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Abstract

This thesis work deals with the design, implementation and characterization of a Kerr micfoscope

magnetic imaging of micro and nanostructures.

The Kerr microscope is an extension of a polarization contrast microaodpalowsto probe the

local magnetic properties &rromagneticpecimes. Magnetic domaigimaging provides the most

direct access to the effective magneticqoarbies of materia down to the nanoscalehichis crucial

to foresee the magnetic response of innovative materials and devices in the field of magnetism,
magnetic memories and Spintroniésnong other techniques like Magnetic Force Microscopy and
X-Ray Magnetic CirculaDichroismPhotoemission Electron MicroscgpKerr Microscopy isof

simpler implementation, gives suimicrometric resolution, does neoequire a complexsample

preparation andllows very fast measurements in applied magnetic field.

The activity started &m a preliminary investigation of an opticaZeissAxiotron microscopeto
understand the feasibility of its use to implement a Kerr microsda@&gn of a couple of water
cooled electromagnets and of a sample holder with five degreegdbinehas been done to permit
the application of irplane and oubf-plane magnetic fieglto the sample in close proximity to the

microscope objective.

A Matlab toolbox was developed in order to allow the full control of the experimental setup and
permitsthe acquisition,pogpr ocessing and analysis of magnet:i

scripting, allowing to perform automatic complex sequences of measurements.

An accurate characterization of the microscppdormances and noise sourbes beerarried out

to guide a microscope user to-s@tcustom measurements.
Finally, the capabilities of the Kerr microscope has been tested on three relevant case studies:

1. microcapacitors made by artificial multiferroics for the electric control of the miagtiety
2. permalloy zigzag shaped micrometric conduits lab-on-chip applications

3. micromagnetic patterns createdthgrmally assisted scanning probe lithography

These studies pointed atiiatthe developed instrument is a stafeart Kerr microscope.



Sommario

Il lavoro di questa tesi riguardladesign, Emplementazione ealcaratterizzaziongi un miaoscopio

Kerrperbi magi ng di mi cro e nanostrutture.

A

Il microscopio Kerr &u n 6 e s t & ansmicostapio a contrasto gholarizzazionee permette di
misurare le proprieta magnetiche dampioni ferromagnetici. La visuatiazione deidomini
ferromagnetici fornisce un accesso diretto alle effettive proprieta magndiichealla scala
nanametrica, di cruciale importanza pprevedere la risposta magnetica di materraliovativi e
dispositivi nei campi del magnetismo, memorie magnetiche e Spintronica. Rispetto altre tecniche
comeMFM e XCMD-PEEM, la microscopia Kerr & di piu facile implementazione, dealuzione

sotto il micrometronon richiede una specifica preparazione del campéoniga un elevateelocita

di misura

Lbatti vit ™ unoi mv esplimmparedidaamneicroscopideissAxiotron al fine di
implementare le modifiche richiesta da un microscopio Kerr. Il design di una coppia di elettromagneti
raffreddati ad acqua e un sistema porta camipcon cinque gradi di liberta per permetter

6 app!l i di aredampo enagnetico nel piano e fuori dal piano del campione in prossimita

dellbobi ettivo del mi croscopi o.

E stato sviluppato un toolbox &flab per il controllo del setup sperimentaledealuisizione,
postelaborazione e analisi magnetica delle immadiisioftware permette lo scripting permettendo

complesse procedure automatiche di misura.

E stata effettuatal n 6 a ¢ camattesizzazione dellperformance e delle sorgemli rumore per

guidare un utentalla configurazione del microscopio.
In conclusione, sono state testate le capacita del microscopis\Kee casi di studio:

1. microcapacitori contenenti multiferroici artificiali per il controllo elettrico della
magnetizzazione
2. condottimicrometrici di permalloyxona forma a zigzag per applicazioni labn-chip

3. pattern micromagnetici realizzatitraverso la tecnica ta®PL

Questistudi hanno dimosato che il microscopi&err sviluppatce allo statodefl ar t e .






Thesis Outline

The activity presented in this work was carried within the NaBiS group (Nanomagnetism for

Biology and Spintronics) of théhysics Departmenof Politecnico di Milano, headed by

Prof. Riccardo Bertacco. The NaBiS group have an established experience in the development of
spintronic devices for sensing, storage and signal processing, as well asnralahip systems for
maripulation of biological entitiesThe group operates Bblifab, a brand new reference facility of
Politecnico di Milano (400 Rof cleanroom and annexed laboratories) for micro and nanofabrication

activities

A Kerr microscope has become a fundamental instrument for groups operating in the context of
magnetism and spintronics. Micromagnetic imaging permits to shed light on the complex behaviour
of real micro and nansized devices, and goes beyond micromagrsgtitilations based on finite

elements methods. To this aim, my assignment was the complete development of a station for Kerr

Microscopy. Thaesults of my work is presented here, organized in three chapters:

1 Chapter 1:Magnetooptic effects The chaptepresents the physics and the formalism of
Magneto Optical Kerr Effect (MOKE).

1 Chapter 2Kerr Microscope. The chapter describestthrlware and software implementation
of the Kerr microscope starting from the standard optical microsteigeAxiotron.

1 Chapter 3 Case studiesThis chapter presents the magnetic characterization of the

aforementioned micrometric devices imaged by Kerr microscopy.


http://nabis.fisi.polimi.it/
http://www.fisi.polimi.it/en
http://www.polifab.polimi.it/

1. Magnetooptical effecs

The interaction of light with matter involves the electronic structure of theemén particular, in
ferromagnetic materials, the interaction depends on the magnetic state of the medium, and this gives
rise to magnetaptical (MO) effects.

The Faraday effect, observed in 1843 in a piece of glass placed between the poles of,anaagne
the first of the magnetooptical effects to be discov§tgd

The Faraday effect is based on two contributions: the magnetic circular birefringence, that is a
difference between the refractive indices for the left and right circular polarization; the magnetic
circular dichroism, that is a difference between themh®ns of right and left circularly polarized
waves propagating in a medilygj.

