionisio T .

The entirehysteresis loojis formedby parallel connection and summationtbése hysterawhich

have different U and sbFigt2ulrapisdiookldidgsam sorexplaimhysteron ¢ a | e d
builds up the hysteresis looBy increasingherelay hysterons number khe hysteresis curve cdre
representeavith high accuracyln Fig.2.11b),t he Ub p | s menbeferalay hysteborslt

is consideredthehaf | ane U <-amgdred ta irainggite, t h &hemisthene i s ¢
Preisach density functios{ U, b) , wh iaoumbedferaay hystdromssof each different value

o f i, ip Outside of the rightingle triangle haavalueof¢( U, b) = 0. By the Ub
curve carbeapproximagd[7]
a) b) a
1 My a=B/
2 M,

u(a,B)=0

7

Fig.2. 11 The mathematical Preisach modela) The block diagram of Preisach model, consists of man
relay hysterons connecte in parallel. b) Geometrical representation of Prél€iqgiigne
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The Preisach modetould be experimentally determired by first-order reversal curee
(FOR®), as developedy MayergoyZ416-18] FORG measurementrea usefulpractical method to
obtain the intrinsic distribution of magnetic interaction and coercive feetd hysteronsor domains
with magnetostatic interactionis various typs of complex magnet samples systems, such as bulk,
thin films layer systems, magnetic arrays or magneanoparticle§19-24] The intrinsic field
distribution canbe obtainedrom measuremestof main and minor reverse hysteresis cunwéh a
specific reversal fieldd;,. An FORCdistributionis definedby a mixed secondrder derivatie of the
magnetization M by both a reversal fidlid andanincreasingexternalfield H for saturationwhich is
given by

p! 0 "OhO

" "OHO - 220
¢ 1TOr0O (220

This eliminates the purely reversible components of the magnetizétignnonzerql corresponds to
anirreversible switching proce$85 The FORC densityesembleshe Preisach modéb] However,
not all of the experimentally obtained FORC distributioae a good representatioof the
magnetization behavior of the samplénisTis only thecase,if all of the minor loops are perfectly
closed withsmallstes of reversal field Also, minor loops musbeindependenand congruentThis is
called the congruency and wiping out propéfig The experimental details will be explained later in
chapter 4.

—
Y
~

7 slope
" variation

Normalized magnetic moment
o
1

H#dH | HedH

o Ly
H/ 0 K- Applied field
(6) 1 et
ff,”::::.’:_’::;” H

Preisach
distribution

h h

i [

Fig.2. 122 FORCs and the Preisach model in both coordinate systems.[25]
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2.4 Micromagnetism

In theoretical physigsferromagneticmateriab can be describedrom several viewpants
according to length scaeThese modelareshownin table 2.1.26]

Model Description Length Scale
Atomic level theory Quantum mechanical ab initio calculations <1nm
Micromagnetic theory Continuous description of the magnetization 1¢ 1000 nm
Domain theory Description of domain structure 1¢1000>m

Phase theory Description of ensembles of domains >0.1 mm

Table 2.2 Established models for the description of ferromagnetism on different length scales

Micromagnetismwhichdescribes thendividual spinarrangemeniby a continuum theorys a
reliable model tocalculatethe magnetizatiotbehavioron thesukmicron scaleln contrast taatomic
level theory, it can be solved numerically far large numbeof atoms system. On the otheeaind the
micromagnetic theory is able to resolve relatively small strudgtutbée compare to domain theory.
Magneticdipolesof cellsfavorlocally parallel spin alignment due to exchange interacfibe. spatial
distribution of the polarization®or the magnetic momenép is determined by minimizing the
magnetic free energy as a stable state stable configuration, the domain structure and magnetic
hysteresis loapas a function of an external fietduld be calculated usingprmalized components of

the polarizationvector ® 0 0 with unit vectorip i i i p, the saturation
polarizationd AT 1T O,0afd tBe value of the directiahcosine. Micromagnetism combines
classical fieldtheory, like the continuous magnetization field which is a common parameter in
classical electrodynamiy], and quantum mechanics, such as the exchange interaction, thus is often
referred to as senalassical continuum theof26]

2.4.1Magnetic free energy

The total energy of ferromagnets in the continuum theory of micromagnistidescribeds
the sum of a quantum mechanical origiand a classical descriptiomhe stable magnetization
configurations carbe foundby local minima of the energy functiofexchange energy and the
anisotropy energy are quantum mechanical eff&ttay field energy(demagnetization energand
Zeeman energy axdassicaldescriptios. The total magnetic free energy density according to

O 0O O 0 © (221)

is composed of exchange, anisotropy, stray fieldZasinarenergieg28]

1. Exchange Energy [ o

The exchange energyan be derivedfrom exchange interaction of the Heisenberg model
introduced by equation (23). It provides goreferredparallel alignment ohearesnheighboing atoms
in localized electrons ofa ferromagnet By continuum variale [ ¥ , homogeneous and
inhomogeneus magnetic configuratiomsin be described.

% O w00 (222)
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Here,Ais the exchange stiffness constant jarisl the local direction cosine$he exchangstiffness
constantA can be obtained by BlocR’? law that is relation betweethe temperature dependence of
the saturation polarizatiok andCurie temperaturéc.

2. Magnetocrystalline anisotropy energyfw :

The magnetocrystalline anisotropy enerdgpends on the crystal structuretbé& material
Magnetic polarization has a preference alignment parallel to cexEinsocalled eag axis. This
anisotropy energis based on the interaction of the orbital moment with the crystathe=pin-orbit
interaction[29] Based on the symmetry of the crystal more than one easy axes can be present. This
anisotropy energy is given by

0 Vi Q& 0i Q& EQw (2.23)

where [ is the angle between the polarizatidrand a weltdefined axis in thecrystal 0 are the
different crystalline anisotropy constansorted by the order af. The cubic lattice structure has
naturally thregoairwise orthogonatasy axeghusthe anisotropy energy is written by

(@) Orrorrorr VI E Qw (2.24)

3. Stray field energyp :

The stray field energy, also calldémagnetization energis the magnetostatic energy of the
magnetization irits ownstray magnetiield. [30] According to classicatlectrodynamicsthe energy
is given by

o - 63000 (2.25)

wherethe factor 1/2is correction factoffor twice contribution in integration due to dipalgole
interaction.

4. Zeeman energyp, :

The Zeeman energy is also one of the magnetostaticieserbile it is based on thexternal
field. It describes the interaction of the polarizatimith an applied field.

0 830 BQ & (2.26)

To determine the equilibrium magnetization configuration, thighésminimization of the magnetic
free energyhe total magnetic free energy of a magnetization is calculated by differentiation

10 10 ©O O O m (227)
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2.4.2Domain and Domain Walls

A magnetic domain is a region of a unifornagretization A large numberof atomic
magnetic moments aggarallelaligned in small regiong he strayfield createdby amagnett domain
results is effectively interacting with theneighbomg domains. These structuresre formed to
minimize the totalenergy[{31] To reduce thenagnetostatienergyO outside the materiamagnetic
domairs can split into twar more

a) b)

<.>
X

Fig.2. 13 Domainson the basis ofenergy minimi zation.[32]

In Fig. 213 shows how a ferromagnetic material split into magnetic domaingor reduéng the
magnetostatienergy it is depictedstrayfield on theoutside ofthe magneta) Single domain: higher
energy around the magnet, b) two domains: reduced the roatatEtenergy, c¢) multiple domains
with closure domains: minimum energy state

Magnetic domainare separated bjomain walk, wherethe magnetization aligrisy gradual
rotation to next domain.Domain walls require wall energy composedexchange and anisotropy
energy both necessary fahangs of the magnetization directionfl wo t ypes exs&skt for
bulk material, Bloch wallsare formed since the system itarge enough to includéhesewalls.
Magnetization vectors turthrough the plane parallel to the wall planghere only smallstray
magneticfields are present at the rim of the sample thimer films, Néel walls appeaif the
exchange lengtls larger tharthe thicknessThe magnetization rotates within the plane of the domain
wall. See Fig. 2.4.

Fig.2. 14 The structure of the Bloch wall {eft) and Néel wall ¢ight) in a thin film[2] [33]

For uniaxial systems these valuesre determinedyy the exchange stiffnessonstantA and the
anisotropy constarit .
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The wall energy, the exchange length and the domain wall thicknesior the stray fieldree wall
given by

[ T o0, ojo and | A0 A OjU (2.28)

The magnetization can change by domaails moving and domain rotationin the field dependent
magnetization, the main increasing process is wall metitina sharpincreasen theM(H) curves At

the largerfield, thereis a regioncloseto saturatiordominated byrotation which can happeagainst
the anisotropy forceI.he magnetizatiorprocessseparated in rotation and motion of the domain walls
is indicatedn Fig.215.

MS ——————— e St —

1=
Rotation
/+

!
Wall
motion

Fig.2. 15 The wall motion occurs in an applied fieldand magnetization processes.[32]

2.4.3Single- and Multi -Domain particles

Whensize ofmagnetic particlegets small, theyavor forming single domais. For compamg
the energydifference between singland multidomainparticles the particle shape is assumed&
simple ellipsoidwith axesa andb, saturation magnetizatian and demagnetization factor. The
single domairenergyEsqis just related to the total stray fiettkscribed by

T ~
o 2o 20d (229)
C o
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For the twodomainparticle the domain wall energy has to be added to give thedtwainsenergy
Emd as

. 7 . ..~
(0] [ od ‘LUU ' (2.30)
G o
with r the domain wall energy per surface assal U the stray field reduction factor between the
single and multi domain stati84] The magnetostatic energy @af two-domain particle is less
compared to aingledomain particle with a lower stray field.

The critical domain diamet&® can be foundvherethe energy of singleand twedomain
particleis equal

0 ¢ cpq] =5 F.pl,)q’ AE'l'A@DEﬁ%é#ETA@\i I EBDC (231)

The diameter of O becomes a main criteridio consistof single or multi- domainsin ellipsoidal
particles With an external magnetic field, these spinat®ttoalign parallel to the field taninimise
the Zeeman energy. Below critical diamef@r the particleforms asingle domairstate and for larger
sizesmateriak form themulti domain state toedue stray fields, where the reduction on stray field is
higher inenergythatthe domairwall energy which have to be paid.

In Fig. 2.16, anisotropycontributionand sizedependece of the coercive fieldare show with
magnetization modes in single domaiAsDy, is a critical diameteifor the transition from a thermally
stable toan unstablestate. The nucleation field for homogeneous rotation is replaced by the curling or
buckling modeat a critical diameterD¢i"'° grain size. With increasing size of the particle, a-two
domainstate with a domain wall forms froBy%°.

H 4
& i
Homogeneous rotation
9} ! Ideal crystal
Za, 1
%’ | = === Imperfect crystal

® 1
—————— i
1
5 |
s 1
LU 1

a8 . Pinning forces
-k’ 1

] RN
g e
L2) 1
1
1
1
1
- . - I
Single domain particles < Multi-domain particles
I =

Dth Dcritnuc Dcritdo D

Fig.2. 16 Four regions ofthe coercive fielddependent on grainsize.[4] There exist critical diameters of a
thermal statéransition,Dy, the nucleation mode conversi®g:"'° anddomain state changBgi®°.
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2.4.4Coercivity and Microstructural parameters

For single domain particlehe coercive field 'O could betheoretically calculatedy the
linearized micromagnetiequationin the StonerWohlfarth mode[15] Thecoercivefield is thengiven

by
0 — 0 0 — (2.32)

The coercive fieldof singledomain particle is determinefiom the mageocrystalline
(¢" ;0 70 ) with homogeneousotation. Milti-domain particles by formation of domains originating
reduced the coercive field from tisapeanisotropy( 0 0- tOF ). Thermal energy overcomes
the barrier and the coercive field decreages.36)]

The equation 32is the ideal nucleation field. The real nucleation figlkks into accourihe effect of
magneticinhomogemity based ommicrostructural effectsl could beobtainedby the linearized
micromagnetic equation. Thefférence between the ideal and tteal nucleation field isknown as

Br own 6 s [3paTheacdascive field canbe well describedby the universal relation of
micromagnasm]15, 37]

0t = 5 — (2.33)

U and0 are the microstructural parameters. Tlie relates withthe effect ofan effective
anisotropicdemagnetizing fieldUis an effective reduction parameter, whichiéscribesdy a product
function ofthe reduction of the crystal fielk, misaligned graing), and exchange coupled gaits.

1 2 2 (2.34)

Those three parameters are now shortly described.

1. Nucleation for inhomogeneous region§parameter » 1):

The crystal anisotropis loweredby disorderdefects and stresses of the crystal lattice. The
reducing of anisotropy leado a decline coercive field in single domain particlest a planagrain
boundary, the microstructural parameter is calculated analyticallyby Kronmiller from
micromagnetic equatiofis, 38]

P p T —— (2.35)

Here; 0j U is the domain wall widtlof the perfect crstal, 2 indicates the extension of the
magnetic defect and) is the reduction of crystalline anisotropy in the area.
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Fig.2. 17 Nucleation for inhomogeneous regioritk. A reversed domain with reduced anisotropy of width 2r
Stripe a) perpendicular and b) parallel to the direction of the external field and c) the microstructural parameter
Uk as a functiorof ro/Us for variousgK.[10]

2. Nucleation for misaligned graingparameter s, ):

The applied magnetic fieldhich misaligns under an anghg, on the easy axis of a uniaxial
particle influences to reduction of coercive field by a factor Themicrostructural parameter has
been calculated by Stor@/ohlfarth and by Kronriiller [14, 39] and is given by

0T

Oon

: (2.3)
P L owe 7

Gei 1 101 1 P T 6 0 0f¢ p oOmE 7

The microstructural parameter i s a f unct i @ rTheaninimarmrhrecleationgfield hasy
with | @ atf A¥t. Thel can be substituted by 0 U Tq ™. In the
absence of nucleatiofixed domain wall, is described by pX® € i, Where the is always
greater than 1.

3. Nucleation for exchangecoupled grains (parameer » _J:

The exchangeoupled grains increasthe demagnetization fiect to neighbor grains. It
reducesthe coercive field due to the eange couplingandinduces a rotation of the spontaneous
polarization Js. If the grain sizeD is smaller than the domain waklidth “0ju T the
exchangecoupled grainseffect becomes importaniThe random anisotropy effect results in a
reduction of the effective anisotropy constaltie reversal process in excharggeipled grains is
collective process of grains demagnetdby misalignmentsThe average coercive field of misaligned
grains is of the order of 0.2%2Js). the microstructural parameter can be evaluated tu®.[40]
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2.5X-ray and Magnetism

Electromagnetic waves interact with matter via absorption and scattering. In the raistge
magnetic effects in the absorption channel occur known as Magptital effects by Faraday and
Kerr rotation[41, 42], which enablethe investigaion of magnetic materials by lightAt higher
energies in the soft-say range n the vicinity of distinct absorption edges as the sedges of 3d
transition elements anilssedges of RareEarths the interaction between polarizedrays and
magnetic materials showxtremely largemagnetic absorpin effects due to the occurrenceay
magnetic circular dichroismfXMCD). The first experimental result by-ray magnetic circular
dichroism (XMCD)was reportedat theK absorption edgef Fein the hard xray regime[43] and
subsequently at-Lland Medged44-47] The power of XMCD iscorrelated to its elemespecify as
conventional xay absorption spectroscopy (XAZnd the extremely high magnetic contrast.
Moreover, by applyingsum rules [48, 49] it provides a uniquepossibility to determine in a
guantitative manner spimand orbital moments separately.

