UNIVERSITA DEGLI STUDI DI PARMA

Facolta di Scienze Matematiche Fisiche Naturali

L1,-Ordered Systems and Exchange-Spring

Magnets with Perpendicular Anisotropy

Thesis submitted for the award of the degree of Fin.Bhysics

Dottorato di Ricerca in Fisica

Roberta Ciprian

Supervisor:

Prof. Massimo Carbucicchio

XXI Ciclo - Parma, January 2009






Contents

Introduction

1 Basic Ideas of Magnetism

11
1.2

13
1.4
15
1.6

1.7

1.8

Exchange Energy

Magnetic Anisotropy Energy

1.2.1 Magnetocrystalline Anisotropy

1.2.2 Shape Anisotropy and the Magnetostatic Energy
1.2.3 Stress Anisotropy and the Magnetoelastic Bnerg
1.2.4 Induced Anisotropy

Magnetic Domains

Superparamagnetism

Coercivity and Particle Sizes

Magnetization Processes

16.1 Magnetization Rotation

1.6.2 Magnetization Curves of Polycrystalline Saraple
1.6.3 Incoherent Magnetization Reversal

Thin Films and Multilayers

1.7.1 Magnetic Properties

1.7.2 Domain Walls in Thin Films

1.7.3 Stripe Domains

1.7.4 Magnetization Processes in Thin Films

Exchange-Spring Magnets

2 Experimental Techniques

2.1

UHV e-beam Evaporation
2.11 Nucleation and Growth of Thin Films



2.2

2.3

2.1.2 Crystallographic Structure of Thin Films

Conversion Electron Mdssbauer Spectroscopy (QEMS

221 Hyperfine Interactions
Isomer Shift: Electric Monopole Interaction
Quadrupole Splitting: Electric Quadrupole Interawti
Magnetic Splitting: Magnetic Hyperfine Interaction

2.2.2 Scattering Technique

UHV Atomic and Magnetic Force Microscopy (AFM-Miy

Magneto-Optical Kerr Effect (MOKE)

3.1
3.2
3.3

3.4

3.5
3.6

MOKE Principles
Geometric Configurations
MOKE Magnetometer
3.3.1 Modulation Technique
3.3.2 MOKE Acquisition Software
Hysteresis Loops
First Magnetization Curves
DCD Remanence Curves
IRM Remanence Curves
Minor Loops
3.3.3 Calibration of the Kerr Rotation Measurements
3.34 Data Processing
Remanence Curve Analysis
3.4.1 Demagnetizing Field Influence on Magnetic Ansed
Comparison Between AGFM and MOKE

45° Light Incident Angle MOKE Magnetometer anddwieto-Ellipsometer

3.6.1 Electromagnet
3.6.2 Optical and Electronic Components
3.6.3 Early Tests

L1,-Ordered Systems

FePt Films

5.1
5.2

L1,-Ordered FePt Thin Films
Sputtered FePt Thin Films



521 Effects of the Annealing Process Performediriguror After the
Growth
522 Effects of a Pt Underlayer and of the Variatiof the FePt Film
Thickness
6 FePt/Fe Bilayers
6.1 L1,-FePt/Fe Bilayers Grown Using Two Different Growifigchniques
6.2 Interparticle Interactions
7 Ultra-Thin FePt Films and FePt/Fe Multilayers
7.1 UHV e-beam Evaporated FePt Ultra-Thin Films

7.2 UHV e-beam Evaporated FePt/Fe/FePt Trilayers

8 FePd Films
8.1 UHV e-beam Evaporated FePd Ultra-Thin Films

Conclusions

Bibliography

List of Publications

Acknowledgements






Introduction

Nanostructured magnetic films and multilayers diggbeculiar properties which proved to
be very interesting from both theoretical and t@tbgical points of view. The possibility of
tailoring the magnetic properties of such matertfiough the microstructure and growth
engineering at the nanometric scale gives neweamgdls in the field of material science.

In particular, in the field of micro-electromecheali systems (MEMS), permanent magnets
and recording devices, particular attention is asgsied to the development of systems
constituted by exchange-coupled soft and hard mEgmdases, showing a single phase
magnetic behaviour. Combining the high coercivityte hard phase and the high value of the
saturation magnetization of the soft one it is fldego strongly enhance the maximum energy
product BH)max.

A considerable research activity has been addressddvestigate the structural and
magnetic properties of nanocomposites whetg-ordered films of FePt, FePd, or CoPt,
constitute the hard phase. In effect, these int&lliecompounds are characterized by a high
temperature structural transformation that deteesiia distortion of the lattice from cubic to
tetragonal I(1o phase) with the appearance of a strong magnetatingstanisotropy along the
contracted axiscfaxis). If grown in the form of thin films, the usd particular substrates,
bufferlayers and the optimization of growth paraeangican induce a preferred orientation of the
c-axis along the normal to the surface, giving rise a strong perpendicular magnetic
anisotropy. Thanks to this strong anisotropy, tindiuces a high thermal stability, thelo-
ordered phase is very useful for the developmenpearpendicular exchange-spring type
magnets

The subject of this thesis is the preparation amaracterization of FePt and FePd thin
films showing a strong perpendicular anisotropyniksato the establishing of a good chemical
L1, order. Starting from these hard films, exchang#gpmagnets in the form of bilayers and
trilayers have been grown and studied.

The main points investigated during the Ph.D. gkdoncerns:



The comparison of different growing techniques, ttiesputtering and the e-beam
evaporation, for the development of FePt and FéRw fshowing a strong perpendicular
anisotropy.

The effects, on the magnetic and structural pragserof FePt and FePd films, of the
annealing processes performed during or after g of a Pt underlayer and of the alloy
thickness.

The growth of L}-ordered FePt and FePd ultra-thin films using tHee@m evaporation
technique. In this ultra-thin regime, the magngiioperties are strongly influenced by
interface and surface phenomena, which can be igegbldor the development of
perpendicular exchange-spring magnets with higtihsotl thickness ratio.

The possibility to grown exchange-coupled hard/dufayers, using different growing
techniques, i.e. the rf sputtering for the depositof the hard phase and the e-beam
evaporation technique for the growth of the soft.on

The study of hard/soft interface phenomena and tleéation with the development of a

strong exchange coupling between different magmdiases.



Chapter 1

Basic Ideas of Magnetism

In ferromagnetic materials, individual atoms havened magnetic moment due to the
unbalanced electron spins, as for the paramagneBstow a critical temperature, the Curie
temperaturd,, cooperative interatomic exchange forces maintaighbouring atoms parallel,
giving rise to a spontaneous magnetization withndticing a macroscopic magnetization. In
effect, the material arranges itself in a domaracture, i.e. regions spontaneously magnetized
to the saturation valuels, each one having a different orientation of theynadization vector.
This domain structure is a direct consequence@btiance among the various contributions to

the energy: exchange, anisotropy, and magnetd&thtic

1.1 Exchange Energy

The existence of a spontaneous magnetization withriécular direction can be explained
only through the presence of a spin-spin exchamnggraction having gquantum-mechanical
origin that is a direct consequence of Bauli Exclusion PrincipleIn effect the requirement
that the electronic wave functions be antisymmaetrides the energy eigenvalues depending on
the relative spin orientations of the electronsisTéffect can be interpreted in term of an
electrostatic interaction between electron cloutigkvtends to orient the spin angular moments
and consequently the magnetic moments over magrimsdistances.

Theexchange energyan be expressed as:

= =_2‘Jijs D$ (1.2)



where J; is the nearest neighbour exchange integral thstribes the coupling between two
ions andél is the total spin angular moment describing thgma#c ions. A positive value of

J; favours a parallel spin alignment. The exchangee® depend mainly on interatomic

distances and not on any geometrical regularigtaf positions.
By considering two ions and§ as classical vectors, it is possible to define a
phenomenological constant callexthange stiffness constant
A=KkIS/ ¢ (1.2)
wherea is the lattice constant akds a numeric factor depending on the lattice syitmynd his

constant, of the order of 10J/m, depends on the material and gives the stiesfgthe short-

range exchange interaction, i.e. it is a measutbeforque stiffness of the spin-spin coupling.

The exchange-lengthl_ =,/A/ yM? is then the length below which atomic exchange

interactions dominate typical magnetostatic effects

1.2 Magnetic Anisotropy Energy

The magnetic anisotropy represents the dependdiiibe macroscopic magnetic properties
on the crystal structure. In particular, a crystallferromagnet in most cases presents an easy
direction for the spontaneous magnetization, i.@liraction along which the magnetization
vector is spontaneously aligned in the absence tberoconstrains. This makes the
magnetization process anisotropic, because thegymequired to magnetize the material
depends on the applied magnetic field directiohwéspect to the crystallographic axis. The
energy contribution that depends on the directietwben the magnetization vector and the
symmetry axes is calleghisotropy energy

There are several kinds of anisotropy: magnetoaltyse, shape, exchange, surface and
interface, induced by stress, plastic deformatiotieermal annealing, magnetic field or
irradiation. Of these, only the magnetocrystalla@sotropy is an intrinsic property of the
material, the others are induced by the growindprigpie or by the treatments done on the
materials.

The microscopic origin of the anisotropy is linkesl the spin state and to the atomic
configuration. In effect the spin state gives tisa dipolar interaction responsible of the shape
anisotropy, while the atomic configuration is at tbrigin of the magnetocrystalline and stress

anisotropy.



1.2.1 Magnetocrystalline Anisotropy

The microscopic origin of thenagnetocrystalline anisotropyainly lies in the spin-orbit
interaction and its relation with the electric fialreates by the crystallographic lattice. When an
external field tries to reorient the spin of ancélen, the orbit of that electron also tends to be
reoriented. But the orbit is strongly coupled te thattice and therefore resists the attempt to
rotate the spin axis. In a ferromagnetic matetiad, most important contribution to the moment
is due to the electronic spin moments, and onlyiromcontribution derives from the orbital
moments because of the partial quenching of theabrbagnetic moment.

The anisotropy energy required to rotate the sppments away from the easy direction,
the anisotropy energyis just the energy required to overcome bothgpia-orbit interaction
and the orbit-lattice coupling. In rare-earth elaisgthe spin-orbit interaction is stronger than
the crystal field and the intensity of the anispyras quantified by spin-orbit interaction, on the
contrary in a 3d transition metal the crystal fieldminates the spin-orbit interaction and the
anisotropy is mainly due to the crystal-lattice jglng.

A phenomenological representation of the anisotrepgrgy can be made by a power
expansion in the cosine direction RJTS with respect to the crystallographic axes. Indase of
a crystal with cubic symmetry, the anisotropy egeatgnsity can be written as:
E, = KO+Kl(afa§+a§a§+a§af)+ Kz(afaicrg)+... (1.3)
where a, represent the direction cosinesMf with respect to the crystallographic axes and the

K. coefficients, expressed in ergsfcnare themagnetic anisotropy constant¥hese are
temperature dependent and characteristics of eatériiad.

The analysis ofE, as a function of theK,, allows to identify the easy and hard
magnetization direction of the magnet. In effecKif =0 andK, > ( the (100) direction is the
easy direction while foK, <0 the (111) direction is the easiest one.

In the case of an uniaxial system with hexagonaimsgtry the anisotropy energy density

becomes:

E, =K, +KssinP8+K,sinf g+ .. (1.4)
where ¢ is the angle that the magnetization vector fornith whe c-axis. In this case, the
anisotropy symmetry is defined not only by the ss§rK, but also by the sign df, / K,.

In effect if K, >0 andK, >-K_, the E, has a minimum forf=0° and thec-axis is the easy

magnetization axis. If the minimum occurs 8k 90°, the basal plane of the crystal is an easy

plane of magnetization and tleeaxis becomes a hard direction. Moreover, the mimircan



occur for an intermediate directiofi=arcsin/-K, [ X,) that does not coincide with any

particular crystallographic axis and representem@ecvith the symmetry axis along thexis.

In this case the magnetization vector may lie argnehon the surface of a cone with a
semivertex angle af. In Fig. 1.1(a) a schematic representation ofethgy magnetization axis,
plane and cone, and in Fig. 1.1(b) the resultsindtafor a hexagonal crystal summarized in a

typical magnetic phase diagram
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Figure 1.1 - (a) Schematic representation of the easy magatetn axis, plane and cone and (b) magnetic phase
diagram obtained for an uniaxial crystal with hexag symmetry’.

1.2.2 Shape Anisotropy and the Magnetostatic Energy

Samples having non spherical shape have easy haesate determined also by their
geometrical characteristics. This phenomenon istdube presence of thdemagnetizing field
H, arising from the free poles that form on the maiged sample surfaces giving rise to long
range dipolar interactions. In the expression @ tbtal free energy that characterized the
system, a new contribution must be taken into asdhemagnetostatic energyr self-energy

of the magnet that can be expressed (per unit v&) @

E —%FidDVI (ergs/cm ) (1.5)

ms

The negative sign in the right hand of the equatiaicates that the demagnetizing field is
opposing and reduces the magnetization of the sanipk intensity of this field is proportional

to the magnetization and is always lower tharM4 value. It can be expressed as
H, =-N, M (1.6)

where Nd is thedemagnetizing tensanainly depending on the shape of the body.



In the case of ellipsoids, by considering a suéabference system with axes parallel to the
semiaxes of the ellipsoid, this tensor becomesatiagand the diagonal terms are called

demagnetizing factorsThe values of these factors along different seesaare related by the

constraintz N, =4m (C.G.S. units). In the case of a thin film than ¢ well approximate by

an infinite flat plate,N = 477 if the sample is magnetized normal to its surfaocg N =0 if it is
in-plane magnetized. In this way the magnetizatémus preferentially to lie in the film plane.

In analogy with the magnetocrystalline anisotromgrgy and by considering the cosine
direction of the magnetization relative to the agéshe ellipsoid, theshape anisotropy energy

can be expressed as:

E=K,sin8+... (1.7)

where K, :%M ’N is theshape anisotropy constant

1.2.3 Stress Anisotropy and the Magnetoelastic Engy

Stress is a magnetomechanical strain induced byprésence of dislocations and defects,
different thermal expansion coefficients, by lantioa procedures, and by the lattice mismatch
among different materials. The stress induces #tiam of the lattice symmetry with the
consequent appearance of an uniaxial anisotromgadlee stress axis.

This effect can be taken into account by considetite magnetoelastic energpat for an

isotropic material can be defined as:
E. :gﬁsasin29+ const. (1.8)

wherego is the straing is the angle between the stress and the magnetizditections and; is

the isotropic saturation magnetostriction constBgtintroducing the constari =(3/ 2)/150

the above equation assumes the same form of theetwyystalline anisotropy energy. The

behaviour of a sample subjected to a stress isethadletermined by the sign of tt(elsa)

product. The axis of stress is an easy axié/Tg‘a)>0, on the contrary if this quantity is

negative the stress axis is a hard axis and thegemeinimum is reached only fa# =90°, i.e.
in this case an easy magnetization plane exists.

As for themagnetostrictionit represents the lattice deformation along tregnetization
direction when a crystal is subjected to a magniic. This lattice deformation induces a

change of the magnetization direction in this wafluencing the anisotropy axis.



It is to be noted that the magnetostriction arisely if the anisotropy energy of the system
decreases of a quantity greater than the amouninitraases the elastic energy of the system.
There are two kinds of magnetostrictionsgontaneous magnetostrictidthat occurs in
each domain when a specimen is cooled below thée @uint and gorced magnetostriction
which occurs when a saturated specimen is expasditlts large enough to increase the
magnetization of the domain above its spontanealigey Both kinds are due to an increase in
the degree of the spin order. For temperature highan the Curie temperature, the
magnetostriction is equal to zero because of tteerate of interactions between magnetic
moments. Since the spontaneous strain is indepenoienthe magnetization sense, the
dimensions of a domain do not change when the tireof its spontaneous magnetization is
reversed. In this way the process of the domainl wabtion does not produce any
magnetostrictive change in dimensions. On the aontthe rotation of moments of a domain
always produces a dimensional change, since th&tapeous magnetostriction depends on the

direction of theMs vector with respect to the crystal axes.
1.2.4 Induced Anisotropy

The application of magnetic fields, stresses, dimg@rocesses and plastic deformations
during the growth can induce the appearance ofaay eagnetization axis, by favouring the
establishment of a local directional order due tmare easily diffusion or the formation of
preferential interstitial sites. The phenomenolagiepresentation of this type of anisotropy is
the same as that for the magnetocrystalline oreshapsotropy, considering that the anisotropy

constant depends, in this case, from the chemigaposition of the material.

1.3 Magnetic Domains

Domain&?¥ are regions of uniform magnetization, in which #méns are all aligned along
a preferred direction through the exchange intemaciThe crystals, in the demagnetized state,
are generally in a multi-domain configuration thases in order to reduce the stray field [Fig.
1.2(a)].

The subdivision into smaller domains is limited Hye presence, between different
domains, of a transition layer, tll®main wall that adds energy to the system. In this region,
the direction of the atomic spins gradually chanffesn the one domain orientation to the

adjacent one. Inside the wall the spins are ndlighto their neighbours and not parallel to the



easy axis. Therefore, their characteristics (waltkl energy) are determined by the balance of
the exchange and anisotropy energies. In effeciewhe exchange energy tries to make the

wall as wide as possible, in order to make the eangglbetween adjacent spins as small as

possible, the anisotropy energy tries to make thiktwin in order to reduce the number of spins
pointing in non-easy directions. This kind of domuiall is called180° Bloch wall[Fig. 1.2(b)]
and its width describes the spatial response ofrthgnetization to local perturbation.

For very smallg, the exchange energy associated to the formafianall, varies asy’ .
In effect, considering a pair of atoms with the sapinSthis energy can be expressed as:

E,=JS¢ -2J3 (1.9)

Figure 1.2 - (a) Schematic representation of the domain ftondn an uniaxial material. The spatial extensain
the stray field and hence the magnetostatic enatgyngly decrease as the domains form. (b) Schemati
representation of a 180° Bloch domain wall for aicuipystal. @ is the angle between adjacent splns

The first term in equation 1.9 is characteristicaoflomain wall and is calleektra exchange

energy For a wallN atom thick @=7/N), and a system with cubic symmetry and lattice

constang, the exchange energy per unit area can be exprasse
N
Vo = Jszgf? . (1.10)
The anisotropy energy per unit area of a wall caddfined as:
Y., = KNa (1.11)

whereK is the anisotropy constant.

The total wall energy per unit area for a wall leicknessd, =Na is y, =y, + V..- BY

dz, =0, the energy minimum can be found, correspondirggdomain wall width of

imposing

w

J, =/ Al K =T / K. It occurs when the values of the exchange enanglythe anisotropy

energy are equal [Fig. 1.3(a), =2KJ = 27/ AK .



The balance between the magnetostatic energy @ysdtem in the single-domain state and

the domain wall energy in the multi-domain stateves to evaluate an equilibrium domain size:

D, = /1‘?'\;2 (1.12)

whereL is the thickness of the crystal.

The ratio of the total energy before and afterdivesion into domains is:

. . 2
E(smglg domam): ML (1.13)
E(multi-domain) Ve

For very thin thickness of the crystal, the reductof the energy becomes smaller and the

wall energy tends to increase because of the laweth [Fig. 1.3(a)]. In this situation the

crystal prefers to remain in the single-domainest@his effect is due to the dependence of the
energy gain from the crystal thicknelssIn Fig. 1.3(b) the behaviour of the total energy
reported with respect to the crystal size for tihgle- and multi-domain state.

(@ (b)
| Single-Domain
State
5 = Multi-Domain
8 Ty Wall Energy & State
= >
) )
2 2
m 3]
Van Anisotropy Energy |
Vo Exchange Energy Lc
0 0
Wall Thickness (5“) Crystal Thickness (L)

Figure 1.3— (a) Total wall energy with respect to the domaail thickness. (b) Relation between the energy of a
crystal and its linear dimensiohsfor the single- and multi-domain statés.is the critical size of the crystal, below
which the single-domain state is favoured.

The two curves indicate the existence of a critibadkness below which the single-domain

state is favoured. Its value depends linearly friva domain wall energy density and is

inversely proportional to the square of the satonamagnetizationL, =1.7y,, /(nzM 52)

The single-domain crystals are permanent magnetsheninversion of magnetization can take
place only through coherent rotation processes.
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1.4 Superparamagnetism

The initial stage of a film growth is characterizgda granular state with ultrathin particles
havingsuperparamagnetic propertieshe anisotropy energy of a particleis= KV whereV is
the volume of the particle arklis the anisotropy constant. By reducing the plartigmensions
below a critical sizeDp, the thermal energy, proportional ikgl, becomes comparable to the
anisotropy energy. In this case, thermal fluctuetioan overcome the anisotropy energy barrier,
reversing the magnetization also in the absenem @fpplied magnetic field.

The name “superparamagnetic particles” derives ftioenfact that these systems behave
like paramagnetic materials. The only differencéhis value of the magnetic moment that in a
paramagnet is of a few Bohr magnetagswhile in a superparamagnet is of the order of ten
thousands ofig.

It is to be noted that the superparamagnetismimexdependent phenomenon and thus the
critical size for superparamagnetic behaviour ddpeon the characteristic time of the
experiment. In effect small ferromagnetic particlresent several magnetization equilibrium
states separated by energy barriers. Their magpedferties are the result of the evolution of
the magnetization in a metastable state, in whiehsistem remains trapped over a time period
much longer than thebservation time,ts However at a given temperature, thermal activatio
over the energy barrier leads the system towardhgrenodynamic equilibrium. This process is
known aghermal relaxatiorand has a characteristic time caltethxation time t, defined as:

t, =t, exp[%] (1.14)
wheret, is a constant of the order of 0 10° s.
Indeed ferromagnetic properties are found when<<t

whereas fort, >t the systems

rel? rel

show superparamagnetic behaviour. In the internedstuationt,  ~t  nonequilibrium

rel

phenomena and magnetic relaxation occur.

Therefore, particles that show superparamagnetigpepties in standard magnetic
measurementst{ of the order of some seconds) can behave as fegreta in MOssbauer
experiments wherg, _is ~10° s.

Magnetically, a superparamagnetic system is chetiael by magnetization curves

without coercivity or remanence, that coincideldtfed as a function o(H /T) ratio, wherer

is the measurement temperature. The hysteresigeilobp appears both by increasing the

particle diameter above the critical si2g, or by reducing the measurement temperature below

11



a valueTsg, calledblocking temperatureThe thermal energy associated to this temperasure
lower than the anisotropy energy and the magnéiizéiecomes stable.

In a MOssbauer spectrum, time-dependent effecteftaa observed via the magnetic field.
There are two important timescales involved here:lifetime of the nuclear excited state and
the Larmor precession time. If the nucleus showlaresolved magnetic splitting, at least one
complete Larmor precession occurs before the nudde decades. On the contrary if the
spectrum shows a relaxation broadening, the eleictrconfiguration changes at a rate faster
than that corresponding to the nuclear Larmor @&ioe rate. Hence the nucleus senses a time-
averaged hyperfine environment, which manifestd witcollapse of the magnetic field. The

reduced hyperfine field,, can be described by the equation:

B = Byio (1— ;&U (1.15)

where B, , represent the bulk value of the hyperfine magrfesid.

1.5 Coercivity and Particle Sizes

Contrary to the saturation magnetization that isrannsic property of the specimen, the
coercivity is a size dependent characteristic (Higl). By decreasing the grain sizes the
coercivity increases and has a maximum for a alitgarticle sizeD.. Below this value
coercivity decreases until to approach the zeroevédr diameter lower thad,. This behaviour
is due to the different mechanisms that are resplenfor the magnetization reversal.