The magnetic circular dichroism converts a linear state of polarization into an elliptical one. The
magnetic circular birefringence leads to a rotation of the major axis of polarization of the ellipse with
respecto the incident linear polarizatn.

The rotation and ellipticity of the light due to Faraday effect can be calculated treating the incident
linearly polarized light as the sum of two circular polarized components with opposite helicities.

The coresponding effect in reflection was discovered by Kerr in 1876 and could be accounted for on

the basis of Fres[Blel 6s theory of reflection

1.1. Polarization state of light

The direction of the electric field of an electrmagnetic wave is known @®larizationof the wave.

Many optical applications, such as MOKE Microscopy, depend on the nature and manipulation of the
polarization.

Depending on the light source, the electromagnetice can be emitted without a particular
polarization, which means that the wave is the superposition of randomly distributed polarizations.
This wave is said to bendomly polarizear unpdarized[4].

An electromgnetic wave whose electric field vector has a periodicity in its temporal and spatial
behaviour is said to bepwmlarizedwave. Consider the following expression of the electric field of an

electromagnetic wave propagating along tfexis:

E=iE, 1E, (1.1)
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E, =E,, é'(kz- w+ £) : Ey :%y gkz- wt+ 1) (12)

E,, and E,, are the projection of the electric field vector along the x and y axelg #hand f,

represent the corresponding initial phases. Therefore, éoqumation(1.1) and (1.2) we can weta

general polarization state as:

E=(iE, -j'Eyo ei(fy' {)) dkz-wt+ 1)~ «f (1.3)

| is the complex vector amplitude for the polarized wave, which completely determines the

polarization state of the wave. In general(®8) represents an elliigally polarized wave: at a given
position in space, the electric field vector describes an ellipse. Two parameters characterize the
ellipse: the angleg between the major axis of the ellipse and taxis, and the ellipticitye defined

as:

€ ,E& (1.4)
QEOX
Two polarizations are of picular importance. If the ellipse degenerates in a straight line the wave

is said to bdinearly polarized, characterized by a null phase difference between the components
f.=1

E=(iE, 1E,)d" "] (15)

If the ellipse degenerates into a circle the wave is said tirdadarly polarized, charaetized by a

phase difference of p/2 and E,, = E;,:

E=E (i §i)el*™) (1.6)

The plus sign is for left circularly polarized (LCP) wave and the minus sign for right circularly
polarized wave (RCP). Important to note that a linearly polarized wave can be described as the sum

of a RCP wae and a LCP wave:
:%EO(I _!_ I) ei(kZ- Wt+f) %EO(I J ‘l) ei(kZ- 174 )f _; % ékZ— t W) (1.7)

11



1.2. Phenomenological theory of the Faraday effect

We start our description of the magnefatic effect with a classic treatment for dielectric fion
magnetic materialf2]. The Lorentz classical theory explains the magneto optic effect in terms of
dump harmonic model for the bound electrons in an oscillating electric field and in presence of a
static magnetic fiel§b]. From the Lorentz force applied to an electron bound to an atom we will find
the electron displacement, which lead to the Polariz&ioithe medium. From the relation between

the polarization and the external electric field we can find the elscsmeptibility tensor.

Once we obtain the susceptibility tensor we can obtain the difference in the indices of refraction for
Left and Right Circularly Polarized Wave (LCP and RCP) which leads to the description of the
Faraday and Kerr effest

1.2.1.Susceptibity tensor

We start from the equation for the electron bound to the nucleus under the effect of an oscillating

electric field and a static magnetic field.
m° ’ (1.8)

bis the damping coefficient,s the displacement of the bound electron from its equilibrium position,
k is theequivalent of amlastic constanmepresentinghe bond between the electron and the nucleous
and 3 is the vacuum permeability, as here we are working withmagnetic mediaVe are looking

for the steady state harmonic solutionr , €" in which the electron oscillates at the same frequency

of the electric field. Substituting this solution into €18) we obtain:

-mwr, dur, k, &; i 1eymH (1.9)

Assuming H =H, @&, and using the notation,=xi +yj+z and E,=E,,i+ B, i+ E.k, the
equation(1.9) yields to threescalarequations, one for each coordmat

e-mw H b +k)x 4 18 ;yH =ef,
[(-mn? 4 b+k)y i @ mH =eE, (1.10)
! (-mw+i b +k)z = eE,

12



These equations can be written as

ga & o0
@ 4w vl g+ Wy =S¢
i e m &m0 m
06 N
1 afk o0
lew +ul +g " 94 wBy =Sg (1.1D)
jee m &m0 m
;€
P @ 4k 00
) & + w2+ K §2= £ E,,
7 e m m=YOo m
t (; g s
or, by using avectorial notation
ax o E&
0 € e
AYy 2 — Eq (112
&z 2 B
a;eo- wHi gw ¥ ww 0
A=gp iww v wi+ gw 0 (L.13)
& o0 0 w- w+i gl
_ , _ : : _emH .
w, =k/ m is the resonance frequenay=b/ m is the damping parameter amg S is the

cyclotron frequencyif nis the average number of electrons per unit volume, the electric polarization

of the medium is given b= e . From the eq1.12), it results

P:%A'l E, (1.14)

This equation can be expressed in the folloviorgn

P=g,GE, (1.15
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From this equation, we can define tpelarizability tenso ¢ as the quantity that relates the

polarization and the applied electric field, multiplied by the vacpemmittivitye,. We can thus

write G as
ne2 écll 9‘2 0
G=—0- Alzzclz ¢ O (1.16)
gm S o)
Y 0 ¢4
where
a -
SELL AL S AN (117)
emcl g Wi Yw?* w
ne a iw
1.18
Lo B wi Gw Z w (118
a
_ne¢ 1 (1.19)

The effect of the applied magnetic field is to introduce-diagonal antisymmetric terms in the
polarizability tensor. For zero applied field the cyclotron frequemcyis zero and the polarizability

reduceS to a diagonal tensatiwequal terms, in the form assumed by isotropic materials.