2.5.1X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XA§ives information of the local geometric or electronic
structure ofsamples When the incident photon energgatcheswith the binding energy of core
electrons, resonargxcitations appearwhich are visible by astrong increaseof the absorption
spectrum(see fig. 2.18)
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Fig.2. 18 X-ray absorption spectroscopy Photon excites electron to 3wle (left), When the number
of holes in the final étates decreas&S of transition metakFe, Co, Ni and Cu atomic configuration
at L-edge (right) 8]

The transmitted photon intensityE, t) through a sample of thicknesis relatedthe incident intensity
lo by the LamberBeer rule,

uc‘cl"\ -rO -O 'Q 0 "O ‘O ‘Q o) (237)

wheree(E) isthe X-ray absorption coefficient, which is dependent on en&gynd the atomic number
Z with the roughrelation of ¢(E) ~ Z%E3[50] The ¢(E) = 1/ [length?] is correlatedto the atomic
numberdensity” 0" 0 AOTH AT Cabdxray absorption crossectiond®®[length*/atom]
A characteristic lengthy leads to an intensity attenuation by a factor{&fe
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In quantum mechanics, the absorptamefficient carbe deriveca c cor di ng t o Fer mi

Rule. Bourd innershell electras transitafter absorption of thphotonfrom theinitial states@ to the
final statediGcorresponding to the unoccupieénsity ofstates’ % abovethe Fermi energy The
electronic transition probabilityo is described by

to % "G00 B O (2:39)
'O is the Hamiltonian for the interaction between photons and electrons. The Hamiltonian is
described by
Q
O = Qe (2.39)
a w
with the momentum operat@rand the vector potenti#@d. The absorption probability is shown by
combinationof Egn.(2.38) and (239)

(1

. o o vy Y n e . . 240
o cm(bosxﬁ—’.):sﬁe‘ 0] O Oq Il (2.40)

Here,2d is the energy ofheincidentphoton.For the absorption of-ray the dipole approximation is
valid and eqn.2.40 can be written as

“ 'Q

W o —
CH

6 "OEPGI=Q"” O] Oy Oq I (2.41)

In the dipoleapproximatiorthe electron transitiorerefollow the dipole selection rules

Yib p 1T TWAOI

Y p m p (242)
Ya m
YQ mh p

By photon emission and absorption, the orbital angular momentum quantum nismdlgrays
changedoy 1. The magnetic quantum number and the total angular mamecan change by zero or
one. For right and left circular polarization of the absorbpdoton Y& p, Ya 0,
respectively

In particularfor magneticx-ray studies, bzedges of @ transition meta(TM) appearbetween 400
1200eV. Theseedges are further characterized by the -gpbit configuration (Bv. and ps- for the

L, zedge$. This energeticsplitting of the spirorbit states by about 10 €dr L-edges ofd3d TM are in
general much larger than the experimental resolution in the range of typically 100rheV.
corresponding atomic transition and the measured XAS absorption gorfilke late 3d transition
metals (Fe, Co, Ni and Cuetal are shown ifrig. 219. Thepicture indicates, that th€AS profile
reflects the density of the final states involva@this matches with theoretical expectation, that the
transition matrix elements tbe nearly energy independent in the energy range covered by an
absorption line.
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2.5.2X-ray Magnetic Circular Dichroism (XMCD)

X-ray magnetic circular dichroism (XMCD) iene of the keymethod for x-ray based
magnetic propeytinvestigationslt hasbeenverified, thatthe absorption of circularly polarizedray
light at the vicinity of an absorption edgés dependent on the orientati@nd strengthof the
magnetization

The origin of XMCD is a result of dipole selection rulefy.219 shows excitatioof 2p core
level electrons to @valencebandby absorptiorof a right circularly polarized electron for only the
spin quantum numbers of the electronic transition involved. Here the difference in transition
probability is only given by the quantum meclabivector coupling coefficients (ClebsGordon
coefficients).The spin polarization of the excited electron at both initial-spbit partner amounts to
1/2 at the k- and +1/4 at the +edge with a ratio of2. The same consideration for the orbital
polarization shows that the corresponding orbital polarization is identical for both edges and amount to
+3/2. Therefore the excited core electrons can be considered asamdpirbitalsource probing the
spin and dbital polarization of the final 3d states. These values also indicate that the sensitivity to an
orbital moment izonsiderabyf larger compared to the spin sensitivity.

A
E
d -Band Exchange splitting,
IAEex = ~1.5eV for Fe

\ >
Er
Relative transition . .
probabilities ~137.5% 62.5 %
Py
N
Right- circularly
photon "75% 25%
Am=AL=%1
2P/, < i i ? $ >
Spin-orbit
splitting
2.01/2 P i * 13.1 eV for Fe
= +
P [

Fig.2. 19 Schematic diagram of XMCD phenomenonln core levé straight and round arroveiescribespin
and orbital momentum of electrons, respectively.
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The spin and orbital polarization direction of the emitted electrons are given by propagatton
i. e. the polarization vector P of the absorbed lightus the XMCD effect scales with tipeojection

of the magnetizatiofiP onto the xray k-vectord.

According to the helicity directionghe circularly polarized xay polarizationsare parallel(+) or
antiparallel(-) with respect to thenagnetizatiordirections,the absorptioncoefficientdiffers. This is
the circulardichroism phenomenoiVhen the dichroism pacgze of absorption coefficient scales with

the scabr product?® 0P.The relation is given by

y o+ ¢ P3P »OPAT BP (2.43)

where®is theincident polarization vector ani®is the magnetization ahe sample.
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Fig.2. 20 Experimental example of XMCD effect. X-ray absorption spectra with parallel and
antiparallelalignment of helicity and magnetization (top) and XMCD spectairto L-edges or/

nm FePt/ 3 nm Co / 2 nm Bxchangespring magnetic multilayers (our result) fully oriented onto the
saturation field.
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2.5.3Sum rules

Orbital and Spin magnetic moments

B. T Thole and Paolo. Carra derived the sum rules for determination of aminorbigl-
momens by x-ray circular magnetic dichroisif48, 49 They have showm relation of orbital monme
expectation values witthe integrated XMCDor direct measure @b On Ni, first.[48] Groundstate
expectation values ofz, S and T; are obtainedn Fe, Co and Ni meta[49] C. T. Chenhas
demonstrated how tdetermire magnetic moment from the integralstbé XAS and XMCD spectra
utilizing thesesum rulesin a quantitativemannef12] The number of holes canbe estimated by
theoretical considerations HAS measuremeat

0 60 00 6% T ——¢& (2.44)

| is the averaged XAS intensit'y, is proportional constant andis the radial dipole matrix element
of the corevalence transitior[8]

First, the grounestate orbital moment expectation vafile Qs related with an experimentally
measurable quantity[48]

Qe HH p 4 @ O
” - B - - p - p _ c - (2.45)

. Q) ‘ ‘ ¢ aa p T ¢ € o)
where, ‘Q1 indicates integratiomange of thex (the | subshell with number of electrons.,) to

Ax  (final state configuration, wheredenotes the angular momentum of core heliges. The
indicates the angular momentum of the core Holeand‘ are the absorption coefficient of the
circularly polarizedlight (g = +1) and’ is theabsorption coefficient foinear polarized lightd = 0)

and equal t6 _

Next, the spin sum rule cde obtainedy relation between a measurable quantjtwhichis
defined from the spirorbit spliting of the core level, and the grousthte spin momeriYGand
magnetic dipol&'YQOexpectation valueii9]

O _p

A R 2 R
=TI
aa p_¢ @ p YO (2.46)
onTd ¢ £ )
4 p & p CO® P T OW P ® ¢ O6YO
@ p ta ¢ ¢ B

Where . indicates spirorbit coupling of the core holec (+ 1/2), c and| describe the shell and
subshell orbital quantumumbes of the initial and final statesgspectivelyn is theinitial number of
electrons in the final state shell
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Fig.2. 21 XAS and MCD spectra of cobalt at L3 >edges.

In fig.2.21, the @ spectrum was dealt with equatiord@.for orbit moment ané&qn. (248) for aspin
moment.

. T ‘ Q] . NPT € (247)
g : SN O) P ol '
, Q CQr T, ‘ CQ . Xx0YO
(o - - T P T E _cﬁYo,
(2.49)
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P E

The magnetic dipole termTz and Magnetocrystalline anisotropy energy, MAE

The magnetic dipoleperatoris defined by

g ge

(2.49)

Where-||;;;;is the spin moment of thieth electron and- is the unit position vector of the electron
associated with the spin mome{h;; The magnetic dipole term relates to the quadrupole moment of the
spin density distribution. It can be obtained by comparison between normal incident and angle

dependent meassmen{51]

In this workonly the 2p to 3dransition fromcorrespondingd.s »~edges of théransition metal
are addressed visualized sm rulescalculation is showim Fig. 2.22.
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Fig.2. 22 Quantitative determination of magnetic moments by Sum Ruleslhe normalized XASs thespin
averaged or nemagnetic spectrum (teleft) and differenceXMCD spectrummeasured by flipping the
magnetization or the lighdr helicity (topright). Relation between speatrareas antlz, S and Tz expectation

values

In bulk cubic or polycrystallinesample with arbitrary grain orientatiofTz term couldbe ignoredor
the 3d TM. Hbwever, in ultrathin filns and surfacewith perpendicular magnetic anisotropy (PMA),
theT, term can have sizable effect oiXMCD based effectivspin magnetic moments.

The magnetic dipole term; presents in the case sfmmetry breaking by uniaxially squeezed (see
fig.2.23 a)) or a quadrupolar spin distribution of electrons. The increased charge aloitréotian
reduces along the-x directions. Mathematically, it is correlated tahe spin magnetic dipole operator
as shown by ifiegn. 2.50. When the spiorbit coupling is small, it can be-mrittenag52, 53]

oR v P :’“’e = (2.50)

Ql©o
<

Gyl
9 iEOllh Fd

Q is the quadrupole moment of the charge distribufieris for ®aligned along the z direction. Ird3
transition metal, the magnetic dipole term cardbgrmined by theymmetry relatio@ YO 6YO

YO T[54] It can be written in the absence offilane anisotrpy. & cad  TU To determind
and MAE, the moments df X andd are deduced by the sum rules. From these values

and relationgt or&  .can be obtained.
a g G W& & [ Q& (2.51)
Moments from angle dependent have this relation, too.
6 G5 Yai ioeYa g a5 6 . (2.52)

By these relationsy j arecanbe determinedd s related spiforbital interaction.
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On the basis of spiarbit coupling, orbital moment is enhanced along the easy axis of anisotropic
magnetic material. The sporbit energy tries to align the spin moment along divection with
enhanced orbital projections. (seg .23 b))The magnetocrystalline anisotropy enemylAE relates
to orbital moment and the magnetic dipole term. Brumudel relategshe energy anisoipy in a

perturbation theory tthe spinorbit interaction,(€ ,'E]Y).[55, 56]
Yo wT— a a (2.53)
whereYO O O 0 with'O O Ui "Q&AnNd cis the factor dependent on the band

structure., is the spirorbit coupling constant. ( T@® A 6). The magnetocrystalline anisotropy
energy (MAE) isgiven only orbital magnetic momentsvhile the spinorbit interaction is treated in
second order. In here, the anisotropy of the field of the spin, is expressed by the magnetic dipole
moment[52] The MAE is given as

: P al*e al"c » QPR "
= O "0 o= o} 2.54
10 2 qosro oo go-Fy o (254
with 6EOQ 6EO &0 ¢BEO. AndYO |, is the exchange splitting of the two spin baaddcan
be obtainedrom band structurecalculations The spirorbit constant depend strondy on atomic
number Z,and also on the radius dhe atomic shell. For thed3ransition metal, the spirorbit

interaction energyn the 3d bands small value of the order skveraimeV [57] which isconsiderably
weaker than the exchange interaction (~1eV).

By angledependentmeasurementthe contribution of crystallograhic related T; term andits
contributions to thenagnetocrystalline anisotropy energy tendetermine¢51]

a)  1,=0 T,>0 b)

—
vy

dxz_yz d,2 dyz

Fig.2. 23 The Tz term and the spin and orbital relation. a) Schematic of the charge and spin distribution for
Tz term.b) Brunomdelof the magnetocrystalline anisotromy The shapes and labels of the five 3d orb[ta8}.
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Chapter 3

Basic ofNanosizedExchangeSpring Magnets

Nanosized magnetdike magnetic nanoparticlesingle molecular magnets, nanomagnet
patterns clustersand so on,can beinvestigated foran understading of fundamental physical
phenomen459, 60] andfor application as ultrehigh density magnetic information storagatalysts,
spintronic device obiomedical therapj61-63] Exchangespring magnetswhich are composed of
magnetically hard and soft magnetsre developed asconceptfor permanent magnetsith tailored
coercive fields and saturation magnetizatipgd, 65 These ombinatiors of high performances
nanosizedand exchangspring magnetare achievinglots of applications andhavealso beerstudied
from afundamentapoint of view [66, 67]

3.1Nanomagnes

Betweenmacroscopic ah nanomedr sampledimensios of the same materiallifferent
magneticbehaviorshave beenobservedwhich arise for examplefrom a higher proportion of atom:
on thesurface, broken translation symmetry in nan@neicalesand the geometricatonstraitts.
Nanomagnetism is the area of research in phyemssing onthe magnetic properties of nanosiz
objects.Nanomagnetisnn solid state sciendacludes application and the study of properties of
magnetism of nanoparticles, nanodots, nanowires filniis, and multilayers[68] Natural nagnetic
nanoparticles exist in many rocks and soilbere he nanogprticles are usuallpased ommagnetite.
Nanomagnets havalso beenfound by biomineralizationin bacteria, insects, birds and ott
creaturs, where theirmagnetic momentsre alignedo r interacting widt
field.[69] Today magneticrecording isa prominensuccessful application afanomagnetisnin this
technology the aeal bit density of magnetic hard disks has increased by a factor of teniliohs.
Fig.3.1 shows growth of aredensitied.70] The application t@pintronicdeviceshas also increasel
rapidly.
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Fig.3. 1 Historical areal density trends for magnetic hard disk drives[70] by Coughlin Associates in
Storage Developer Conference (SDC 20L5CGR compound growth rateMR: magnetoresiance GMR:
giant MR, AFC: antiferromagnetically coupled and TMR: tunnel MR
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The unusualphenomena of nanomagneti$rave several reasonsincethe sampledimensionsmeet
the characteristic lengthcales.Nanomagnets can be formadth a size smaller thaaritical domain
size D andsmaller than superparamagnetic critical diaméer . Therefore nanmagnetdecome
superparamagriet[71] The exchange lengthx < 100 nmwhich can beusually ignored in bulk
systens, effects nanomampts. The daracteristic lengthscales, which should be compared to the size

of nanoobjectsareshown in Table3.168]

Symbol Length Typical magnitudginm)

Q Interatomic distance (Fe) C® pm

Oex Range of exchange interaction Xpm Xp
drkky Range of RKKY interaction XpPT XpTI

Q Domain size pPT P T

(6] Superparamagnetic critical diameter Xp XpT

Der Critical singledomainsize XPTXpT

1 Domain wall width Xp XpT

lex Exchange length Xp XpT

- Electron mean free path Xp XpT

Table 3.1 Typical magnitudes of some characteristic lengths in magnetism.[57]
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Fig.3. 2 Density of states for FeCo, and Ni in bulk metals (above)and a (100) surface (below)[63¢-state

Spin up (redBpin down (blue), ystate (green) andsate (black)

In low dimensioal materials, the broken translatieffects atomsmost prominat by the change in
the nearesneighbor coordination, adt happens asurface or interface regios In general, the
electronc structure of the atoms dhe surfaceis differentcompared tatoms in bulk.Usually, the
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bandwidth isnarrowedby reduction of the coordination number. The comparisoth@fiensity of
states of bulk and surfaée, Co and Ni is shown inid: 32. The density of state curves of the (100)
surface atomss narrowedcompared tdulk samples of the same materials.