For diameter greater thabs the particles are multi-domains and the reversal

magnetization mainly occurs through domain walliomat

T T T

100 single-domain multi-domain 7

-

80 super

stable ]
Inaramagnetic ]
| [Emeanet 7[ ]

a0l /

D 1 1 i 1 |-4|
0 50 100 150 200 250 300
Particle diameter (Arbitrary units)

Coercivity (Arbitrary units)

Figure 1.4— CoercivityH, behaviour as a function of the particle siBegor a fixed temperatut.

12



In this regime, the size dependence of the codydiwiexperimentally found to be given by:

H, :a+% (1.16)

wherea andb are constants.

For particle sizes in the range betwdenandD,, the particles tend to become single-
domain and the main mechanism controlling the salés the moment rotation.

For sizes lower thal,, thermal effects become significant and the ce#ycigradually
decreases following the relation:
_h

D32

whereg andh are constants. Below the critical diamelg; the coercivity is zero since the

thermal effects are strong enough to demagnetizeetisemble and the particles become

H =g (1.17)

superparamagnetic.

1.6 Magnetization Processes

Two are the main mechanisms that govern the magtieth processes: ttdomain wall
motionand themoment rotationin the demagnetized state, all the domains avatapeously
magnetized to their saturation value with the mégagon pointing along their easy axes. The
application of an external field along an easydiom gives rise to an expansion of the domains
with the magnetization pointing along the fieldedition with the consequent increase of the
total magnetization. The domain walls move untd thternal field of the material is zero, i.e.
when the applied field is equal to the demagnaiifiald. If the field is applied along an easy
direction axis, the saturation is reached onlyubiothe domain wall motion, in all other cases
the magnetization is subjected to a torque momedttlae saturation is asymptotically reached

through the moment rotation (Fig. 1.5).

JII

/;tation processes

irreversible domain
wall motion

reversible
domain wall
| #——— motion

LgH

Figure 1.5— Magnetization processes in a multi-domain plartic
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1.6.1 Magnetization Rotation

The application of a magnetic field along a hankdion induces the moment rotation.
The theoretical model of Stoner and Wohlf&tfor uniaxial single-domain particles having a
shape of an ellipsoid of revolution considers gmigcesses of coherent rotation, i.e. during the
reversing the spins of all the atoms remain pdralieh other. In this approximation among the

spins a strong exchange coupling is present grigegto a uniform magnetization.

o Hard axis H
Easy axis ,/ M, H (1a xti‘s oi
: oo revolution
{axis of revolution) i S -
(4 M‘!
/’,—T £}
a \\_\______L_,/ /
(a) (b) Easy plane

Figure 1.6 — Schematic representation of (a) a prolate andafboblate spheroid, and of the directions of the
magnetization and the applied magnetic field wéitbpect to the easy direction.

For crystals with the symmetry of prolate spherptie shape anisotropy induces an easy
magnetization axis along the major axis of the sgide By minimizing the total energy of the
system, it is possible to obtain the equilibriunsition 8 of the magnetization as a function of
the magnetic fieldH, applied to an arbitrary angtefrom the easy axis [Fig. 1.6(a)].

The total energy density of the system is givethgyanisotropy and the Zeeman energy:
E, =K,sin*8-HM, co{a-6) (1.18)
where Mscos(a—e) represents the component of the magnetization almaglirection of the

applied field andK =%(Na - NC) MZis the shape anisotropy constant.

The equilibrium position of the saturation magnetian coincides with the minima of the

energy that are given by:

de _ . .

@zsmﬁcosﬁ—h sifa-6)= ( (1.19)
whereh=H/H, is the reduced field an#, =(2Ku)/MS is the anisotropy field. The above

condition states that the torque applied by thie fim the magnetizatiofl xM must be zero.

If a=90°, the magnetization is a linear function of thelagapfield m=h, wherem= M/ M,
is the reduced magnetization defined s+ HMSI(Z Ku). This relation implies that the field,

required for the complete saturation of the sysisragual to the anisotropy one:

14



H=""u=H, (1.20)

If a=0°, the field is along the easy axis and paralleMg. By reducing the field to zero and

then increasing it in the opposite direction=18C° , the magnetization remains stable until the

applied field reaches the value bf, , at which the moment rotates along the directibthe

applied field.
e Loy L —a=0°
7 7 —0 =20°
/ o =45°
0.5 q 0.5 o= 700
—0=90°
g 0 £ 0
0.5 // 0.5
I
1 z L-/ 1 2

-1 -0.5 0 0.5 1 -1 0.5 0 0.5 1
h h

Figure 1.7— Magnetization curves of an uniaxial single-damaésembly of particles with (a) prolate and (bath
spheroid shapes.is the angle between the field vector and the amynetization axis.

The anisotropy field in effect represents the istgnof the field that must be applied for the
complete rotation of the magnetization along threalion of the field itself. The hysteresis loop
is rectangular.

In the case of an arbitrary angle, the critical fieldh, corresponding to the critical angle

6. at which the complete reversal of the moments s¢cas a stable equilibrium point of the

2
energy for which the following constraints are izzdl dE = d E =0
dé déo
tan’ g, = - tany (1.21)
(1-tarf 6+ tart 6?)1/2
h =- . (1.22)
1+tarf @

In this case the hysteresis loop consists of ribersand irreversible portions, the latter
constitutingBarkhausen jumps

The magnetization rotates irreversible far=0° while it continuously rotates without
abrupt change forr =90°. The critical field value, i.e. the value at whittke M vector flips
from one orientation to another, decreases frorh & a0°, to a minimum of 0.5 for = 45°
[Fig. 1.7(a)] and then increases to 1 agaimraapproaches 90°. These critical values are equal
for any two values ofr symmetrically located around =45°. On the contrary the coercive

field that is the field that reduces the magneiimatomponent along the field direction to zero,
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is the highest when the field is applied alongehsy magnetization axis, while it is the lowest
for an applied field parallel to the hard axis€90°).

In the case of oblate spheroid shape [Fig. 1.6@hg, minor revolution axis is a hard
magnetization axis end an easy plane of magneiizatxists. By minimizing the total energy
with respect to thé angle, fora =90° the situation is the same as in the case of thiater
spheroid [Fig. 1.7(b)]. On the contrary, far=0° the magnetization loop does not show the
hysteresis phenomenon, because of the existerae @isy plane of magnetization that allows
the complete rotation of the magnetization alscafaplied field approaching the zero value.
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Figure 1.8 — Schematic representatfbrof the magnetization rotation in a crystal withaib spheroid shape. By
reducing the field from large positive value (a)atemall positive value (bM; rotates reversibly towards the easy
plane, add changes to a small negative value k43 rotates by 180° in the easy plane. By increadiegfield in the
negative direction, the magnetization rotates afn@y the easy plane (d).

For intermediate value af , by reducing the field from large positive valug.F..8(a) to a
small positive value Fig. 1.8(bMs rotates reversibly towards the easy plane, theenwthe
external field becomes negative the magnetizatvates of about 180° into the easy plane and
the reduced magnetization abruptly changes fronositipe to a negative value &t = 0
[Fig.1.7(b)]. Finally, by increasing the applie@lfi in the negative direction the magnetization
rotates away from the easy plane [Figs. 1.8(c)(dd

1.6.2 Magnetization Curves of Polycrystalline Samps

The magnetization curves of an assembly of uniaxiad-interacting particles with their
easy axis randomly oriented in space, have shhpesite intermediate between the squared and
the linear ones obtained for field applied respedtyi parallel and perpendicular to the easy axis
in monocrystalline uniaxial single-domain particlés Fig. 1.9 a few magnetization states for
this type of systems are reported.

The demagnetized state in the figure is represdmtgmbint O, in this state the domains can
be represented by a set of vectors randomly oderBg increasing the external field, the
magnetization starts to rotate with the disappezraf a few domains havirigs oriented along

directions different from that of the applied figlgbint B. In point C, the system reaches the
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saturated state and the moments are all paraltektéield vector. The following decrease of the
external field induces the appearance of new dosnai@aving the direction of their easy

magnetization axis near to that of the magnetid figoint D.

Figure 1.9 — Domain representation for different magnetizatidates of a polycrystalline sample, constitutgd b
uniaxial grains each oriented randomly.

The remanence (i.e. the value of the magnetizatiathed for zero applied field) to

saturation ratioM, / M calculated by Stoner and Wohlfarth, for this tybeystem, is equal to

0.5 while the reduced coercivity is about 0.48islto be noted that the model gives only an
estimated value of the squareness of the hystdoegs since the effects due to demagnetizing

field arising from the surface free charges arecoosidered.

1.6.3 Incoherent Magnetization Reversal

In the above theoretical model of Stoner and Wathifahe starting assumption is the
coherent rotation of the spins. This implies thrabag the particles no magnetic interactions are
present. In real materials, it is very difficult tealize this situation and the particles tend to
interact giving rise to an incoherent reversal fte spins during the rotation do not remain
parallel. The most important modes are the magat@izfanningandcurling.

Fanning implies that the magnetization vectorsuattessive particles fan out in a plane by
rotating in alternate directions in alternate mdes. In this case the coercivity is three times
lower than the value found assuming a coherentioota

Curling mode is characterized by the fact thatgpias are not parallel during the rotation
but form closed circles of flux. In this case nedtrpoles are formed on the specimen surface
and no magnetostatic energy is involved. Contrarythte coherent rotation and fanning
processes, this mode is strongly size dependentttendoercivity tends to decrease as the

particle sizes increase.
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Figure 1.10 shows, for an infinite cylinder, thatpde size dependence of the coercivity
for different modes of reversal. For small particléhe coherent rotation is favoured, on the

contrary large particles prefer to reverse by ogrinode.
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Figure 1.10— Reduced coercivity calculated for different reamode as a function of the reduced diametenef t
particlesD / D, where D, =2A" / M_[.

It is to be noted that neither the Stoner-Wohlfadfation nor the curling mode account for
the coercivity of real materials. In effect in reglecimens the coercive value is much lower (20-
40 %) than the anisotropy field, this effect is ¥moasBrown’s paradox
The reason lies in the real structure of the spexgnDefects and imperfections can act both as
pinning sites for domain wall motion or as nucleatpoints where a reversed domain can be
easily created (Fig. 1.1%) The different behaviour of the defects gives gt to a different

behaviour of the first magnetization curves, renmaeecurves and minor loops (Fig. 1.12).

DOMAIN-WALL PINNING LOCALIZED NUCLEATION

Figure 1.11 — Pinning mechanism: the coercivity is controlledthe trapping of the domain wall at pronounced
inhomogenities. Nucleation mechanism: the defemteudr the formation of reversed domains and thecbaty is
determined by the reversal field at which the or@gimagnetization becomes unstable.

In the case oflomain wall pinningthe initial magnetization curves are characterizg a
low susceptibility up to values of the applied diedf the order of the coercivity at which the
curves abruptly increase up to the saturation. fimeor loops show that by decreasing the
maximum applied field, the coercive field remaimagtically unchanged, while the saturation

magnetization gradually decreases. In effect, im thse, defects and inclusions can be treated
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as demagnetized regions since their spontaneousatizafion differs from that of the
surrounding material. The wall spontaneously tetedadhere to these inclusions, favouring a
reduction of the domain wall area and energy. Theiency of the pinning has a maximum for

inclusion sizes comparable to those of the wall.

LOCALIZED NUCLEATION DOMAIN-WALL PINNING
B-H
R
r i L H
L3 o Y 50408

Figure 1.12 - Schematic representation of the first magnetimaturves, IRM (isothermal remanence curves) and
minor loops for a specimen with the coercivity coiied by nucleation and domain wall pinning medkan

Around these inclusions generally spike or closiwenains form having the function to
decrease the surface concentration of free chaingésire sources of magnetostatic energy. The
closure domains took their name because they dhnebyavhich the magnetic flux can close on
itself, reducing to zero the magnetostatic enefgpeir formation is not always favoured since it
implies an increase of the anisotropy energy. spoese to an applied field, the domain wall
tends to move away from the inclusion. During thation, the domains around this inclusion
are deformed and new closure domains form. Furthetion of the wall lengthens these
domains. Until this point the change in magnetaratis reversible and the initial domain
configuration can be regained if the field is regllicBut if the field is continually increased, the
domains do not continue to increase since the asexd area adds too much wall energy to the
system. At this point the magnetization procesoiyss irreversible: the wall instantaneously
breaks its interaction with the domains and jumpsstance living the inclusion and its domains
(Barkhausen jumps

The coercivity due to pinning-type mechanism thatolves obstacles with dimensions

small compared to the magnetic domain wall width lbe expressed &s
H,=a(2K, /M) =N M, (1.23)
wherea is a parameter related to the pinning strengtthefsmall obstacles and, M is the

demagnetizing field.
In the case ofnucleation controlled coercivitya nucleus is formed in which the

magnetization is not fully aligned, the initial segtibility is very high and the magnet easily
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reaches the complete saturation (Fig. 1.12). Ashferminor loops, by decreasing the maximum
applied field the saturation magnetization remaiosstant and only the coercivity gradually
decreases. In this case the imperfections carebh&tt as a modification of the local anisotropy
that leads to a reduction of the nucleation field aoercivity.

The coercivity in this case is inversely proporéibto the grain size and can be expressed
as follows:

H, = B(yM,)(1/D) (1.24)
wheref is a geometrical factor related to the detailshef nucleus geometry for the reversed
magnetization domain,is the magnetic domain wall energy dhds the grain diamet&k

The occurrence of nucleation or pinning-depinningchranism may be also characterized
by the fact that the angular dependence of thecoaefield is very different from the one

corresponding to the coherent rotation (Fig. 1.13):

H
H (8)= K for coherent rotatio 1.25
() (sin2’30+co§’30) (1.25)
H, (0) o .
H, (6) =——-, for nucleation/pinning mechanis (1.26)
¢ cosd

whered is the angle between the direction of the apfiield and the easy axis aridc(O) is

the coercive field forld =0°.
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Figure 1.13— Angular variation of the normalized coercivedieH (6’) /' H, as evaluated in the Stoner-Wohlfarth
model and the 1/céslependence.

Equation 1.26 reflects the fact that only the ptigen of the applied field along the moment
direction is active in the reversal process. Thieecent rotation becomes the predominant

mechanism only for very largevalues.
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1.7 Thin Films and Multilayers

In the case of very low thickness, generally lowan 1um, thin films and multilayers can
be treated as bi-dimensional systems. Among thdnpadicular interest are the structures
constituted by different ferromagnetic phases teroalated ferro-/antiferromagnetic layers and
the superlattice structures formed by magneticimagnetic layers.

In these systems, the macroscopic properties apagdy influenced by the periodical
modulation along the growth direction, by surfaufiface phenomena and by the type and
strength of the interaction that develops betwe#ferdnt layers. Their characteristics and
properties are used in the microelectromechanioal aptical fields, in the production of

magnetic sensors and protective coatings againgision.
1.7.1 Magnetic Properties

The magnetic properties of thin films and multiles/é’ are strongly influenced by the
presence of interfaces and surfaces, since thacgivblume ratio strongly increases. Surfaces
and interfaces are regions of low symmetry wheeeptriodicity of the crystallographic lattice
is strongly modified. The corresponding energies the main causes of the appearance of a
perpendicular anisotropy that induces a spontanétiugy of the easy axis out of the film
plane. The origin of the interface anisotropy liesthe change of the magnetocrystalline
anisotropy, indeed, effects such as roughness,ctdefanterface intermixing and the
crystallographic orientation strongly influence thegree of tilting of the easy axis.

In low dimensional systems, the anisotropy energy lbe expressed trough an effective
anisotropy constant that can be written as a wethhverage over the whole thicknéss two

contributions, one due to volume/bulk effect&, § and the second due to interfaces and

surfaces K, /t):
Ky = KV+2% (2.27)

The 2 factor derived from the hypothesis of twaiitsal interfaces.

Contrary to the surface/interface effects, the ehamisotropy is opposing to the
perpendicular tilting of the easy axis favouringiasplane orientation. However under specific
conditions, e.g. the presence of suitable magrsgidcer and below a critical thickness value,
films and multilayers can display a predominantppedicular anisotropy. This can be also

achieved by exploiting the volume contribution nder to overcome the magnetostatic term.
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The effect of the shape anisotropy can be congideyeadding the magnetostatic term to
equation 1.27:

Keq :KV+2KtS - 27M2 (1.28)
The sign of K, determines the direction of the easy axis, inipaldr for K >0, the easy

axis points along the normal to the film plane. Kgf =0, a critical thickness can be defined:

K
t=—2——>— 1.29
¢ K, =27\ ? (129)
below which the interface and surface contributiomercome the volume and magnetostatic

ones and the system shows a perpendicular comptmtra anisotropy (Fig. 1.14).

0 5 10 15 20 25
Ico (A}
Figure 1.14- K [@_ as a function ot_ for a Co/Pd multilayer

1.7.2 Domain Walls in Thin Films

In a Bloch domain wall, the moments rotate aroundagis normal to the domain wall
surface (Fig. 1.15). When the wall width is greatercomparable to the film thickness, the
magnetostatic energy overcomes the exchange arghtbetropy energies and the wall energy
density strongly increases [Fig. 1.16(a)]. In ttése, a new type of domain wall forms, called
Néel wall®!, in which the rotation occurs around an axis tiestin the wall plane and is normal
to the film plane (Fig. 1.15).
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Figure 1.15— Schematic representation of the moment rotati@Bloch and Néel domain wall.
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This particular type of rotation induces the forimatof free magnetic charges only on the wall
surface (Fig. 1.15), favouring the spins to renzanallel to the film plane during the reversal.

This gives rise to a strong decrease of the magtatio energy.

10 : : . ,
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Figure 1§116_ (a) Domain wall energy per unit area and (b)tviof a Bloch and Néel wall as function of the film
thickness”.

The magnetostatic energy gain between a Bloch aéel Mall, depends on the ratio
between the wall width and the film thickness

% =%‘ (1.30)
N

This equation shows that the Néel walls are favibdioe film thickness lower than the domain

wall width [Fig. 1.16(b)].

1.7.3 Stripe Domains

A peculiar domain configuration characterizes fiilims with perpendicular anisotropy. In
the case ofveak perpendicular anisotropjne magnetization lies in the film plane since the
demagnetization effects dominate. By increasing filme thickness the magnetostatic term
becomes less important if compared to the anisptiapd beyond a critical thickness the
magnetization starts to oscillate periodically aitthe film plane. The domain pattern is
constituted bystripe domaingointing up and down respect to the film surfdeig.[1.17(a) and
1.17(b)]. The sizes of these domains are compatalttes film thickness.

It is to be noted that while the shapes of thedrgsis loops and the domain sizes are strongly
dependent from the film thickness, the wall enasggnly dependent from the deflection angle
of the magnetization respect to the film plane.

In the case obktrong perpendicular anisotropthis domain pattern is stable also in the
demagnetized state and for very low thicknesshis tase the hysteresis loops are modified,

and they assume a particular shape calkednscritical shap& characterized by very low

remanences.
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Figure 1.17 — (a) Schematic representation of the magnetizateztors in a stripe dom&th MFM images of (b)
stripe domains and (c) labyrinth-type stripe doreamlow coercive films.

The morphology of the domain depends also on #ild fiistory. Demagnetizing the films
with a perpendicular applied field results in lahtm-stripe domains with random in-plane
orientation [Fig. 1.17(c)]. However, demagnetizthg film with an in-plane magnetic field, it
couples to the in-plane magnetization componenthef domain wall and aligns the stripe
domains parallel to the external field directiong[F1.17(b)]. Furthermore, in high coercive
films the stripe configuration becomes less regafat periodic respect to those of Figs. 1.17(b)

and 1.17(c), assuming a more maze-like pattern.
1.7.4 Magnetization Processes in Thin Films

A thin film can be represented by an oblate spldenith the demagnetizing factor along
the revolution axis (normal to the film plane) ebua4/r and that in the film plane practically

equal to zero. This is due to the fact that thplame demagnetizing factor is proportional to the

film thicknessD and inversely proportional to the film surfaceediz N, =47TD/(D+ L) - 0.

In these systems, the easy axis can be perperdiculdne film plane only when the
anisotropy field overcomes the demagnetizing fiéthdleed by measuring the hysteresis loop
with the field applied perpendicular to the filmapk, the saturation should be reached for field

of the order of #4M_. Experimentally it was found that the saturati@n wccur for lower

fields, whose values depend on the film thickn#ss saturation magnetization and the specific
wall energy.

Kooy and En?' develop a theoretical model that derives the shudgibe hysteresis loop
for film showing a strong perpendicular anisotropkis requirement implies that the anisotropy
field must be much greater than the demagnetizeid, ffavouring in this way the absence of
closure domains. Moreover, the studied system fistidated by stripe domains, in a magnetic

state near to the saturation in which a uniquersegedomain of widthl is present.
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By increasing the applied field, the domains withgmetization oriented parallel to the
field direction increase their sizes while thosgpaging to the field decrease. In effect, the
domain with magnetization parallel to the appliegldf grows of an amount greater than the
amount that the reversed domain decreases. Theyaidhis system, a stable state can be found
for fields lower than #M_ and for finite values of the reversed domain widith

By decreasing the film thickneg} the value of the saturating field decreases [Eit8(a)]
from the 47M value, value that can be reached only if the waltf the reversed domain is
comparable or greater than the film thickness.

The existence of a stable state for a finite valti@l suggests that an energy barrier is
present that does not allow the disappearanceeofetversed domain in the saturated state. In
effect, the reversed domains change their shapaggise to eébubble domains pattern
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Figure 1.18 — (a) Theoretical magnetization curves of an indinplate with easy axis normal to the film plane
evaluated for different values of the reduced filicknessr, whose expression is reported inside the figuro)
Theoretical demagnetization curve of an infinitatelwith perpendicular anisotrdpy

Therefore, two critical fields can be defined, firat H_ at which the reversed stripe
domains change their shape into a bubble one zmsleutnndHf at which the reversed bubble

domains become unstable and then disappear [Fig(k)]. For fields greater thahl_ the
magnetization process becomes irreversible andpgbeimen remains in the saturated state until
the field intensity decreases to a valbe, at which a nucleation centre is activated. At this

point a domain wall is enucleated or unpinned, thedeversal of the magnetization starts.

Becker suggested that each particle has a detedmim@ber of pinning sites for the wall
motion each of which characterized by the own ratie field H, . The activated nucleation

point depends on the maximum value of the appliettl fthat determines the intensity of

25



adhesion of the wall to the inclusions or defe€tee presence of these pinning sites lowers the

field necessary for the complete reversal of thgmatization.

1.8 Exchange-Spring Magnets

The exchange-spring magnesse characterized by both high coercive field satliration
magnetization values thanks to the exchange-caypliat develops between two different and
finely dispersed ferromagnetic phases. One of th@seses is soft with high value of the
saturation magnetization and the other is hardueamg high coercive values. In order to profit
from the combination of the beneficial propertiéghe constituent phases the demagnetization
behaviour of the composite material must be magaldyisingle-phase, i.e. the two phases must
be exchange-coupled. The most important paraméteigbtain a good exchange coupling
between different phases are the dimensions, thévee amounts and the distribution of soft
and hard ferromagnetic phases. In the last fewsy#de attention has been addressed to the
development of these magnets in the form of mykita since they are simple systems that
allow a good reproducibility and control during t@wth process.