From the polarizability tensor, we can define the dielectric tedduny the relation:

U=l +0) (1.20)
wherel is the identity matrix.
1.2.2.Indices of refraction
The optical properties of materials are givenbythewma | | 6 s equati ons and

which express the specific material properties. The equations we need are:

D3E =m— (1.22)

P3H=g ' — (1.22)

14

t



With the current density given by:

= eOGGE (1.23

B andm H have been used interchangeably since at the optical frequency the relative at the optical

frequencies the relative permeability g may be considered as one. Then(@®2) can be written:

P3H=¢gU 5 (1.24)
Mt
where
g=1+ (1.25)

Note thatU and G are tensorial quantities. They will depend on the applied magnetic field or the

magnetic state of the material, and it is their nonscélaracter that gives rise to tinbagnetooptical

effect.

Consider a plane wave propagatingptigh the medium:

E=E, e O H H, &P (1.26)

we can take the curl of eflL.21) and use the e@l.24)

3 o 2
pspE m- Hps HL e Eb (1.27)
ut [ th
through the identity
b pB= (BEP & (1.28)
using the notation
E,=E, F+E,j BEJE (1.29)
k=k Frkj EkjE (1.30)
where E,j IE are the unit vectors of the coordinate system. We can then solde28).
D 0= {kE, KE, kfE,)e"*® (1.30)

15



aky kkokk G

p(PB=kk K kk & %k Eq (1.32)
Bk kk KO,
DE=(K’E, «E,, KE,)e"*® (KI)8, (1.33)

wherel is the unit matrix. Thus, we can write
{K1- Q- Kk (1.34)

in which we have substituted

wic=k,=2p0 (1.35
where /, is the wavelength of the light in vacuum. The propagation vect@s, in an absorbing
medium, comfex. Thusk =k, +k, wherek, andk, are real vectors. The real patgives the
normal to the wave fronts, the imaginary pestgives the normal to the planes of constant intensity.

If k,is not parallel tok,, the wave is said to be inhomogeneous. Inhomogeneous waves will result

when light is obliquely incident on the surface of Be@abing medium. From el.35) the index of

refraction is given by:

n=k/k Fk@&]"*/ K (1.36)
Equation(1.34) becomes

{m1-kk/Kg-0} GG (1.37)

Equation(1.37) has nortrivial solution for E, only if the determinant of the coefficient vanishes.

This condition then determin@svhich will depend on the directions of the real andginary parts
of k.

The magneto optic effect arises from the formfin the presence of a magnetic field or a
spontaneous magnetization. In the following we will use the magnetizitioeven if the same
reasoning can be done for diamagnetic materials substitbking M . For cubic crystaQ has the

form:

16



ge e, £ 0
x6 £ O (1.38)
Fo 0 e

where g, is an odd function oM , whereasg; and &,, are even function oM . With this form for

U the secular determinant (i.37) is

n'{e+(g-cod P {4 & &g

(1.39)
- (‘9121 +% '116'33)5 }+q33( ile 21"2)9 0
where
cosg' =k, k=Kk,/nk (1.40)

The angleg' is, in general, complex

1.2.3.Magneto Optic Faraday

Let us consider the simplest case, that afradgeneous wave (real and imaginary parts glarallel

to each other) propagating along the directiortof (the z axis). This case yields to the Faraday

effect. We havek, =k, € and so from eq1.40)

cosg'=1 (141
Eq.(1.39) becomes
n493' 2 € € 33( Eil +é2) g 2 11‘( ie 15') (142)
And the solutions are
n=e,°i g (1.43)

17



Substituting back t¢1.37) we find the system for finding the componentdgf

a 0 a 0
o] o o]
%z - e, -£ 0 o) glze 12 € 0 o)
®+e, n® - £ 0 @o = & P 1 € 0 EQ 0 (144
e , 0 = 2 0
& . o] o . o]
w O 0 nz-E-e%_(-j i 0 g £ w5
v - v 0 -
The solution are
(EOX,Eoy)=(1,° 1) ;Ey, 0 (1.45)

The upper sign corresponds taght circularly polarizedRCP) wave and the lower sign to an LCP
wave. These are the proper modes for propagation paralel Each circular polarizatiohasits

own index of refractionas shown by edL.44

Then, if we consider a linear polarized wave atO propagatinglong thex-axis, then in the medium

the wave is given by

a _2,0n+Z C

1 . vigl/t / °2'mz
E= B (Briyel

- iw e
+EEO(X- Bye B : (1.46)

1-0:0: Ot

as we expressed the linearly polarized wave as the sum of an RCP wave and a LCP hvé) Eq.

can be rewritten as:

igwt-@z 8
E= EE0 ef o Q(Ecosg+ yEin—d) (1.47)
2 2 2

where

__1

n :E (n,+n) (1.48)
and

:/%(m -n)z (1.49

18



After propagating alistancel , the wave will be elliptically polarized with a rotation angle of the
major axis of the ellipse

g =A b

+OQ) Qo
N
- 11Ot

Qo

0° %e—/ (n,-n) (1.50)
0 g 0
and ellipticity[from eq.(1.4)]
€ %d@a zanh ggz—&n; n) (1.51)
c2+ /,
¢
From equatior{1.48) we can write

n-n° £n, A)(n .n) B

(1.52)
And assuminghat thedifference between the, and n is small compared to the average vahye
and then approximate the difference as

(n+- n.) @eﬁ

(1.53)
0
From eq.(1.54) , the definition of cyclotron frequency (€d-55)) and eq(1.25), we obtain
ne & iw W
Cpp = 1.54
1 eomg"( - Wi gw ? w (159
Thefinal resultis

g-=VIH

(1.56)
whereV is the Verdet constant and is a chégastic of the material.

For the case of the ferromagnetic material, the same result can be achieved through a quantum theory
in order to find the expression of the polarizability tensor, see[Ref.