In addition, due to the symmetry breaking and the-aqudic crystalfield, the orbital contributionto
themagnetic momenhcreasesvith decreasinglimensionalityf.72] Table 3.2showstheincreagng of
the orbital moment ananisotropyenergy by going from the bulk to the single atom

Diatomic Monoatomic Two Single
Bulk Monolayer . :
wire wire atoms atom
Orbital moment‘( 7@ 0 é) a 0.14 0.31 0.37 0.68 0.78 1.13
Anisotorpy energyi( ABA O1) I 0.04 0.14 0.34 2.0 3.4 9.2

Table 3.2 Magnetic orbital moments and anisotropy energy. Co a Pt with different
dimensionalities.[64] 73]

The presence of defects and impurities, such as adsorbates, change the strain ambtrmdifyhe

lattice parametel hese factoralsoinfluence to the magnetic properties of atamarby Furthermore
the crystal structure of nanosized materialglso formed differentlyfrom the bulk. For instance

metallic cobalt particles smaller than approximatelyn80diametersevealfcc (facecentered cubic)
structure, compared to buficp (hexagonatlosepacked.[68]
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3.2 ExchangeSpring magnet

An exchange spring magnet (B¥ consists of more than one type of FM phasssally
comprisinga hard anda soft magnetic phase, also called excharmgpled composition magnt
(ECC magnet)64] The magnetic properties of ESarebased orthe exchange interaction betwe
those twohard and soft magnetic matedalrhe mainreason to us&SMs is the possibility to tailor
the magnetic properties bg combinationof the hard and soft magnetwhich could notbe simply
doneby the optimization of just a single component mateF. 3.3 andFig. 34 showschematic
and experimetal exampls of ESMs, which hae a high coercivity from the hard phase amtigher
magnetization from the soft phase.

QTt Mmagnet

B, C ......... rem——====n== Decoupled composite

-

Exchange coupled nanocomposite

Increased energy
product (B x H max)

Hard magnet
+ H

Fig.3. 3 Demonstration of the hysteresidoopsof hard and soft phase,decoupled and exchange coupled
ESMs
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Fig.3. 4 Hysteresis loops of F€a4FePt nanocompositesa) Single phasebehaviorwith effective exchange
coupling between two phasyy FeOs(4 nm):FePt (4 nm) assembind b) the phase separation hysterbgis

Fe;04(12 nm):FeP{4 nm) [65]
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3.2.1Soft and Hard Ferromagnetic materials

Ferromagnetic materials aseparatdinto two broadclassesorresponding to their hysteresis
loops, which reflect he energy stabiltandthermaldissipationby ther openarea[74] Soft magnetic
materials areasilymagnetizedbecause omall coercivity and smatfiotal anisotropy energiK. Soft
materials are characterizedy high permeability and low logs Permeability is the degree of
magnetic response of a material to an applied fiekgk pinning of domain wallat inclusions and
grain boundariesan affecthe behaviorof soft materialg75, 76] Exampks transition metaTM, e.g.
Fe, Co, and Ni) as components irsilicon steels, FéNi-Co alloys, anorphous alloyspanocrystalline
dloys, and oft ferrites (MnZn, NiZn). These magnetic materiate usedn motors,generatorsand
transformerg76, 77] Table 33-4 show intrinsic magnetic properties séme famousoft magnetic
materials

Bohr magneton Saturation magnetization Curie temperature
Metal number per atom at 10°Am? or 1F G, at
OxK OxK 17xC XK xC
Iron 2.216 17.45 17.08 1043 770
Cobalt 1.716 14.30 13.98 1400 1127
Nickel 0.616 5.22 4.84 631 358

Table 3.3 Intrinsic magnetic properties of ferromagnetic metals]78]

Saturation

Composition polarization Coercivity Curie Permeability at
M (Am™) temperaturexC) H=4mAm™* X 10°
Fes7C018Si1B14 1.80 5 (~0.060e¢) ~550 15
FesoNizoM02SinoBs 0.8 2 260 20
FersCopoMnaSiiiBg 1.0 1.0 480 2
Ferz sCuNbsSiiz By 1.25 1 600 100

Table 3.4 Survey of soft magneticamorphous and nanocrystalline alloyg79]

Hard magnetic materials, which arsed agpermanent magnets, are hard to magnetize and difficult to
demagnetize.These magnetshave a higher coercive field (coercivityyc) and maintain their
magnetism without field aftehey have beemagnetized (remnant, M The origin is thenigh pinning
force of domainand their wall§80] Permanent magnehave been develogd to increasehe energy
products fromnaturally abundantodestone, high carbosteels tungsterfchromium steels ferrite
magnes, AINiCo, up to the welknown rareearth (RE) based magsets shown figure 3. by the
increase of thenaximum energy produeind a decrease of effectivelume ofthe magnei81]
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Fig.3. 5 Historical development of different types of permanentnagnets, plotted their maximum energy
product (BH)max.[82]

The high energy product of the ragarth magnatwith a smallvolume is very attractive anftasbig
advantagesTable 3.5providesa comparisorof theintrinsic magnetic properties gbme related hard
magnetic materials.

Phase symmetry % Te o 0 A 1 O
(7] (K] [T] MI/mY]  [pd/m]  [nm]  [nm]
UFe cubic 2.15 1043 - 0.048 20.7 11.26 20
Co cubic 1.76 1131 0.20 0.45 - - -
Co hexagonal 1.81 1390 0.76 0.45 36.2 14 68
L1o-FePt tetragonal 1.43 750 11.5 6.6 10 6.3 359
L1o-CoPt tetragonal 1.00 720 12.3 2.8 10 7.4 479
Llo-FePd  tetragonal 1.39 760 3.5 1.8 - 115 330
SmCag hexagonal 1.07 1020 39 16.6 12 3.6 1137
SmCo; rhombohedral 1.22 1190 6.5 3.2 17 8.6 401
NdzFeB tetragonal 1.61 585 7.6 4.3 7.3 3.9 196

Table 3.5 Intrinsic magnetic properties of different magnetic materials.Js: Spontaneous polarizatiorg:
Cur i e t e mHxeCoeacivaiigldeK:: Magnetocrystallin@nisotropyenergy,A: Exchange constarig:
Domain wall width,D¢: Singledomain particd diameter[83-85]

However, the expensive cost of ra@th elements in scarcisituationscausesthe need fomew
magnes$ with lean and/or cheaperreearth elementOne wayis to useexchangecoupling effect.
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3.2.2Exchangecoupling effect

Exchange coupling materialss described hereonsistof the soft phasealigned to the
magnetization vector ah hard magneticphase due to the exchange coupling effést.described
before, maerials can have high saturation magnetization and high remartsneeproper of these
phases resulting in aignificant large maximum energy produdH)max could be obtained by
exchange coupling effedtiowever, the coercivity willsuallydecrease by e&kange coupling effest
with a soft magnetic second ph48€]

The first actual exchange spring magnets observed by Coehoo et al in 1989[87] The
theoretical presentation wasesentedy E. F. Knellerin 1991.Figure 3.5 is the schematic of 1
dimensional exchangeoupling from E. F. Knellef64]
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Fig.3. 6 1-D schematicof onedimensional model of the micromagnetic structure ofexchangecoupling
effect This is alternaton structure ofk-(hard) and m-(soft) phases. (a) Saturation remanencec)(l
Demagnetization in an increasing reverse fléldd) Demagnetization at decreasing widg8]

The k phase is a hard magnetic material with highgretocrystallineanisotropyenergy andthe m
phase is a soft magnetic material with high saturation magnetization. In figuf@) 3if the external
magnetic field is zero, the magnetizations of a hard and a soft magnet are aimatigedame
direction. In fig. 37 (a-c). At a low field H, the hard magnet spins keep the directioareasingH, the
soft magnetic spins show the inclination to reverse. However, the spins adjoined to interface maintain
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the initial state byexchange interaction with theard magnet spins. At a highefii, all spins are
reversedalong theexternal field direction, exclusive of interface spirttet hardmagnet(see Fig.3.6
between (c) and (d))This effect, the maintenance of soft magnetic spin by a hard magriee on
interfacein the appliedfield is aalled exchangecouplingeffect. By ths effect, the compositionof the
hard and soft magnet has high coercivity. Likegjighe saturation magnetizatioepend on the
amount of soft magnet phase With exchangeoupling effect,the magnethas high saturation
magnetization and large coercive fieldlthough both are reduced’he magneticproperty of
composition has to bievestigaed andtunedto achieve for an appropriagég@plicationanddependent
onthe fraction othard and soft magnetinaterialandshape

3.2.2.1 Critical size for exchangecoupling effect

The critical sizefor effective coupling betweethe hard and the soft magnetitaterial has been
theoretically and experimentallywestigated64, 88-90] Energy products have beamcreasedvith
the higherremanaet field. For meltspun 30 nmNdzFeisB / 10 nm FeB - U-Fe mixture the maximum
energy producthas been increased up 1d MGOe[87] A. Manaf et al. hasrepored a higher
maximum energy product of 19MGOe the combination oNdFeB andJ-Fe, too[89 The 70 % of
SmFe/Nx and 30% ofl-Fe 20 nm grain size compositiblas demonstrate?b.8 MGOe witha high
remnantmagnetization 080% with respect to theaturation magnetizan.[91] These resultslearly
show thathe grain size of soft magnetic materials has to bsisenThe maximum energy product is
affected according to the soft magnetic layenich hasa critical thicknesq90, 92
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Fig.3. 7 Energy product variation for Co thickness changes in SmCo/ Co multilay¢8Q]
In figure 37, Co soft magnetic layeere depositedith athicknessangefrom 10 to 40 nndeposited

on 45 nm thick SmCo. The Co layer of 10 fmasthe highestmaximum energy produaif 14
MGOe[90]
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3.3L1o-FePt/ Co composition ES magnet

For this work,we selected LitFePt and cobalt for B8s. The uniaxial magnetocrystalline anisotropy
in the hard magneticlo-FePt layercould be prepared to haits easy axis perpendicular the film
plane.Co hashigh saturation magnetization and high fractional remani3&e.

Today, investigation onFePt and Caexchange spring magnebmpositios have been started for
applications and fundamental magnetic researahin films andnanoparticles[2, 93] In Fig. 38 and
Fig. 39, magnetic properties of thin fisrand nanopartickof ES nanomagnstare shownwhich are
composeaf FePt, Co an@re andtailored by exchange coupling effects
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Fig.3. 8 Exchange coupling effect tdhe coercivefield on FePt/Fe and FePt/Co/Fe film.[80]

FePt/Co

Fig.3. 9 Diagram of ESM and hysteresis loop for FePt@Co nanoparticldg]

Further systems afeePt core particles (5 nm diameter) surrounded with a soft magnetic Co shell (0.6
to 2.7 nm thick) by microwave synthesis. The ES magnetic nanoparticle ledftddaehhancement

in the energyproductas compared to the energy product of bare FePt wélcisity and saturation
moment[2]
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3.3.1Phase diagram and Crystal Structures ofePtand Cobalt

3.3.1.1 FePt

The L1 chemicallyordered FePt has attracted attention due to their excellent intrinsic
magnetic, chemical and mechanical properilderefore L1,-FePtis a good candidate for magnetic
recordingwith very high uniaxial magnetocrystallinanisotropy83] We will discuss the essential
properties of thd=ePtmaterial system. Irparticulag the composition dependent crystal structisre

explained Themagnetic properties of the i-phase are discussed and compared with other materials
in the previoussection

1. Phase diagram

Chemically disordere@Al-phasefacecentered cubjcFePtis presenfor temperature below
600 C and above 1350 C, Fig 8.7. Ghhnucallgdisordered nieans p h a s e
that Fe or Pt atoms occuptatistically the lattice sites of the fetementary cellln the compo#ion
range, FePt can be three different crystalline phases.s(E4P{fcc) phase from 15 to 32 % FEePt:
L1, (fct) phase from 35 to 55 % Fand FePt: L1 (fcc) phase from 55 to 80 % Ferhe chemically
ordered phase (lkdphase facecentered tetragml) in thecomposition range from ks to FesPts
can be formed with high crystallinity in thet e mper at ur e r ange Gwih hig6 0 0 C
chemical order and layeredanisotropy. Fe and Pt atoms occupy (110) plémes alternating layered

way. In fig. 310, unit cells are presentedThe strongdirectional crystallineanisotropy has a large
effect on the magnetizehavior as showrin Table36.

Weight Percent Platinum

1000+

;

Temperature °C

1000 1

60 7 50 90 100
Fe Atomic Percent Platinum Pt

Fig.3. 10 Equilibrium phase diagram of the Fe Pt system[83]
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L12>-FesPt L1o-FePt L1.-FePt

Ferro
Disordered Para D 0 "Y Ferro
low Hc
Ferro Ferro Para
Ordered “0 0 p¥Y “ O p8 &Y '
<
low Hc<1 T high He>1 T antiferroT<160K

Table 3.6 The magnetichehavior and magnetic properties at room temperature of the main phases in the
Fe-Pt system[83]

2. Crystal structure

In Fig.311 showsa comparson ofthe unitcells betweenthe fce andfct- crystal structure
The L1o- phasehasa fourfold rotational symmetry along the (001) axihe unit cell ofthe fct
structureis slightly compressedlongthe cdirection (001). The fcc unit cell has a lattice constant of
3.81 Awherasthe fct unit cell hasa largerlattice constant a = 3.858, and for the cubic facehe
lattice constandf c = 3.7B6 A issmaller.

(a)@ (b) (c)
Fort@ |0 9 9 o0 T o @

Fe @ © °° o J ‘)J J J d v

Pt J Gé @ OQ ‘6 ° “ ‘6 J ‘g
A1 L1, L1,
FCC FCT FCC

Fig.3. 11 Theunit cells for the different phases of FePt: (a) Al alloy, faceentered cubic, (b) L FePt
intermetallic, face-centered tetragonal, and (c) L1 FePt3 intermetallic, facecentered cubic.[82]

If FePt alloycontairs Fe of 6885%, a chemically ordered phase formsHteThis crystal
phase is likewise cubically centered witholdymmetry. At a larger Pt excess, Fef4n also be
formed fcephase as shown in fig.13 (c). The LL-Phaseof FePt layers or FBt multiplelayers on
suitable substrates (MgO (100), LSAT (1p6anbe formedat high temperaturdn the range ohigh
temperaturéreatment decreasing temperatui@room temperature does rafect FePt material§94,

95] In the case of Lg¢FePt thin films, thdct ordering is formed directly during the deposition process
at suitableconditiors, such as temperature and pressAfrnatively, after RT deposition filmshave

to beanneatd for subsequentrdering. Both ofgrains coalescence in the ordered phase may occur
during the annealing process.

Thin films of L1,-FePtareknown to have high coercive fieddvith huge magnetocrystalline
anisotropy energy { @& p & ), which is reported in theoretically and experimental
studieq 96, 97] The coherent rotation model indicates possibility to achieveoercive field of L1o-
FePtalmost reachind2 T 0 j 0 *x p ¢Eu & 300 K.[98] Fig.3.12 showsthe magnetization curve
for a5 nm thickthin film measured at 4.5 Klongthe perpendiculdilm planedirection.
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Fig.3. 12 Out-of-plane hysteresis loopof the FePt film with 5 nm thickness measured at 4.5 K.[86]

3.31.2 Cobalt

Cobalt isa representativéransition metabndalsoa RT ferromagnetic materialCobalt has
two crystalline phase one ishexagonal clospacked (hcp) anthe other idacecentered cubic (fcc,
also called cubiclosepacked. In fig. 3.13 (left), the phase diagram of coba@tshown At room
temperatug cobalt ishcp. The phase cabe changedb fcc at a temperature depending on the sample
grain sizd99] The hysteresis of cobalt thin fisishows typical soft ferromagnetidehaviorswith high
saturation magnetizaticand low coercive fieléh Fig. 3.13 (right).[100

L AR LAY LAY MLLEE RAAR
i COBALT L
5540:. _:,;
SR B
= 1o T

°F .