The exchange-spring systems show reversible magiietn curves and high values of the

remanence to saturation ratiM( / M_). These properties allow to obtain a strong ineeeaf

the maximum energy producBll)..x that represents the energy that can be storechdy t
magnet. This product can be deduced from the sequadrant of the hysteresis loop and is
represented by the rectangular area shaded il Hi§. The maximum value oBH).x can be
achieved whenM, /M, =1 and the nucleation field at which the moment rsakwoccurs
satisfies the following condition:H, 2M_/2. The materials that easily satisfy these

requirements have strong uniaxial magnetocrystllamisotropy able to overcome the

demagnetizing effectX >> (,uOMSZ)/4.
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Figure 1.19— Demagnetization curve, working point P and ep@mduct BH).., of a magnet.
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The first theoretical model on systems having gl anisotropy is due to Kneller and
Hawind™®. Their work underlines the role played by the mstructure and the relative phase
sizes in the developments of good exchange coujletgeen phases. This one-dimensional

model considers a soft layer sandwiched betweenhiavd layers with thicknesd, and d,

respectively (Fig. 1.20) exchange coupled at therfiace.

Figure 1.20— Schematic representation of the system studidthieller and Hawing.

The domain wall energy is given by the anisotropgl the exchange energies that are defined

respectively as

E, =Ksin’d (1.31)

_(dwY
E, = A( dxj (1.32)

where thex direction is perpendicular to tlzdfield axis, 6 is the angle between the direction of
the magnetization vector and the easy axisyargdthe angle between the magnetization and the
z axis.

The domain wall energy per unit area, in a homogesenaterial, is defined as:
T 2
y=0K +JA 3 (1.33)

whered is the wall width. At the equilibrium, the wallithkness isd, = 77( A/ K)l'2 and the

corresponding energy iy, =2ﬂ(AK)lI2. Indeed the relative thickness of the hard and sof

1/2

phases at the equilibrium are respectivély=77( A, / K, )" and & .= (A 1 K ).
If the soft layer thicknessl, is such thatd, = J,, >> J,, the application of a field induces

a reversible continuous rotation of the momentshim soft layer with the angle of rotation

increasing with increasing distance from the haget. In effect the moments are free to rotate
in the inner part of the soft layer, while they aoenpletely pinned at the interface with the hard
layer due to its strong anisotropy (Fig. 1!#1) This feature can be reproduced within the

simple picture of a domain wall.
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Figure 1.21 — (a) Easy axis magnetization curve, (b) and @ematic representations of the twisting of
magnetization in the soft layer along the reveestiranch of the hysteresis cufve

The field at which a first departure from saturatteakes place is callezkchange-bias field

and can be expressed as follow:

”2
H, = ZM'EZ (1.34)

This field is independent on the thickness of taedHayer as long ad, >= 39, (3],

The moment orientation in the hard phase remaichamged until the wall energy density
in the soft phase overcomes the equilibrium wadlrgy density in the hard phase. At this point,
the wall formed in the soft layer becomes progredgicompressed at the soft/hard interface
until it penetrates into the hard layer giving rieea full irreversible moment rotation. The field
at which this rotation occurs is calleticleationor propagation fieldand its intensity is
strongly dependent on the soft layer thickness.

Figure 1.22 reports the behaviour of the reducedeation field as a function of the soft
layer thickness as evaluated by Leineweber and mditler™” through a micromagnetic

approach.
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Figure 1.22— Behaviour of the nucleation field normalizedthe anisotropy field as a function of the soft faye
thickness normalized to the domain wall width af trard phase for a Fe/p B exchange spring magfét
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From Fig. 1.22, three regimes can be identified:

1. for d, << 9,, the nucleation field is independent from the $afer thickness and coincides

with the value of the anisotropy field. The hyssesdoop is completely irreversible with the

presence of only one critical field as in the caba single-layer hard magnet. This is the

“hard phase reginfecharacterized by a saturation magnetization andaeation field that

can be evaluated through the weighted average ef sdituration magnetization and

coercivity respectively of the single layéts

dM!+d M3
d, +d,

M = (1.35)

i )
2. for d, a few times the, , the nucleation field rapidly decreases by indreathe soft layer
thickness. The hysteresis loops show two critieddl§, the nucleation and the exchange one,
and are characterized by both a reversible andrawersible component. This regime is
called ‘exchange-coupled regirheThe hysteresis loop and a schematic image of the

magnetic structure are reported in Fig. £%3

Figure 1.23— Magnetization curve and schematic images o€tiieesponding magnetic structut&s
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3. for d, >>9, the two phases are completely decoupled, and dlckeation field decreases
with an inverse power of the soft layer thickneissfutef'":

1.750 for multilayers
H,/H,~d. with c = 0.762 for cubic soft inclusions (1.37)
0.701 for spherical soft inclusio
The decrease of the coercive field strength andntrease of the remanence ratio are due
to the exchange interactions between nanopartidleseffect, the interparticle exchange
interactions, which favour a common parallel aligminof the moments, compete with the
anisotropy which on the contrary favours their uidilal alignment along the easy

magnetization direction of each crystallite.
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Chapter 2

Experimental Techniques

In the present chapter an overview is given ofrtfagn experimental techniques employed
in this thesis for the growth and characterizatbrmagnetic thin films and exchange-spring
magnets.

The growth of the films has been carried out withUHV e-beam evaporation technique
available at the Surface Laboratory of the Unitgref Parma. Since the microstructural and
magnetic properties of thin films are strongly degent on the growing techniques and the
energies involved during the deposition process tiims have also been grown with a rf
sputtering system available at the IMEM-CNR of Parm

The microstructural and phase analysis have bealized through conversion electron
Mossbauer spectroscopy (CEMS) in high vacuum ugif§ mCi°’Co(Rh) source. Thgrays
incident angle was 20The spectra were fitted using a least squaresmzation routine with a
combination of linear and nonlinear regressionse @omer shifts]S, are referred ta-Fe.
Morphology and magnetic domain configuration stadiave been performed using an UHV
atomic and magnetic force microscopy (AFM-MFM). Timagnetic properties of the samples
were measured using a Magneto-Optical Kerr EffSSDKE) magnetometer with He-Ne laser
light (Chapter 3). All these techniques are avé@ath the Surface Laboratory.

The X-ray diffraction (XRD) patterns were recordgdhe Department of Metals Science,
Electrochemistry and Chemical Techniques of Unitersf Bologna using a computer-

controlled goniometer and Cug)Kradiation.
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2.1 UHV e-beam Evaporation

The evaporation technique allows a controllablagfer of atoms from a heated source to a
substrate located a distance away, where the fitng and grow¥!. The thermal energy is
imparted to atoms in a solid source such that teenperature is raised to the point where they
either evaporate or sublime. The main reason ®attendancy of evaporation methods are the
better vacuum and cleaner environments for filmmimion and growth and the general
applicability to all classes of materials.

The evaporation rates are proportional to the wiffee between the equilibrium pressure
P., of the material at a given temperature and theérdstatic pressuré®;,, acting on the
evaporant. The maximum evaporation rate is achievleeh the number of vapour molecules
emitted corresponds to that required to exert thilibrium vapour pressure while none return:

_a.N,(R-PR)

e

where @, is the evaporation flux in number of atoms pet anea and per unit time, arr is
the coefficient of evaporation, which is in betwee values of 0 and 1. Whem, =1 and
P, =0 the maximum evaporation rate is realized. The\ayable influencing the evaporation

rates is the temperature since it affects the #giuim vapour pressures. In particular, the
element sublimation is achieved only when a sufity high vapour pressure (greater thai 10
torr) is reached by the material below the melpiogt.

The deposition of thin films involves considerationboth the source and the substrates
upon which the evaporated atoms impinge; in eftaet source-substrate geometry strongly

influences film uniformity. The mass deposited peit area is given by:

S

dA m?

dM, _ M cosp co®

(2.2)

where dM, is the mass that falls on the substrate of at&kg M, is total evaporated mass,
the source-substrate distance and thandé@ angles are the evaporated emission and the
deposition/receiving angles respectively [Fig. &)1L(

In real systems it has been found thatog' ¢ evaporation law is more realistic, wheres

a number that determines the geometry of the vaptoud and the angular distribution of
evaporant flux from extended sources [Fig. 2.1(BYjysically this number is related to the

evaporation crucible geometry and scales directith #he ratio of the melt depth to the melt
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surface area. Deep and narrow crucibles are clesized by largen and promote a strong

confinement of the evaporated materials in a naaogular spread.

Figure 2.1 — (a) Schematic representation of evaporation fsumiace source. (b) Calculated vapour clouds with
various cosine exponents.

The film thicknesd is then given by:

e 2
% [1+(1/n)]
where the variables are defined in the inset in Ri@(a). The maximum thickness is

achieved forl =0. The geometrical dependence of the film thicknesformity must be taken
into account when designing source-substrate gegniBie uniformity can be also promoted
by rotating the substrate.
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Figure 2.2— (a) Film thickness uniformity. (b) Schematic regentation of an e-beam gun.

Compared to the resistively heated evaporationcesiithes-beam heatingliminates the
disadvantages of contamination by crucibles, heaead support materials. The purity of the
evaporant is assured because only a small amoumatgfrial melts or sublimes.

Electrons are thermionically emitted from heatddnfients that are shielded from direct
line of sight of the evaporant charge [Fig. 2.2(Bhe cathode potential (3 — 20 kV) is biased
negatively with respect to a grounded anode andeseto accelerate the electrons. Both

magnetic and electric fields can be used to fooastbeam on the material to be evaporated.
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2.1.1 Nucleation and Growth of Thin Films

Three different mechanisms of film formation can distinguished depending on the
strength of interaction between the atoms of tha find the substrate: théan der Merwe
mechanisncharacterized by a layer by layer growth, th@mer-Weber mechanisthat is a
three dimensional nucleation, forming, growth armhlescence of islands ar@transki-
Krastanov mechanisncharacterized by the adsorption of a monolayer ted subsequent
nucleation on top of this layer.

The Volmer-Weber mechanism is the most commonlg tyjpgrowth and it can be divided
into stages: (i) the nucleation during which snmaitlei are formed statistically distributed over
the substrate surface, then, (ii) after a certa@incentration of nuclei is reached, additional
particles do not form further nuclei but adheréht® existing ones causing their growth with the
formation of larger islands and finally (iii) thea@escence of the islands with the formation of a
more or less connected network containing emptyhcbs. The different stages of thin film

nucleation and growth from the vapour phase aresstszhematically in Fig. 2.3.

Desorption

Adsorption

Surface
diffusion

errh s

Nucleation

Substrate surface

Figure 2.3— Events in vapour-phase thin film growth process

The evaporant atom is attracted to the surfacéhéyrtstantaneous dipole and quadrupole
moments of the surface atoms, being physically ddsb@datom$. This atom can move over
the surface qurface diffusioh by jumping from one potential well to another dease of the
thermal activation and/or its kinetic energy. Farthore, this atom can be chemically adsorbed
or can meet another particle forming a pair witbweer re-evaporation probability than a single
particle. It is to be noted that the adsorbed gartends always to occupy the state of minimum
energy and thus to be localized in some adsorg@dnts. To jump to another surface potential
well it must overcome a certain potential barribe@ctivation energystrongly influencing the
surface diffusion. If two adjoining nuclei, formég several particles, are at a distance equal or
lower than the mean distance that a particle carmenan the surface from the point of
incidence, the formation of additional nuclei isggted and all other particles will join existing

islands.
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To ensure the formation of condensation nuclei,ab@poration rate must be sufficiently
high, otherwise the migrating particle on the scefanight re-evaporate before meeting another
particle. The ratio of the impinging flow to the-egaporation flow is calledupersaturation
The condensation depends mainly on the ratio of twantities: thedesorption energy
characterizing the binding of impinging atoms ore tbubstrate and thsublimation heat
determining mutual binding of the condensing atothshe desorption energy is much lower
than the sublimation heat, the condensation oaeith®ut supersaturation and the coverage is
high, if the two quantities are comparable the emsdtion occurs at a moderate level of
supersaturation. Finally if the desorption eneggyniuch higher than the sublimation heat only a
very small coverage is achieved.

The growth rate of an island is limited by the stowef the two processes cooperating in
the growth: the surface diffusion and the interfa@@sfer. The final coalescence can proceed in
three ways:

- The Ostwald ripening: when particles with differeadii are in contact, a larger nucleus
forms at the expense of a smaller one. This prosessore important for annealing after
deposition than during deposition

- The coalescence due to mobility of islands

- The coalescence by growth: if two growing parsdeuch each other, they can either retain

their shape (sintering or agglomeration) or thay c@alescence into a single one.

2.1.2 Crystallographic Structure of Thin Films

There are essentially three different groups afdil amorphous, polycrystalline and
monocrystalline. Amorphous filmsare characterized by a low surface mobility of cabled
atoms so that the disordered state is frozen bdfweparticles are able to reach the most
preferable energetic sites. The amorphous state isetastable state and the films easily
recrystallize.

Polycrystalline filmsare systems characterized by a highly disordetet,swhere the
directions of the crystallographic axes of the ipbe$ are randomly oriented. In these systems,
despite the high degree of disorder, there mayt exisew preferred orientations of the
crystallographic axes, these directions are caldbezbs of texturelf a unique texture is present,
the film ismonocrystalline

The formation of monocrystalline films usually oronocrystalline substrates is called
epitaxy The resulting orientation of the film dependseich case on the crystal structure and

on the orientation of the substrate. A fundamepsahmeter of epitaxial growth is the substrate
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temperature. For every pair of materials a certitical epitaxial temperature exists, in
addition this temperature depends on the evaporatite, which influences the time for an

adatom to jump into a position of equilibrium befa@o collide with another particle.

2.2 Conversion Electron Mdssbauer Spectroscopy
(CEMS)

The Moéssbauer effect represents the recoil-freéeaucesonance emission and absorption
of gamma rays of atoms bound in solids. The prdivalif this effect is a function of the
temperature, i.e. of the mean squared vibrationgplitude of the emitting nucleus in the
direction of they-rays and the energy of therays, i.e. of the recoil energy of free atéifs
Whenvy-rays are emitted (or scattered) by an atom bouorsbiids, if the recoil energyeg) is
larger than the binding energy (~25 eV), the atdihbe displaced from its lattice site. H is
lower than the displacement energy but larger thanphonon energy (~fCeV), it is mostly
converted into lattice vibrational energy. Howe\viethe recoil energy is lower than the phonon
energy, a hew phenomenon takes place since tleel&ta quantized system which cannot be
arbitrary excited. The emission gfrays can only be accompanied by transfer to thid s
integral multiples of the phonon energy. Thereftirere is a probability, calledrecoil-free
fraction or Lamb-Mossbauer factoor Debye-Waller factgrthat no transfer of energy occurs

during the emission or absorption pirays gero-phonon enerdy This probability can be

E. (3 mT?
f:eXp|:—k®R (E+ o2 ]:| (2.4)

expressed as:

for T <<©, (the Debye temperature), and as

f :exp(—EEng (2.5)
B~D

for T>0,, k; is the Boltzmann factor. From the above expressibis possible to conclude

that the lower is the recoil energy i.e. the traosi energy between two nuclear states, the
higher is the recoil-free fraction. This also irases with decreasing the temperature while
decreases with decreasi@y, .

In they-emission process when the lattice is not excitesl Jinewidths are only determined

by the widths of nuclear levels involved in thensiions (~10 eV fort ~10” s). This means
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that, for energy of 10 keV the ratio of the width the total energy of therays is ~10%
Therefore the zero-phonon-radiation is the mosuiately defined electromagnetic radiation
available. Moreover the linewidths associated whil effect are smaller than the characteristic
energies of interaction of nuclei with the surroumgdchargeshyperfine interactions i.e. those
arising from the coupling of the nuclear magnetfote moment with the magnetic electrons or
those due to the coupling of nuclear electric qupdie moments with the crystalline electric

field gradient.

2.2.1 Hyperfine Interactions

Isomer Shift: Electric Monopole Interaction

The nucleus in an atom is surrounded and penettatezlectronic charges with which it
interacts electrostatically. The electrostatic ©oub interaction between the nuclear charge and
electrons inside the nuclear region is usuallyecedlectric monopole interactiorA change in
the electron density and in particular sielectron density will result in an altered Coulomb
interaction which manifests as a shift of the naclevels. The difference between the energy
shift in the source and that in the absorber caméasured through the isomer sht If the
absorber is chemically or physically different fraime source the electron densities at the
Mossbauer nucleus in source and absorber will béferent values.

Therefore the isomer shift can be expressed as:

w.(0) ~|w. (9 [(R - R) (2.6)

where e and g indicate excited and ground states,and a mean source and absorber

|s=%”zé[

respectivelyR is the nuclear radius anele|z,l/(0)|2 is the electronic charge density.

OQuadrupole Splitting: Electric Quadrupole Interacti on

The quadrupole splitting is the result of the iatdion (calledelectric quadrupole
interaction) between the nuclear quadrupole mom@&nand an inhomogeneous electric field
described by the electric field gradient at thelews. The nuclear quadrupole momeéhnts a
measurement of the deviations from spherical symyratthe nuclear charge distribution of
states. Flattened nuclei have negative quadrupolaents while elongated nuclei have positive
moments.

The eigenvalues of the corresponding Hamiltoniamtaias only the second power of the

nuclear magnetic spin quantum numbmar and therefore states whosg differ only in sign
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remain degenerate. In a 3/2 1/2 transition, the electric quadrupole interatctgves rise to a

doublet in the Mdssbauer spectrum (Fig. 2.4), withseparation between the lines given by:

1
e€qQ(. , n* )
AE. == 141 2.7
. 2[ g (2.7)

wherey is an asymmetry parameter representing the aetdittd gradient.
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Figure 2.4— The effect of the electric quadrupole interatiom the nuclear energy levels for a 3421/2 transition.

The principal sources of the electric field gradiare the charges in incompletely filled

shells and the charges surrounding the MOossbaoer &tth non-cubic symmetry.

Magnetic Splitting: Magnetic Hyperfine Interaction

A nucleus with spin quantum numbker 0 has a non-zero magnetic dipole moment which
may interact with a magnetic field at the nucleus. This nuclear Zeeman effect isomsple
of the nuclear state splitting with spin quantunmber| into 2+1 non-degenerate and equally
spaced substates (Fig. 2.5). The allowed transitimiween the levels of the excited state and

those of the ground state are those obeying tleetsah rules.
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Figure 2.5— The effect of magnetic splitting on the nucleaergy levels for a 3/2> 1/2 transition in the absence of
quadrupole splitting. The magnitude of the splgtia proportional to the total magnetic field at thucleus.
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For a 3/2— 1/2 transition, the relative intensities of the sansition lines are given by the
Clebsch-Gordan coefficients and depend on the @nlgétween the incidentray direction and

the nuclear magnetic moment. From lowest to highastgies the relative lines intensities are

in the ratio 3:x:1:1:x:3 where x:4S|—nzg. For random orientation of the magnetic

1+cosd
momentsx = 2, for planar easy axis =4 and for a perpendicular anisotropy=0.

The observation of magnetic hyperfine splitting Ig$e useful information about the
magnetic order, the direction of easy magnetizatitbe magnetically non-equivalent lattice
sites, the size of magnetic interactions, etc.

In general both magnetic dipole and electric qupdi®i effects are present and this results
in an asymmetric sextet (Fig. 2.6).
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Figure 2.6— Nuclear energy level splitting in the presentkaih magnetic and electric quadrupole interagion

2.2.2 Scattering Technique

A Mdssbauer experiment consists in detecting tserrant excitation of nuclear states by
means ofy-rays of appropriate energy, emitted by a radivacsiource in a recoil-free fashion.
The majority of experiments are performed in traission geometry; this has the disadvantage
to necessitate the use of thin foils or powders.

The scattering technique is a non—destructive wgoth allows investigation of materials
of nearly any shape. In these experiments it isipessto measure therays re-emitted by the
resonant absorber, the X-rays or the electronstesniia theinternal conversion proceg§ig.
2.7).

Depending on the kind and energy of the detecteliatian, i.e. depending on the
penetration power, spectra of surface layers d¢dint thickness can be obtained. Moreover, in
the case of the conversion electrons emergingeasuinface, by selecting particular energies, it
is possible to analyse at different depths, layeith thicknesses lower than their maximum
penetration power. For the electron ranges, thewulimit is the estimated maximum thickness

for stopping all electrons and the lower limitli telectron mean free path.
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conversion electrons
K 7.3 keV
L 13.6 keV
M 14.3 keV

Auger electrons

KLL 5.4 keV
LMM ~0.6 keV
MMM < 15eV

shake-off electrons

14.4 keV y-rays
ABSORBER

X-rays, various energies

Figure 2.7— Decay scheme of&e nucleus after a resonant absorption of an intig@mma photon.

The analysis for different depths is performed lmghbselecting electron energies and
selecting the direction of detection. In effeck #lectrons are emitted isotropically but electrons
of a given energy detected along the normal testhéace come from deeper regions than those

detected at grazing angles.

2.3 UHV Atomic and Magnetic Force Microscopy
(AFM-MFM)

Atomic and magnetic force microscopy allows thel@ation of local properties through
the measurement of the deflection of a probe tip tuthe interaction with the sample surface.
The result is an image that represents respectithelyopography and the magnetic pattern of
the sample. The resolution is mainly given by thesample distance.

The more commonly used measurement method isgfing modewhere the cantilever
is mechanically forced to oscillate at its resomafrequency above the sample surface. The
interaction with the sample surface induces a pluasan amplitude shift of the cantilever
oscillation.

The cantilever deflection is detected through aticap system constituted by a laser

focused onto the tip and a position sensitive detdormed by four photodiodes (Fig. 2.8).
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In the AFM, the tip is integrated into a cantilever -
it five |

(usually in Si-oxide or Si-nitride), which is defted by =7 > '9233';1'1';;9 ( laser
the sample-tip interaction due to electric and Vd@m cormputer ]

Waals short-range forces. On the contrary in theviMF f;;

o . : : ] spring
the tip is covered by a thin magnetic layer andithage ;-*' cartilever

arises from the interaction of the tip with the metc L-—'i

sarmple
stray field of the sample. This is possible whee tip

. _ _ _ Figure 2.8 — Schematic representation
experiences a gradient of the field perpendicubathie of the optical system for the detection

sample surface, i.e. when it passes between twositep ofthe cantlever deflection.
domains with perpendicular magnetization. Sinces¢hforces are of long-range interaction
type, the magnetic image is performed at a grefgesince from the sample surface with respect
to that normally used in AFM. The possibility torfmem measurements at different heights
from the sample surface allows to record MFM imageaffected by the sample morphology.
Unfortunately the MFM signal is proportional to theoduct of the probe moment and the
sample field gradients so that it is impossiblesitmultaneously maximize the resolution and
field sensitivity. High resolution demands a smakgnetically active volume of the probe,
which leads to low moments and consequently toilgesaction.
Performing MFM in vacuum conditions enhances theimiim detectable frequency shift
of the cantilevd?”, i.e.:
k,TBf,

mein = 2—
A cQ

(2.8)

wherek; is the Boltzmann’s constari,the temperaturé3 the bandwidth of the measurement,
f, the resonance frequency of the cantileXethe amplitude and the spring constant.

The minimum detectable force gradient is given by:

"_F ~2c9t 2.9)
oz|, f

0

Since the shift in frequency f depends on the quality fact@ of the resonance curve, the

sensitivity increases under ultra-high vacuum comas since air damping is greatly reduced.
Moreover it becomes possible to perform measuresnehsurfaces without protection layers
and to reduce the effective tip to sample distancesasing the measurement resolution and

sensitivity.
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Chapter 3

Magneto-Optical Kerr Effect (MOKE)

The magneto-optical Kerr effect arises because nofoptical anisotropy of magnetic
materials induced by the magnetizatidn This anisotropy alters the state of polarizatbra
linearly polarized light incident on a magneticfage and induces, upon reflection, an elliptical
polarization with a rotation of the major axis. finst approximation the Kerr rotation and
ellipticity are linearly dependent on the magndimg thus by measuring the change of the light
polarization as a function of an applied magneigtdf a magnetic hysteresis loop can be
obtained.