19



1.2.4.Magneto Optic Kerr Effect

The analogous of the Faraday effect in reflection is cédled effect. It is possible distinguish 3
different geometries for the Kerr effect, as showigurel. In the polar configuratioM is normal

to the surface of reflection. In longitudinal Kerr efféddt is parallel to the surface and is in fhlane

of incidence. In the transverse effddt is parallel to the surface and is perpendicular to the plane of

incidence.

NN\
N NS

t™m —M /M

(a) (b) (c)

Figurel: Kerr Effect configuration; (a) Polar (b) Longitudinal (c) Transversglite from[2].

The calculation tthe reflection coefficient involves the application of the boundary conditions at the
surface to the reflecting medium. These conditions require the continuity of the normal component

of H and the tangential component Bf . Consider a plane wave with propagation vedtpras

shown inFigure 2 (incoming wave). Let be, the wave vector of the reflected wave dngthe

propagation vector of the transmitted wave inside the medium.

The continuity of the tangential componenttobn the surface leads to

(E €4°+E “° £ & §3 ikt H (1.57)

where the normal is directed along the positive z axis. Thisiequaust be true for all , then

k3lEk, AKz n (1.58)

Theserelations express the reflection and refractions laws. S{re&, , we obtain

sing =sin g (1.59
while with k,=n_k and assumingi= 1 for the vacuumwe get t he&th&forml | 6s | a:
sing =n, sin q (1.60)

20



=3

Non-Magnetic

. n;
Medium e
Magnetic n y
Medium mag

Figure2: Identification of the angles of incidence, reflection and refraction used throughout this section.

In an absorbing medium both, and g,, are complex. The complicating feature of the Kerr effect

for oblique incidence is that the proper modes that are the solutih8@Qfare not obtained (except

for the transverse effect) by having an incident wave that is simply linearly or circularly polarized.
With oblique incidence and with these simple polarizations for the incident light, thee ivakie
medium is a mixture of both proper modes. For normal incidence, however, and with M either parallel
or perpendicular to the surface, the symmetry is high enough that these polarizations do give pure

proper modes in the medium.

We start considerinthe polar Kerr effect at normal incidence. The proper modes are then RCP and
LCP waves with indices of refraction given @y43). If n is the index of refraction for a particular

mode, the reflection coefficient is given by:

E -
=5 -1 (1.61)
E, n+1
If we write thiscoefficientas
r rfe” (1.62)
andconsideringRCP and LCP wawe
L %é<f+- 2 (1.63)
ro|r

21



If the incident light is linearly polarized, can bewrote as the suraf two circulaty polarized RCP
and LCP waveequalin amplitude Then the reflected light will be elliptically polarized tause the
circular components will no longer have equal amplitafier reflectionand the major axis will be
rotated from the direction of polarization of the incident light because of the phase difference

introduced between these circular polarizatidiss rotation angle is given by:

1
G« = —2( r - (1.64)
and the ellipticity is

SR
R

(1.65)

from the last equation, we obtain to the first ordenja n_

~an,-n.
%= Aa (169
g I =
€ ) n-n. (1.67)
¢ n+1.

We present now the principal relations for the Kerr effect at oblique incidasseming onljinear

dependenceonM. Thus,we take

6= £ M| p< (168)
The indices will be used to denote the polarization of the incident bgiténoting polarization

perpendicular to the plane of incidenpdor the polarization in the plane of incidence.

Polar Kerr Effect

In this case, wittVl and ft along the zaxis, the angleg,, of (1.60) is the same ag' in (1.39).

We put g=cos ¢ and g'=gl i’ gn; ﬂgz, the last relation being obtaindém (1.60) and the

approximation1.68). Then the amplitudesf the reflected waves (the matrix of Frestmefficients)

are given by:

_hg- 9
By (1.69)

22



g-M & (1.70)

— elZ /nO (171)

Longitudinal Kerr Effect
Let g=sin g bcos, and bi=cos ¢, then the reflection coefficients are given by

nb- b
rpp=n2b+ 2 (1.72)
b - b
&:b+$ . (173
2
— — g blzdno (174)

27 o e, M, )

Transverse Kerr Effect
We putcosgi=0 since(1.42) since both the real and imaginary pats ., are perpendicular tol.

The proper modes from ef{..39) ares andp polarized wave with
N=e, ¥, T B 3 (1.79)
Thus, for this one case of oblique incidence the incident beam can readily be chosen to yiedd just on

of the proper modes. The reflectivity of theave is only slightly effected by the magnetization. The

reflectedp wave, on the other hand, has an amplitude which is, to first oradgy in

_n,cosg- 1€ sin(2g) g/n’
+ 1.76
® ncosg+1ls rnfcod g-1 (179
_C0sq - ny
rSS_Cosqi +n0 (177)

This leads to the conclusion that if unpolarized light is incident on an absorbing magnetic medium

with M perpendicular to the plane of incidence, then &nsal ofM will produce a change in the

reflected power.
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1.3. MagnetoOptic Effects in Ferromagnet

The description of the magnetptic effects in ferromagnets has been focused on the explanation of
the unusual large effect showed by ferromagnetic matefaals/hich magnetapptic effects are up

to five orders of magnitude more intense than in-f@sromagnetic bodies under the same external
applied magnetic fiel§b].

These effects are definitely connected to the ferromagnetic properties of the specimen, since for
temperaure higher than the Curie temperature of the materials they disappear along with the
ferromagnetic behavioyr].

The first attempt to explain the mustionger magnetoptics effects in ferromagnetic materials is to
replace the external field with an internal effective field, called Weiss Field.

The Weiss field was postulated to account the existence of the ferromagnetic order, and the nature of
this fidld was explained by Heisenberg that ascribed the origin of magnetism to the exchange
interactions among electrons. Even i f Heisenb
of magnetism as an effective magnetic field that aligns the indiveghiras, this field alone cannot be

used to explain the Faraday effect. This is because it is not coupled to the electron wiation
determines the dielectric properties of a material.