0 500 1000 1500 2000 2500 ¢ = 2 2 o + & & &

Temperature - K B (Tesla)

Fig.3. 13 Phase diagram of cobalt and hysteresis loopMagnetic hysteresis loops of the &wom at 5.5 Kd
= 0° (black squarésandd = 7 (filled triangles)relative to the surface norndl]
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Chapter 4

Experimental methods: Fabricaton & Characterization

4.1 Sample preparation

4.1.1Sputter depositionof thin films (Magnetron Sputtering)

In this works thin films have been producetly Magnetoco-sputtering basically,aphysical
vapor depositiomethod(also known aghysical vapor depositiorP{/D) coating).The schematic of
a RF (Radio Frequency) magnetron sputtering dasisiiownin Fig. 4.1.In the sputtering chanei,
filled with low-pressure Ar gas, a plasma is generated by positively chagedibns that are
acelerated towards targeby an applied constant voltage of a few hundred vdhs elaborate
electroniccontrol allows one tagnite the plasma eveat low pressureA magnetron gun improves
both, deposit speeds and film quality by increasing the fraction of ionized atoms. A magnetic field
keers the plasma in front of the target to intensify the bombardment of dmessputtered target
atoms are condensedto a substrateand formthere either continuous films islands, depending on
the target and substrate matedatl sputtering conditions. It is possible with this technique to deposit
as well single atoms as moleculdscan provide extremely putlin films with high performancand
is very useful for thin film preparation

Vacuum chamber

Substrate holder Ar
Substrate — Gas

DC or RF
Power

-I— supply

Fig.4. 1 Schematic of RF magnetron sputtering. [93] Ar+ ions ht targets.Sputtered target atoms a
deposited on thsubstrate

Vacuum
pump

For FePt thin filmlayers and FePt/ Co multilayers, a magnetron sputtering syatedescribed above
hasbeen usedThree different targetsan be mountewith separate sputtering powsupplies Thus,
alloyswith well-definedcompositios (by controlling the indidual depaition rate¥ can be produced
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by simultaneous sputtering (aputtering).The system incldes a substrate heating whicloyides
temperatures uw 8 0 O that &e necessary for forming the FePi-phase

4.1.2Manufacture of regular nanopatterns

Regular nanogtterns carbe realizedoy means obottomup or topdown methodsBy using
the ttomup methodsit is attempted to arrange free nanoparticles regularly on a substrate-by self
organization.Top-down methodsiselithography processes imprint patternsinto a sampled.g. by
photo, electron, ion bearndithographyand nanoimprint lithography).

Before presenting the technique used in this thesis, | would likertmlucea few other techniques
first. Bottomup processesre alsoused for producing narnmatterns bychemical synthesis of
colloids[5, 101, 107 FePt nanoparticlesan beformed by thermal decomposition of Fe(GOjnd
reduction of Ptfcetylacetonate,acag,. Nanoparticles on a substrate can fp@duced with a
hexagonapattern by applyinghe spin coating. Howeverwith this methochomogeneous pattern in
few micromeers periods can be produced further method is aombination ofblock copolymer
micellar nawlithography (BCML) and glancing angle deposition (GLAD)3 104 With this
approach feature size of~100 nm can be obtainedHowever, chemically synthesized-ePt
nanoparticlesvith excellent magnetic properties are regorted

Most of the bp-down methodaiselacquermasls. The lacquer is typically applied by a spin
coating(in order to obtaira homogeneoukcquerthicknes$ and subsequently processed to transfer
the structure intothe thin film [105 Several toplown methods will be introduced. In
photolithography a lacquermaskcovess certain p#s of the samplend is therexpogdto UV light.
Molecularbonds in the lacquesare either ultimately dissolvedor newly generateddepending on th
type oflacquer(positiveor negativg. The exposethcqueris removed duringubsequendevelopment
or remained as structures on the substtateptical photolithography, the structure, sizes are limited
to 250 nm due to the walangthof light.

Electron beam lithography usagocusedelectron beanfior patterning whichis acceleratedt a few
10kV. The areas of the lacquer to be patterned are exposhd beamThe advantages of electron
beam lithographyonsist in the facthatthe electron beam can defleetsily and that angtructures
can be written[106:108 with an accuracyslightly below 10 nm109 However, electron beam
lithography is extremelyime-consuming especially fo preparinglarge areaStructures cannot be
written in parallel whicttan take several hours or even days.

Nanoimprint lithography (NIL, O2-plasma stripper, RIE-Etcher)

For fast and small size patterning over large areas, nanoimprint lithography (NIL) is suitable
technique. NIL usea stamp which is structurethy ebeam lithographyThe size othe structurecan
be a few nanometergL09 NIL is possible two ways: in a positive (liff) and negative procesk
case ofthe positive processgthe structure isransfered with a stamp the substrate is coated with a
thin lacquerin whichthe structure is transferred by pressing the stamp intatheer.It is squeezed
out from the areas where the stamp touches the substrate, leaving-Bwared and lacqudree
structures on the substrate. (see Fig.&@2hsequently, the material be structured idepositecbn the
structured lacquehat now actesa mask When now the lacquer is rewed by lift-off, the deposited
material on top of the lacquer is removed tbgetwith the lacquer, while the material deposited
directly on the substrate remaiitheobtainedpattern ishe sameasthe pattern on thetamp(positive
process)The process dhislift -off is illustratedin Fig. 4.2[11Q
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Fig.4. 2 lllumination of the process of nanoimprint lithography (NIL). a) The lacquer coated on the
substrate b) The stampis pressedon lacquer.c) The stamp isdemold from lacquer. d) Materials deposit
on substrate and lacquer.e) The remained lacquer as amask are removed The pattern transfers to
materials.

A lift -off process is, bwever, not suitable for lGdPhase FePtn order to obtairchemically ordered
structure (faceentered tetragondkt), Fe and Pt hae to be depositeattemperaturef 60071 8 0 0 C.
The temperature imuch higher thanthe glassytemperature othe lacquerand thelacquerwill be
burned or carbonizeddoreover,carbon will bedissolvedin FePtfilm and disturbedhe formation of
theLle-phase.

In the negative proceswhich requires th&ransferencef the opposite structure to the staripe L1o-

phase FePt thin films have be depositedirectly onthe substrat. Thelacquer ishenspin-coatedon

FePt thin films.The ¢ampis pressedn the lacquerat appropriate temperature and pressure. The
structured lacquds thenhardenedo provide themask Subsequently, the uncovered part of the FePt
thin film is etchel away together with the protective lacquer. In the end, a FePt negative of the stamp
structure is left, as desired.

The specialdifficulties of NIL technique are substrate unevennessighnesg thermal
stresses anthe lifetime of the stamp The $ampcan be pollutedy resist andts structuredestroyed
by particles.These problem often prevent to obtaigood structures. Obduc¢aa company that
producesmprint equipmentdevelopedspecial polymer materialand a special processing solve
these prdolems One isfintermediate Polyme8tamp it is called IPS foiland aflexible polymer foil
transparent for ¢iht. The ot her is a ASimultaneous ther mal
combinationof thermal and photo imprint lithography. These ardized in the Eitre 3 equipment of
Obducat.In the first process, an IPS foil is placed on the staampressurapplied ofa few bar and
the stamp and the foillaed abovethe glass transition temperaturg). When stamp and foil are kept
at appropriatdemperature and pressure for a certain time ptiigmer fills up the structureAfter
cooling off of the stamp and fdilelow Ty, the IPSfoil is taken offfrom the masterstamp by carefully
pulling it off in one sweepA pattern refica inverse to theoriginal master stamp isow on the IPS
foil. The rext processs thetransfer of this negativen the IPS foil onto the actual lacquekVhen this
step is successful, the lacquer shows the saattern as thenasterstamp. The lacquenas to be
choseraccoding to the size and shape of the structures.-3&By Obducat is such a lacquer. It is a
TU-seriesphotoresist which i& combinedhermal and UV imprint lacqueA thin film of the this
lacquer is brought on top of the FePt thin film by spin coatingnTthe IPS foil is put on top of the
lacquer layerwhichis brought to the glass transition temperature. When slight pressure is applied the
lacquer takes over the structure of the IPS foil. By UV curing the lacquer is hardened and its structure
stabilized. For curing the UV lacquer is exposed to mercury lighes®#400 nmwavelength The
positive patterrhas now been transferred to tlaequer.The IPS film can be taken easily off the
lacquer film. Theschemeof all processeis shownin Fig. 43.[111]
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Fig.4. 3 Schematic of the IPS and STU imprint processTwo steps for thetransferenceof the stamp
structure to lacquer. IPS imprint step uses thermaimprint , and STU imprint step uses a&combination of
thermal and UV curing.

Typically still some lacquer (a few nm in thickness) is remaining between the positive structures after
the last stepas indicated in Fig. 4.3t is removed with an Ox-Plasma treatmenthe etching rate for

the TUV lacquer(TU2-35 by Obduca} is around 3.4 nimin in the Q-plasma.By means of reactive

ion etching the lacquer structuiis thentransferedto theFePt film(inductively coupledCP-RIE Ar-
plasma, FePt ehing rateapproximately 6 nnymin, lacquer etching rat80 nm/min).The etching
processearedepictedn Fig 44.

Positive pattern

S " in lacquer
Substrate

—a— O, - plasma ———

Substrate

—am— |CP-RIE —===—
B B =B = = = m m < FePtnanodot pattern
Substrate

Fig.4. 4 Schematic of the etching stepsThe lacquer structure transfer into the metal layer.

According to the various conventional methqaesentedn chapter 4.1.2the bottomup method,
such aghe blak co-polymermicellar nanolithography (BCMLgan produce rapid lithography and a
large-area patterning However magnetic propertiesf these structures are not sufficient and not
uniform over the patterned areale&ron beam and ion beam lithography dam fabricatedto
structures of less than 100 nm with hig#solution but thee processes take too much time. The
nanoimprint lithography hathe doubleadvantagesince theentire surface is patterned in one process
andthe large areaan be structuredn this work, stamp with 60 nm dot siz&S0 nm period pattern
has been usedbr artificial nanostructures.
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4.1.3Structure and microstructure characterization method
4.1.3.1 X-ray diffraction (XRD)

X-ray diffraction is acommonmethod to study the crystal structusé solids. A beam of
monochromaticX-ray is diffractedby theatomic crystal lattice ofhe matter at andiffraction angle
and intensitycharacteristidor the crystal structure. XRD pattesican alsogive informationabout the
elementgpresent in a sampland their concentrationis a simple picture,: parallel planes scatter the
radiation and, by interference, yield the wiallown Bragg reflections, i.e. maxima inrdy intensity
along particular scatteringngles. The relation between the diffractiongée— the distance between
neighboured atom planek and the Xray wavelengthe-with a positive integen is known as the

Bragg lawf112]
COET ¢l 4.1)

A system of lattice planes in a crystaldsaracterizedby the secalled Miller indices 6, k, 1). By
means of these indices also the inter planar distance d can be expasasadibic crystabne obtains
the following equation

o
— (4.2)
M Q a

where®is thelattice constantin practice, théattice constanoof crystal structure can be obtained by
combination of Brag law andeqgn. (4.2) The degree of ordering of atomsandB on the lattice
sites in binary alloys can be quantified by the ordering parar8eterich is given by

i O 1 ®
p © p @

4.3)

where Xa is the mole fraction of element in the alloy andra is the probability of am-site being
occupied byA atom(the same foB). In the case of FePt, the ordering parameterbgaimdicate by

Yo i p i w T i ®w T .[83] The diffraction linefrom disordered

and ordered phase are called fundamental lines. The extra line appear in the pattern of an ordered
phase are called superlattice lines. A superlattice line is evidence of the ordering transformation. The
ordering parametesis obtained athe intensity ratio of the superlattice line to the fundamental line.

Y o AY 2 4.4

O O 4.9

In the case of FePt, the (O@Eflection canbe usedas thefundamentalreflection and the @)
reflection as the superlattice reflection. In this thesisay)diffraction has been used for confirmation
of L1o-Phase and ordering parameser
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4.1.3.2 Atomic / Magnetic forcemicroscopy (AFM, MFM)

Atomic force microscop (AFM) is a method to characterize trmurface morphology of
sample. It is ahighresolution type of scanning probe microscopy (SPM) wihbnanometer
resolution For AFM microscopy a cantileveris usedwhich is oscillatedwith proper frequency. The
cantilevercarries avery sharp tipat its end for the imaging efanostructure {@.4.5). During tapping
of the AFM tip on the surface the oscillation ofa laser beameflectedby the cantilever is measured
with an arrayof 2 x 2 photodiodesAt rest, he laser bears precisely adjustetb thecener of the
four photodiodes. The amplitude of the oscillation can be output as the difference in the photoelectric
voltagesof the photodiodes

By means ofa piezoelectric control in-direction(i.e. vertical to the sample gace) the tipis slowly
approachedo the surface athe sample Theforce of the approaching atoms in the surface exerted on
the tip damps thescillation amplitude anghifts the resonare frequency of the AFM cantilever.
Piezoelectric elementsttached tdahe cantilevelare used to do they scanning while theertical z
position is readjustetb maintin theoscillation amplitudeconstantA topographiamageis obtained
from the %, y, and zpositions.

Magnetic force mimscopy (MFM) is sirilar to AFM. The nmagneticforce betweermaterialandtip is
detectedn additionto the zdirection For this purpose thBIFM tip is madeby a magnetic material

coaing on AFM tip. During a measurement, atomic and magnetic faraesheclearly separatedyb
repeating a scan along the same scanning line at different distance z from the surface. Generally, the
magnetic forces are further reaching than the atomic forces. Therefore, for a MFM measurement the
distance is doubledue to the forces of a thin magfic layer, the phase of the vibratinshifted

about 1-10, which isallows to distinguish the forces algoalitativdy. For the measurememnt this

work, measurement of imagess been used Nanoscope V from Bruker (formerly VeeA&M and

MFM have been used in this thesis to verify pattern structure and domain structure of nanomagnets.

Output Signal

Raster Scan

Fig.4.5 lllustration of actuation principle of Atomic Force Microscopes and SEM image of AFM tip
(inset)[109]
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4.1.3.3 Scanningelectron microscopy (SEM)

Scanning electron microscopy (SEM)dsmethod tamage methodthe morpholog of a
sample Hereby electrons argeleased from a thermal electron souet®l accelerated by a high
voltage of 5 kV ~ 30 kVThe electron beam is dased by magnetic coils to a small spot in the nm
range and scanned across the sample. When the electron beam is incident on the surface of the sample,
secondary electrons are emitted and collected as a function of the beam position. In this way
information is obtained on thesurface topography. SEM can achiexeresolution down to ~1
nanometerWhen the electron beam collides with the sample, also various other phenomena occur
such as back scattering of electrons or emission of Auger electrons-i@ys.By registering these
particles or quanta, various types of analysis measurements can be perDiffieeent materiad
influenceto imagecontrast toa heavy elements cause stronger scattering. For SEM measurements
high vacuum is needed in order to preverattering of the electron beam by the atoms in the air and
contamination of the sample the deposition of carlbam the SEM measurements this work an
ULTAS5 by Zeisswas usedSEM has been used in this thesis for verification of the morphology of
nano insular thin film.

4.1.3.4 Wavelength-dispersive X-ray analysis (WDX_EPMA)

WavelengthdispersiveX-ray analysis (WDX) is also called electron probe microanalysis
(EPMA), is performed for elemental analysis of solid specimen&/DX, electrons in the sample are
excitedand atomgonized bythe electronsbeam Whencreated inner core hole is filled by electron
transitionscharacteristicX-rays areemittedthat are collected andnalyed by anenergyresolving
detector. The intensity fothe elemenspecific spectra came convertedinto percentageof the
respective element in the samplie.addition WDX gives sampleinformation about theinteraction
depthof the electron beamaboutatomic percentagendweight percentage, density atidckness of
the sample This technique has been used in this thesieptimize sputter power for high quality
Fes1Pugof defined composition.