MOKE has emerged as an important technique intthdy ©f surface magnetism since it is
highly sensitive to the magnetization within thestfiten nanometers. Other advantages of the
MOKE include high accuracy, high temporal and spaésolution and simplicity.

The main applications are the determination of teb@ic structure, observation of
domains, investigation of oscillations in the cdogl between ferromagnetic layers via
intercalated non-magnetic metallic layers, and istdof two-dimensional Ising model
behaviour of ultrathin layers. Furthermore MOKE lias advantage of a small sampling area,
whose dimension is determined by the size of teerlaeam. By using highly collimated laser
spot, the uniformity in the magnetic propertiesta film surface and the magnetic properties of

single elemental dot arrays in patterned systemal&owed to be measured.
Since the Kerr rotation anglg, and ellipticity £, are typically small, i.e~10" rad,

optimization of the signal-to-noise ratio (S/N)visry crucial. Part of the Ph.D. work has been
devoted to the increase of the (S/N) ratio, to ¢hébration of the Kerr angle and to the
development of software for data acquisition alloyvi different types of magnetic

measurements to be performed.
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3.1 MOKE Principles

Light is a transverse electromagnetic wave whiai loa optically manipulated into plane,

circularly or elliptically polarized light. Genetgl the plane of polarization is the plane

containing the electric fiel& and the direction of propagation. If the elecfiiétd is polarized
in the plane of incidence, it is referred @polarized light; conversely if the electric fiels
perpendicular to the plane of incidence it is neférass-polarized light. The plane of incidence
contains both the incident and the reflected Itggam.

The microscopic origin of this effect lies in tharsorbit coupling due to the interaction of
the electric field of the light with the electropiis wavefunctions of the magnetic medfeif’.
Formal approaches for calculating magneto-optididces are based on a dielectric tensor
theory???! Linearly polarized light can be decomposed int@ht and a left circular polarized
mode, RCP and LCP respectively. If the light ideeted from an isotropic and homogeneous
material, the indices of refraction for the twoccilar modes are the same and therefore no
rotation or ellipticity result. This occurs sindeetreflecting surface is a plane of symmetry for
the system.

An anisotropic medium characterized by differerdices of refraction for the RCP and
LCP modes, induces linearly polarized light to breecelliptically polarized with a rotation of
the major axis. This rotation is caused by theed#ht phase shift of the two modes and is
linked to the real part of the refraction index. @ contrary, the imaginary part of the
refraction index causes ellipticity because of difference in the absorption rates of the two
modes. In other words if pepolarized light is reflected from a magnetic soefathe reflected
light has ap-component as in the ordinary reflection but, irdiidn, a smalls-component
appears being out of phase with the reflegg@mponent (Fig. 3.1). Thus the magneto-optic
response of a medium measured with MOKE consisteofparts: a change in the polarization
of the in-phase component of the reflected lightcilyives rise to the rotation and a change in
the polarization of the out-phase component thases ellipticity.

In a magnetic medium the time-reversal symmetrgrisken and separated wave vectors
are required to describe the propagation of paddrilight with left or right helicity. This
introduces off-diagonal elements in the dielectansor. Assuming that the direction of the

magnetization and the incoming light are both nénmahe sample surfacem = m, =0, the

dielectric tensor can be written as:
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EMllz)=|-&, &, (3.1)

xy

0 0 &

In this form, the tensor cannot be diagonalized @ it affects the propagation of the two
RCP and LCP modes.

Macroscopic descriptions of the optical and magtogitiical response relate measurable
parameters such as reflectance and polarizatiamgelsato generate parameters that describe the
media response (the dielectric tensor or the imaferefraction). The formulas are based on
Snell’s law and utilize Fresnel transmission arftation coefficients. Zak and co-work&rg”
have derived such expressions for the ultra-tim fiegime and more generally to multilayer
configurations. They solved the boundary problervben different magnetic layers through a
4 x 4medium boundary matriwhose elements are constructed from the geonagigtes of the
problem, from the index of refractionand from a magneto-optic const&hthat accounts for
all the gquantum-mechanical effects responsible N@DKE i.e. the spin-orbit interaction.
Furthermore, if there is more than one boundarywhve propagation inside of the medium at
depthz from the interface is described usinghadium propagation matrix he final goal is to

obtain the Fresnel transmissiband reflectiorr coefficients.

Figure 3.1— Schematic representation pf)(s-polarization of the incident light and the norraald Kerr components
of the reflected light.

The Kerr effect given by the Kerr rotation and @ltity for p- ands-polarized light are

then expressed as:

I
@, =08 +igg = (3.2)
Fop
S HPS] rDS
¢S:9K+I£K:_ (3-3)

r

Ss

wherer; are the reflection coefficients that depend batht® index of refraction of the media,

and on the angles of the light wave vector, meakstn@n the normal to the sample surface.

Notice that ther, andr_, elements are the coefficients signifying how muchhe original
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polarized state is only reflected, while the ofagbnal elementsy, andr os dive rise to the net

rotation and elliptical polarization induced by tihagneto-optical Kerr effect.

3.2 Geometric Configurations

There are principally three Kerr effects which alassified depending upon the geometry
employed during the measurement (Fig. 3.2). Thesilaation depends on the orientation of
the magnetization with respect to the incident dngdsample plane.

In the longitudinal Kerr geometry, the magnetizatis in the plane of the sample and
parallel to the incident plane. In this geomettye Kerr effect is linearly dependent on the
incident angle of the light respect to the sampildage, indeed it is possible to enhance the

longitudinal MOKE signal by increasing this angléh the limit of ultra-thin films

(2771nmed|d /A <<1 where n_, is the refractive index of the magnetic layer witihcknessd
and/ is the wavelength of the polarized ligff)

41 n

Wongitudinal = (Tﬁj QdH (34)

sub

where ng,, is the refraction index of the substra@,is the magneto-optic constant of the

magnetic layer and is the angle of incidence measured from the sanfexmal.

Longitudinal MOKE Polar MOKE
g Plane of incidence
\ ‘ /}m of incidence \
Sample surface Sample surface
- - Transverse MOKE M
Plane of incidence

N

Sample surface
M

Figure 3.2— Longitudinal, polar and transverse Kerr geometry

In the polar geometry, the magnetization is perjmmar to the sample plane and parallel
to the plane of incidence. In this configuratioe tkerr effect is practically unaffected by the

incident angle (for small angles) of the ligAt
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Finally in the transverse geometry, the magnetimatis in the sample plane but
perpendicular to the incident plane. In this lastfiguration, no change of the light polarization
occurs upon reflection. This can be understood siynale picture where the electric field of the
light can be thought of as exciting the electrooghat they oscillate parallel to the incident
polarization. This gives rise in the reflected tigh the normal component, which has the same
polarization of the incoming light.

The Kerr component arises because of the Loremtz fthat induces a small electric field
component perpendicular to both the normal compibaed the direction of the magnetization.
In the longitudinal and polar Kerr effects tipe or s-polarized light becomes elliptically
polarized with its major axis rotated. The Kerreeff decreases as the angle of incident
approaches the normal to the film plane in the ikognal geometry because either the Lorentz
force vanishesptpolarization) or points along the direction ofHig(s-polarization). On the
contrary, polar Kerr effect is a maximum for normiatidence because in this case the
magnetization is out of the film plane and a Lozdotce always exists at normal incidence: the
polar effect becomes independent on the incidelatrigation. The transverse effect involves no
change in the polarization state since there id.oi@ntz force presentsfolarized incident
light) or the induced componenp-polarized) has the same polarization of the inuide
polarization. This last case involves only a chaimghe intensity of the light that depends upon
the component of magnetization perpendicular tgtaee of incidence.

The longitudinal and transverse geometries are ueedtudy the in-plane magnetic
anisotropy, whereas the polar effect is helpfulthe study of systems with perpendicular

anisotropy.

3.3 MOKE Magnetometer

The schematic representation of the MOKE set-upeported in Fig. 3.3. The light is
provided by an intensity stabilized, linearly pated He-Ne laser (20 mW, 632.8 nm), whose
polarization (eithep or s) is controlled by a Glan-Thompson polarizer modnte a computer
controlled micro-stepper rotator. The Glan-Thompgmbarizers are made of optical grade
calcite in the form of a cube sliced diagonallylstitat the transmitted light is polarized along

the optical axis and the rejected beam is polanmgendicular to the transmitted one. This last
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beam is not used during MOKE measurements and ithidocked by ground black glass
cemented onto the calcitg-polarized light was preferentially used to minimigignals caused
by the transverse Kerr effect. These can be cabgesbme small remnants pfpolarization.
The light is then focused onto the sample. Thesctdld light passes through a photo-elastic
modulator (PEM) that modulates the polarizatiotigiit at 50 kHz, and then through a second
polarizer indicated as analyzer whose optical ageixed at 45°. The signal is measured
through a Si-photoconductive diode.

The signal is then amplified and sent to a lockpirase detector triggered at the PEM
modulation frequency or at twice this frequencyndmber of experiments were performed by
examining the hysteresis loops at different amglifind time constant settings to ensure that

they had no other unwanted influences on the magsighal being measured.

Semple REM (M)

F’%/\ A

La) j Photodiode

A: analyzer Amp
P: polarizer
PEM: photo-elastic modulator

Lock-in

Figure 3.3— Schematic representation of the MOKE magnetamete

The magnetic field is provided by a computer cdigtbelectromagnet (Walker Scientific
Inc.) whose air-gap is regulated to give a unifanaximum field of 15 kOe calibrated through
a Hall probe.

The MOKE software allows the control of the magtiwbugh serial port communication
and the data acquisition through a NIDAQ acquisittard. Assuming that both Kerr rotation
and ellipticity are linearly dependent from the metization the plot of the lock-in output with
respect to the applied field represents the mazpiein behaviour as a function of the applied
field.

The sample is mounted either on a micro-rotatoraandcro-positioning allowing a precise

positioning of the sample either parallel or peeunlar to the magnetic field.
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3.3.1 Modulation Technique

The photoelastic modulator (PEM) is constitutedabyoptical and an electronic head. The
optical head consists of a block of optically ispic crystal and two piezoelectric transducers
that create stress alternation at the resonangadneyf = 50 kHz. This optical head is driven
at the resonance frequency through a voltage thgiven by the electronic head. This stress
alternation induces a different index of refract@ong the stress-axis direction allowing the
PEM to periodically retard the phase of one lingalarization component with respect to the
orthogonal linear component. In effect, along tinaised direction a time-dependent phase shift

¢ =¢,sin2rft at frequency = 50 kHz between the incoming light polarizatiamponents is

induced. The optical response, treated in the Jdoesalism for each optical element is
reported in the follow.

If the polarizer transmits onlg-polarized light Ji,), the polarization statd,, at the

111 1f[e’? 0 ||r, 1
Ji =AM MSI, == , ® ¥ 3.6
det ( N in 2 |:1 1:| |: 0 e_|¢/2 r r 0 ( )

ps PP

detector is:

whereA is the matrix representing the analyzer with psical axis set at 45M is the PEM

matrix andS is the sample matrix. The light intensity measurgdhe detector is:

|, = |r35|2 +2Ir SJZ (—BSKcoay) -5 sir¢) (3.7)
where the small quadrat’csp‘2 and‘rpfterms have been neglected. Using the Bessel funsctio
J,, sing andcog can be expanded up to the second harmonic moollétequency. The
|rss|2 term represents only a DC compongnof the signal, by normalizing the light intensity

the measured fundament(al ) and second harmon{@f) quantities are:

Iout(f): _4‘]l(¢0)£i . Iout(Zf): _4‘]2(¢0)9f<
I 1_2Jo(¢0)9;, I 1- 2Jo(¢o)0;

For ¢,=140°, J,=0 and the denominator becomes equal to 1, and trel 2 Kerr

(3.8)

signals are rigorously proportional to the Keripgitity £; and rotationd; . Other important
values forg, are 108° and 175° which maximize tdgand J, Bessel functions respectively.

Figure 3.4 shows a schematic explanation of theoreagy thef and 2 components of the
detected signal represent Kerr ellipticity and tiotarespectively®. Curve (a) shows the time

dependence of the retardation produced by the PEMW, + 77/ 2, the maximum and minimum

of ¢ correspond to circularly polarized light. Withautigneto-optic effects, the vector loci of
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the electric field are illustrated in (b). The pmcjion of this field along thex-axis
(corresponding to the optical axis of the PEM) iastant against time (c). When a difference
between phase shifts of the right and left cirdulgolarized light exists, the plane of the
linearly polarized light rotates (Kerr rotation)oglucing a change of only tixeprojection of the
electric field with the appearance of scemponent (e). No changes of the electric fieldaec
loci occur (d). On the contrary, if ellipticity isresent, the vector length of RCP and LCP
become different (f) resulting in the appearancafafomponent in th&-projection (g).

(a) retordaton i
| I/2p I/p

Without tha magnetc-optical effect

= 10B84a8ad

c] x-projecton

o |/ 2p I.:fp
With the Kerr rolation

“== (ARACARAD
ajildlgidlilie

(e} x-proj.

P

o 1/2p I /p
with RMCD

"= 000000000

R e

o le2p b/p

Figure 3.4— Schematic illustration of the effect of the miador on the detected MOKE signal.
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3.3.2 MOKE Acquisition Software

The software has been written to automate the msysteMATLAB language and then
converted into a C-language executable, it is friemdly and straight forward to use. The

software (Fig. 3.5) is constituted by a series oiticm panels.

Moke Seofiware | Roberta Ciprian

Demagnetized Sample
First Magnetization Curve

Point Step IRM Minor Loops

r“éu- -

Y Z os

[ =
Chan Nambay E DCD Femanence Curves

E 04 i [0 Fieldster (M)
ral—l_ysterems Loop o ]-—5—-- Rzngﬁlxlssetfgcles i
H* Loops Demagnetizing Field,
I~ Soft Mat 0 i i ; i [ 01 152&2]]31)11}113
o 0.2 04 0.6 0.8 1
DR HrorEoag Ieasurement Statu i

[& ] | ‘ [ STATIUS ET:{wiiny || 0 || Cushesiloop:| 1 | o

Step Foints = ] o o dome ]-—D—- rivrerit arinal ]T L

Figure 3.5— MOKE acquisition software.

The Measurement Parameters panelallows setting a number of user-adjustable
parameters. The main ones are:

- File Name: data are stored in txt files with the chosen fiere followed by a number
indicating the number of loop, recoil or minor logken. The possibility to save data after
each measurement cycle allows to perform long-tm@suming measurements avoiding the
loss of all the work if a black-out occurs

- Chan Numberis the number of points acquired for each hysteresip, typically 124 points
are taken. The only limitation to the number ofrsiis given by the minimum voltage
corresponding to the lowest sensitivity of the netgrower supply (0.02 V).

- Wait-Time:is the time in second that allows the stabilizatwd the applied field. This time is
influenced by the time constant set on the lockiiat determines the time necessary to the
instrument to stabilize on the real value of thépatisignal. Moreover this time combined
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with the point number determines the field swedp.rH this time is not properly selected an
overestimation or an underestimation of the timpeshelent magnetic properties (in particular
of the coercive field value) occurs.

- Int. Time:is the integration time i.e. the time of measuretnfieneach point of the field ramp.
Since the sampling frequency has been set at 1tkdzoftware makes an average of all the
acquired data during the integration time. If tiise is much greater an error occurs because
of the electronic and thermal noise.

- V max: is the maximum voltage applied to generate th& firamp. Its value is only
determined by the sample since it represents tid fiecessary to lead the sample in the
saturated state.

The types of measurement that can be performed are:

Hysteresis Loops

A number of hysteresis loops in sequence can barachallowing to reduce the electronic
and thermal noise in the measurements.

Each loop starts with the sample in the saturatatd shat can be achieved through the
Saturating Field panelthat asks for the voltage to be applied. A floagilam of the hysteresis

loop measurements is reported in Fig. 3.6.

Configuration of Setting of the Creation of the Sample
Daq Res¢ »  analogue —» | Mmeasurement »|  Field Ramp I Saturation
inputs/outputs and parameters
serial ports
v
Data Polarity ) Starting Number of
Acquisition | Inversior Measuemen 7 Loops
l 4 | T

Sae File

Figure 3.6— Flow diagram of the hysteresis loop measurements

First Magnetization Curves:

This type of analysis gives information about thechmnism controlling the coercivity (see
1.6.3 Section). Before starting the measurementegsythe sample must be demagnetized. This
can be done through tHgemagnetizing Process pandfter setting the starting voltage. The
demagnetization process is performed by applyiterratively positive and negative fields of

increasing intensity.
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DCD Remanence Curves
These curves are measured starting with the samfie saturated state and then applying

increasing negative field. The remanence is recbedter reducing the field to zero. The flow

diagram is reported in Fig. 3.7. In the case of dilmith perpendicular anisotropy, a careful
evaluation of the demagnetizing field is cruciat femanence curve analysis (see Section
3.4.1). For this reason a routine has been wriBlmagnetizing Field panéel that allows to
acquire the recoil curves until the sample retumthe saturated state [Fig. 3.8(a)]. This last

procedure is much time consuming and can be avaidée case of in-plane anisotropy.

Sample

i i - Saturation
Conflgulratlon of Setting of the
o analogue Creation of the
Dag Rest > . —» measurement |
q inputs/outputs and parameters |4 >0 Field Ramp
serial ports
Demagnetization l
Data

Polarity
Inversior

Starting
Measuremel

SaeFile |< Acquisition |

?

Figure 3.7— Flow diagram of DCD and IRM remanence curve measants.

IRM Remanence Curves:

The recoil curves are measured by applying suceglgsiarger applied fields to a
previously demagnetized sample and measuring tinarrence. By plotting the values of the
remanence as a function of the maximum applied fiei each recoil loop, the IRM remanence

curve is obtained [Fig. 3.8(b) dotted curve].

I (a) (b)

0.5

M/Ms
o

-10 0 10 -10 0 10 -10 0 10
H (kOe) H (kOe) H (kOe)

Figure 3.8— (a) DCD recoil curves, (b) IRM recoil curves ahd extrapolated IRM remanence curve (dotted line)
and (c) minor loops recorded for a FePt sample péttpendicular anisotropy.
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Minor Loops:

This measurement can be performed starting eitbar the saturatedCD Minor Loop)
or from the demagnetized stat®I1 Minor Loops ) of the sample. An example is reported in
Fig. 3.8(c).

TheMeasurement Status panetives:
- STATUSIindicates the software actions and the measurestatus,
- ET (min):indicates the time for the whole measurement,
- Current Loop:shows the number of the loop that the progranerfopming,
- %done:is the hysteresis loop percent performed,
- Current Channelis the point of the loop being measured and
- Current Recoil:is the recoil being performed during minor loopdaremanence curve
measurements.

3.3.3 Calibration of the Kerr Rotation Measuremens$

Two are the main methods to calibrate the Kerrtiamtaangle, which are referred as the
two-angleandthe compensation methodghey are used to determine the absolute valudseof
Kerr quantities. The method of two-angles involirgensity signals recorded at different time
and therefore it has a strong sensitivity towalddstfiations of the light intensity. For this
reason, this method has been discarded and theecsiatjion method has been applied to all the
measurements.,

The phenomenological demonstration of the calibratprocedure can be done by
calculating the optical response of the MOKE sethpugh the Jones matrix formalism
followed in the 3.3.1 Section. The only differennghis case is the angheof the polarizer that
is left variable.

The intensity of the reflected light in the case of polar configuration with

out »
perpendicular incidence, becomes:
lowe =10 +1 £ SiMWt +1, 6, cos Mt (3.9)
where:
I, =A+BJ,(d,)6,
1, =2CJ,(¢,) (3.10)
l,,, =2BJ,(#,)
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A, B, and C depend both on the Fresnel reflection coefficieatsl on theax angle of the

polarizer:
2 2
A=r [ +|ry

2

B =sin 2a( rSJZ)— 2 cosz (3.11)

rSS

c=2rr

sl sp
The normalized lock-in signals &tand 2 directly yield the Kerr rotation and ellipticity
respectively. By driving the PEM at the frequenéyb0 kHz with an amplitude of 140° value,
J,=0andl,=A.
Inspection of I, equation yields a procedure for a calibrated messent of 6, . In

effect, by controlling the: angle of the polarizer, it becomes possible topemsate for,, i.e.
. 2 2
l,, =0. Sincelr, [ >>|r | anda - 0:
1 o
Etan?a~a—6?K (3.12)

Equation 3.12 shows that the orientationf the polarizer immediately yield§, . Absolutely

calibrated hysteresis loops may thus be recorded-pg-point.

Kerr Rotation
rnpt - SN: 83812474: V1.0,19(1.0,7
- 4 20
Home/Zero  Homed Moving ! / Stop Enable
I T

Limit

Rev Hardware @@ Switching @ Fwd Hardware

TS

THORLAES CJ et ®Actve @ Eror |setting

Status

Figure 3.9— Software for the calibration of the Kerr rotatiangle
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This procedure is totally unaffected from the slgaaplification, from the filter and the
amplification factors of the lock-in phase detectord from the fluctuations of the light
intensity.

For the application of this procedure, the MOKE metgmeter has been equipped with a
computer controlled micro-stepper rotator thatvaioan optimal control on the polarizer
rotation. Dedicated software has been developedguslATLAB language that takes
advantages of the “activex” controls provided vitte micro-stepper (Fig. 3.9).

Since the micro-stepper rotation was calibrated thg manufacturer in mm, a
correspondence between the position in mm andotiagion of the polarizer in degree has been
found: 0.0275 mre 0.05°. Adjusting the acceleration and velocityotigh the proportional and
integral blocks of the PID (proportional-integraryative controller) controlling the stepper-
motor, the error during the measurements has beguced to+0.002, allowing an optimal
reproducibility. Within 1°, a linear relation hasdn found between the distance covered in mm
and the rotation evaluated in degree (Fig. 3.10).
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0.15F
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0 Oil 012 013 014 OiS 0i6 0j7 0j8 019 1
Angle (°)

Figure 3.10- Position in mm indicated by the micro-steppertoals with respect to the angle of rotation in ey
Before each measurement, the samples are demagh@®iemagnetizing Process This
allows to compare the Kerr rotation angles of défé samples at fixed magnetic field values,
also in the case of samples that cannot be ledh@ocomplete saturation because of their

extremely hard magnetic properties.
Furthermore the Kerr rotation has been correlatethé values of the magnetization in

emu/cni measured with an AGFM magnetometer (IMEM-CNR) (Fid.1). The samples used
for the calibration are:

- FePlg films, 30 nm thick, grown on Pt underlayers wiiffetent thickness: 2, 10, 50 and
100 nm

- FePtigo4films grown on a 50 nm thick Pt underlayer, witk %7, 50, 52, 58 at.%.
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All the samples have been grown at 550°C with tittgsing onto MgO (100) monocrystalline
substrates. The values of the saturation magnietizats evaluated from AGFM and the

corresponding Kerr rotation angles are reporteThible 1.