Hulme[8] provided the first quantum description of the magragitic effect in 1932. He pointed out

that the magnetoptic efect in ferromagnetic materials must be a consequence of therggin
interaction. This interaction couples the magnetic moment of the electron with its motion, thus,
connecting the magnetic and optical properties of a ferromagnet.

Spinorbit coupling, poportional to~ ' s, results from the interaction of the electron spin s

with the magnetic field the electron sees as it moves through the electric H&ladvith momentum

p inside the nadium. The SpiOrbit interaction explain also why for nonmagnetic materials this
effect is not strong, although the sqirbit interaction is present in all matter. For fmoagnetic
material, the equal number of spip and spirdown electrons cancels theet effect. For
ferromagnetic materials, however, the effect manifests itself because of the unbalanced population of
electron spins. Hulme calculated the two (rigintd left circularly polarized) refractive indices by

the energy splitting due to theisgorbit interaction, neglecting, however, the change of the wave
function due to the spiarbit interaction. This theory is unsatisfying because the quenching of the

orbital angular momentum in ferromagnets gives no energy splitting.
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Kittel was able tolsow that in case of quenching of the orbital angular momg@iunvhich leads

to a weak spiorbit coupling, the magnetoptic effects arise because of the change in the electronic
wave function due to spiarbit interaction, neglected from Hulme.

The full derivation of these effects in ferromagnets was given by Ardjyfesing the band theory

of metals withirthe framework provided by the semiclassical theory of radiation, in order to evaluate
the firstorder effect of the spiorbit interaction on the optical properties of ferromagnetics.

The main task of the model is to calculate the current density indacéte system by an
electromagnetic wave of certain frequency and, hence to find the conductivity and polarizability
tensors of the system under consideration. The assumptions taken by Argyres make his theory
applicable only to visible and ultraviolet fni@encies, which in general is not a limitation, because

this range of the electromagnetic spectrum is characterized by energies that indeed allow to probe

magneteoptic effects in ferromagnetic materials.

1.4. MOKE Experimental Setup

Sec.20showsthat themagneteoptical Kerr Effect is proportiondb the magnetization of the sample.
Summarizing it is possible to study the surface magnetic properties of a bulk magnetic material,
magnetic thin films or nanostructures. It is possible to probe locally the magnetic properties of the
sample, while retaing its surface sensitivity, which depends on the penetration depth of the visible
light (about 50nm), while itannotbe increased, MOKE measurement technique are valid also for
the limit of ultrathin magnetic layer, which can, in principle, be as ttlairoa atomic layer. It is
possible to completely characterize the material with a quantitative evaluation of the rajiveto
effects, in terms of, arbitrary magnetization orientation and of the magp#tal constants
[10][11][12].

We start discussing, first the working principle of the experimental method, in order to introduce,
later on, the instrumeal setup.

Consider polar or longitudinal configuration and a linegumofarized light reflected from a sample
surface. If the sample is nonmagnetic, the reflected light is purely p polarized. If the sample is
ferromagnetic then the reflection beam shaadsist of ars component, introduced by the magnreto

optical Kerr effect, in addition to the domingntomponent, withES/ E,~ being the complex

Kerr rotation. The measurement of theomponent it is the goal of the experimental setljme
analyzer has to be set at a small angle from extinction. In this way, the intensity measured by the

photodetector is:
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, . 2 2
I” |E,sing, +E, cosq ~ IEJ (1.78)

From the definition of the Kerr angénd ellipticity of equationthe equatior{1.78) becomes:

, : a 2
" [E,[ g, + g +ie 72 ,q) ¢ "'ZL (1.79)
o a

IO:‘Ep‘ @, is the intensity for zero Kerr &f€t, i.e. n the absence of magnetization, we have

neglectedince bothg, ande are, in first approximation, linearly proportional to the magnetization,

the measured intensity as a function of H yieldsnilagnetic hysteresis loop.

Transverse Kerr effeatvolves a change of the reflectivity of the light polarized parallel plane, which

depends upon the component of the magnetization perpendicular to the plane of irjti8lefaest

to be noted, is that, in transverse configuration, me=1; m, =m G, the only magnetization

dependent quantity is the reflectionefficient r_,, which implies that in principles the transverse

pp?
hysteresis loop can be taken without a polarizer or analyzer. Although, the difference in the
transversal and longitudinal Kerr effect can be exploited by changingdhear angle, rotating the
analyzer angleq, alters the dependence of the transmitted light on the two magnetization
components. Consider the case where the magnetization lie on the plane of the sample, i.e.
m;+nf{ 4; m Gand gp-polarized incident wave. The reflectesvave will alter in amplitude due

to the component of the magnetization perpendicular to the plane of incidence, while the variation of
thescomponent in the reflected light is a result of the magnairzabmponent parallel to the plane

of incidence. By passing the light through the analyzer and change its angle, it is possible to transmit
thes- or p- component (and blocking the other) in order to selectively detect a single component of

the magnetizadn [13]. For g, ° O only thep-component is transmitted after reflection and the signal
is proportional to transverseagnetization of the sample, while, fgr°® 90  the s-component is

transmitted and the signal is proportional the longitudinal magnetization.
In general, it is possible to separate the different component of the magnetization, reconstructing the
magnetization vector in the 3D space, exploiting the disparity of the reflection coefficients respect to

the polarizer and/or analyzer angle, this esllasic principle omagnetometry12][14] [15][16].
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Our rather simple analysis shows that a MOKE experimental setup require five basic elements:
A light source, a polarizer, an analyzer, an electromagnet and a photodetde experimental
simplicity of the setup allows great flexibility.

E
¥ A4 (optional) /B
N

Figure3: Basic MOKE setup implementation.
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2. Design, Implementation and Characterization kéa

Microscope

2.1. Basic microscope structure

Optical Micrcscopes are instruments that produce a magnified image of a sample in order to render
the details of the sample visible to the human eye. The magnification is achieved by the optical train,

which consist of a series of lenses and diaphragm. A generiaustacta reflection Microscope can
be seen irrigure4.