4.1.3.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEMjrovides microscopic images with subnm
resolution.The electronseleaséyy a pin cathode are accelerated Hyigh voltage of 80 kVi 400 kV
and focusednto a smalbpot on the sample under investigation. the beam penetrates the sample and is
focused in an additional step onto the image plane. An image of the sample is obtained due to
absorption contrast, whereby, different parts of the samples reduce the locahtezesity differently
(due to stronger or weaker interaction with the atoms in the sample). If the sample is crystalline, a
TEM can also be used to image the diffraction pattern of the sample, i.e. the pattern of the electron
beam diffracted by the crysliale parts of the sample. In this way local information about the sample
structure is obtained. Moreover, besides the direct beam which is commonly used for imaging (bright
field imaging), a diffracted part of the beam can be also used dark field imdgiisgcan provide
information about structures that influence diffraction contrast, such as dislocations or stacking faults.
In contrast to SEM, the backscattered electamesnot usedor image in TEM.However the sample
can beexcited by the electron kmm By analying the emitted Xrays or Auger electrons, information
about the composition of the sample can be obtaifiee.basic structure of TEM correspartd a
light microscope. In this worka JEOL 4000 Fx microscopis usedwith a maximum acceleratin
voltage of 400 kVand a lateral resolution df9 A. The sample thickness $ito be several hundred
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nanometer or less. For this purpose the sample have to be thinned by mechanical polishing to a layer
thickness ofipproximately 10um and subsequentlpinned further by either chemical etching or ion
milling. TEM has been used thisthesis for pattern structure and phase distributions in nanopatterns.
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4.2 Characterization of magnetic propertiesvia SQUID

4.2.1SQUID magnetometry

b) flux transformer
a) > . — and SQUID
% I £ =] B
Sample
R 1
(T
C L = Cp R, ,

Iy \ | >‘1

position —»

~
A
\AJ
S
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L ' | |

- <—— voltage
superconducting magnet

Fig.4.6 Schematicrepresentation ofa) the rf SQUID, with tank circuit and preamplifier . The operation is
set by the amplitudefhe rf bias currents. The circle (left) is SQUID ring and the circuit (right) is tank circ
to read signahnd b) pick-up coil constitution in MPMS-XL . To measure magnetic moment, sample moves
pick-up coils[113

In this work, a Superconducting Qantum Interference DeviceSQUID) magnetometer by the
companyQuantum Design (MPMXL) is used

The superconducting quantum interference device (SQUID) is senditivmagnetic fluxin the
guantum limit. Fig. 4.6 a) shows the rf SQUID, which employs a single Josephson junction in a
superconducting ring. The inductaricén the ring is coupled to the inductbf of a tank circuit via
mutual inductanc#=k(LL)"?, k is optimal coupling factoj114] A current oscillation drives the tank
circuit. The osiflating bias currentysiny st induces a currentsims «t = Ql in the inductorhereQ is

the quality factor on resonance with the SQUID. The pééllax in the SQUID ring isl v=MI+. The

tank circuit with connectioito a preamplifier serves to read out the applied fluxThe amplitude of

the rf voltageVrsiny st is periodic int , with periodto. This is a highly sensitive instrument for

measuring magnetic flux which can be detected in extreme cases dowha&5.[113

A SQUID magnetometer combines a SQUID, superconducting magaletp coil, flux transformer

and superconducting shields. The sample is scanned through the center ofca festonebrder
superconducting gradiometétig. 4.6 b) represents a SQUID magnetometer and the calibrated output
from SQUID electronics Flux trangfmer as a function of position. The magnitude and shape of curve
is analyzed to obtain the magnetic moment of the sample. The M&M$stem offers the ability to
measure in applied fields of up to 7 T in a temperature range from 350 K down to below 2 K in
standard mode.
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42.1.1 Correction of Diamagnetism

In this part of thework, thin films are depositecdbn a MgO(100) substratehat has astrong
diamagneticsignal Fig. 4.7 (left) showsthe magnetic hysteresis curve of 40 nm FePMg® (500
em thick)is over layered by diamagnetidackground (negativelopedue tonegative susceptibilidy

To correct the hysteresis curve for the diamagnetic signal, first the diamagnetic susceptibility was
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Fig.4. 7 Out of plane hysteresis curve of 40 nm thickness k¥FePton MgO substrate Without correction
of diamagnetic properties (left) and corrected magnetization with valeie ef.4e8(right).

determind from the following equation:

IL
3 "O

T (4.5)

As the susceptibility of diamagnetism is constarit,is directly proportional to the applied field, the
diamagnetic contribution can be corrected forsbptraction of] = cHex For the determination of
diamagnetic term, thglope at saturation field of LgtFePt and Cds usedli.e. far away from field zero.

4.2.2Magnetic parameters

4.2.2.1 Saturation polarization Js

The saturation polarization can be evaluated fittva hysteresis curven the easy axis
direction, directly. In this workfFor L1o-FePt Co magned, the polarization can be saturated at
maximum field of 7 T. The magnetometric systeged in this work measuresagnetic momentin
units of emu The magnetienoment m canbe transformedhto the saturation polarizatidsy dividing
the saturation magnetic momefgmy by cubic centimetre volume V(cc) giving the saturation
magnetization in cgs unitMultiplying the magnetization in cgs units by tbenversion factor(’
p1 1 p 1) gives the saturation polarization 8 unit. The relation betweenemu and Tis
given by[115

04t — 0 (4.6)
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4.2.2.2 Anisotropy constantK;

The anisotropy constark; describes the energy necessary to rotaterthgnetiation from
easy to hardlirection in ferromagnetic materials. Thieetttions areconnected withihe crystalxes in
a crystal latticeandcaused by the electric field in a crystal, the strain or stress in a magnetic phase or
the shape of a magnesample The anisotropy constank; (MAE) can be determined as the sum of
the magnetocrystalline anisotropy (MCK,) and shape anisotrop{smape(See Eqn. 4.8)First, the
MCA is calculatedrom the susceptibilitys of the inplane hysteresis curve (haadis) or the initial
magnetizatiorcurve of the oubf-planehysteresis curvéeasyaxis)[28, 11§ The magnetocrystalline
anisotropyenergy Ky is given by[116
I @7
¢ v ¢ ...

In this work, for the determination of thmagnetocrystalline anisotroif., the slope of ifplane
hysteresis curves between 2 T and dnfithe saturation polarization olutof-planehysteresis curve
are compared (see Fig8i.
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Fig.4. 8 Out-of-plane and in-plane hysteresis curve of 40 nm thickness k¥ePt thin film on MgO
substrate, to obtain magnetocrystalline anisotropy constanu. The susceptibility 6 is from slope of in
plane hysteresis curve. The saturation polarizatiods is obtained by outof-plane hysteresis curve.

The shape anisotropy can be obtairfenin the saturationpolarizationJs and the demagnetization
factorsby used of the following relatiof117-119

0
P o & 4.8)

q ‘
0 and0- are the demagnetization factors perpendicular and parallel to the external magnetic
field, respectively.

Theanisotropy constank: canthenbe determined bgneans of the relation:

v 0 O 4.9)
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4.2.2.3 Exchange stiffness constar

The exchange stiffness consténtwhich is a characteristic of a ferromagnetic material, is the
strength of interaction between adjacent magnetic monalei@soexchange interactiort camot be
determineddirectly butcalculaed fromthe temperaturelependenspin wave stiffness constabk,
[28]. However,alsothe spin wave stiffness constddd, camot be directlydeterminé, eithe. It can
be obtained from thelot of (temperature dependé¢rdasy axis saturation polarizatidglJs o versus
(T/To)*?, according o B IT#taw.6 s

oy ]

v (4.10)

0Y 0Opp
In this work,the saturation polarization valués the temperature range from 50 K to 35@u€ used
to determinelso and To. Jso is obtained by extragating the 1H plot to saturation fieldBy the
temperature dependencesJefT), the characteristic temperatufe canbe determined by the plot of
Js(T) as function off*2, which leads to a linear relatioBdn. 4.10).
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Fig.4.9 The plot of Bloch T*%law to determineJs, o and To. The linear fitting gives the characteristic
temperature To.

Then,Dspis relatedo To andJs o by equation (4.1).

Of ]
™ p'X’

The temperaturdependece of the exchange stiffness constartanbe obtainedvith Eqn. 4.12.

0
- 411
Q “-11)

0 YO 0 YQUY X
¢Q ¢Q VS

whereg is the Lané-factor. For L3-FePt, it carbe seto 2.
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4.22.4 Microstructural parameter, U, and Ne

The microstructural parameters give informataoutgrains in ferromagnetic materials, such
as nucleation, homogeneityisaligned grainsexchange couplinggrain shapeeffect and magnetic
reversal proceqd87] The microstructural parameters dag obtainedy plotting eoHc(T)/Js(T) versus
goHN™" (T)/Js(T) according taEqn. 4.13. Both coordinates are temperature dependent. Eqn. igal4)
transformatiorof eqn.233.

o (4.13)

For the determination of the microstructural paramstérysteresis loopas function oftemperatures
are neededTlheslope and the yaxis intersection of linear fit to the measurements provigertinent
values forJandNer, respectively
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Fig.4.10 The plot o f BHET)/JIs(T) Vv e r oK1(T¥IX(T)do determine the microstructural parametersU
and Nest of 20 nm thickness LgtFePt 100 nm dot size / 200 nm perizghopatternn the temperatureange of
50 K to 350 K.
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4.2 .3First order reverse curves (FORC) measurement

For FORC measuremerfirst, a sarple was magnetized taturation in a fieldHsx Then the
external field waslecreasdto a reversal fieldH;, thenmagnetic moment imeasurd during
sweepbackto Hsa. This procedure is repeated many times by seriét.dy this process, the
major hysteresis loop and minor hysteresis laagsobtainedLoops are drawn function of;
andH, asM (H;, H).

4.2.3.1 FORC density analysis

The FORCs densitis already referredn chapter 2 with Preisach moddlo calculate the
FORCs density, hysteresis loops, which procediseexplainedabove, are usedNowadays, he
densitymeasured andnalyedwith higher accuracy and fasteith a newmethodusing MOKE by J.
Grafe[120 However, in this work, classical mathematical method, whdohsists intwo sub
sequentiaderivatives of hysteresis loopwiith respect to thexternal fieldH and reversafield H;, is
used to obtainhte density fronfirst-order reversal curvesSince the magnetic moment signailare
quite small (~ 16 emu range) due tthe nanosizednmagnes, and because theamples hava large
coercivefield, since they are hard magnets a SQUID has to be Bs@d 220 is re-writtento read:

pl 0 OO pt 1 0'ORO
¢ Tor™o ¢t 10

” "C) H’C) (414)

The process to obtain the FORCs density gllebe shown step by stdyy means otollected minor
loops of first order reverse curveseasuremento density diagram. Fig. 43lis minor loopsof
nanopatterns fat00 nm dot size and 200 nm periods.

a) 1.0

0.5

T

M/Mg

-0.5

Fig.4. 11 Minor hysteresis loops of Llo-FePt hard magnet with 100 nm / 200 nm (dotsizéperiod)
nanopatterned a) 2 D view agunction of external field and b) 3 D view by dividing each minor

The reversal curveshen, partialy differentiatedwith respect tothe external fieldH. Fig. 4.2 a)
shows thdirst derivative ofthe graphs of theninor curvesof fig.4.11, i.e. theresults of 0 'ORO ¥
T "OThesefirst derivative results aragainpartial differentiatedwvith respect to theeverse fieldH,.
Grapts of thesesecond derivativareshown in fig.4.2b),i.e! 0 O ROx O1 O
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Fig.4. 12 Differential results of each minor loops a) First differential and b) second differential multiplied
with -1/2 of 200 nm / 200 nm (dosizéperiod) nanopatterned Llo-FePt hard magnet.

Finally, these doublederivaives of the hysteresis loopare multiplied by -1/2 and drawn in the form
of a contour map Furthermorethe axesof H andH;, are rotated 45for changing coordinate§ he
rotational transformis given by the rations: O ‘0 O T¢and©O O O I¢. HereO is
distribution of the interaction field ari® is the distribution of coercive field. Fig. 18 shows the
final result of the FORCs densitontour calculationwhich provides the relation proportionstbe
component®f magnetization due tmagnetic interactionswhich are irreversible.

0.25

H, [T]
o
8

-0.25

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Hc [T]

Fig.4. 13 The contour plot of the corresponding FORCs distribution of 100 nm / 200 nm (dot
sizdperiod) nanopatternedL1o-FePt hard magnet
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4.3 Characterization of magnetic systems viaXMCD

4.3.1Synchrotron Radiation - WERA beamline at ANKA

Electromagnetic radiatiois generatedvhen charged particlegre acceleratedn an electron
storage ring highly relativistic electrons are forced onto a closed circular pathdnetic fields and
emit X-rays tangential to their direction of motion. For an overview of accelerator physics including
synchrotron science since the development of the synchrotron principle in 1945 is giignlmthe
first step these electronare produced from a hot cathode and accelerated to almost light speed by a
microtron. By the magnets systems, accelerated elecarenmjectednto the synchrotronand then
electrons ardurther accelerated to their terminal energy. The electayesinjetedfrom synchrotron
into the storage ring.
Theoften calledsynchrotron consists of a storage ring, essentially. A circular path of suitable magnets
systems can hold the higimergy electron®\s an example for a third generation source, which is used
as a source of-xays in this thesis, is the ANKA Synchrotron at Karlsruhe. Fit 4hows schematic
of a synchrotron storage ring and an undulator.

Undulator

Undulator

Experimental
station

Fig.4. 14 Schematic of a synchrotron storage ring and an undulator. [99T he relativistic electrons are
injected into the ring from a linear accelerator (Linac) and a booster synchrotron. As the electron
through the insertion devices (bending magnets, undulator and wiggler) synchrotron radiation is emit
narrow condangential to the path of the parti¢li21]

The ANKA accelerator consists of a BV microtron, a 500 MeV booster synchrotron and a 2.5
GeV storage ring with a nominal current of up to 200h22|

The radiation emitted from laending magnet which is used to maintain a circulating beam
with bending electrons into an orbit, emits synchrotron radiation with-dedihed polarization
characteristicaas depicted in Fig.45l In the plane of the electroorbital, the radiation is linearly
polarized, while rightand left circularly polarized light came obtainedn small angles above and
below the electron orbits. A polarization typically 80-85% canbe obtainedit a severainm above
and below position to the credit of an intensity reduction of about a factor 3.
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Fig.4. 15 Circularly polariz ed radiations are emitted to set circular direction by position above and below
from the electron orbit. [30, 120]

An_undulator consists of a periodic arrangement ltdrd magnets which produces synchrotr
radiation with higher brightness and extends the energy range. Interference effects in u
produced radiation peakstanhablewavelengths with high spatial and spectral brightness. The ne
construction of magnets raises interference, its higher harmonics and increases the [h&hs
With a defined shift of the magnetic arrangemi@mdarly or right and leftcirculady polarized xray
canbe create@s shown in Fig. 461

(a)

Horizontally
polarised x-rays

(6) .
Shift = Au/4

O~

(Right) circularly
polarised x-rays

(c)

Vertically

polarised x-rays

Fig.4.16 Schematic setting of three typeaindulator to obtain (a) horizontally polarised, (b) right circularly
polarized or (c) vertically polarized xray by shifting two of the four rows of magnets in parallel mode.
[124124

61



The WERA beamline at ANKA

The corresponding schemof the WERA (Weichbntgenanalytikanlage, softray analytics facility
beamline at the ANKA synchrotras shownin fig.4.17. Ths beamlineis sourcedrom a bending
magnet of 1.5 T dipoleE: = 6.235 keV),10 mrad horizontal, 3 mrad vertical or insertion device,
alternatively. The xray, beam passes an aperture and is monochromatized by a spherical grating
monochromator.