Table I. Magnetization values (emu/E}rand polar Kerr rotation angles of sputtered Fhint
films measured with AGFM and MOKE magnetometerpeetvely

Samples M (emu/cnT) o (°)

Fe.Ptg/Pt(2 nm) 670 0.234
Fey,Ptg/Pt(10 nm) 625 0.200
Fe.Ptg/Pt(50 nm) 685 0.261
Fe; Ptg/Pt(100 nm) 411 0.105
FeyPt/Pt(50 nm) 449 0.125
FeoPto/Pt(50 nm) 523 0.148
FessPt/Pt(50 nm) 882 0.545

A few values found in literatuf&>® are also reported in Fig. 3.11. Since these data a
related to samples not constituted by Fe and Bt mleasured in longitudinal geometry, the
good agreement between these and our data allowsrtdude that the anisotropy and its
strength do not influence the Kerr rotation anglednly determines the shape of the hysteresis

loops.

o
=
T

T T T T T T T T *
FePt films

e data found in literature o

Kerr Rotation (°)

S o o o o o
[38] w SN i (=)} ~
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O 1 1
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Magnetization (emu/cm3)

Figure 3.11— Kerr rotation angle (°) with respect to the metigation (emu/ct) measured for FePt film§l() and a
few values found in literature }{°-=3|

3.3.4 Data Processing

For the data analysis a dedicated software has dmerloped (Fig. 3.12). This software is
subdivided into panels, i.e. hysteresis loop, D@anence curves, etc. that allow the post-

processing of different types of data. In effecgtad obtained from different types of
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measurements need of proper and “ad-hoc-developadtine for data normalization and
averaging, allowing to eliminate thermal and electnoise. Moreover, this software
automatically gives the coercive field, the remaieeto saturation ratio and the demagnetizing
field values.

The possibility to reject a few data and to perf@rsoft smoothing has also been included.
The smoothing is preformed through a one-dimensiomalian filtering procedure, a nonlinear
technique that applies a sliding window to a seqaehe median filter replaces the center
value in the window with the median value of ak thoints within the window. This procedure

allows to simultaneously reduce noise and presiivedges and shapes of the hysteresis loops.
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Figure 3.12— Main window of the data processing software.

Robera Ciprian

3.4 Remanence Curve Analysis

The remanence curves allow to study the degreexafiagmge-coupling among different
magnetic layers and phases. In effect, the remanehtained at a given value of field
represents the sum of the magnetization componeitthe grains that have irreversibly
switched into the field direction. Moreover frometlifferentiation of the DCD remanence
curve the irreversible susceptibility can be olgdinvhose width at half maximum is a

measurement of the switching field distribution:

SFD( H) =(Wd—|T)JG|% (3.13)
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where SFD( H)dH is the fraction of magnetic particles and doma@sersing their moments

in the field range froniH andH+dH. Since the starting state of the sample is theratsd one,
where no domain walls are present, the irreversbkeeptibility represents the energy barrier
distribution to the nucleation of a reversed dofi&fH.

Contrary to the DCD remanence curve the irrevessiblsceptibility obtained by
differentiating the IRM curve is a measurementhaf €nergy barrier distribution to the domain
wall pinning/depinning mechanism. This is due te fhct that the starting magnetic state of the
sample is the demagnetized one where a multi-do@ifiguration is present, and therefore
the irreversible susceptibility represents thengjtie of the pinning mechanisms to the wall
motion.

The nature of interparticle interactions can belisi through the remanence curves since

they are due to irreversible magnetization changles.Wohlfarth relation:
M ®(H)=1-2M""(H) (3.14)
which holds for any system of noninteracting sirdpenain particles, relates the isothermal

remanence curveM ™ (H) to the DCD demagnetization remanenke”® (H). Therefore

r

interparticle interactions can be characterizedoupgh the interaction-based deviation
parameterAM (H ) as a function of the applied field:

AM(H):M’D::(H)—[l—ZMFIF;\:(H)} (3.15)

r r

where the remanence curves are both normalizetigdsaturation remanence magnetization
M, . The parameteAM is therefore, a direct measure of any deviatiomfthe noninteracting
case. Positive values oAM are a fingerprint of exchange interactions prongtithe

magnetized state whereas negative values are cduyseadteractions favouring the sample

demagnetizatidr{®,

3.4.1 Demagnetizing Field Influence on Magnetic Aalysis

The demagnetizing fields strongly influence the nwig properties of samples having
perpendicular anisotropy. The result consistssigaificant change of the total field value.

In principle it is possible to correct the magnatian curves by assuming that the
demagnetizing field is- #M . However in many films and multilayers this cotiex appears
to be not applicable. The presence of strong indéengar exchange coupling and particle sizes

result in cooperative reversal causing distortegtdrngsis loops if the demagnetizing field is
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taken at its maximum vallle Figure 3.13(a) shows a hysteresis loop as redofilack line)
and after the correction for demagnetizing effgcistted blue line). Without this correction
wrong information about magnetization reversal lsarbtained.

In effect, the knowledge of the appropriate demégmg factor is crucial in the
remanence curve analysis. These curves are evidlirate data recorded after the application
and the subsequent removal of magnetic fieldsfédreint intensity, assuming the sample in the
remanent state. However, when a significant dentazgng field is present, the sample for zero
applied field is not in the true remanent statej #re remanence curves are evaluated in the

negative internal field{NM ) of the sample.
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Figure 3.13 — (a) Hysteresis loop and (b) the irreversiblecepsbility as obtained by differentiating the IRM
remanence curve with respect the field as meage@dnd after the demagnetizing field correctiere).

The presence of this negative internal field alaoses errors in the analysis of the grain
interactions both by inducing negative values m &M plots and by changing the irreversible

susceptibility. For an incorredt, the y, width increases [Fig. 3.13(b)] and nonzero valares

obtained for zero applied fields.

3.5 Comparison Between AGFM and MOKE

To check the performances and the resolution oMB¥KE magnetometer, the magneto-
optical measurements performed on FePt thin filnith werpendicular anisotropy have been
compared with those obtained by AGFM (Alternatingaent Force Magnetometer) available
at the IMEM-CNR. The AGFM has been chosen for ésofution greater than $eemu and
sensitivity that is thousand times greater thahdha VSM (Vibrating Sample Magnetometer).

The FePt films, 30 nm thick, have been grown bgprdttering at 550°C on a Pt underlayer,
previously deposited onto MgO (100) monocrystalkndbstrates. Both the thickness of the Pt

underlayer and the stoichiometry of the FePt filmese varied.
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The magneto-optical and magnetic measurements bega carried out with the field
applied both parallel and perpendicular to the fijlane. The measurements performed with
AGFM are reported in Fig. 3.14 and those measuidgdMOKE in Fig. 3.15.

The shapes of the hysteresis loops measured wihtwo magnetometers remain
practically unchanged. The absence of distortiorthé MOKE measurements and the presence
of all the figures of merit of the loops measurathwhe AGFM suggest that the sensitivity and
resolution of the MOKE is very high, allowing pemnfeances well comparable with those of an
AGFM magnetometer.

It is to be noted that MOKE measurements performigh the field applied along the hard
magnetization axis are often not reported in li@e since the small Kerr rotation and the
increased intensity of the second order Kerr effecake very difficult to perform this type of
measurements. Our MOKE allows measurements of yseetesis loops with the field both
perpendicular and parallel to the easy magnetizatias, giving satisfactory results (Fig 3.15).

(a) (b) (©
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Figure 3.14— Parallel (blue line) and perpendicular (blagie)i hysteresis loops performed with AGFHbt FePt
films, 30 nm thick, grown on a Pt underlayer defemkionto MgO monocrystalline substrates. (a)Fg/Pt(2nm);
(b) Fe,Pt,g/Pt(10nm); (¢) FePug/Pt(100nm); (d) RePug/Pt(50nm); (e) FgPts/Pt(50nm) and (f) RgPt/Pt(50nm)
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Figure 3.15— Parallel (blue line) and perpendicular (blacie)i hysteresis loops performed with MOK&t FePt
films, 30 nm thick, grown on a Pt underlayer defemkionto MgO monocrystalline substrates. (a)Fg/Pt(2nm);
(b) Fe Pt/Pt(10nm); (c) FePt/Pt(100nm); (d) RePt/Pt(50nm); (e) RePts/Pt(50nm) and (f) RgPt./Pt(50nm)

A few differences can be observed in the loopsntepgan Figs. 3.14(c) and 3.15(c). These
measurements concern the sample @ffEg grown on a very thick Pt underlayer (100 nm). It
is known that in AGFM measurements a strong coutidn arises from both the diamagnetic
substrate and the paramagnetic underlayer. Sineeintierest only concerns the magnetic
behaviour of the FePt thin films, the correctiontbé magnetic measurements from these
unwanted contributions becomes crucial. Indeed,difference between AGFM and MOKE
measurements can be attributed to the presencehasfe t contributions in the AGFM
measurements. In effect, the high thickness ofutigerlayer, much higher than the FePt film
thickness, makes very difficult to rightly correbe loops from the underlayer contributions. On
the contrary the MOKE signal arises only from tleEfilm, since the penetration depth of the
light can be estimated of the order of 40 nm. Tloeeeno data correction is necessary.

The values of the coercive fields evaluated frothb®GFM and MOKE measurements
are shown in Figs. 3.16(a) and 3.16(b) with respedhe Fe atomic concentration and the
underlayer thickness respectively.

The difference in the measured coercivity is a doation of two effects: (i) the different

field sweep rates used during the two types of omeasents and (ii) the little change of film
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composition near the surface. In effect while AGRdasurements are practically unaffected by

surface contributions, MOKE measurements are slyanfijuenced from surface layers.
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Figure 3.16— Coercive field behaviours with respect to (a) Beeatomic concentration and (b) the Pt underlayer
thickness as evaluated from MOKE and AGFM measunésne

The sweep rate dependenceHgfis a well known phenomenon which arises becausiaeof
time dependence of the coercivity. The time-deproeg@ghenomenon has its root in the thermal
agitation of the magnetic moments of individualtjgées over local energy barrier provided by
the magnetic anisotropy. The relationship betwdentimet for the magnetization to decay to

zero and the applied fiel is given by:
t=t,exp(-adH) (3.16)
wheret, is the time corresponding to some fielganddH =H —H,.
The relationship between the time for the magnttimato decay to zero and the field

sweep rate for a continuously measured hysteresgsdetermines the relation:

1
t, =— 3.17
eff RO' ( )

wheret represents the effective time which gives the saowcive force in a stepped field
process as measured by the continuous procesat@Ri(the field sweep rate is a constant

dependent on the material that is defined as:
= (3.18)

where h, is the reduced coercivity,is the magnetic moment of the particl€she temperature
andk, is the Boltzmann constafit

An increase of the coercive field values evaluditech MOKE measurements occurs if the
sweep rate is greater than that used in AGFM measemts, while it is lower if the field sweep

rate is lower.
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For the samples grown on Pt underlayers of diffetbickness, the difference in the
coercive field values becomes much more signifid&ig. 3.16(b)]. This can be attributed,
again, to the correction of the AGFM data from Bteand substrate contributions.

From the comparison of the hysteresis loops regonté-igs. 3.14(d) and 3.14(f) and those
in Figs. 3.15(d) and 3.15(f) respectively, it isspible to deduce that MOKE measurements are
more influenced from demagnetizing field effectspect to the AGFM measurements. A
possible explanation can be the presence of theealentioned surface layer having a different
composition respect to inner parts of the FePt filins. In particular the increase of the
demagnetizing field strength suggests that neasuhface an excess of Fe is present giving rise
to a Fe-rich FePt compound.

Summarizing we have optimized the MOKE set-up raarhperformances well
comparable to those of an AGFM magnetometer. Adgisfactory is the calibration of the Kerr
rotation angle that allows to estimate the direcand strength of the anisotropy, giving results
practically equal to those obtained with AGFM. Maver in many cases the magneto-optical
signal is more reliable than the magnetic one esthe MOKE measurements are not influenced
from the contributions due to underlayers and satet and therefore no data correction must
be performed.

Finally the use of both MOKE and AGFM magnetometan be useful for the study of
surface and volume contributions, analysis veryadrtgnt in particular in the case of exchange-

spring and exchange-bias structures grown in tima & multilayers.

3.6 45° Light Incident Angle MOKE Magnetometer

and Magneto-Ellipsometer

The electromagnet manufactured by the Walker Séienbc. and used in the MOKE
apparatus allows to perform measurements in lodigidl geometry only with the light incident
at very small angles (15°). Considering that tharKmetation in longitudinal geometry is
directly proportional to the incident angle of tlight, the measured signal is very small. This
makes very difficult the direct comparison of pergieular and parallel measurements and
induces a lower (S/N) ratio. It is to be noted tiwhen the incident angle is close to the normal
incidence, second order effects become signifieartt the recorded signal loses its direct

proportionality with the magnetization.
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Moreover, since the electromagnet is controlled doy unipolar power supply, a few
problems arise during low field measurements. Thasalyses are indispensable for the
characterization of soft ferromagnetic sampleshsag films of Fe, Co, FeCo, FeNi, etc. On
these samples, the Kerr rotation is very small alistortion in low field measurements can be
observed around the zero value of the applied.figfds distortion is only due to the inversion
of the current polarity.

Taking into account these facts, we have decidedetelop a second MOKE apparatus
dedicated to low field measurements. The main reqments are the relatively small sizes and
the possibility to have angles of light incidencwl aeflection of about 45°. Around this value,
polar and longitudinal signals become of the saragmtude allowing a direct comparison of
the acquired data.

This apparatus will be also used for the developnuéna new laboratory facility for
magneto-ellipsometric measurements. These analyiiesdlow both the evaluation of the film
thickness and the complete magneto-optical charaaten of the materials, including the

index of refraction and the optic and magneto-o@timonstants’3#,

3.6.1 Electromagnet

The electromagnet is built with five parts all maafesoft iron: the base-plate, two arms
and two polar pieces.
The base-plate has two pass-holes for screws witamgular shape for displacement of the
arms for easy air-gap adjustment. The air-gap eaertiarged as far as 25 mm. The arms have
two screw-holes in the bases for base-plate arar{pidéces hold. Around these arms the coils
are directly wrapped. These are made with 500 afrd mm diameter copper wire each,
insulated by Kapton coating and connected in sefies polar pieces have a conical shape from
30 to 20 mm, this shape allows to enhance the ntiadiredd in spite of a small reduction of the
uniform field region.

The approach followed for the electromagnet degsgwery easy, practical and does not
consider the dispersed flux near the air gap.
If wis the width of the air-gap aridhe mean perimeter of the soft iron having theesanea
along the whole magnetic circul, the number of turng,the current in Amperes, the magnetic

field B in Oe can be expressed as:

B=_ Y (3.19)

65



where u is the iron permeability that varies with the flBxand thus it can be evaluated from

(B-H) curves of the iron. The air permeability is eqtaall. For simplicity the field in the air-
gap was assumed to be equal to that in the ira: cor

The magnet field response curves measured usirgguas@robe with an air-gap of 25 and
10 mm, show no saturation of the core or hystetesiss (no remanence of the pole-pieces) for

current up to 8 A.

3.6.2 Optical and Electronic Components

The electromagnet power supply is a Kepco Bipolper@tional Power Supply/Amplifier
20/20, providing positive and negative voltages autrents up to + 20 V and + 20 A
respectively. The power supply is used in constantent mode and controlled through a PC
NIDAQ card.

The optical components and set-up are very simiathose of the principal MOKE
apparatus. The incident light, eithpr or s-polarized, is provided by an intensity stabilized
linearly polarized He-Ne laser (5 mW, 633 nm). Aifteflection on the sample the laser beam is
modulated and measured through a Si photodiode.

Respect to the principal MOKE apparatus, the m#ferénces are
- the possibility to adjust the light incident areflection angles from 0° to 45° with respect to

the normal to the sample plane;

- the possibility to analyze the in-plane anisotrdpy applying the field along different
crystallographic orientations. The study of theldagdependence of the coercive field allows
a better comprehension of the magnetization revareahanism;

- values of the magnetic field of about 2.5 kOe wiig to perform only low-field
measurements;

- the lower sensitivity in polar geometry. In theingipal MOKE apparatus, the two polar
pieces of the Walker Scientific electromagnet hay@ass-hole allowing the light to impinge
the sample normally during polar MOKE measuremdntsffect, contrary to the longitudinal

case, in polar geometry the Kerr rotation is a mmaxn for normal incidence of the light.

3.6.3 Early Tests

The early tests have been carried out with two ggbtalline samples of Co and Sm@n

beam evaporated at room temperature on naturaligizext (100)-Si and glass substrates

66



respectively. The thicknesses, controlled in-diwagh a quartz microbalance, were 50 and 30
nm respectively. Both samples have been cappedamnigry thin Au layer, 5 nm thick.
The hysteresis loops recorded in longitudinal gdoyreere reported in Fig. 3.17.
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Figure 3.17— Hysteresis loops measured in longitudinal geonfet (a) Co and (b) SmGsamples.

No electronic drift correction or smoothing proceslhhas been performed on the data, an
indication of the good stability of the MOKE appars and of the optimal (S/N) ratio. Both
hysteresis loops are very difficult to measure witd principal MOKE magnetometer because
of the very low Kerr signal and the appearancetraing second order effects due to the small
angle of incidence of the light.

Thanks to the good resolution and performancehisfapparatus, measurements of the in-
plane magnetic texture become possible. The armljage been performed for the SmCo
sample, by applying the field at different oriemdats with respect to the in-plane
crystallographic directions (Fig. 3.18). Also ingltase no correction of electronic drift or data

smoothing have been performed. The results are gatisfactory.
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Figure 3.18- (a) Hysteresis loops measured in longitudinahgetry with the field applied along different ditens

in the film plane for SmGpsample and (b) the corresponding polar plot shgwire angular dependence of the

normalized remanent magnetization.
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Due to the presence of an uniaxial anisotropy,sthepe of the hysteresis loop is highly
squared when the field is applied parallel to thsyeaxis. On the contrary, applying the field
perpendicular to the easy axis, the loop tendetwmime almost a straight line. The polar plot of
the remanence ratio as a function of the andletween the in-plane applied field direction and
the easy axis [Fig. 3.18(b)] shows a departure filoencosine-like behaviour typical of samples
with simple in-plane anisotropy. The non-zero vabfieghe remanence far =0° suggests the
presence of a small out of plane component of thgnatization.

The angular dependence of the in-plane coercive feported in Fig. 3.19, indicates that
the magnetization reversal mechanism approachds othshe Stoner-Wohlfarth model of
coherent rotation. The differences from the StaNehlfarth behaviour can be ascribed to the

presence of contributions due to incoherent nuicleaurling mode.
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Figure 3.19— Angular dependence of coercivity of Sm@bm. For a = 0° the applied field is parallel to the in-plane
easy magnetization axis. The behaviours typicatlahain wall motion mechanism and of the Stoner-\féoth
model are also shown.

The obtained results on Co and Smm@amples indicate that the new MOKE apparatus
allows to perform low-field measurements with a hi¢S/N) ratio, high resolution and

reproducibility.
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Chapter 4

L1,-Ordered Systems

Binary alloys such as FePt, CoPt, FePd, and MnAlLrad the equiatomic composition, are
characterized by a high temperature phase tranatemthat induces a tetragonal distortion of
the crystallographic lattice. The formation of ttetragonallLlo phase occurs through its
nucleation and growth process inside the disordgpbdse. The ordering takes place
simultaneously with a first-order cubic-tetragonahnsformation, occurring through the
shortening of the-axes. This contraction is due to the formatioradtructure constituted by
alternate layers of the alloy elements. The ordegives rise to the appearance of a strong
magnetocrystalline anisotropy along the contraatas C-axis).

Table Il summarizes the main intrinsic propertidstile more common_l,-ordered

systems.

Table Il. Main intrinsic properties of thiel;-ordered systeﬁ[@.

Ky M, Hy Te

(10’ erg/cnt) (emu/cnt) (kOe) (K)
FePd 1.8 1100 33 760
FePt 6.6 - 10 1140 116 750
CoPt 4.9 800 123 840
MnAl 1.7 560 69 650

K, is the first order magnetocrystalline anisotroldl;the saturation magnetization;
Hy the anisotropy field and, the Curie temperature

In bulk systems thed.1l, phase is kinetically suppressed, and thermal dingeat
temperatures higher than 1000 K is required tostcam the material from the disordered to the
ordered structure. However in thin films, the tfansation temperature is significantly reduced

due to the enhanced diffusion during the film gitowh heated substrates.
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Moreover in the form of thin films, these alloysnche grown epitaxially with the-axis
oriented along the perpendicular to the film plamais oriented growth allows to obtain
systems showing a strong perpendicular anisotropy.

This characteristic makes thél,-ordered compounds very interesting from the
technological point of view since they are prongstandidates for the development of ultra-
high density recording media, MEMS (microelectrohrdcal systems) and permanent
magnets.

The interest is in particular due to the fact fh# possible to tune the magnetic properties
through the microstructure and morphology of tHensi whose characteristics are mainly
determined by the deposition technique and the igipywarameters (temperature and growth
rate). The type of growing technique and the pataraeset during the deposition determines
the growth mode (layer by layer or 3D), the degoéespitaxy and chemical order of the
samples.

Among the growing parameters the temperature isnib&t important, strongly influencing
the phase transformation and the tetragonal distodf the lattice. The annealing processes can
be carried out either during or after the growthtHis last case the degree of chemical order is
also influenced by the exposure time of the thetneatments.

When the substrate is heated during the depositienprocess is governed by the surface
adatom mobility and the phase transformation prdseta a continuous-type reacti$if*. On
the contrary films deposited at room temperaturéd smbsequently annealed order through
volume diffusion and the ordering proceeds viaszatitinuous/first order reactién.

In the thinner films the transformation procesBmnsted by the sample thickness and high
temperatures and long annealing times are reqtordtie ordering to proceed. In thicker films,
the energy barrier to nucleation and growth of av rghase is lower and indeed lower
temperatures are required for the ordering.

At the nanometric scale, another thermodynamicatédei has to be considered: the particle
size D which directly affects the order-disorder tramsititemperature. Computer simulations
predict that the ordering would not take placehi particle size is below a critical value at
which the more stable state is the disordered one.

Parameters such as the degree of chemical ordethentktragonal distortion strongly
determine the strength of the magnetocrystalliniecampy. The degree of chemical orféfér
can be quantized through tbeder parameter Slefined as:

r

S= pt ~ Xpy :l‘ -X

yFe yPl

Fe

Fe (4.1)
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wherex is the atomic fraction of one atomic species ia Hampler the fraction of sites
occupied by the right atomic species, grille fraction of the second atomic specie.

The values ofS range from O (completely disordered phase) to dimfdetely ordered
phase). However the maximum valueSdepends on the stoichiometry of the considerexyall

S..x =1-2x wherex is the deviation of the atomic composition frone tequiatomic one.

Generally real systems are not completely homogehemd more than one phase can be
present. In this case only an average value of dider parameter can be evaluated:

S, = £ xS, where f; is the volume fraction of the completely orderédge.

The ordered volume fraction can be described by dfamdard Johnson-Mehl-Avrami
equation:

f, =1-exp(-kt") (4.2)
wheret is the timek is a constant and is the Avrami exponent. Bothandn depend on the
nucleation and diffusion rates, which, in turn, elegh on the activation energy and temperature
through the Arrhenius equation, growth mechanisich gpatial dimensionality of the growing
region.

The degree of chemical order can be directly rdlatethe tetragonal distortion of the
lattice cell:
1-(c/a)

g=— "5
1-(c/ a)eq

(4.3)

where (c/a) and (c/a)eq are respectively the lattice parameter ratios haf considered

specimen and the perfectly ordered equiatomic &floy
This order parameter can be derived directly fromratio of the integrated intensity of the

fundamental and superstructure reflections in threydiffraction patterd®:

E(OOZ) - (FF* )(002) (LP)(OOZ)
E(OO]') (FF*)(OOJ) (LP)(OOJ)

whereE(hkl), F(hkl) andF (hkl) are the integrated intensity, the structaetdr and its complex

(4.4)

conjugate for the (hkl) diffraction pedk,andP are the Lorentz and the polarization factors.