Eyeplece Condenser
W, Field Aperture
Observation ¥ Diaphragm Diaphragm
Tubes

Vertical
lluminator —— R

Tungsten-Halogen
Lamphouse

= Frame

Figure4: Generic scheme of a reflected light microsco)

The purpose of the optical train is to guide the Ifghin the illumination sourcento the sampland

after the reflectionto the imaging systenThe microscope optical train typically consists of the light
source and collector lens, condenser aperture diaphragm, field diaphragm, objective, sample, again
the objective after the reflection onto ttargle and the detector. Is it possible also to add some light
condition devices (such as a polarizer), in order to change the type of contrast of the image, the
contrast can be function of spatial frequency, phase, polarization, absorption, fluoresifesras, o

illumination, and/or other properties of the specimen and illumination technique.
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Figure5: Optical Path of a reflected light microsci

2.2. Kohler llluminatiomnd lllumination Source

The first stage of the optical train is the illumination source, which contains the lamp and collector
lens, and is crucial in determine the final resolution and contrast on the ikmageenly dispersed
illumination at the specimen is achieved usingKbé&ler illumination method, with this method the
system is arranged so that the image of the coil filament of the lamp is brought into focus at the plane
of the aperture iris diaphragm, instead the field diaphragm is imaged in the same plane as the specime
and the imaging system, so that the image of the light source is completely unfocusgdiainetod

the specimenwhich result in an even illuminationthe sample even if the light@ae isintrinsically

not uniform, such as a filament lantfa s also possible tiotroduce a sintered or frosted glassween

the lamp and the collector lens to diffuse the light.

The planeghat appear simultaneously fiocus arecalled conjugat@lanes this planes are imaged

into each other and can collectively be observed while examining a spebtimmeghthe Imaging

system With this type ofillumination, it is possible to distinguish two sets of conjugate planes, the
imagingforming set and the ilimination setFigure6.

This distinction between the sets of conjugate plane allow the introdurctiba optical trairof the

two diaphragm: the condenser apertdi@phragm and the field diaphragseeFigure5. Usually

these two aran adjustable irisype diaphragmrhefirst oneis conjugate with theamp whichallows
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to adjusts the angles the light raysstrikingthe sample, crucial iKerr microscopy. The second one,

is conjugate with the samplandcontrols the size of thuminating field imaged

Image-Forming Image
Light Path Eyepiece \me-@"  Plane
Field
Lamp Diaphragm

Filament

@

g' Gollector,‘-.) ﬁ ‘3} 'ﬁ/ ! Inte'é'l'n;a?gaw

Lens

Aperture —— 3 Specimen
Diapphragm Objective =34 Plane
Illumination

Light Path iﬁ-L‘m’

.ﬂff’ Eyepleca\ -
Field Eyepoint
Lamp  cojjector Diaphragm g

Filament Lens
Mirror
3 } Block
g Aperture

Diaphragm Objective

| Rear Focal
Plane

Objective -

Specimen=___"

Figure 6: Sets ofconjugate plane. The first is the image forming conjugate plane set, the secor
illuminating conjugate plane set.

2.2.1.0bjectivesand Resolutions

The most important imaging component in the optical microscope is the objective, a complex multi
lensassembly that focusesd correct the aberration lgght waves originating from the samplgo
note, that in reflected light systems, the objective serves a dual function: on the transmission path
servesas a matching weltorrected condenser propealgned; on the reflection patit isan image

forming objective.
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Figure7: Cross Section of a Microscope Objective

When the light pass through the lanterfereswith itself creating a ringghape diffraction pattern,
known as the\iry pattern shown inFigure8, which means that the various points of the specimen
appear in the image as small patterns and not as points. The Airy disk repregiimaberesolution
achievable for an optical system, free from all the others source afleality (such system is said
diffraction limited).

A guantitative expression of the resoluticen be derived theoretically given the optical parameters
of the system ahthe average wavelength of illumination, from the dimension of the Airy pattern.

The distance from the central peak at which the first minimum dgiccan be shown to bd]:

d=1.22©; 1:.22—/C") Resolutio (1.80)
n@in@) NA

wherea-is the average wavelength of the illumination sourds,the half of the lightoneopening
angle producethy the objective and is the refractive index of the medium between the objective

and the samplen€l in the standard case of giThe product n@ing is called numerical aperture

(NA) of the objective and repressrthe angle of acceptance of the cogatliof the objective. The
numeric aperture determines the abitiygather light and to resolve fine specimen detaligher
values of numerical aperture perrhigher acceptance angles, meaningigher number of oblique
photons coming from one pointibfe surface and entering the objective front lens. Higher NA values
allows smaller structures to be visualized viaétterclarity.
From Eq. (1.80), it is possible to introducéhe Rayleigh gterion on the possibilityto resolve two
different point of a sampien order to distinguish twpoint of the sample, the two corresponding
Airy patterngn the imagemustbe separated in such a way the firstderminimum of one pattern
corresponds to the maximum of the other. According to the Rayleigh critdr@redolution of the
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optical system is given by tlistance of the first minimum to the center in the Airy pattern, i.e. from
d of equatior(1.80).