Experiment3 [ Experiment2 @ Experiment 1 Refocusing mirrors Spherical Focusing mirrors Storage ring
| Experiment 3 Jf Experiment 2 ) Experiment 1 | T | Storagering_|
T ) o both adaptive) vert. adaptive)
Intensity

L1 chamber
monitor
SXMCD (or | NEXAFSIPES/ Gl Exit Entrance
user station)  ARPES PEEM slt sl X ) @
- .. Ry —— \
¢ - e ' D Bendin
P R Q J g magnet

$—4 4—-—""’—"—"‘—"—» 3 N4 Q. Insertion device
. |Preparation] | Preparation | Preparation \\ — 3 Aperture

chamber chamber chamber 4 o Polarization

~ & apetture
all UHV Gratings

Fig.4.17 Schematic layoutof the WERA beamline at ANKA. [121]

The WERA beamline provides radiation for softray spectroscopy and microscopy in the photon
energyrange 1007 1500 eV witha typical energy resolution 6fg ‘O¢< ¢ Ip 1t , maximumyQ ‘O

p Jp 1 8The dipole source has typical beam size of 0.4 m@nl mm FWHM. The circular and
linear polarization can be quickly selected by aperture. In this work, the degrees of circular
polarization are 81% for Fend, 84% for Co.The ghercal grating monochromator consists of 3
gratings with movable entrance and exit slits. Available metlbtise beamline are Photoemission
Electron Microscope (PEEM) for imaging of chemical and magnetic contrast with less than 100 nm
resolution, Photoemigm (PES), angleesolved, resonant PES (ARPES, ResPES) for study of
electronic, band structure with 2 meV energy resolution, ¥dge Xray absorption (NEXAFS) by
fluorescence vyield, total/partial electron yield and Seofta}( magnetic circular dichroisi8XMCD)

for elementspecific spin and orbital magnetic moment, as shown in fig.4.17.

By our department, the softray magnetic circular dichroism setup was designed especially for 7
Tesla fast field switching. The magnet is driven by a power supplythétimaximum ramp rate of 1.5

T/sto 5T and 0.7 T/s to maximumfield of 7 T. Two cryocoolers cool the magnet system to the
superconducting state. The chambethefsetup is under the base pressure usu&@l9’8 mbar The
temperature catbe setfrom 10to 350 K. Theabsorptioncan be measurd by three kinds total

electron yield (TEY), totafluores@nceyield (TFY) and a transmissiophotodiode The sample can

be rotated both azi muthal 0 to 360 ctaresdftheol ar
setup areshownfig.4.18.
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Fig.4. 18 Experimental setupfor XMCD for TEY mode at WERA beamline in ANKA. a, b, ¢) 7 Tesla fast
switching XMCD setup, designed, developed and constructed at the Schitz department, Makank-

Institute for Intelligent Systems.[11] d, e) Pictures of xray beam spot and sample on aampleholder in

setup.

43.1.1 Total Electron Yield (TEY) mode

Traditionally, XAS measurementsere performed in transmission mode, which is measured
the intensity of xray beam before and after transmission through a thin film. Transmission method is
suitable for hard xay and required a transparetitinned samplend thinned substrateThe mean
absorption legth (attenuation length) of softmay is very shorbf the penetration depth ard the
absorption edges is only BD nm in soft xway region[127, 128 To conquest these pus, the
absorption should be measutedmeans ofecondary processes, like fluorescence yield, total / partial
electron yield or even ion yield. The photocurrent is nearly proportional to the number of absorption.
In this work, only total electron yielshethod is usetbr XAS and XMCD studies.

By absorption of xay photoss, holesare formedaninnershell. The hole is closed again by an
electrontransitionfrom an outer shell. During this process, the released energy emits and transfers to
other eleatons, whichis tornout of their bond. It is scalled the Auger effect arid repeatedor the
secondary electron§ome of theselectrors can leavehe sample surface these electramhave a
higher energy thathe work function.This induces a curresiof typically 10'2A which are measured
by a Keithley amperemeteA schematic of the experimental setup of TEY measureisedgscribed
in fig4.19.
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Fig.4. 19 Total electron yield method The incident raidtion is absorbedand Auger processccurs The
current of Auger electrons which leave the sample, is measured by electronaatdris proportional tahe
absobedintensity[58]

The current is nearly proportional to the absorptiérphotons This methodalso has experimental
obstacls to overcome. The Lorentz force by the applied magnetic &ffetts theleaving electrons.
Some electrons move on spiral and return to the sanvpieh can modify the currento preventhis,
the samplds setto a negative voltagénother feature ofthe TEY measurementthe strong surface
sensitivity, limits the range ofprobing depth to a few nnfor thin film, a saturation effect, which is
also called selfabsorption effecbccurs[129 Theseeffect cannoberemovel theseexperimentdy . It

has been evaluated after measurement, subsequently. The correction of saturation effeog will
referrednext section. On the executionarigledependenmeasurements, the correction of saturation
effect have tde dealtnecessary.

4.3.1.2 Correction of Saturation effect _selfabsorption

The measuremeiin the TEY modegivesan errorto measured absorption pedks the film
as thinas 5 nm.Depending onfilm thickness andX-ray incident angld129 In this work, the
correction of selabsorption effectollows the procedure developed Br. Eberhard Goerinfll3Q
To correctltev(E) signal the origin signal have tobe known by the relation with absorption
coefficient and length. Th@EY signal ofa sampleof the thickness ofl is obtainedby the total
number of charge carrier$*{d,E). The n**{d,E) is determinedby the number of charge carriers
generatd in the depth z along the path of photons

g a0 QOO0 O>—M %, dOo & a0 M7 (4.15)

wherek is an energydependent constani(E) is the intensity of incident photonsd is the incident
angle fromthe normal direction ofthe sample The number oh®*{d,E) is relatedwith the average
electron escape deptlwhich is limited by the electron mean free p&ttom this,ltev(E) is given by

0 o8t 20 % 5 0¥
00 DET — P (4.16)

where,e.(E) is absorptioengths.

The absorption lengthso(E) can be obtainedwith the normalized measurement spectra and the
absolute absorption length ém™. The absolute absorption length damobtainedrom Henke etl.
[131, 132
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For the correction of the spectagorrection formulds for the measured absorptians (E). Thetrue
absorptior (E) of the exponentialterm in Egn. 4.16 can be replaced bsgy (E). The equation is re
written as

0 00 2 55 0%
hEel —_ °FP (4.17)
—_— @)
In the bulk sampleghe absorption coefficientis © * O¥p 2 . However, in a thin film
sample of a certain thickness, the absorption signal is amdedio of the electron charge carrier
(indicating by current) according to sample thicknées® * O7Tp LIS . The ratio
can be obtained B 00 2p Q O
The absorption length can be corrected by
. 0
‘ O - ,O
© 0Q Q ’(D‘E F (4.18)
P —A1o P
In this thesis, the electron escape depths det er mi ned from Auni ver sal c

free pat hos indtie gnergydfghe electron. takoutRpfor the 3d meals at 760000 eV,
24 A for FePt and 2% for Co were used).
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Chapter 5

Results: Artificially structured e xchangespring nanomagnes

Exchangespring magnets (ESMs) of ferromagnetic matertzdge been investigated to turtke
magnetic properties dhin layers ESMscomprisea combination ofnagnetically hard and the soft
magnets. One othe method for increasingthe coercivity isto microstructurethe magnet size to
obtain asuitable size aceding to fig.217 and is used in this thesis this chapter, the hard magnets
are artificialy nanostructured byhe top-down method.Moreover, ESMs have been develeg to
improve therelatively small magnetization othe hard magnetby a soft magnetsstacked on hard
magnets to control theoercivity. Inthe field of magnetic data storagéne patternechanostructurés
calledas bitpatterned media (BPM) and ESMs are called exchangpled compositiomedia (ECC

media).
NN NN
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Fig.5. 1 Schematic ofbit pattern media (BPM) and exchangecoupling composition media (ECC media). |
this chapter, the combination of two media is investigated as exchangpring nanomagnet pattern.
Nanopattened magnets of excellent magnetic propertiesre designed and built by the combination
of nanostructure and exchargjgring magnetThe nagnetic properties of different rasiof the soft
and hardnagnes were investigated tbnd out how totune the magnes and magnetic reversal process.
In order to be able to compare the hard magnets anaxtieangespring magnest of different
coupling strengththreekinds of magnetic thin film layers wernproduced bymagnetoco-sputtering.
Sample 1consists of ahard magnetiaghin film, only. Sample 2is an exchangespring magnetic
multilayer. For sample3, the tickness of the soft magnetic layeas increasedin this way the
fraction of soft magnetic material and tlseupling strengthare changedThe multilayerswere
checled andanalyed with respetto crystalphase and morphology byray diffraction (XRD) and
scanning electron microscopy (SEMNanopatterned filmswere fabricated by nanoimprint
lithography (NIL) that is one of tedown techniquesin this work, thenanopatters consised of 60
nm diameter dot size and 150 nm periodan area of, ¢ mn?. The pattern structuresere
confirmed by atomic force microscopy (AFM)n addition,size and structure of eactanomagnet
werechecled by transmission electron microscopy (TEM). Tdistributionof the magnetic domains
and the interaction beeendifferent domains in theseanomagnetsvere studiedby magnetic force
microscopy (MFM).
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Superconductingiuantum interference device (SQUID) magnetometry was employed to méasure
magnetic properties. \Btemperaturalependence studied the magnetidysteresis loops, magnetic
intrinsic parameters andnicromagnetic structual parameterwere determinedby applying in
Kronmiller equation Each nanomagnet in patternan become the hysteron in Preisach rhode
Moreover, firstorder reversal curves measurements weeeforned to obtain interaction field
distribution and coercivdield distribution according tothe ratio of the soft and hardmagnet in
samples. Especiallghe domain transition®n various field were confirmed to investigate magnetic
reversal process by MFM.

5.1L10-FePt/ Co nanopatternedsamples
Overview of the systems

To investigate exchangmring magnets with different coupling strengths, three kinds of magnetic thin
film layers were prepared by magnetesputtering. The layer thicknesses and their compositions are
shown in Fig.5.2.L1s-chemically ordered FePt withube magnetocrystalline anisotropy energy
(X @O OFa , v* p& § has been chosen as the magnetically hard matemidl cobalt a 3d-
transition metal with highmagneticsaturation polarizationo¢ p& v x 8 W & ), is usedas
magneticallysdt material. 20 nm thick Llo-FePtfilms were depositedn MgO (100)substrateat 600

C for all samplesThe optimized sputter conditiomrfthe formation of LL-Fe:iPtiy andthe WDX
results argresentd in AppendixA. 1. After the deposition of thels-FePt films, the temperature of
600 C waskep for 1 hour. Forthe exchangespring magnet, Co layerd 3 and 7 nnthicknesswere
deposited on the ldFePtfilms, respectively (sample; and t). temperature to preverany inter
diffusion between théayers. In additionsamplesdand t were covered b2 nm of Pt as protection
layer to avoid sample oxidatioRig. 5.2 shows schematic of thin films, respectively.

Sample 1 @ : 20 nm FePt

Sample 2 @ : 20 nm FePt/ 3 nm Co/ 2 nm Pt
Sample 3 () : 20 nm FePt/ 7 nm Co/ 2 nm Pt

Fig.5. 2 lllustration of the FePthard magnet of 20 nm thicknessand exchangespring magnet multilayer s
of 20 nm FePt/ 3 nm and 7 nm Co with 2 nm Pt protection layer on MgO (100) substrate.
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5.1.1Characterization of the thin film structure
5.1.1.1 Crystal structure

The thin L1-Fe;1Pt films were preparedinder optimized conditions as listed Table A3.
The structures of aamples werestudied by x-ray diffraction (XRD) with CuK Uradiationas shown
in fig. 5.3. FePt (001), (111) and (003) peaks are observed @22, ~5& and ~80, respectively.
Indicating that crystal structure is kdPphase (faceentered tetragondict). Co (111) and (200) peaks
are at & ~41° and ~54, respectivelyThe peaks positionare ascribedb the facecentered cubi¢fcc)
crystal structur®f Co. The Co (200) peaks overlaping with theFePt (111) pealgncePt (222) peak
shows up at@~81° where itoverlags with the FePt (003) peak

1300 |- ——t,, 20 nm FePt
i —1t,, 20 nm FePt 3nm Co 2 nm Pt
1200 - ——t, 20 nm FePt 7 nm Co 2 nm Pt
1100
S 1000 | Co (200)
I FePt (111) Pt (222)

FePt (003)
FePt (001)

Co (111)

10 20 30 40 50 60 70 80 90
Degree - 2 theta (20)

Fig.5.3 X-ray diffraction spectra for samples to (Black), ts (Red) and t (Blue). Peaksof FePt, Co andPt
are verified.

The tiny heights of FePt (001) peaks are similar fottedsesamplesthere is no overlappingith
otherpeaks. @viously, samplet, contairs only FePtSampleds and the 1showCo andPt peaks from

Co and Pt layersThere are some differencbstween those two exchangering multilayerghatare

not understood in all detailthe Co (200) ad ~54° of t3 is strongeithan t, on the other had thiet

(222) at2d ~81° of the t is stronger thathat of ts. The latter may be due to the deep gaps seen on the
surface of sample {see below). The Pt could have diffused into these gaps and, there, formed a film
of different structure that does not show up h&he Co (111) peak of ts broader than that ofdnd
exhibitsless intensityNevertheless, the experiments show that ad-FePt film has formed that is
covered by a considerable amount of Co.
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5.1.1.2 SEM images of the continuous films

In order to obtain more information about the samples, they were investigated by scanning electron
microscopy (SEMas shown in Fig.5.4According to our previous wofl 33, the sputtered thirePt

films first form granular islands, then become mhbke, and after a critical thickness they become

thin continuous films. FePt of 20nm thickness is deposited (see top of fig. 5.4efteand bottom

parts of Fig. 5.4 show the SEM images of santphand t.

As the figure shows, the thickness of 3 nm and 7 nm Co are not enough to provide perfect thin films.

Fig.5. 4 Scanning electron microscopyimages of all sample. 20 nm FePt layer on MgO (100) substrate
showsthe perfectly thin film (top). 3 nm Co forms granular particles on FePt thin film (middle). 7 nm Co

is like a maze (bottom).Schematic of exchangepring magnet multilayer is corrected by SEM image
(Right) The 3 nm and 7 nm on 20 nm FePt thin layer are not emugh to form a thin layer. They are island

type nanostructure.

The surface ofstshows an islantike nanostructure. Although tooks almost packed by Co, the
whole area is not a continuous film. The Potpction layer onstis too thin to form a substantial
crystalline Pt layer. Instead Pt is diffused into the gaps between the grains, probably forming a new
phase there. A thicker Co layer forms an almost continuous Co film and allows to build up er Pt lay
exhibiting the Pt crystal structure (sampie The layer structures, as suggested by the SEM images,
are schematically shown ifg. 5.4 on theright hand side (compare with the intended structure as
illustrated in Fig. 5.2) These SEM results will belpful to understand the transmission electron
microscopy (TEM) images of the nanomagnets shown in the next section.
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5.1.2Characterization of the nanopattern structure
5.1.2.1 AFM and MFM results

These films are then structured by Néxplained in AppendiA. 2. For dl samplesonly one
master stamp was used. It exhibits dots of 60 nm diamdtedsnm period and 90 nm heighihe
AFM image describethe size and height of eactanomagneand their periodicityThe MFM image

shows the magnetup and dowrdirections of the nanomagnets. It shows that they are single domain
nanomagnets without noticeable interactidine

3D structure and scale down images are in
Appendix A. 3.
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Fig.5. 5 Schematic ofthe exchangespring nanomagnetsproduced in this part of the worl @he pattern
size isalargearea of 4 mrh b) Thediameter ofhanomagneis 60 nm, theiperiod 150 nm.

Fig.5.6 The AFM and MFM images of samples afteithe etching process.All samples show the same
results. TheAFM images showsa uniform pattern with 60 nm size and 150 mp@riods The MFM result
denoteghatthe individual nanomagnets are not inteirag;tbut aresingledomairs.

The AFM and MFM images of the nanodots are shown in3:&). The nanomagnets are distributed
homogeneously over the substrate and exhibit the same shapes, very similar to the schematic shown in
Fig. 5.5.