For thel 1, structure of a binary alloy AB:
- = Ma sMp 2 AM A Mg 2
(FF )(002)_16|:(XAfAe +)%fBe ) +( )SAAe + %ABéll ) }

(FF) oy =4[ (6™ - 16" ) (8, 8" -, @)

(00

(4.5)
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where " is the Debye-Waller correction aficdind4 are the real and imaginary parts of the
atomic factors respectively. The increase of thdeorparameter and therefore of the
tetragonality of the unit cell induces an increathe anisotropy and coercivity of the alloy.

Under normal growth conditions, the films often gpess (111)-preferred or random
orientations. The crystallographic orientation loé t-axis along the perpendicular to the film
plane can be induced and tuned through the chdisaitable substrates and buffer-layers, the
optimization of the film thickness and compositiotihe growth rate and the annealing
temperature.

In effect the growing parameters influence thernmazdyic and kinetic factors (such as the
relative growth rate of the grains and their susiescoalescence), in this way, changing the

surface and interface energies between substreltélmf°:

E, OX v, (X.@) + v (x.a) | +(1- X, (4.6)
wherex is the surface regions of the substrate coverethéyfilm, y, andy are the surface
energies of the film and the substrate respectiaetyy, . is the film/substrate interface energy.

x anda are the azimuthal rotation and in-plane anglegatohg the dependence of the surface
and interface energies on the growth orientatiome T™inima of this energy determine the
preferred directions of the grain growth, amongséhéhe more stable minimum is determined
by kinetic factors. It is to be noted that the mimiof the interface energy are mainly due to the
stress relaxation through elongation and contractb the unit cells and the formation of
dislocations at the film/substrate interface.

As mentioned above, the growth of films at low temgiure and high deposition rates
induces a preferred orientation of the grains alimeg(111) direction. This direction represents
a stable minimum of the surface energy and a lmimum of the interface energy. Indeed the
phenomenon of the island coalescence can be hdtpfthe development of a (111) preferred
growth orientation. In effect, the contact amongghbouring islands randomly oriented gives
rise to grain boundaries that change to minimize &mergies. The grains oriented along
energetically favoured directions increase themesiat expense of the grains having other
orientations, in this way lowering the surface Hongss of the film.

The (100) direction represents an absolute minirafithe interface energy and is favoured

by high temperatures and low deposition rates.
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Chapter 5

FePt Films

The phase diagram of the bulk Fe-Pt alloy is reggbrh Fig. 5.1. Iron and platinum are
completely miscible in the solid state, and thewn canstitute an alloy in a large range of

compositions. Three stable superstructures arepraghe FgPt, the FePt and the FePt
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Figure 5.1— Phase diagram of the Fe-Pt alloy.

In the disordered form (calleglor A1 phase), the Fe-Pt alloy shows a face centred cubi
(fcc) structure with iron and platinum atoms randiooriented in the unit cell. In this phase the
alloy displays very soft magnetic properties arel itiean magnetic moment linearly increases
with the iron concentration (Fig. 5.2). At high teematures and around the equiatomic

composition (35 + 55 at.% Pt), the alloy shows micstiral transformatidt % with the
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establishing of thell,-ordered phase (Fig. 5.1) and the development ofstrang

magnetocrystalline anisotropK(, ~ 710 erg/cni) oriented along the contractegxis.
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Figure 5.2 — Concentration dependence of the Fe-Pt mean magnetnent in the disordered phase theory,o
experimental) and for the ordered on&) Bacon and Crangle results; calculated values @/ fmagnetization
measurements in applied field of 12 kOe asidf(om thelaw of the approach to saturatiGH.

For Fe-rich stoichiometry, the ft ordered phase is characterized by a cubicdatiith
soft ferromagnetic properties. This alloy shows bhwear effect and undergoes a martensitic
transformation for temperature lower than the raemperature. This martensitic ordered phase
is characterized by a bct structure. For the Pt-sipichiometry, thé1,-ordered FeRtphase is
paramagnetic at room temperature and can exhibittjyves of antiferromagnetic order. This
property is linked to the indirect exchange-coupliof the Fe moments through the non-
magnetic Pt atoms (Fig. 5.3).

Around the equiatomic composition, the exchangerattion is ferromagnetic between
nearest and antiferromagnetic between next nedfedte neighbours, the ferromagnetic

interaction being greater in absolute value thanthtiferromagnetic oR8.
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Figure 5.3 — Representation of the magnetic moments of éhd=€ and ¢) Pt atoms, the arrows indicate the spin
direction.

In the ordered states, the linear dependence ofrtb@n magnetic moment on the Fe
concentration is completely lost (Fig. 5.2). Ineeff, the moment does not appear until 31 at.%
Fe after which it abruptly increases reaching theve& corresponding to the disordered state.

Then, around the equiatomic composition, a minimafrthe moment value occurs. Above 50
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at.% Fe the moment increases and around 70 at.% Behaviour coincides with that of the
disordered phase. This trend is due to the Pt atarization caused by the exchange-enhanced

paramagnetism that is a well-know feature of thenetal.

5.1 L1,-Ordered FePt Thin Films

In the form of thin film, the FePt phase transfotiora takes place to lower temperature
values (300 + 700 °C) and can be favoured by posealing treatmerffs. The structural
transformation induces an increase of &hexes, and a more evident contraction of dfexes

strongly influencing the strength of the anisotr@pig. 5.4).
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Figure 5.4— Behaviour of the lattice constants with respedhtogrowing temperature for equiatomic FePt films
the ordered and disordered pH&ie

A strong perpendicular anisotropy develops by &ty growing the films with thes-axis
oriented along the surface normal. This epitaxi@wgh can be favoured by the choice of
suitable substrates, seed- and underlayer.

The most useful type of substrate is a MgO (100ylsicrystal one. This substrate has a
cubic lattice & = 4.21 A), is stable at very high temperature @nommiscible with the alloy
constituents?. The lattice mismatch (~ 11%) induces a strairt flazours the tetragonal
distortion of the FePt unit cell by slightly enlarg its base and shrinking theaxis. In this
way, the energy barrier for the phase transitiontwalowered and the temperature at which the
ordering proceeds decreases, reaching value of-886¢4

The extent of the substrate-film mismatch drives dpitaxial direction of the film; this
implies that by varying the lattice spacing of gubstrate it is possible to tune the degree of
epitaxy of FePt and the presence csfixis orientation variants. With this aim it has mee
exploited the possibility to introduce a suitabtelerlayer. Among the different elements, the Pt

is the most promising, because of its cubic stmecand its lattice parameter of about 3.92 A.
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The epitaxial growth of the Pt underlayer on MgCclsracterized by a “cube-on-cube”
orientational relationship, i.e. a (100) growth.isSThan be obtain by the optimization of the Pt
layer thicknes&>*® high temperature growth (~ 700¥€)and low deposition rate (~ 1 A/sec).

The introduction of a thin seed-layer of Fe betw#enPt layer and the substrate favours
the complete disappearance of Pt grains orientmwgahe (111) direction at lower temperature
than 700°E®. The deposition of Fe at room temperature (RTMy©O substraté®>" induces
an island growth. By increasing the film thickneisese islands coalesce giving rise to a
tetragonal distortion of the Fe cubic lattice. Thigh temperature annealing deletes this
distortion, causing the reappearance of an islandtsire.

As for the FgPtgox alloy, its magnetic properties are strongly inflaed by the
microstructure, such as the crystallographic oaton, the chemical order and the epitaxial
degree. These aspects are linked to the morphcdogl to the lattice mismatch between
different layers. The optimization of the growingrameters, i.e. deposition rate, substrate
temperaturé-**3:¢% ynderlayer thickne48%%? the thickned¥*®" and stoichiometry of the
FePt film®>% and the relative Fe/Pt layer thickn&4dsallows to obtain the best hard magnetic
properties in the alloy.

The contraction of the unit cell is strongly coateld to the working pressiffg to the
growth temperatuf® and to the stoichiometry of the fiffh®. In particular, the growing
temperature determines the surface mobility of #tems, and its increase favours an
enhancement of surface diffusion and a better nmténg between the Fe and Pt layers,
increasing the chemical order and the surface noegf”! of the film.

The chemical order can also be increased at madégatperature by the growth of the
film in the form of multilayef*. This is particularly true for Fe/Pt thicknessaatqual to 1, in
this case the multilayer structure completely dissgps and contemporary the ordering takes
place for temperature of only 300°C. In effect, égual thickness of the single-elemental layers
a minimum of the activation energy for the orderirgurs.

The increase of the chemical order can also be ufeeb by the use of Fe-rich

stoichiometry. This is due to the lower latticegraeter of the Fe atoms respect to that of the Pt

ones, favouring an increase of t{w/ a) ratio.

5.2 Sputtered FePt Thin Films

In this section, FePt films grown by rf sputteringchnique located at tHBIEM-CNR of

Parma, are investigated through X-ray diffractiolRD), conversion electron Mdssbauer
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spectroscopy (CEMS), magneto-optical Kerr effeclOfE) and magnetic force microscopy
(MFM). The effects on the phase transformationhef annealing processes at high temperature
performed during or after the growth have been yaeal. Moreover, the evolution of the
magnetic properties of the FePt films has beenieduid dependence on the film thickness and
the introduction of a Pt underlayer.

Fe; Pl films 15 and 20 nm thick were deposited onto M@0Q) single crystal substrates
by alternatingdd 0.1 nm thick layers of Fe and Pt, at room tempeeafRT-FePt(20) and at
550°C. The films grown at high temperature wereodépd directly on the MgO substrates
[FePt(20] or onto a previously deposited buffer-layer caostd by a 20 nm thick Pt layer
grown on a thin seed-layer of Fe, 1 nm thiBt/FePt(15)and Pt/FePt(20). The growth rates
for Fe and Pt were 12.7 and 11.7 A/min, respegtivel

The RT-FePt(20) films were grown using tHEe Mdssbauer isotope and, subsequently,
post-annealed in vacuum at 880and 850°C for 2h. On the contrary, the films graw®50°C
were deposited using natural iron.

It is to be noted that since normal sputteringdtg@re constituted by natural iron, for the
growth of the RT-FePt(20) films, the Fe target wasered by a thick layer (200 nm) of Fe
highly enriched witl?’Fe Méssbauer isotope. This layer has been growoos temperature
using the UHV e-beam evaporation technique (Surfad®ratory). Due to the high sizes (5 x
10 cm) and weight of the sputtering target, theaddy system of the evaporating chamber has
been modified to assure the uniformity of the cinglayer.

The X-ray diffraction (XRD) patterns were recordstcthe University of Bologna, using a
computer-controlled goniometer and Cy]Kradiation. Conversion Electron Mdssbauer
Spectroscopy (CEMS) measurements were carriechdiigh vacuum using a 55 m&Co(Rh)
source. They-rays incident angle was 20The spectra were fitted using a least squares
minimization routine with a combination of lineancanonlinear regressions. The isomer shifts,
IS, are referred taxr-Fe. The magnetic properties of the samples werasured using the
Magneto-Optical Kerr Effect (MOKE) magnetometer ttws-polarized 633 nm He-Ne laser
light. The domain patterns of the samples were rommb using a UHV Magnetic Force
Microscopy (MFM) in tapping mode. In order to studlye intergrain interactions, dc
demagnetization (DCD) remanence and isothermal menwe (IRM) curves were collected.
DCD remanence curves were recorded starting frasamaple in the saturated state and then
applying increasing negative fields. On the comtfar IRM remanence curves, the sample was
initially demagnetized through successive minopkand then subjected to increasing positive
fields.
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5.2.1 Effects of the Annealing Process Performed Log or
After the Growth

The magnetic properties of RT-FePt(20) films arngidsl of a soft ferromagnetic phase
having a cubic symmetry (Fig. 5.5). The magnetiratfies in the film plane because of the

presence of a strong demagnetizing field alongtvenal to the film plane.
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Figure 5.5— Polar and longitudinal hysteresis loops forRieFePt(20).

The CEMS spectrum in Fig. 5.6 can be fitted witl Superposition of three contributions
whose hyperfine parameters are reported in TalbleSHxtety can be attributed to th&l-
disordered FePt phase, because of the hyperfitte fadue (305 kOe) and the absence of a
quadrupolar splitting indicating the presence ofudic structure. On the contrary sextet
characterized by a lower hyperfine field and byighlquadrupolar splitting can be attributed to
the L1,-ordered FePt phase. The amount of this orderesepas obtained from the area ratio in
the CEMS spectrum is very low and therefore noe @blappreciably affect the soft magnetic
behaviour (Fig. 5.5). As for the main contributiom the spectra, sextet, the negligible
quadrupolar splitting and the value of the hyperfifield which is in between those
characteristic of the ordered and disordered phasggest that it can be due to an intermediate
FePt phase showing a non completely ordered staictu

The analysis of the line intensity ratios of alhtributions to the spectra indicates that the
magnetization of the cubic phase (sextetis in-plane randomly oriented, while that of both
tetragonal (sextet) and intermediate (sexte) phases are slightly tilted out of plane. This
tilting is also confirmed by polar Kerr measurensefitig. 5.5), showing that the sample can be

led in the saturated state for relatively low apgliields.
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Figure 5.6— CEMS spectrum of RT-FePt(20) film.

No relevant differences have been detected in theskluer spectrum and in the magnetic
measurements carried out after the post-anneafitigecsample at 550°C for 2h. The presence
of an intermediate (not-completely ordered) phaséhe RT-FePt(20) (Fig. 5.6) that remains
after the treatment at 550°C suggests that in BePbrdering does not proceed via a simple
first-order transformation. The disordered phasesdwt simply transforms into the ordered one
but undergoes progressive modifications in thecttire and local atomic environment before
giving rise to the ordereldl,-phas&®. Atomic size differences, static atomic displacataend
presence of short range order could influence theradl ordering rates when annealing is
conducted at moderate temperatures.

The post-annealing of RT-FePt(20) at 850°C forrztuctes the phase transformation and a
complete reorientation of the magnetization ouheffilm plane (Fig. 5.7). The polar hysteresis

loop shows a decrease of the demagnetizing fieddaarincrease of the coercivity that reaches a

value of 214 Oe.
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Figure 5.7— Polar and longitudinal hysteresis loops forRieFePt(20) film subjected to a post-annealing o
850°C for 2h.
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The absence of coercivity and remanence in theitlodigal hysteresis loop and the
difficulty to reach the saturation with the fielgm@ied perpendicular to the film plane (Fig. 5.7)
suggest the presence of small particles showingparparamagnetic behaviour.

In effect, the CEMS spectrum performed on this fisnconstituted by the superposition of
a doubletr; and a series of sextets whose hyperfine field distribution is reportedidesthe
Fig. 5.8. The hyperfine parameters are reportethinie Ill. The low value of the main peak of
the hyperfine field distribution relative to thgcontribution and the high quadrupolar splitting
of the 1; doublet suggest that they can be due to lthgordered FePt. This phase is
characterized by a distribution of particle sizksvging collapsing hyperfine magnetic fields (
contribution) up to the superparamagnetic limjtdoublet).

Table Ill. Hyperfine parameters of the contributions to tieMS spectra reported in
Figs. 5.6 and 5.8

T ¢ y T T
IS(mm/sec) 0.26 0.25 0.25 0.22 0.15
AEq(mm/sec) 0.29 0.04 - 0.50 -0.06
Hpe (kOe) 269 275 305 - 135

*sMain peaks of the Hy distribution
IS: isomer shift relative tai-Fe; AEq: quadrupole splittingty,:: hyperfine field

The formation of superparamagnetic particles withr@ad distribution of particle sizes
occurs as a consequence of different thermal exgrasefficients between film and substrate.
This difference gives rise to a strong tensilesstrim the film plane that is realised through
micro-cracks and the breaking of major islands mtoor grains.
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Figure 5.8— CEMS spectrum of the RT-FePt(20) film post-anriateB50°C for 2h.

In effect at low temperature the stress are indigeithe lattice mismatch between film and

substrate and they are released through the gogilescence and the formation of an island
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structure. At high temperature (> 650°C) therma¢sdes overcome those due to the lattice
mismatch. This type of stress can be releasedmnheducing the surface contact between film
and substrate with the consequent disappearandkeoislands and the formation of small

particles.

A different situation takes place if the FePt filemgrown at 550°C [FePt(20) sample].
While the XRD pattern of RT-FePt(20) [Fig. 5.9(afjows only the (200) reflection of the
disordered cubic phase and only a broad contribudige to the (001) peak of the ordered one,
the FePt(20) film [Fig. 5.9(b)] shows well definé@D2) fundamental and (001) superstructure
reflections typical of th& 1,-ordered phase. The presence of only these twectafhs indicates

that the film grew epitaxially with the-axis oriented out of the film plane.

(a)
(200 (200)
MgO fee-FePt
~ (001)
3 fet-FePt J
22—t : : .
5| ®
E
(002)
fct-FePt
20 25 30 35 40 45 50 55

20 (deg.)
Figure 5.9— XRD pattern of (a) RT-FePt(20) and (b) FePt(20).

The hysteresis loop measured in polar geometry. (Fifj0) shows the presence of a
perpendicular anisotropy whose strength is notidafft to completely overcome the
demagnetizing effects. On the other hand, the taepsured in longitudinal geometry indicates
that the easy axis is not perfectly oriented altmg perpendicular to the film plane. This is
probably due to a dispersion of tlzeaxis orientations along the (001) direction ortie

presence of minor components not completely ordferenliring an in-plane orientation.
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Figure 5.10— Polar and longitudinal MOKE measurements forRBEt(20) film.
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The differences found in the magnetic behaviour phdse transformation rate between
high temperature grown and post-annealed FePt imglue to the fact that thd—L1, phase
transformation is a diffusion-driven process. Tloéerof the temperature is to increase the
kinetic factors, allowing the rearrangement of #tems in thermodynamic regions where the
stable phase is the tetragohdl phase and the disordered one becomes metastabén e
deposition takes place at RT, the transformatiodriigen by the volume diffusion and higher
temperatures are required to give to the atomsuffecient mobility for the ordering to proceed
(T > 650°C). On the contrary, the growth on heatglistrates allows the ordering to proceed at
lower temperature thanks to a lower activation gyetn effect, in this case the process is

driven by surface diffusivity that is orders of métgde greater than the volume 8f& ™"

5.2.2 Effects of a Pt Underlayer and of the Variatin of the FePt

Film Thickness

The effects of a buffer-layer on the magnetic prope of FePt films has been studied by
growing the FePt(20) film onto a previously depediPt underlayer 20 nm thick and a Fe seed-
layer 1 nm thick, Pt/FePt(20). Furthermore, thetR#m thickness has been varied from 20 nm
to 15 nm, Pt/FePt(15).

In Fig. 5.11 the MOKE measurements of FePt(20)rdRt(20) and Pt/FePt(15) samples
are reported. Respect to the FePt(20) film [Figl)], the Pt/FePt(20) sample [Fig. 5.11(b)]

shows a better square-shaped loop and harder nagneperties: the remanence rat / M,

reaches a value of 0.99 and the coercive fieldwevaf 3.12 kOe.

The enhancement of the loop squareness sugge$teraase of the anisotropy intensity
due to a better epitaxial growth of the FePt filnd &40 a lower dispersion of tleeaxis along the
perpendicular to the film plane. On the other hahd,increased hardness is due to a different
microstructure of the FePt film induced by the 8telr. In effect, the lattice mismatch between
Pt and substrate is released through dislocatiodsdefects in the Pt layer that induce an
increase of defect density in the alloy. Moreovetrang tensile stress develops between Pt and
FePt film whose relaxation gives rise to “twins’daanti-phase grain boundaffs All these
types of planar defects hinder the domain wall orotaising the coercivity of the FePt films.

The shape of the first magnetization curve [Fig1%h)] suggests that the main mechanism
controlling the coercivity is the domain wall pingi The more marked kink in the first
magnetization curves of Pt/FePt(15) [Fig. 5.11(sliggests that a strengthening of the pinning
mechanism occurs when the thickness of the Feft ifil reduced from 20 to 15 nm. This

strengthening gives rise to a strong increase @fcthercivity. The increased hardness of the
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Pt/FePt(15) film can be explain through a reductibthe grain sizes that induces an increase of

grain boundaries hindering the domain wall mdffan
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Figure 5.11- Polar and longitudinal MOKE measurements forH@pt(20), (b) Pt/FePt(20) and (c) Pt/FePt(18)) (
Hysteresis loops and initial curves) DCD remanence curves.

MFM image recorded for FePt(20) [Fig. 5.12(a)] skow labyrinth-stripe domain
configuration. The appearance of this magneticepatis due to the competition between

magnetostatic and anisotropy enerdies

(b)

-

Figure 5.12— MFM images for (a) FePt(20), (b) Pt/FePt(20) &)dPt/FePt(15).
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The enhancement of the anisotropy induced by thenBerlayer in Pt/FePt(20) sample
causes an increase of the domain sizes and a cbénige domain configuration into a maze-
like pattern [Fig. 5.12(b)]. The reduction of theHt film thickness induces only a slight
increase of the domain sizes [Fig. 5.12(c)].

The shapes of the hysteresis loops for the Pt/figR$ suggest the presence of two
correlated mechanisms for the magnetization relle®arting from the saturation and for
applied external fields lower than the coercivédfid., the magnetization abruptly decreases as
a consequence of the nucleation of a reversed doarad of a cooperative reversal of the
magnetic moments. Aboué. a rounding of the loop occurs due to the gradoginning of the
domain walls.

This behaviour is characteristic of materials hgwdnvalue of the nucleation field that lies

into the energy barrier distribution for the domaiall pinning. This is confirmed by the DCD

DCD
rr

IRM
s

and IRM irreversible susceptibility curveg,, ~ and y, = respectively, reported in Fig. 5.13

DCD
"

for Pt/FePt samples. For both films, the two peaks$he y,~ indicate the presence of two

main mechanisms for the magnetization reversal. eldegr the maximum ofy™ is in

irr

DCD
"

between those of thg, curve suggesting that the energy barrier for tbheleation of a

reversed domain lies within the energy barrierritigtion for the wall pinning.
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Figure 5.13— Normalized DCD and IRM irreversible susceptibifity (a) Pt/FePt(20) and (b) Pt/FePt(15).

It is to be noted that by reducing the FePt filickhess a narrowing of."° curve occurs
and the main distance between the two maxima redddese two facts indicate an increase of
the exchange interaction among the magnetic grains.

To study the nature and the strength of the intégba interactions thé\M curves have
been evaluated (Fig. 5.14). The negative valugseoAM curve for Pt/FePt(20) sample indicate
the presence of interparticle magnetostatic intemas. On the contrary, in Pt/FePt(15) sample,
the positive values of thaM curve indicate the presence of exchange-couplibgractions.

These interactions drop suddenly to negative vadueing the magnetization reversal as a result
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of the cooperative switching of the exchange-codigiains. Therefore for fields higher thidp

the magnetostatic interactions become dominant.
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Figure 5.14— AM plots for Pt/FePt(20) and Pt/FePt(15) samples.