Airy Disk 1 Airy Disk 2

Intensity

=

Figure8: Rayleigh Criterion for the resolution of a diffraction limited sys

Another important parameter theharacterizes an objective is the imdgeghtness that it can
produce, even though the actual image brightnegetermined by the whole optical train of the
microscope. For an objectivie brightness is governed by its transmittance and bghtsgathering
power. The transmittance of an objective, which express the transmigedity relatively to the
incident intensity, is due to light absorption areflection losses at optical interfaces and is
wavelengthdependent. Hencean objectivemust be chosen carefully in order to match its
transmittanceurve with the spectrum of the light source employed. Regardirigtitegathering
powerF of an objective, it can be expressed as a function ofidheerical apetire NA and of the
lateral magifi cation M produced by thebjective
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2.2.2.0ptical Microscope for Polarization Contrast

Contrast in microscopy can be define as the change of the intensity of a particular feature of the
sample respect to the background istgnor the surrounding of the featur@$ie ability of a detalil
to stand out against the background or other adjacent detaiisaasure of specimen contrast, which

lead to a simple definition of the contrast:

Lo - |
ContrasiC = 100G backgrounc (1.81)

background

Contrast is not amtrinsic property of the specimen, biitis dependent upon interactiaf the
specimen with light and thegbility of the optical system to distinguish the particular type of contrast.
Different technique can be employed to increase the contrast or change the type of contrast, such as,
differential interference contrast, polarized light, phase contrast, Hoffman modulation contrast, and
darkfield. Each technique is sensitive to a diffetgpe of contrast arising from different property of

the sample.

In particular, Kerr microscopy is a polarizatibased contrast technique and relies on the rotation of

the incident light polarization plane induced upon reflection by materials withediffenagnetic
properties or staté his type of technique requires the addition of, at least, two optical elements in
the optical train, as shown Kigure9: a polarzer and an analyzefhe polarizer set the polarization

of the incidence light therefore must be placed before the sample. Instead the analyzer (a second

polarizer) is placed after the sample in order to study the change of polarization state aftenreflect

ANAIYIEr — il o

— Polarizer
(a)

Beamsplitter ——

Objective

Specimen

Figure9: Optical train modification for polarization contrast microscopy.
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Since magnetoptical effect arise frommagnetic circular birefringencand magnetic circular
dichroism t is important to ensure that leelements, optical cements, and antireflection coatings are
free of both strain and birefringent matésithat might worsen theontrast arising from thgecimen
birefringenceln particular, as the most complex optical element in the microscope, tiotiabjeas

to be strain freesince strain in the objectives lenses leads to birefringence¢cohysomisingthe

performance of the setup3].

2.2.3.0ptical Train Modification for MOKE Microscopy

The main modification regards the optical train of the microscope. Because different component of
the magnetization requires different angle of incidence to be probed, itassagdo have the
possibility to select only a particular angle of incidend@ée condenserperture diaphragm is
responsible for the angle of incidence of the ray bundle onto the sample. This allows the introduction
of a custom slit in order to select a peutar angle of incidence. The position of the slit, together

with the numerical aperture of the objectives determine the final angle of incidence.

1.5x10°

(a)

1.0x10° 2 5 [ 10x  20x
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Figure10: (a) change of polar Kerr intensity with numerical aperture NAafioninc = 1) and oil immersion

(ninc= 1.518) objective lenses. (b) Corresponding change of longitudinal Kerr intensity. Typical values of NA
for individual objective lenses of different magnification are indicated. Image adaptef2#fpm
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The reflection coefficients strongly depends on the angle of incidence of the ligiguhe 10 are

shown the dependency of the longitudinal and polar reflection coefficients.

The polar component of the magnetization, require low angle of incidence, that can be selected by
taking the central portion of the ray bundle, instead, the longitudinal component requires wider angle
of incidence that can be selected with anceffitered slit.

In order to correctly position the slit, it is needed an image ofdhdenseaperture planehts can

be obtained by the use of a Bertrand lefise Bertrand lens allow® timage the illumination set
conjugate plarg which include the condenser aperture plafide image formed by the Bertrand

lens is called Conoscopimage, characteristic of this image is that, the distance of a point from the
optical axisis a (monotonous) function of the angle of beam inclination.

The conoscopic image of aptical microscopéwhen the polarizer and the analyzer are crossed for
maximum extinctioppresents a cross shaped extinction pafszaFigurell). Insteadof a uniform

dark image as in the ideal case, which meansathtite beams ndying in a central incidence plane

along or perpendicular to the polarizatiplanearereflected in an ellipticadind rotated polarization

state in generalndcannotbe extinguished by the analyzer

Once the conoscopimage is available, it is possible properly position the slit inside the extinction
pattern in order to maximize the magnreftic contrast. Ideally the slit should be place inside the
extinction pattern, which ensure that, the ray bundle selected hesledefined polarization, set by

the polarizer. Instead, opening the slit beyond the extinction pattern, increase the illumination
intensity onto the sample, due its polarization state, this component of the conoscopic image give no
magneteoptic contrastbut increase the background illumination onto the imaging system

In order to place the slit in the condenser aperture plane the condenser aperture diaphragm has beer
removed and replaced with a custom-sbtder. Two movement are available for the slit, it is possible

to move the sliholder along the optical axis imder to match the condenser aperture for the different
objectives of the microscope, the second movement is perpendicular to the optical axis, with a

micrometric stage, in order to match the extinction pattern of the microscope.

POLAR LONGITUDINAL

Figurell: Slit position for the two different components of the magnetization in plane.
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Based on the nomenclature introducedSec.1.2.4 both configuration brad ¢ of Figure 11 are
longitudinal. To distinguish between the two, configuration b will be called Longitudinal (L) while
configuration c will be called Longitudinalithi Transverse sensitivity (LT).

2.2.4.Digital Camera

Theimage sensoof a digital camera (schematic)ironsistsof an array of photosensitigdements
(pixels). Manly there are two different type of technology for the architecture for the image sensor,
CCD and CMOS. The main differenbetween the twdechnologies is irthe pixel structure. In
CMOS sensos, each pixelis composed o& photodiodeamplifier pair thus the conversion into
voltage is performed inside each pixel. Instead, for CCD sgner photoelectrons are converted
into voltage at a common port. Thus, the acquisition speed of the CCD sensor is limitetithespe