71



5.1.2.2 TEM images of the nanomagnets

TEM imagesweretaken(see Fig.5.7) direct information about the rdatknesses and shapes of the
nanomagnefThe figures show that the nanomagnets deviata a cylindrical shaperhey look more

like circular truncateadones, which is due to lateral etching. The height of the nanomagnestdess

than 20 nmOne also an recognize something on top of these nanomagnet; this is carbon that has
been deposited there during the preparation of the TEM samples. The sanaplés; tonly show

traces of Co on top of the FePt islands, besides rests of the lacquer from patfesurihe TEM

pictures show that the Co and Pt layers are by no means homogeneous. At the moment it is not clear
why the ¥ nanomagats exhibit an exceptionally low Co coverage.

In theseTEM measurementSePt and Co layers of sampleand t are harda distinguishTherefore,
in order todetermine thecomposition ofan exchangespring nanomaugt, energydispersiveX-ray
spectroscopyEDX) measurements were performed. Appendix prdsensthe EDX results

MgO-substrate

Fig.5. 7 TEM images of b, ts3 and t; samples The thickness of § sample is less than thin films due tc
etching rate. The Co layers offand tz are not coveredwhole area and thicknesses are not homogeneou:
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5.2 Magnetic properties

The nagnetic properties of the nanopatterned magnets were investigated with SQUID
magnetometry.But before nanopatteing, also the magnetic properties ofhe thin films were
measured.The ou-of-plane and irplane nagnetic hysteresis loops at RT aeavn in Fig. 58
showing tolarge out-of-plane anisotropy. With increasinthicknessof the soft magneti€o layer,
anisotropy and coercivity are reducdebr comparison, the intrinsic magnetic properties of the

multilayers components are presented Appendix A. 5.
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Fig.5.8 RT out-of-plane and in-plane magnetic polarization lysteresis loops ofthe exchangespring
multilayers to, ts, and t- before gettingnanostructured. On the right-hand side a magnified version
around field zero. In the bottomline the magretic moments ofthe out-of-plane hysteresis loopsare
compared.
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Fig.5. 9 The hysteresis loops (magnetic polarization and magnetic moment®)f exchangespring
nanomagnet patterns inour-of-plane at room temperature. The saturation polarizations are similar.

The values of magnetic polarization (magnetization) are sinfilecause they aguantitiesper unit
volume. The magnetic momentgfig.5.9, right) show the influence of thesoft magnetic layerThe
hysteresidoops of § andts are switching in almosbne step withoua significantkink. However, 1
showsclearly two-steps switching with kinkSamplet, is composeaf one phaseonly, the L1-FePt
hard magnetin samplet; thereis perfect couphg between théhard and the sof€o phase.Only
partial coupling, is observed for.Further detailsvill be referredto laterin this section.

—— Thin films
1.0}
—— nanostructured

R
Field [T]

Fig.5. 10 Normalized out-of-plane hysteresis loops of 20 nm thiccontinuous and nanopatterned L1o-FePt
on MgO (100) substrate at RT.

The out-of-planehysteresis loops dhethin continuoudilm and the nanopatternedystemof to show
big difference (see fig. 5.10). Thepercivity increass from Hc ~0.15 T (thin film) to Hc~1.75T
(nanomagnej)sThe magnetigparameters ahethin films are sumrarizedin Appendix A.5
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5.2.1Temperature dependenceof hysteresis loops

In order tostudythe magnetic reversgirocess by microstructairparametes, the temperature
dependencef the hysteresis loops of samplaawe beemmeasuredn the temperatureange50 K to
350 K.The emperature dependemiit-of-planehysteresis loops dhe samplesareshownin Fig 5.11.
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Fig.5. 11 Out-of-plane hysteresis loopf the nambmagnetsto, ts and t7 from 50 K to 350 K.



The temperature dependencot the out-of-plane hysteresis loops of these tuned exchasyming
nanomagnets are directtpnsequences of the fraction of soft magnetic material on the coercive field
andsaturation polarization. Theoercive field Hc decrease from 1.94 T to 1.66fdr to, from 1.32 T

to 1.19 Tfor tz andfrom 1.24 T to 1.02 Tor t7 in thetemperature range0 K to 350 K.A decreasing
temperaturecause the coercive field increase as expectf33 However, thefraction of the soft
magneticmaterial does not seem to influence temperature dependenoéthe coercive field The

width distributions ofHc are 0.28 T ford, 0.11 T for $ and 0.21 T for4 The pure FePtpatterns
exhibit the largestchange, the grfectly coupled exchanggpring magnetsa smallest Thus, the
increase of thesaturation polarization definitelis due to thesoft magnetic layer. The saturation
polarizations)s decrease from 1.78 T to 1.15fdr to, from 1.79 T to 1.20 Tor ts andfrom 1.79 T to

1.26 Tfor t; in the temperature range 50 K to 350 K. With decreasing temperature the saturation
polarization increase However, the soft magnet has higher Curie temperatune thus the decrease

of the saturation polarization with temperatis less The hard magnetinanomaget patterns have
smallest saturation polarizatiofihe saturation polarizatiatistributions of the samples are&8.T for

to, 059T for ts and 053 T for t;. The saturation polarization is relatedamount of the sbfmagnetic
material The hysteresis loops of the hard nanomagnet pattane almostectangularThe increas

of the soft magnefraction bendsthe hysteresis shapeatie to increasing couplingetween the hard

and soft phases. The coercive field and #aturation polarizatiorare shownin Fig. 5.12 in
dependence of temperature

2.0
[ 1.8f
1.8l
1.6
E1.6— —°—t0 -I:‘

3] o )
T4l =L |l
— i

1‘““‘“—6;.4‘___?’__ ‘
1.2} — 3 szl
1.0}

50 160 ' 1.’;0 ‘ 260 ' 250 ‘ 360 A 350 &0 50 160 ' 150 ' 260 ' 250 ‘ 360 ‘ 3:'50
Temperature [K] Temperature [K]

Fig.5. 12 The coercive field Hc and the saturation polarization, Js at various temperatures of exchange

spring nanomagnet patterns.

The anisotropy energy (MAE Ki:) were determinedas the sum of the effective
magnetocrystallin@nisotropy energy (MCAK,) and the shape anisotropsfapd, [Ki= Ku+ Kshag]-
The effective anisotropy can be obtained from shape and the magnetic polarization of iplane
hysteresis loops, as described in section 4.2ThR.inplane hysteresis loops tfe nanopatternsre
shown in Appendix A.4. The shape anisotropyvas calculated from the difference of the
demagnetization factors for dacdirectiors and saturation magnetization according to the

formulav - Y0 0 . The values oty are obtained 0.356 fog, t0.304 for § and 0.244 for

tz by simple approximation of M. Saf@18 The anisotropy energies aslown in fig.5.15 in
dependence of temperatuilehe pure FePt systeras a higheMAE. The slopes that can be used to
calculate the effective anisotropy do not dramatically changeeleet samples. e shape anisotropy

is dependent on the saturation magragion. Anincreasing othe thickness of theCo layerreduces
MAE.
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Fig.5. 13 The anisotropy constant K1 was obtained from the magnetocrystalline anisotropy energy
(MAE, Ku) and the shape anisotropy constanKshapein dependence of temperature.

The temperature dependeakchange stiffnesé was determinedoy means ofegn. 4.11 which is
relation betweeithe saturation polarizatiods and stiffness constams, The stiffness constanDsp
could be obtained b¥s o= Js(T=0) and the characteristic temperatligen Eqn. 4.19. Fig. 5.14 (left]
shows he plots((T/To)¥2vs J¢/Jso) to obtaindspandToby Eqn. 41 8. By f i tt i 9
law, the values ofo: Jso- 1.843 T, To- 663.54 K, t3: Jso- 1.842 T, To- 707.2 K and &: Jso- 1.835T,
To- 76522 K) are determinedrlhe calculatedexchange stiffnesa by in dependence of temperatui
which are shownin Fig. 5.14 (right), are smaller than for thin filmsBy adding of soft magneti
layersthe saturation polarization at Odtightly decreaseghe characteristitemperaturéncreasesif
the magnetic moments are aligned parallel to each other, the exchange siffieessasedue toa

thicker domain wall
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Fig.5.14 The linear fit of experimental data to obtainJspand Tob y B | o ¢ h 0 exchangevstiffine3gh
of exchangespring nanomagnet patterns

With MAE andA,th e wal | ener gy dgandthewall thickmessean lpeealcllaten.g t h
The MFM resultsshowthe behavior of eachanomagnein patternsas single domain nanopatrticle.
However, the hysteresis loops efare kinked:the decoupled part in exchangmring nanomagnets
seems tdorm multi-domains.As can be seein fig.5.15, sample t; hasthe lowestwall energy It
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meansthat for sample; sampleit is easier tdorms multi-domains.Moreover,the thicker Co soft
layer is in favor of parallelalignment ofthe magnetic moments, which increase the domain wall
thicknessThe calculéed exchange lengths are about double of lattice constants.
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Fig.5. 15 The wall energy, the exchange length and the width of domain wadif exchangespring
nanomagnet patternsare obtainedwith MAE and A

The exchange stiffneds the wall energy, the exchange lengtk, the domain wall thickness and
the critical diameteDc of samplesd t; and t at RT are listed in Table 5.1.

A[pJim] 2[mJ/m? I« [A] 0 [nm] Dc[nm]
to 2.022 13.32 6.07 1.91 42.3
ts 2.245 13.34 6.73 2.11 39.
t7 2.578 13.34 7.72 242 34.8
FePt thin film 4.2 19.15 8.7 2.75 52

Table 5.1 The magnetic domain theory parameter of exchangepring nanomagnet patterns at RT.7 nm
FePt thin film for comparison.[133
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5.2.2Microstructural parameters

The microstructural parameters expléie magnetic reversal process, introdlicesection 2.4.4. To
obtained theeparameters, the measured values of the saturation polaridgtibe coercive fieldHc
andthe MAE K; for varioustemperaturavereinserted intahe relation of O "YZ0 “Y vscqu "Y7
0 Y.

The plot of the coercive field, the saturatipolarization and MAE relations gives the
information of coerivity (switching, magnetic reversal process) mechanism by the microstructural
parameters) andNer. Fig. 5.5 shows aplot of the relation by which the microstructurglarameters
can bedeterminedthe slopeprovidesUand the intersection with thyeaxis areNes.

1-6 hd L) v ) . L] N L) b L) d L) . J i L 4 L)

1.4
1.2
1.0

2u0K I1J%

Fig.5.16 The plot to determine the microstructure parametersUand Ner of exchangespring nanomagnet
patterns with different the soft magneticfraction.

The ideal nucleation field hd$= 1 andNes = O which is accompanied by aneversiblehomogeneous
rotation. However, the experimental coercivities are smaller than in the ideal case; this is known as
Brown paradox. Thdeterminecarametersre summarizeih Table5.2.

U Nett Uk Uk
to 0.11 0.402 0.846 0.13
ts 0.135 -0.066 0.768 0.175
t7 0.106 0.138 0.742 0.142

Table 5.2 The obtained microstructural parameters. Those parameters explairthe coercivemechanism.
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The obtainedmicrostructural parametet shows the influence of the Co soft magnetic layer.
Compared toof the Uis increased forst but about the same for. in order to estimate the reason of
this behaviorsubparametergUk, U, and(ky) of U are determined.The value ofU, is assumed by
almost ~1, as for the easy axis directidinis due to the inhomogeneous regions which are 1.fhnm
the A1 phase ford¢ 3 nm Co for 4 and 7 nm Co forst Uk is reduced due to the increasing
inhomogeneous regions. The hard magnahd grfectly coupled exchange spring magnetré both
magnetically homogeneous. The small valu€kobf t; explains that more magnetic phases than in the
other cases. The smaller vadusf UL, result from exchangeoupled grainsBy all of the results the
assumed magnetic moments directions in the individaabmagnetwith real dot shapare depicted

in fig, 5.17. Pure FePt has inhomogeneous region dueth® etchingand mismatching witlthe
substrate The covelby Co protectghetop of FePtfrom beingan Al phase (k). No flat region atthe
edgeof nanodotforms the angle of magnetic momentbe decoupling between the hard and the soft
magnetic layers separates the magnetic moment directions of the top and bottorfi liyers.

Fig.5.17 The magneticmomentdirections in theindividual nanomagnets

Nerr is the differencé 0 . The negative values dies mean that those magnets form a
demagnetization fieldHq which has components in both directions, perperdicand parallel to
external field. Moreover, part of the dots extends in vertical direclitve. A1 phase onotand
decoupled part ofstinduce the magnetization reversal mechanism. The magnetizations in the
nanomagnets of disk shape tend to be aligned parallel to the disk fadeeRilhas an easy axis
perpendicular to the disk face. However, the decoupled part of the Co soft magves tbk shape
anisotropy. This direction corresponds to the film direction, which is perpendicular to the external
field. U is increased by the decoupled soft layer. Therefigsgoes down to negative values.

5.2.3FORCs results

First-orderreversal curvemeasurements on these nanomagnet patternspedognedto investigae

the interaction field and the coercive field distributiomeTmeasured minor hysteresis loops were
analyed by explained method in section 4.2.3.1. The FORCs dessfteachsampleare depictedn

Fig 5.18.

The distributios of the interaction fieldare very narrow, supportinginy interactionbetween the
nanomagnetn the patterns. The coercive field distributitgils that this nanopatternis a good
examplefor the Preisach modeEach single domain nanomagnet behaves as hystetbahigsteresis
loop. The numbers of nanomagnetshe samen all patterns, and they avmiformly distributed. The
magnetization of the hard nanomagnetoiis tsmaller tharthat ofthe others Therefoe, it has lower
intensity with broader distributiorin contrast, samplé; showsa higher intensity anda narrower
distribution. Theperfectcoupling of two phases haslower potentialfor switching due to the soft
magnetic layerThe decoupled regionf ¢he t samples formswo separated mounds duette soft
magnetic layer reversal law field and a coupled part reversing with hard magnet
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Fig.5. 18 FORC density of tuned exchangespring nanomagnet patterns: ¢ result (top), ts (middle) and tz
(bottom). The partially coupled exchangespring magnet has two regions for distribution.

In addition, the distribution of the areas between FORCs minor loops (Fig Appgendix A. 7) with
an equal field spacing of 1000=@epreserst how many hysterons are switching by the reversal field.
In Fig.5.19, the bar graph displays the difference of the area in FORCs. It also shows a modified

Gaussian distribution' ('O & —= A @B— ) fitted to the data (green lineJhe fitting

results give information abouny, 0 andHc. & indicate the amout of change by an external field of
1000 Oe. A rise of the thickness by the Co layer increase the valuefudm 0.00928 (ratio of area)

for 0 nm Co and 0.00956 for 3 nm GCo ©.1167 7 nm Co layer. At the point of the begin of the
switching, the area is smaller tham. This range is assumed to result from spin tilt, not a spin flip of
dots. A higher values ofm, the dots switch. The decoupled ES magnet has broader range of
nucleation. Besides, in the partially coupled ES magnet includes broad less change range is seen
almost 1 T due to decoupled part of the Co soft lafee. value of(l is reduced from 6.8 kOe fog, t

5.2 kOe foriand 4.2 kOe for;thy Co layer. The coupling between dots is negligible, and patterns are
almost equal. However, the narrowing of width means that the force to switch dot is reduced by soft
layer.
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Fig.5. 19 Switching field distribution (SFD) by area of FORCs.
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5.2.4Magnetic reversal process in partially coupled E$nagnet

The reversal process ofsingleone phase magnet)iand a perfectly coupled magnej) {6 just one
flip. However, the partially coupled magnef) (hasa kink in the reversal procesconsistingof two
steps.The decoupled part of soft magnetic layer can create a domain wall. Tliotwanstates are
confirmedby MFM. For this purpose fieldependenMFM images wergakenat various fieldsfrom
2 Tto-2.5T. Fig 520 are MFM images byariousreversafields measured at zero field

The magneticsaturaibn at 2 Tis correlated to a homogeneous pattern in the MFM imaged.5 T
and-1 T, thereseems to bewvo domains in one nanomagnAtbright and a dark side of omstructure

is due to the @ magnetization is i#plane oriented, therefore the stray field of top of dot is a flat dipole.
The MFM machine caronly check-up-down directios of magnett stray field A hard magnetic
behaviorgs assumedinder thesoft magnetat those fieldslt appears as a blagkhite contrast in one
nanomagnetHowever, at1.25 T, theflipped nanomaget doesnot show two domains.hHe assurad
modelof magnetic reversas depictedn Appendix A.9Q
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Fig.5. 20 The microscopic magnetic reversal processes by BM images of remnant at a certain field (t7:
Partially coupled ES magnet sample). Inset: Zoom in one patrticle, white circle is guide a dot.
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5.3 Conclusion: Influence of the soft magnefraction in
artificial nanosizedexchangespring magnets.