The presence of exchange-coupling interactions grtfemgrains and the more cooperative
reversal of the magnetic moments in the thinnan fdause the higher squareness of the

hysteresis loop [Fig. 5.11(c)].
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Chapter 6

FePt/Fe Bilayers

A key feature in the magnetic recording technolagythe areal density BH)max
representing the maximum information density treat be stored in a media. Two factors can
affect the achievement of a very high areal dengltg superparamagnetic limit and the
engineering factors connected to the writing aradliry heads. The intrinsic propertiesLdf-
ordered FePt alloy have attracted much interestingakePt the main candidate for next
generation of ultrahigh density magnetic storagdiame

Thin films of L1,-ordered FePt alloy can develop a strong uniaxiagmetocrystalline
anisotropy allowing to overcome the superparamagrighit also for particles of a few
nanometers in siZ&. Moreover the possibility to induce a perpendicalaisotropy can favour
a further enhancement of the areal density, thémks reduction of the bit width. As for the
engineering factors a limit is imposed to the ciwitsc developed by the media that must be
lower than 10 kOe. The possibility to control themstructure of FePt films by adjusting the
growing parameters allows to obtain media with nnagecoercivity, preserving a high value of
the anisotropy field.

In this regard, perpendicular exchange-spring magoan allow a strong increase of the
maximum energy productBH)m.x and contemporary a moderate coercivity thankshe t
presence of the soft phase that can increase thenence to saturation ratio and reduce the
magnetic hardness of the hard one, allowing th&ahitity of information.

In the case of FePt-based nanocomposites, thenpeesd a finely dispersed mixture of
orderedL1, and disordereddl phases can be responsible for the high coergciinjucing
stresses and pinning sites which hinder the domalhmotior?®*"*. A significant enhancement
of the remanené&” can be obtained in systems containing both hardand soft FePt

phases.
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In recent years the attention has been addressbeé twevelopment of nanocomposites in
the form of multilayers where tHel, phase is intercalated with a soft magnetic pfage A
multilayer is an intrinsically simple system whassure and structure is well controllable and
reproducible, moreover showing interesting aspemacerning basic physics related to
interfacial phenomerfg3°,

The main difficulty concerns the requirement to miain the crystallographic coherence
when a soft magnetic layer is grown on the tophef hard filn¥%. Another difficulty arises
from the presence of strong demagnetizing field$ tan reduce the remanence to saturation
ratio and harm the exchange coupling interactianthls regard, severe restrictions are to be
observed about the ratio between soft and har#rbgs values in order to obtain both a good
exchange coupling between the intercalated phases aa sufficiently high nucleation
field™* 7288 |n particular, the size of the soft layer mustsbfew times the width of a Bloch
domain wall of the hard phase (~4 nm for E&fpwith grain size lower than 30 fi%.

Recent works concerning non-epitaxially grown Cofrdtilayers®”! have shown that the
low degree of intermixing at the interfaces, thdaue flatness and the intimate contact between
the layers are important factors for obtaining exaje-coupled magnets displaying a singular
phase magnetic behaviour, in spite of a high vafube ratio between the thickness of the soft
and hard phases. Moreover, these systems have shetwang uniaxial in-plane anisotropy, a
property which tends to weaken as the thicknesseoFe layer is increased, with a concomitant
increase of the out of plane component of the mémat®n®®. The loss of coherence and the
increased coercivity observed for increasing vabfdse thickness were attributed to enhanced

effects of morphological disorder and defect dgffSit

6.1 L1,-FePt/Fe Bilayers Grown Using Two Different

Growing Techniques

Taking into account all the difficulties concernitige development of well exchange-
coupled spring magnets, we have decided to explaitdifferent growing techniques for the
development of exchange spring magnets showinggéesphase magnetic behaviour.

L1l,-FePt/Fe bilayers were deposited using the rf sgaotg and the UHV e-beam
evaporation techniques for the growth of the hawdi soft component respectively.

The rf sputtering growth processes are charactérige high energies that favour the

formation of pinning sites in the alloy hinderingetdomain wall motion and promoting high
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coercivity values. On the contrary, the e-beam ditjom was adopted for the growth of the soft

phase assuming that this technique can favour d gmangement of iron atoms, low stresses at
the interfaces and therefore the establishing dftrang exchange coupling between the

magnetic phases.

The hard FePt sputtered films [FePt(20), Pt/FeR®@pd Pt/FePt(15)] were selected as the
hard components. The soft phases are constitutegeblyighly enriched byFe isotope and
were evaporated in ultra-high vacuum at room teatpee on top of the hard sputtered films.
The thicknesses were 7 and 14 nm. The growth rfateese outer layers was6 A/min, the
vacuum1L0® mbar. The layer thickness was measured “in sijué lquartz micro-balance.

In the following these bilayers are calleéFePt(20)/Fe(t) Pt/FePt(20)/Fe(t) and
Pt/FePt(15)/Fe(t)wheret = 7 and 14 is the thickness of the soft Fe layer.

The interdiffusion phenomena occurring at the Hefihterface have been studied by
Mossbauer spectroscopy and related to the exchamgging occurring between the different
magnetic phases. In order to make Mdssbauer measate sensitive only to the soft phase and
to the compounds eventually formed as a consequertbe Fe diffusion and reaction with the
hard FePt film, iron highly enrich ifFe isotope has been used for the growth of onlystiie
phase.

The magnetic measurements performed for the FeFfi(@0covered by a 7 nm Fe layer,
FePt(20)/Fe(7), are shown in Fig. 6.1(a).
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Figure 6.1— (a) Polar and longitudinal hysteresis loops effePt(20)/Fe(7) bilayer]() Hysteresis loops and initial
curves; ) DCD remanence curves. (b) MFM image.

The hysteresis loops show in both geometries tffeewty to reach the complete saturation
suggesting a tilting of the easy axis from the padicular to the film plane. This effect is due
to the presence of the soft layer that enhancedahmgnetizing effects lowering the anisotropy
strength and favouring an in-plane orientation.

Taking into account the presence of the demagneitizeld during the extrapolation of the

polar remanence curve, the complete overlappingdesi this curve and the hysteresis loop
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indicates the establishing of a good exchange omypletween different magnetic phases. The
magnetic properties are typical of an exchangedeaumagnet. The more marked kink in the
first magnetization curve of the bilayer [Fig. @J(with respect to that of the hard phase [Fig.
5.11(a)], suggests that a strengthening of the domvall pinning mechanism occurs in the
bilayer as a consequence of the iron depositioms $tiengthening of domain wall pinning
gives rise to a little increase of the coercivédfie

The MFM image [Fig. 6.1(b)] for the bi-layer shoastripe domain pattern as in the case
of the FePt(20) film [Fig. 5.12(a)], with lower sig and the presence of a better directionality.
The lower sizes are due to the presence of thelagadt that reduces the anisotropy strength,
while the better directionality can be attributed the significant component of the
magnetization preferentially oriented in the filtame.

The CEMS spectrum [Fig. 6.2(a)] can be interpretedhe superposition of two sextets,

two doublets and a singlet whose hyperfine paramete reported in Table 1V.
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Figure 6.2— CEMS spectra of (a) the FePt(20)/Fe(7) and (b)RbRt(20)/Fe(14) bilayers and the hyperfine field
distributions relative t®; andv, sextets.

*"Fe easily diffuses into the FePt hard film alongferential path such as low density
zones and grain boundaries giving rise to Fe infdne of superparamagnetic small particles
(a, singlet). Thed and v, contributions can be attributed to °&e-rich FePt compound
characterized by a large grain size distributiommied as a consequence of the reaction of the
soft *Fe with the FePt hard film. In particular, doubfetan be due to th&Fe-rich FePt

compound in the form of small particles showingesparamagnetic properties, whilesextets
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can be ascribed to larger particles showing a psitgy Hy distributiod®®®" which decreases
from the value typical for the tetragonal orderédge.

Finally, the a contribution is due to ferromagnetir-Fe while thepy doublet can be
reasonably attributed t8'Fe atoms which entered the MgO substfdtén zones which,
remaining shielded by the substrate locking systieming the rf sputtering growth, becomes

available for a direct deposition of Fe during sidsequent e-beam evaporation.

Table IV. Hyperfine parameters of the contributions to thecsra reported in Fig. 6.2

o o vy A a U
IS(mm/sec) -0.01  0.39 0.11 0.15 - 0.98
AEq(mm/sec) - 1.35 -0.1 -0.1 - 141
Hir (KOe) - - 268, 214 270,215 330 -

“Main peaks of the Hy distribution

By increasing the thickness of the evaporated %Bé layer to 14 nm tha contribution
increases, while the relative amounts of the otlmertributions remain substantially the same
[Fig. 6.2(b)]. These facts suggest that the suparpagnetic-Fe and th&Fe-rich FePt
compound form at the hard/soft interface. Takintp imccount the thickness of thée
evaporated layers and assuming a mean densithdoFé¢Pt alloy, this interfacial region was
about 2 nm thick.

The hysteresis loops performed on the FePt(20)Fefllayer (Fig. 6.3) shows that a
complete reorientation of the easy axis occurs. ifi@ane anisotropy is due to the enhanced
effect of the demagnetizing field along the norrn@lthe film plane induced by the high

thickness of the soft layer, that also makes tlayéri very soft.
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Figure 6.3— Hysteresis loops of FePt(20)/Fe(14) bilayer.

A completely different situation takes place if tHEe layer 7 nm thick is evaporated on
top of Pt/FePt(20) film. The CEMS spectrum for B#H20)/Fe(7) [Fig. 6.4(a)] shows the

absence of the contribution due to ferromagnatiEe. The evaporated iron easily diffuses

91



giving rise to superparamagnetic-Fe; (singlet) and to the’’Fe-rich FePt compound
characterized by a large grain size distributioovghg collapsing hyperfine magnetic fields (
contribution) [Fig. 6.4(b)] up to the superparamatgm limit (¢ doublet). The hyperfine
parameters are reported in Table V.

The shape of the hysteresis loop and its good appimg with the remanence curve [Fig.
6.4(c)] suggest that a good exchange coupling ksttald between the hard and soft phases. In
particular, the loop is characterized by only onigical field that coincides with the coercive
field: by decreasing the applied external field thagnetization gradually decreases and only
for field aroundH, the rotation becomes irreversible giving rise moadrupt transition. It is to
be noted that in this case the exchange interadgerlops between the hard FePt layer and the
>Fe-rich FePt compound showing soft ferromagnetiperties.
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Figure 6.4— (a) CEMS spectrum, (b) hyperfine field distributicelative tof contribution and (c)[{ ) hysteresis
loop and €) DCD remanence curves for Pt/FePt(20)/Fe(7) bilayer

The first magnetization curve indicates that thénnmaechanism controlling the coercivity
is the domain wall pinning. The more marked kinktms curve with respect to that of
Pt/FePt(20) hard film [Fig. 5.11(b)] indicates eesgthening of this mechanism.

The presence of the soft layer gives rise to aatolu of the remanence ratid,/Ms,
substantially without decreasing the value of tbercive field. The lower value d&fl,/Ms and
the difficulty to reach the complete saturation oafy be linked to the presence at the hard/soft

interface of a region constituted by Fe andre-rich FePt compound showing
superparamagnetic properties.
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Table V. Hyperfine parameters of the contributions to tf#MS spectra reported in Figs.
6.4(a) and 6.5(a)

ay 3 B B a 1
IS(mm/sec) 0.01 0.38 0.24 0.11 - 0.99
AEq(mm/sec) - 1.10 0.18 0.18 - 141

Hir (KOe) - - 283, 194 290, 243 329.8 -

"Main peaks of the Hy distribution

When the 7 nm thick iron layer is grown on top bé tPt/FePt(15) film, the CEMS
spectrum [Fig. 6.5(a)] shows that:

- a-iron, which in Pt/FePt(20)/Fe(7) sample is onlggent in the form of small particles [Fig.
6.4(a)], in Pt/FePt(15)/Fe(7) is present both aallsparticles (singletr;) and as a normal
ferromagnetic phase (sexte, the last giving the prevailing contribution tetspectrum.

- The contribution from théFe-rich FePt superparamagnetic small particiedaublet) is
considerably decreased with respect to that irspleetrum of Pt/FePt(20)/Fe(7).

- The Hy distribution [Fig. 6.5(b)] for the’’Fe-rich FePt compound3{ contribution) in
Pt/FePt(15)/Fe(7) shows peaks which are bettene@fthan that in Pt/FePt(20)/Fe(P (
contribution) and shifted towards higher valuesedéhfacts suggest that this compound is

present in Pt/FePt(15)/Fe(7) with a better defisimichiometry and with a narrower particle
size distribution.
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Figure 6.5— (a) CEMS spectrum, (b) hyperfine field distribuaticelative tof; contribution and (c)[{ ) hysteresis
loop and €) DCD remanence curves for Pt/FePt(15)/Fe(7) bilayer

The shape of the hysteresis loop [Fig. 6.5(c)ymEdal of a single phase magnet. This is
confirmed by (i) the complete overlapping of thenemence curve with the hysteresis loop and

(i) the presence of only one critical field forethmagnetization reversal. Respect to
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Pt/FePt(20)/Fe(7) sample, the bilayer reaches tleptete saturation and the coercive field
decreases with respect to that of the hard Pt/E&PH{m [Fig. 5.11(c)].

The different degree of Fe diffusion into the h&tFePt films can be due only to a
different morphology of the hard FePt layers. lfeef AFM images (Fig. 6.6) performed on the
surfaces of Pt/FePt(20) and Pt/FePt(15) samples shoy different morphologies. The thicker
hard film is characterized by a very roughness deéective surface, indicating a low
compactness allowing a high permeability to Feudifn.

Figure 6.6— AFM images for (a) Pt/FePt(20) and (b) Pt/FePt&huttered hard films.

For the thinner film, no signal due to the intel@actof the sample surface with the tip
probe can be detected and the AFM image only shelestronic noise [Fig. 6.6(b)]. This
indicates the presence of a very smooth surfade gvdins having sizes much lower than the
resolution (< 20 nm) of the used microscopy. Thighéar compactness is the cause of the lower
Fe diffusion into the hard FePt phase. The veryatmeurface of the thinner sputtered film can
be due to the fact that the lower FePt thicknegsuis the establishing of a lower temperature
gradient between the substrate and the film sudaceg the growth process.

In both cases the ferromagnetic Fe aff@-rich FePt compound can grown only after the
formation at the hard/soft interface of a layerstiinted by Fe antd/Fe-rich FePt compound in
the form of superparamagnetic small particles. §theng exchange coupling between hard and
soft layers seems to be ascribed to the formatiohi®interfacial region.

The increase of the soft Fe layer thickness to athdunm gives rise in the Mdssbauer
spectrum only to an increase of the relative afghe contribution due to ferromagneticFe
[a sextet, Fig. 6.7(a)]. The {Hdistribution [Fig. 6.7(b)] for the’Fe-rich FePt compound
becomes much more broad and more shifted to higtdrvalues with respect to that reported
in Fig. 6.5(b).
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The easy magnetization remains oriented along ¢ngepdicular to the film plane in spite
of the strong effects due to dipolar interactidfig | 6.7(c)]. However, the impossibility to reach
the saturated state indicates the presence of agnhaation component oriented in the film
plane and characterized by a significant magnetidiess. The shape of the hysteresis loop and
the presence of a reversible magnetization compganehe remanence curve indicate that the

bilayer behaves as an exchange-coupled magnet.
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Figure 6.7 — (a) CEMS spectrum, (b) hyperfine field distribuaticelative tof, contribution and (c)[{ ) hysteresis
loop and €) DCD remanence curves for Pt/FePt(15)/Fe(14) bilaye

The use of two techniques properly selected for deposition of the soft and hard
component can be promising in the development ofi@xge-spring magnets. The effectiveness
of this choice is proved by the development of weithange-coupled systems showing a
single-phase magnetic behavior both in the case lwfjh soft/hard thickness ratio and in the

presence of strong demagnetizing fields.

6.2 Interparticle Interactions

In the previous section, the behaviours of theybilaremanence curves have been
discussed. In particular, the shape of the reamp$ and their good overlapping with the
hysteresis loops indicate a single-phase demagtietizbehaviour, suggesting the establishing
of a strong exchange-coupling among the differeaxymetic phases.

In materials consisting of particles in close contaith each other, magnetization reversal
is also influenced by magnetic interactions amoigtigdles. These interactions can be of

exchange or dipolar type and strongly influence thagnetic microstructure. Indeed the
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magnetization processes can be cooperatives, ichwiwo or more particles are involved
(coherent rotation and curling), or non-cooperative the case of an ensemble of non-
interacting particles.

A way to characterize the degree of cooperatiora aystem is to use the irreversible

susceptibility y>°°

irr

, Obtained by differentiating the DCD remanenceveurThis curve is a

measurement of the switching field distribution [§k.e. of the energy barriers that oppose to
the magnetization reversal.

The irreversible susceptibilities for the Pt/FeRtrchlayers and Pt/FePt/Fe bilayers are
reported in Fig. 6.8. They have been calculateet &ifte remanence curves have been corrected
for demagnetization effects. For all the samplbs, magnetization reversal starts in positive
applied fields as can be observed by the positiothe® main peaks of the SFD function.
Moreover all these curves are characterized by pwaks indicating the presence of two
correlated mechanisms for the magnetization ratatio initial nucleation of a reversed domain
followed by a slower depinning of the domain wddls applied field greater than the coercive
field.

DCD
"

The narrowing of the full width at half maximumtbfe y,,~ curves for the bilayers with

7 nm thick Fe layer indicates a reduction of thergy barrier distribution to the magnetization

reversal. Moreover the reduction of the heighthaf $econd kink and the lower distance among

the two peaks of they>"

irr

can be attributed to a more cooperative revers#he magnetic

moments, due to an increase of the strength aéxbbange interactions among the grains.
By increasing the Fe layer to 14 nm, a broadenihthe energy barriers occurs [Fig.
6.8(b)]. This broadening can be attributed to thessence of an in-plane oriented component of

the magnetization as evidence by the shape ofyistefesis loop reported in Fig. 6.7(c).

FePt(20) 1® FePt(iS)
FePt(20)/Fe(7) A\ FePt(15)/Fe(7)
1 FePt(15)/Fe(14)

L@

DCD

H (kOe) H (kOe)

Figure 6.8— x°<° curves for (a) Pt/FePt(20) and Pt/FePt(20)/Felit) @) for Pt/FePt(15), Pt/FePt(15)/Fe(7) and

irr

Pt/FePt(15)/Fe(14) samples.

Another way to directly study the typology and #steength of the magnetic interparticle

interactions consists in the analysis of th plots (Section 3.4). In particulaxM = 0, for an
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assemblies of single-domain non-interacting pasicAM > 0 if exchange-type interactions are

present among the grains aA¥ < O if the predominant interactions are of magrtetastype.

For all the bilayers théM (H) plot has negative values, suggesting the presamosg

the grains of magnetostatic interactions. Only éRtEL5) sample shows positive values of the

AM(H), indicating the presence of interparticle exchargmupling interactions. The

establishing of this type of interactions givesrie the well square-shaped hysteresis loop in
Fig. 5.11(c).

For Pt/FePt(20)/Fe(7) sample, the increase ofritezparticle exchange interactions can be
deduced by the lower negative values of tkid with respect to those of the corresponding
hard phase. This increase is not able to signifigaeduce the coercive field of the hard film
[Fig. 6.8(a)] suggesting that some structural dsféorm in the bilayer hindering the domain

wall motion.
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Figure 6.9— AM plots for the Pt/FePt films and Pt/FePt(t)/Feiiayers.

In the case of Pt/FePt(15)/Fe(7) bilayer, the negatalues of theAM (H) curve with

respect to that of the corresponding hard layeéFgRt(15)], can only be due to the formation of
the superparamagnetic layer at the soft/hard exterf This layer constituted by very small
particles of Fe and Fe-rich FePt compound, canuaaalecoupling of the grains.

On the other hand, the presence of this superparsetia interfacial layer seems to favour
the establishing of a strong exchange coupling gntfierent magnetic phases. The bilayers
show a single-phase magnetic behaviour both iptbgence of strong demagnetizing fields and
in the case of a high soft/hard thickness ratioeffiect, the narrowing of the SFDs and the
decrease of the coercive field value with respet¢hose of the hard phases are possible only if
the soft phase is strongly exchange-coupled tdhéind one and in this way able to modify the

switching behaviour of the hard magnetic grains.
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Chapter 7

Ultra-Thin FePt Films and FePt/Fe Multilayers

The sputtering technique is the most commonly @geding technique for the deposition
of hard FePt films, favouring the development gfhwalues of the coercive field. This is due to
the formation of a microstructure with a high dénsf defects acting as pinning sites for
domain wall motion.

However the anisotropy strength and the magnetidness of the FePt films are strongly
influenced by the degree of epitaxy and of the dbahorder of the alloy that develops during
the growth. Indeed FePt films have been grown utiiegUHV e-beam deposition technique,
whose low energetic growing processes can favood ggpitaxial growths. In particular the
attention has been addressed to the study of theshiuctural and magnetic properties of FePt
films with ultra-thin thicknesses. In this regimarface and interface phenomena become
significant and strongly influence the magneticgandies of the samples. These phenomena can
be exploited for the development of exchange-spmiagnets having a high soft/hard thickness
ratio.

The aims of the study were (i) to study the effectshe magnetic properties of varying the
thickness ofL1,-FePt ultra-thin films, and (ii) to investigate thessibility to realize ultra-thin

FePt/Fe perpendicular exchange spring magnetsawitgh soft/hard thickness ratio.

7.1 UHV e-beam Evaporated FePt Ultra-Thin Films

FePt films, 3.6 and 4.8 nm thickg¢Pt(36)andFePt(48], were e-beam evaporated in UHV
(~ 10° mbar) at 700°C on MgO (100) monocrystalline siufiss by alternating Fe and Pt layers
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0.6 nm thick. The film thickness was measured fin"$y an oscillating quartz microbalance.
The estimated stoichiometry isdsgels.

The XRD patterns measured for FePt(36) and FePiH&3. 7.1(a) and 7.1(b)] show only
the preferred (001) and (002) reflections typidaihe L1,-ordered FePt alloy epitaxially grown
onto (100)-MgO substrates. By increasing the fimckness, the linewidths of both reflections
decrease indicating that an improvement in epitasgurred, favouring a lower dispersion of
the contracted-axis along the perpendicular to the film plane.

The very good structural order is proved by thehhiglue of the order parameter which
was evaluated to be 0.96 for both films. Moreotee, absence of significant difference in the
peak positions in the XRD patterns indicates that tetragonal distortion of the lattice was
unaffected by the film thickness.

200

200)-MgO a
Lol (200)-Mg (@) |

100 -

(001)-L1, (002)-L1,

Wi
S
T

Intansity (a.u.)
S

(b) |

w S >
S 3 3
:

(=]

25 30 35 40 45 50 55
26 (°)
Figure 7.1- XRD patterns measured for (a) FePt(36) and (PX#E8).
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The shape of the hysteresis loop measured for B&HKig. 7.2(a)] indicates that a strong
perpendicular magnetocrystalline anisotropy dewelap a consequence of the good epitaxial
growth and chemicdll, order. The behaviour of the minor loops and thepshof the initial
curve suggest that the domain wall pinning is tr@nmmechanism controlling the coercivity.
From the hysteresis loop obtained applying the mari magnetic field of 15 kOe, a coercive
field of 6.5 kOe was measured. The shape of thip uggests that at 15 kOe the saturation
magnetization is almost reached.

By increasing the film thickness up to 4.8 nm, wora improvement of the magnetic
hardness occurs, and only minor loops are allowedet measured [Fig. 7.2(b)]. A coercive
field of 9.5 kOe was measured applying in polarngetry the maximum magnetic field of 15
kOe. The saturation magnetization, evaluated fioenkterr rotation, was 520 in respect to that
of 750 emu/cevaluated for the FePt(36). The lower valud/igis in agreement with the fact

that the complete saturation can be reached omhuah higher values of applied fields.
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The initial curve behaviour for FePt(48) indicatdésit for the thicker film a relevant
strengthening of the domain wall pinning mechanasours. In effect, the first magnetization
curve slowly rises with the applied magnetic fiajgto values closed to the coercive field, and
then abruptly increases.
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Figure 7.2 - MOKE measurements in polar (minor loops and e initial magnetization curvajdalongitudinal
geometry for (a) FePt(36) and (b) FePt(48).