It was the aim of this study tovastigae the differences between the magnetic properties of
onephase naomagnet and exchangpring nanomagnetof different soft magnet fractions. For this
purposethree kinds of thirfilms were prepared by putteing with the composition20 nm FePt, 20
nm FePt/ 3 nm Co/ 2 nm Pt and 20 nm FePt/ 7 nm Co/ 2 nRillR& qualities crystalstructure and
morphology werenvestigaed by XRD and SEMA nanopattermmf 60 nm dot size and 150n period
wastransferredo thethree thin films withnanoimprintlithography. Te pattern and phase structures
wereinvestigated byAFM and TEMand howgoodquality.

Their magnetic propertieshave been investigatedy SQUID magnetometry. The temperature
dependenhysteresis loops gave the informatiaboutthe saturation polarization and the coercive
field. MAE values forvarious temperaturesere obtainedy measuring théwysteresidoops along
different directionsFrom these measurementise microstratural parameters, whiatan explairthe
coercivity mechanismwere determinedDifferent switching kehavior ofthe nanomagnet can be
explainedby the obtained the microstructural parametarsere individual nanomagnets ameon-
interacton asa single domain. A separated nanomagrietcoms a hysteronin the sense of the
Preisach model. Fathe verificationof this, FORCs measurementgere perfornred The samples
exhibit anarrow interaction field distributiqrbut abroadcoercivefield distribution. Ina comparison
of the hard andhe exchange spring magnet, the pure FePt sys$tastbroaderdistribution of the
coercivity. Moreover, the different thicknesseof the soft magnet influencthe magnetic reversal
behaviorand exchange couplingrhe latter causegither perfectly coupled or partially coupled
exchange spring magnet which incluéésodecoupled region ds seen in FORCs density.

To check thespin tilt of the decoupled partfield dependent MFM images weperfornmed. The
decoupled cobajparts ofall nanomagnets in partially coupled magnet patteemeversedirst. At the
critical field, some nanomagnestwitch and the magnetization directions of nhanomagnetthén
patternare rearranged The assumed modedf the magnetic reversal process imrtjgdly coupled
magnes was depictedby field dependent MFM

Theresults shovithat exchange spring magnet canfreducedperfectly coupledr partially
coupled according to the thickness of the swiigneic layer. The perfectly coupled exchange spring
magnetexhibits aonestep hysteresis loop without kink, such asnephase hard magnetione
However, thepartially coupled exchange spring magnet shows stapshysteresis loop with kink
due to theearlyreversal 6the decoupling soft magnelncreasing thelecoupledsoft layer reducethe
microstructural paramet&iandNeﬁ. The stacked hard and soft magrfetsn exchange coupblgrains,
misaligred grains and inhomogeneous graifihe nucleationUin thesegrairs causes rotation of the
spontaneous polarization with increasing demagnetization freldonsequencehese effects reduce
the coercive field othe magnets ashownby theintensityof the FORCsdensity.The decoupled soft
layer forms ametastablestate with twaregions Actual magnetic reversal process of partially coupled
ES magnet ishown

It was verified that a combination ofede magnets cagive new magnet of excellent magnetic
propertes
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Chapter 6

Results: Exchangespring granular nanomagnes

In this chapter.exchangespring nanomagngformed asgranular, multilayered nanomagnets
areinvestigatedThe coupling strength between the hard and the soft magmehponents of these
nanomagnets areined bya nonmagneticinterlayerof varying tre thickness. In this wayerfectly
coupling, partially coupling and decouplibgtween the two magnetic layers are obtaifiég aim of
these studies is to g&tformationabout the influence dlifferenttype ofcouplingand to investigate
how the magnetic properties can systematicedigtrolled by the variation ofthe coupling.This is
particularly important for applications.

The exchangspring multilayers consist af nmL1e-FePt/x nmPt/3 nmCo/ Ptlayerswith a
varying thickness (x = 0, 0.5, 1 and 2)f the Ptinterlayer The samplesvere grown byMagnetoco-
sputtering.They wereanalyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
to check the crystal phase and morphologlige influences of agnetic couplingon the magnetic
properties were studied by superconducting quantum interference device (SQUID) magnetometry
From these measurementsagnetic intrinsicparameters, micstructural parameterand first order
reverse curves (FORCslere obtaned In addition X-ray magnetic circular dichroism (XMCD) was
employed to study element specific magnetic properties. By this method, the hard (hgdrel. s
XMCD) and the soft magnéby Co L, 3 XMCD) could be invesgated separately.

6.1 Llo-FePt/Pt/ Co composition island structure

As hardmagnet, 7 nm thicknominal thickneg layersof L1,-FePt on MgO (100) substratereused.
It has been reported to shovhigh coercivity Hc) of ~4T with highlystructural ordein our previous
work of our groy.[133] The Lly-FePtlayer was covered by & nm thick(nominal thickes$ Co
layer (or the soft magnétwith Pt interlayerof various thicknesse¥he whole stack was covered by a
thin Pt layer aprotection layefsee Fig. 6.1)

The 7 nm thick L3-Fes:Ptg films weregrown on arMgO (100) substrate at 80C by followingthe
optimized sputtering conditiodescribedin Appendix A. 1. All of other materialsthe Co soft
magnetic layer and Pt inter/protection layersre depositecht room temperaturé preventinter
diffusion. Four multilayer stacks were prepared:

In addition,a 7 nm FePt film withoutiny Co layerwas grownas areference The detailsabout this7
nm FePt filmon MgOwill be referredo in chapter 7 again.

All samples are named after ttléckness of thét interlayes, such asof tos, t1, t2 andtnoce Fig.6.1
shows schematics tfieseexchangespring multilayers.
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to:7nmFePt/OnmPt /3nmCo/2nmBE: 7 nm FePt/ 0.5 nm Pt/3 nm Co/1nmPt
tr:7nmFePt/1nmPt /3nmCo/1nmPe :7nmFePt/2nmPt /3 nmCo/1nmPt
tnoco: 7 Nm FePt

Fig. 6. 1 Schematic illustration of multilayer stacks that exhibit Ptinterlayers of different thicknesses (0,
0.5, Jand 2 nm) betweena L1o-FePt hard magnet layer of 7 nm and a Co soft magnet layer of 3nmand 7
nm pure FePt without Co. They were grown on a MgO(100) substrateAll exchangespring multilayer s
are coveredby Pt protection layers. tnoco is only pure Llo-FePtasa referencesample The samplesare
named bythe thickness of interlayer. to, tos, t1, t2 and tnoco.

6.1.1Crystal structure

The crystal structures of the exchangering multilayerswere identified by Xray diffraction using
CuKU radiation. The results of,tt, t., and NoCoare showrin Fig. 6.2. FePt (001), (002) and (003)

peaks arelearly found at2024°, 2D248 and 2D276° in the XRD pattern, respectivelfhe Co

(111) and (002) peaksverlapwith the MgO (002) and FePt (002) peaks. The chemical ordering
parametefS of the Lk-FePt structures Bdbeen determinefiom the peak intensities e numerical
calculation. TheSvalues of §, t1, t. and NoCo are 0.92, 0.86, 0.99 and 0.86, respectindigae high
ordeing, which is fort; and the NoCo samples somewlwater.
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Fig. 6.2 X-ray diffraction spectra of to, t1, t2 and tnoco Samples. FePt (00-D03) peaks indicate the crystal
structure of chemically ordered Llo-phase. The highest peak is from MgO(100) substrate. Co peade
overlappedthe other peaks.
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6.1.2Morphology

Scanning electron microscopy (SEM) has been carriedoovgrify the morphology of the exchang
spring multilayers. The LiFePt thin films with nominal film thickness less than 8 amm formedan
islandtype nanostructure of isolated particles with-ofiplane texturgsee fig. 6.3). The-axis of
the facecenteredtetragonal (fct) structure is perpendicular to MgO(100) subate. The total
thicknesses ofmultilayersare t: 12 nm, ¢s 11.5 nm, £ 12 nm, . 13 nm. Thepackingarea ratis
(coveragelare b 59.37%, ¢s5 59.04%, t1: 60.9% andy: 64.68%and used tocalculae the sample
volumewhich is needed to calculateagnetizatiorfemu/cg €g) or polarizationd (T).

Fig. 6. 3 SEM images ofL%L- FePt (7 nm)/ Pt (x nm)/ Co (3 nm)/ Pt (1 or 2 nm), (x =0, 0.5, 1 and :
exchangespring magnetic multilayers and a pure 7 nm FePt grown on MgO(100}ubstrate. Entire
thickness, grain sizes and packing ratios are different for each sample.

The diameter distribution of nanograins in ESMiltilayers were obtained from SEM results in
Appendix B.1.
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6.2 Characterizations of magnetic properties

The SQUID magnetometryvere done to study magnetic properties and magnetization reversal
process of each magnetically different phase magnets in excbprigg multilayers. The intrinsic
material parameters and the micromagnetic parameters obtainedwith the results of the field
dependent magnetization measurements at various temperatures.

Fig 64 b-f) show the magnetic polarization hysteresis looph@fsamples NoCdy, tos, tiand &
in hard and easyaxis at room temperatureftar thecorrection for diaragnetism and paramagnetism
of the substrate Theut-of-plane and irplanemeasurements stifhowa strong anisotropy resulting
from L1o-FePt layersin spite of the existence @xchangecoupling with thesoft magnetic layeras
expected for thehemicaly orderin L1,-FePtphase The maximum field of 7 That can be applied in
the SQUID magnetometes sufficient toreach the saturation magnetization for eaayis (outof-
plane). However, fothe hardaxis (inplane), themagnetizatiorof the films doesnot reachsaturaion
in a maximum field of 7 T.

It is obvious that thénterlayer thicknesglays an important roléor the coupling between hard
and soft magnetic phaseBor to, the saturation magnetization of the -offplane measurement is
reached, bcause FePt is saturated due to perfect coupling to the Co soft magnet. However, the Co soft
magnetic layer is saturated first and affects theHRePt hard magnetic lay&y saturateThis tendency
can be seehy thein-plane resultsincethe slope pbetween2 T and4 T external field is decrease by
decoupling.

The coercive field increasegith increasing decoupling, i.e. increasing Pt interlayer thickness,
while the saturation polarization decreases atightly with increasing total thickness:(t12 nm,
to511.5 nm, £ 12 nm andz13nm)and decoupling.

According to thickness of the interlayer, the coercive field of-adytlane measurement
increase$rom Hc = 1.59 Tfor to (coupling toCo) to Hc= 3.21 Tfor t, (decoupling. For comparison:
the pure 7 nm FePt in reference sample dasercive field of 414 T. With increasing interlayer
thickness twomagnetic phases develop with a kink (two steps hysteresisheirout-of-plane
measurement. By the hysteresis behavior, the coupling can beeassanbe perfectly, partially
coupkd and decoudd All out-of-plane hysteresis curves at room temperature are compaFagl in
6.4 a). he magneticmoment and the switching field distributions (SFIM/dH) are compared in
Appendix B.2.
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Fig. 6.4 Hysteresis loops of magnetic polarization at RT. a) Comparison of hysteresis loops ofotHePt/
Pt/ Co/ Pt exchangespring multilayers and pure Llo-FePton MgO(100) substratein direction of out-of-
plane at RT and b) the hystersis loops of each sampleis both direction of out-of-plane and inplane
measurements at RT.
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6.2.1Temperature dependence of hysteresis loops

The temperaturdependencef the hysteresis curvesemeasuredor all interlayer thicknesses
order to obtairtheintrinsic and microstructural parameters at 50 K, 100 K, 150 K, 200 K, 250 K, 300
K and 350 K as shown iRig 6.5. As the temperature decreases, the saturation magnetization and the
coercive field increase, consistently. The coercivity of the referssnogle (pure 7 nm FePt) could not
be measured because the maximum external field of 7 T was not enough to obtain saturation at 50 K. it
is assumed by extrapolation.
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Fig. 6.5 The temperature dependent hysteresis loopsnagnetic polarization) of FePt/ Pt/ Co/ Pt exchange
spring magnetic multilayers and FePt thin film on MgO(100) substratea) The out-of-plane hysteresis
loops at50 K and b-f) at a various temperature from 50 K to 350 K.
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From theseout-of-plane hysteresis the temperature dependence thé coercive field and the
saturation polarizatioare deducedrlhe coercive fieldare in therange2.084 'O  p& dYforty,
op4 O cpdfortos,08 @ O ¢8& vfort,andodd4 O C¢&o i for t7 in the
temperature range 50 K to 350 K'he decouplingapparentlyrecovers the coercive field tfie L1o-
FePt hard maget. However, the temperaturalependent saturation polarization shoawssmaller
increag in thedecoupédsample 1 thanin thecouplkdsamplesi.e. it shows dardmagneticeffect in
the coupled sample¥he Curie temperature of Co (1400 K) is much higher than that of FePt (660 K).
If Co is not coupled to FePt, the Co soft magnet is almost saturated in the temperature range of the
measuements, leading to the increase in saturation magnetization for better codpting.6shows
the temperature dependence of the coercive fiklchnd of the saturation polarizatiods for all
samples studied in this part of tthesis

— —o— S,
NoCo t[) 21 tNo(:o 0

R, S— t

1 1 n Il i Il " 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 L 1 n 1

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature [K] Temperature [K]
Fig. 6. 6 Temperature dependence of the coercive fieltHc and the saturation polarization Js of all
samples used in this study

By comparig the outof-plane and ifplane hysteresis curves tife multilayers, the temperatur
dependent magnetocrystalline anisotropy energy (MGRAcould bedeterminedWith the saturation
magnetization and demagnetization factors of the hard and of the easy directions, th
anisotropy Ksnapg Was calculated. Temperattolependent magnetic anisotropy constdntvalues
were obtained byhe sum of these anisotropid&, @ndKshapd. The resultsor MAE as obtained fron
MCA and the shape anisotropyeshown inFig 6.7. TheMAE increasedrom perfectly coupling to
decouplingdue to the increasing influence of the hard magnet.
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Fig. 6.7 Temperature dependence of the magnigt anisotropy energy (MAE, K1), the magnetocrystalline
anisotropy energy (MCA, Kef) and the shape anisotropy energyKshape.

To obtain the spontaneous magnetization at temperatureJg€fpis plotted versudY?” in fig. 6.8
for al | sampl es. According to Blochés | aw,
fulfilled. From he slopes of the lines values for tferacteristitemperatured, are obtained. In the
equation for the exchange stiffnes§l) (equ. 4.18)s0and Ty enter. From the relation, values fbet
exchange stiffnesa were determinedly use of thdollowing values fords oandTo: to: Jso=- 2.006T,
To =- 1852.68K, tos Js,oz - 2.085T, To =- 1864.7K, 11 Js,oz - 2.047T, To =- 1962.15K, to: Js,oz -
1.9%7T, To=-2354.02K and NoCo:Jso=-1863T, To = - 1694.13K. For RT, the obtained values
for the exchange stiffness are listed in Table 6.1.

Fig. 6.8 Left: Plots of the spontaneous magnetizatiorversus T2 according toB | o ¢ h 6Js(T, D) & ¥sp
(1-(T/T0)®?). Right: The exchange stiffness constanA can be determinedby the relation of Jso and To
(eqn.4.18.
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