From the comparison between the longitudinal laopasured for FePt(36) and FePt(48) it
follows that the last film is characterized by dtéeepitaxy and by a very good orientation of
thec-axis along the normal to the film surface.

The improvement of the magnetic hardness can laerklto the film morphology. The
AFM images for FePt(36) and FePt(48) fiims are ragmb in Figs. 7.3(a) and 7.3(b)
respectively. Both films show an island-like pattebut, contrary to what expected, when
increasing the film thickness, a reduction occurbath the grain interconnection and the mean

grain size. These facts may well cause the increfseercivity of FePt(48) film.

ia

—
100 nm
Figure 7.3- AFM images recorded for (a) FePt(36) and (b)tfh samples.
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7.2 UHV e-beam Evaporated FePt/Fe/FePt Trilayers

FePt/Fe/FePt trilayers have been grown with the WHheam evaporation technique on
MgO monocrystalline substrates varying the thicknesthe upper FePt layer. The hard FePt
layers have been deposited at 700°C while the Beftlayer has been grown at room
temperature. The thicknesses of the Fe and of ¢l Fayer in contact with the substrate were
fixed at 4.8 nm, while the thicknesses of the uppePt layers were 1.2 and 4.8 nm. The
obtained trilayers are respectiveliePt(48)/Fe(48)/FePt(12ndFePt(48)/Fe(48)/FePt(48)

The minor loops and the initial magnetization curveported in Fig. 7.4(a) for
FePt(48)/Fe(48)/FePt(12) sample, indicate that tilayer is characterized by a strong
perpendicular anisotropy and that, even for theimasn applied field of 15 kOe, no complete
saturation was achieved. From the comparison with measurements performed for the
FePt(48) film [Fig. 7.2(b)], the trilayer shows tmong decrease of the squareness and of the
coercive field (from 9.5 to 5.6 kOe) followed by arcrease of the saturation magnetization
(694 emu/cmat an applied field of 15 kOe).
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Figure 7.4 - () Minor loops, initial magnetization curve, (I)CD and (c) IRM remanence curves for
FePt(48)/Fe(48)/FePt(12) trilayer.

The DCD and IRM remanence curves measured foritagdr and reported in Figs. 7.4(b)
and 7.4(c) indicate that a significant reversitatdbution to the rotation is present, reasonably
due to the relevant amount of the soft phase ptaésehe trilayer. On the other hand, the fact
that the minor loops show only one critical fielmiriding with the coercive field indicates that
the trilayer behaves as a single phase magnet.

No significant changes were observed in the shdpdneo minor loops, coercivity and
squareness when the thickness of the outer hart |[&gEr is increased from 1.2 to 4.8 nm
[FePt(48)/Fe(48)/FePt(48) sample].

The irreversible susceptibilities of the trilayeohtained by differentiating the DCD and
the IRM remanence curves with respect to the agiedd [Figs. 7.5(a) and 7.5(b)], represent
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the switching field distributions in both the magneg and demagnetizing mode. In particular,
for the DCD case, they.., represents a measurement of the energy barriedoneain
nucleation, while in the IRM case, tjyr'gM, is a measurement of the energy barriers to the

domain wall propagation.
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Figure 7.5 - Normalized irreversible susceptibiliy" obtained by differentiating the DCD and IRM curveishw
respect to the field for (a) FePt(48)/Fe(48)/FeBt@nd (b) FePt(48)/Fe(48)/FePt(48) trilayers.

The maximum ofy;, for the trilayer with thinner top layer is shiftéaivards lower fields

in respect to that ofr, , suggesting that the predominant coercivity meigmaris the domain

wall pinning. On the contrary, for the trilayer withicker top layer, the opposite behaviour of

the two ¥ suggests that the rotation of magnetization peetéally occurs by a coherent

Stoner-Wohlfarth-like rotation of the moments. The different mechanisms of magnetization
reversal induced by the variation of the thicknekthe upper FePt layer, suggests that in the
thinner trilayer defects act as pinning sites fomdin wall motion while in the thicker trilayer
they act as preferential sites for the nucleatioa i@versed domain.

Furthermore, thé\M curves obtained from both the remanence curves {&6) indicate
the presence in the trilayers of different intengiateractions.
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Figure 7.6- AM curves for FePt(48)/Fe(48)/FePt(12) and FePt(4848)/FePt(48) trilayers.

For the thinner trilayer, interparticle interactiomre mainly of magnetostatic type, while on

the contrary for the thicker trilayer the positivalues of the correspondingM curve suggest
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the presence of exchange-coupling interactions.ebt@blishing of these exchange interactions
among the particles in the thicker trilayer is atemfirmed by the lower width of botly™

curves [Fig. 7.5(b)].

Figure 7.7(a) displays the AFM image recorded ipptag mode with a non-magnetic
cantilever for the FePt(48)/Fe(48)/FePt(48) samplee morphology of the surface is
characterized by well defined islands with intemected bases, elongated in shape and oriented
along a preferred direction. Figure 7.7(b) in tusmows the MFM image for the same
demagnetized sample. The analysis was performed) wsiCoCr-coated magnetic tip in lift
mode at a distance from the surface of 100 nm. gaitern is constituted by finely dispersed
bubbles with dimensions three times larger thanaterage sizes of the islands. Moreover,
these bubbles appear to be oriented along a pngfrdirection which is probably induced by

the island orientation.

| 100 nm‘
Figure 7.7- (a) AFM and (b) MFM images for (48)/Fe(48)/Fef trilayer.

These bubble domains belong to the greater fanfilynteraction domains, which are
characterized by sizes much higher than thoseeofsands. This characteristic, in agreement
with the AM plot in Fig. 7.6, indicates the presence in thiekdr trilayer of interparticle

exchange interactions.
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Chapter 8

FePd Films

The binary phase diagram of the Fe-Pd alloy (Fit)) B very similar to that of the Fe-Pt
system (Fig. 5.1). Around the equiatomic compositioe bulk FePd alloy shows a stable fcc
disordered phase at high temperature and a temhftgordered phase at temperature lower
than 650°C. In the form of thin film, the disordérphase is stable also at room temperature,
and the order-disorder phase transformation caoragiclower temperature than that reported
for the bulk system (650°C). The tetragonal digtartinduces a morphology transformation
with the formation of twins that allow the accommtdn of the strain and misfit energy
formed during the process of ordering. As in theecaf the Fe-Pt alloy, during the ordering
there is a lowering of symmetry resulting in anr@ase of the lattice periodicity along the slip

direction. This gives rise in the XRD pattern tgerstructure reflections having twice the
length of the fundamental ones.
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Figure 8.1— Phase diagram of the Fe-Pd alloy.

105



Firstly this system has attracted attention becaf@ises Invar behaviour around the ;Pd
composition; now it is studied as magnetic medh gtrape memory candidate.

To achieve long range order pure Fe and Pd planeg extend over large range and
continuous flat regions, with a high lateral colmeeand without defects. To favour long range
order, a high temperature deposition is indispdestab promote 2D epitaxial growth mode,
allowing the atoms to diffuse and adopt the corpaition for the ordered phase. However
from the technological point of view it is necegstr obtain nanostructured materials with a
high degree of chemical order and strong magnettatine anisotropy. In particular for
application such as the magnetic recording, thasestructures must be decoupled to minimize
magnetic interactions among the grains since igesth nanostructure would constitute a bit
of information, whose magnetic state could be maaie independently. In this case a 3D
growth is preferable; this mode is favoured by higmperature growths and by high lattice
mismatche€,

The simultaneous presence of the long range oreB3B growth is challenging since the 3D
growth inhibit the formation of long range orderoVarge lateral scale.

MgO monaocrystalline substrates exhibit a high dattmismatch with FePd (10%) and the
dielectric surface favours a 3D growth mode for #fley. For this growth mode, molecular
beam epitaxy is the most commonly used depositiohrtiqu€*®®. Using different deposition
techniques, involving different energies, and afgsthe growing parameters, it becomes
possible to affect and control the growth mode, diegree of epitaxy, the morphology, the
structure, the chemical ordering, the magnetic madneto-optical properties of the alloy. For
example FePd thin films grown with sputtering tegoe show a lower chemical order with
respect to similar films grown with MBE, and theder can be obtain only for a narrow
temperature range around 456°C

Compared to the Fe-Pt alloy, the Fe-Pd system @&sacterized by a higher saturation

magnetization, a lower order-disorder transitiomgerature, a lower perpendicular anisotropy
(K, ~2+3x10 erg/cnd) and much lower coercivity values (hundreds of .Qépreover the

hysteresis loops show in general a transcriticapeh due to the presence of strong
demagnetizing fields overcoming the anisotropy @agypical example is reported in Fig. 8.2,
where the magnetic measurements have been perfaméePd thin films grown on (100)-
MgO substrates using a molecular beam epitaxy (MBEhnique. The films have been
deposited at 400°C and then subjected to post-tngemeatments for 1200 s at different
temperature (400, 500 and 600°C).

Until now, better results, i.e. higher values of ttoercive field, can only be obtained in

nanostructured systems constituted by FePd namtpartwith sizes lower than 10 ffh The
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control on the particle sizes is a hard task, winetkes very difficult to obtain systems showing
good chemical order and epitaxy. This hinders #taldishing of a strong uniaxial anisotropy
and contemporary favours the appearance of anpottomponents oriented in the film plane.

Moreover the small particle sizes can induce swgrarpagnetic contributions, worsening the

hard magnetic properties.
These difficulties have made the FePd system usaily for the study of magnetic

domains and their dynamics.
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Figure 8.2— Hysteresis loops for FePd thin films grown by M&EMgO (100) monocrystalline substrates at 400°C.
(a) As deposited; (b), (c), (d) post-annealed #0QLs at 400, 500 and 600°C, respectively

It is clear that it becomes very interesting to enstand while the FePt and the FePd
systems so similar from the structural point ofwigave such different magnetic behaviours.
Therefore ultra-thin films of FePd have been gramrvigO (100) monocrystalline substrates in
UHV using the e-beam evaporation technique. Thewvtjrohas been carried out by the
alternated deposition of Fe and Pd thin layergpeaesvely 0.4 and 0.5 nm thick. The relative
thicknesses of the single elemental layers have bdpisted to obtain a nominal composition
of 50 at.% Fe. The total film thickness has begedito 4.5 nm, while the growing temperature
was varied: room temperature, 300, 540 and 700f@hd following these samples are indicated

asRTF, 3F, 5F, 7F respectively.
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8.1 UHV e-beam Evaporated FePd Ultra-Thin Films

The hysteresis loops measured in polar geometrizé®d films 4.5 nm thick grown at RT
and at 300°C, RTF and 3F samples respectivelyregrerted in Fig. 8.3. The RTF film shows
magnetic properties typical of a soft ferromagngti@ase [Fig. 8.3(a)]. In spite of the room
temperature growth, the film shows a good perperaicanisotropy as can be deduced by the
very low saturating field. This can be due to tlesyeintermixing at the Fe/Pd interfaces
favoured both by the low thicknesses of the eleaidayers and by the low growth rates (< 4
A/min) that allow a good arrangement of the Fe Bdditoms.

When the growth temperature is increased to 308Ffjim [Fig. 8.3(b)], an increase of
the coercivity occurs with a concomitant strengthgrof the demagnetizing field lowering the

effect of the perpendicular anisotropy.
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Figure 8.3— Hysteresis loops of e-beam evaporated FePd, fdtBsnm thick, grown at (a) room temperature (RTF)
and (b) 300°C (3F).

The growing temperature induces an increase ofdheme fraction of the ordered phase, but is
not sufficient to induce a good (001) orientatidriie c-axis. A possible tilting of the easy axis
along the (111) direction can be argued.

The 5F film [Fig. 8.4(a)] shows a strong perpentdicanisotropy, with a coercive field of

about 2.2 kOe and a remanence to saturation MioM_ =0.9. It is to be noted that despite

that normally reported in literature (a main exaenigl reported in Fig. 8.2), the effects due to
the demagnetizing field are practically absentmmdranscritical shape can be observed.

By growing the film at 700°C [Fig. 8.4(b)], a fugh enhancement of the magnetic
hardness occurs. In effect for maximum applieddfiebf 15 kOe, only a minor loop can be
measured. The coercive field reaches a value df KOe and the squareness of the loop a value
of 0.98.

By observing the first magnetization curve of 5@ & samples, the domain wall pinning
is the main mechanism controlling the coercivity Bcreasing the growing temperature a

significant strengthening of this coercivity mecisam occurs, as can be deduced by the better
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defined kink in the first magnetization curve of #ample. The magnetization remains
practically zero until the applied field reaches talues of the coercive field, at which abruptly

increases.

I () 1 [ ()
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Figure 8.4— Hysteresis loops and initial curves of e-beaapevated FePd films, 4.5 nm thick, grown at (a) &40
(b) 700°C, 5F and 7F samples respectively.

It is to be noted that, as reported at the begmwinthis chapter, no data are reported in
literature about coercive fields reaching theseesl(above 10 kOe) for FePd samples. In effect
the hardness of 7F sample is well comparable \with of the FePt sample, 4.8 nm thick, grown
at 700°C [Fig. 7.2(b)]. The hard magnetic propertiend the strong magnetocrystalline
anisotropy of FePt sample can be connected tootimeation of a microstructure constituted by
very small particles with sizes of ten nanometersliameter that favour the development of
high coercivity values [Fig. 7.3(b)].

The FePd film morphology is characterized by intaereected islands elongated in shape.
In Figs. 8.5(a) and 8.5(b) AFM images for FePd damgrown at 540 (5F) and 700°C (7F) are
reported. The low signal to noise ratio is dueht® lhigh smoothness of the surfaces that makes

very difficult the image acquisition.

Figure 8.5— AFM images (500 x 500 nm) recorded for FePd $esngrown at (a) 540 and (b) 700°C.

By increasing the growing temperature, the islashetsease in size and tend to break, with

the appearance of small grains with dimension®frtanometers. It is reasonable to suppose
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that high temperature post-annealing treatmentsldctavour a further formation of small
grains with a consequent improvement of the Felpd imagnetic properties.

The behaviours of the coercive field, of thd /M, ratio, and of the saturation

magnetization as a function of the temperature gr@se reported in Fig. 8.6.
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Figure 8.6 — (a) Coercive fieldH., (b) remanence to saturation rat/Ms and (c) saturation magnetizatidm,
behaviours as a function of the growing temperature

The coercive field and thé, /M, ratio slowly increase for temperature lower or &qio

300°C, above which an abrupt increase occurs. Tgmogite behaviour is showed by the
saturation magnetization [Fig. 8.6(c)] which desemawith increasing the temperature growth.
This behaviour is due to the increasing volumetioacoccupied by the ordered phase. The

relatively low values evaluated fovl_ are due to the very low thickness (4.5 nm) of Fe@d

films.

The measurement of the minor loops, that consistecording the hysteresis loop for
increasing applied fields, can be helpful for thenitification in the sample of magnetic phases
different from the predominant one.

The absence of kinks at low applied fields in thman loops of 5F and 7F films (Fig. 8.7)
suggests that these samples are magnetically hareoge and constituted by only the hard

L1,-magnetic phase.
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Figure 8.7— Minor loops measured for (a) 5F and (b) 7F saspl
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Moreover the absence of magnetization recoveryhanrecoil curves for these samples
(Fig. 8.8) indicates that the moment reversal ceamly through irreversible switching of the

magnetization.
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Figure 8.8— Recoil curves measured for (a) 5F and (b) 7F Esppnd the corresponding plots of the reversihbd
irreversible contributions to the magnetizatioratimn.

The reversible and irreversible contributions te thagnetization reversal process can be
evaluated from the following equations:
MP®°(H)-M(H) M, =M ®(H)
irr = ; AM rev T
M 2M

r r

AM (8.1)

where M (H) is the remanent value of the magnetization evetlafter the removal of the

reversing field, M, corresponds to the remanence fdéf =0 and M(H) is the

demagnetization curve.

The results obtained using equations 8.1 are plattd=ig. 8.8 below the recoil curves of
5F and 7F samples. The values of the reversiblgpoaent are zero for all the applied reversing
fields, and therefore the moment reversal occuly through irreversible switching of the
magnetization.

It is to be noted that for sample 7F the hysterksips performed in perpendicular [Fig.
8.4(b)] and in longitudinal geometry [Fig. 8.9(8)Jjow that the easy magnetization direction is
intermediate between the parallel and perpendiditactions suggesting the presence of a 111-
crystallographic texture. Also in longitudinal canfration, the hysteresis loop measured up to
15 kOe is only a minor loop, as the high anisotrgpythis film makes the approach to the

saturation very slow.
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To confirm the hypothesis of a 111-texture of $asple the hysteresis loop has also been
measured by applying the magnetic field at 45° ftbmsurface normal [Fig. 8.9(b)]. The loop
appears to be a little rotated because of the pces®f both a polar and longitudinal
contribution to the magnetization during the monreistion.

The facts that (i) in this configuration the sameéesily reaches the saturation state and (ii)
the loop shows a perfect closure at the highedieapfield indicate that the easy magnetization
axis preferentially lies along the (111)-directi®fRD measurements are in progress in order to

verify the presence of only the ordelet}-phase and the (111)-texture of these samples.

I () (b)

415 <10 -5 0 5 10 15-15 -10 -5 0 5 10 15
H (kOe) H (kOe)

Figure 8.9 — Hysteresis loops measured in (a) longitudinaingetry and (b) with the field applied at 45° respec
the film normal of 7F sample.

The angular dependences of the coercivity for 5¢ #n films are reported in Fig. 8.10.
The profile for 5F film seems to be due to the coration of the domain wall motion mode and
the rotational/nucleation mode, while that of thkefifm is characterized by a behaviour typical
of the domain wall motion mechanism. These behasiaonfirm the strengthening of the
domain wall pinning mechanism by increasing thewgng temperature and suggest the
disappearance of the exchange-type interactionsn@mparticles, in agreement with the
presence of a more particulate morphology for TRpda [Fig. 8.5(b)].

3 T T T T
.................. Domain Wa” Motion ""
251 Stoner-Wohlfarth 1

——5F

,
2t 1

—¥—7F

O ! 1 1 1 1 L 1 I

0 10 20 30 40 50 60 70 80 9‘0
a (%)
Figure 8.10— Angular dependence of the coercivity for 5F @Rdsamples. The zero angle refers to the film nbrma
direction.
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Conclusions

The activity presented in this thesis is focusednhengrowth and characterization of (i) thin
and ultra-thin films whose ordered phase islihgstructure and (ii) exchange-spring magnets
showing a strong perpendicular anisotropy. Theyaeal systems are the FePt and the FePd
alloys that, grown at high temperature and arotnedeijuiatomic composition, show an order-
disorder transformation followed by the appearavica tetragonal lattice and a strong uniaxial
anisotropy along the contractegxis. These alloys are suitable candidates fodéwelopment
of perpendicular exchange-spring magnets.

Factors such as substrates, bufferlayers and tivdrgy parameters become fundamental to
induce a perpendicular orientation of the easy mtizgtion axis. Moreover the magnetic
properties of these systems are strongly deperhetite type of growing technique used for the
deposition. In effect, the different energies af tirowing processes allow to tune the growth
mode (layer by layer or 3D) and the morphology led samples, influencing the degree of
chemical order and epitaxy.

For these reasons, FePt thin films have been glmtm by rf sputtering and UHV e-beam
evaporation technique. The rf sputtering favours tlevelopment of high coercive films
promoting a high density of defects that act asipm sites for domain wall motion. On the
contrary the e-beam evaporation technique allowsoltain hard films with a strong
perpendicular anisotropy favouring a better epahgrowth and a high degree of chemical
order.

In the case of sputtered FePt films a reductiontr@ film thickness favours an
improvement of the magnetic properties while in ¢éhveporated samples the hardness and the
anisotropy can be strengthened by increasing tirethiickness. In effect, the increase of the
thickness induces a morphology constituted by weltoupled nanometric grains causing a
significant improvement of the magnetic hardness.

The presence of a Pt underlayer can be helpfulrtbdr enhance the magnetic hardness of

these films. This type of underlayer allows to regluhe lattice mismatch between film and
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substrate favouring a better epitaxial growth aadtemporary increases the defect density in
the alloy, in this way promoting high coercive vedu

The effects of the growing temperature on the miégpeoperties have also been studied.
Respect to post-annealing processes, the grovitiglatemperature proves to be more effective
for the development of ordered FePt films. Thidue to the fact that the ordering is a diffusion
controlled process. In effect, during the high tenapure growth the ordering occurs through
the surface diffusion while during the post-annegaprocesses the ordering takes place through
volume diffusivity orders of magnitude lower thdme tsurface one.

In the case of FePd ultra-thin films, the increaf¢he growing temperature induces an
improvement of the magnetic properties with a graanhancement of the perpendicular
anisotropy. Surprisingly the obtained films do sbbw transcritical-shaped hysteresis loops as
generally reported in literature, indicating thae te-beam evaporation technique and the
growing parameters set during the deposition altowobtain films with anisotropy strong
enough to overcome the demagnetizing field. Moreosieparticular interest is the fact that by
growing the films at 700°C very high values of ttwercive field can be obtained (well above
10 kOe). If these samples are compared to simé&t films grown at 700°C, it can be argued
about the formation of a nanostructured morpholagyuced by the e-beam evaporation
technique allowing to obtain thin films with vergid magnetic properties.

Moreover, during the Ph.D. period, FePt/Fe exchapgag magnets grown in the form of
bilayers and trilayers have been studied.

In the case of FePt/Fe bilayers, two different gngwtechniques have been used: the rf-
sputtering for the hard layer and the e-beam ewjoor technique for the soft one. The
innovative use of two growing technique properljested for the deposition of the different
magnetic phases proves to be very promising fordéweslopment of well exchange-coupled
spring magnets showing a single phase magneticvlmehian spite of the presence of strong
demagnetizing fields and a high soft/hard thickmats.

On these samples Mdssbauer spectroscopy has beeraustudy the hard/soft interface
phenomena and their influence on the strength ef dkchange interaction that develops
between different magnetic phases. The establighfirgstrong exchange coupling interaction
is linked to the degree of interface intermixinglaeems to be due to the formation of a thin
interfacial region, 2 nm thick, constituted by Fela Fe-rich FePt compound both in the form
of small particles showing superparamagnetic behayi

In the case of FePt/Fe/FePt trilayers grown by déHeeam evaporation technique, by
varying the thickness of the upper FePt layer fth&1to 4.8 nm it is possible to change the

main mechanism controlling the coercivity. For theaner upper layer, defects act as pinning

114



sites for the domain wall motion, while, with inaseng the upper layer thickness, the defects
become preferential sites for the nucleation oferseed domains, in this way, favouring the
reversal of magnetization. This effect is due t® tAppearance of exchange-coupling
interactions among the grains that favour a moopemtive reversal of the magnetic moments.
Moreover the thicker trilayers show a morphologystduted by elongated islands having
a preferred direction of elongation. This preferdag@ction induces a preferred directionality in
the magnetic domain configuration. The domain pattie constituted by finely dispersed
bubble domains with sizes much greater than thbeedslands. For this reason, these domains
belong to the family of interaction domains whobkaracteristics are mainly determined by the

strength of the exchange-coupling interactions diexelop among the grains.
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