CMOS sensarthe latter used in our Kerr system

CAMERA COMPLEMENTARY METAL OXIDE SEMICONDUCTOR
{(PRINTED CIRCUIT BOARD) IMAGE SENSOR

CLOCK AND
TIMING
GEMNERATION

PHOTON-TO-ELECTRON
CONVERSION

CONNECTOR
BIAS DECQUPLING
BIAS GENERATION
ROW DRIVERS
ROW ACCESS

OSCILLATOR

COLUMN AMPS and ADC

i LINE
FPOA e hec | DIGITAL PIXEL DATA

TO FRAME
GRABBER

COLUMN MUX

ELECTRON-TO-VOLTAGE
CONVERSION

Figurel2 CMOS image sensatructure

The output signal of the sensor is proportional todleetrical clargeaccumulategdproduced by
photoelectric effect, during the exposure tifog,each el in response to irradiatio®hotons are
reflected from the specimen and redirected to the CMOS sensor and their absorption produces
electronhole pairswith a conversion efficienc@E (Quantum Efficiency). The pairs are separated

by the electric field of the biased MOS structure, so that a number of electron proportional to the

number of impinging photons is collected in each pixel (MOS structure).
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Photeelectrons are converted into voltage by each pixel's photodioghdifier pair. Because the
conversion from charge to voltage is done in the pixel structure, the Atwaldigital conversion is

conducted in parallel for each row.

Several parameters describe the performance of the digital camera:
1 Number of pixelof the sensor.
1 Pixel size, the effective dimension of the single pixel.
1 Effective sensitive area = Number of piXélixel size
1 Full well capacitythe maximum amount of charge that each pixel can store before saturation.
1 Dynamic rangemaximum output signal (Full well capacity) over the noise of the camera,
usually expressed in decibdlhe dynamic rangeharacterizes the abilityf the device to

capture both low and high signal levels in one image.

Dynamic RangeDR| , = Zd]o?ggs% (1.82
¢

1 Digital outputbit depth, the number of bit of the Analég;Digital Converterthe Full well
capacity divided by bit depth establishes the limit of precision for each grayafiésethe
guantization

1 Analog gain on-chip gain that can multiplthe analog signal prior the conversion into digital
signal.

1 Readout noisedescribe all the sources of noise associated with converting the
photoelectrons in a pixel to a digital number.
1 QuantumEfficiency, wavelength dependent probability that a photorcasverted to a

photoelectron during the charge production process in the photodiodes.
Frame ratenumber of frames per second.

Quantum efficiency, wavelength dependent fraction of photons converted into photo electrons

In the followingtable,we present the caana Hamamatsu C1148BU used in the setup:
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Type number C11440-36U
Imaging device CMOS image sensor
Effective number of pixels 1920 (H) x 1200 (V)
Cell size 5.86 pm (H) x 5.86 pm (V)
Effective area 11.25 mm (H) x 7.03 mm (V)
Full well capacity typ. 33 000 electrons
Analog gain 1x to 15.8x (240 steps)
Dynamic range typ.”1 5000 : 1
Frame rate Full resolution 64.9 frames/s
2 Line Sub-array 2008.9 frames/s
Readout noise (rms) typ. 6.6 electrons
Digital output 12 bit
Exposure time Internal mode 26.17 usto 10 s
External trigger mode 26.17 ps to 10 s (Edge trigger, Start trigger)
1 ms to 1 s (Level trigger, Synchronous readout trigger)

2.2.4.1. Resolution in Digital Camera

As seen in the paragra@l?.] the resolution of the system is limit by the optical system, in order not
to worsen the performance of the systems, the digital camera have to match this resolution.

The spatial resolutiorsidetermined by the number of pixels of the camera, higher spatial resolution
images have a greater number of pixels within the same physical dimer&ssofte the optical
systemthe resolution of the image is regarded as the capability of the digétgéito reproduce fine
details that were present in te@mple

The spatial resolution of a digital image is related to the spatial density of the of pixels contained in
a digital image (known as the spatial sampling intenkdpatures seen in the micropeothat are
smaller than the digital sampling interval (have a argipatial frequency) will not be represented
accurately in the digital image.

The Nyquist criterionrequires a sampling interval equal to twice the highest specimen spatial
frequency to azurately preserve the spatial resolution in the resulting digital image, therefore, to
capture the smallest degree of detail present in a specimen, sampling frequency must be sufficient so
that two samples are collected for each feature, guaranteeinth¢hattensity of the feature is

preserved in the imaging device.

2.2.4.2. Image Brightness and Bit Depth
After sampling is completed, the resulting data is quantwethe Analogto-Digital Converterto
assign a specific digital brightness value to each sampled data point, ranging from black,ahrough

the intermediate gray levels, to wdit
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The bit depth of the ADC determines how many levels are available for the quantization. Instead, the
full well capacity divided by bit depth establishes the limit of precision for each gray level, it gives
the value for how many electrons per gray leyehigher number of gray levels corresponds to
greater bit depth and the ability to accurately representagegraignatlynamic range

The dynamic range anthe bit depth of the camera's analtmgdigital converter are closely
interrelated in that the total available signal relative to noise governs the maximum number of gray
level steps into which the signalrcbe divided. In order to represent subtle intensity differences in a
digital image, it is necessary to discriminate as many-lgnesl steps as possible, and therefore a
typical approach is to match analtmgdigital conversion bit depth to dynamic randéote that an
analogto-digital converter with a bit depth specification that exceeds the dynamiccamgetattain

its full theoretical range of grayscale discrimination (bit depth) because eaclegeagtep must

correspond to a minimum diffence of one signal electron.

Brightness should not be confused wittensity, which refers to the magnitude or quantity of light
energyreflectedfrom thesample andmaged bya digital cameralnstead, in terms of digital image
processing, brightnessnsore properly described as the measured intensity of all the piteishe

imagehas been captured, digitized, and displayed. Pixel brightsgke only variable that can be

utilized by processing techniques to quantitatively adjust the image.

2.2.5.Soures of noise

During image acquisition with electronic sensors noise superimposed on the signal is manifested as
apparently random fluctuations in signal intensitye three primary components of noise ®NMOS

imaging system are photon noise, dark noise, and read noise, all of which must be considered in a
calcdation of signafto-noise ratio. These sources of noise are called Temporal [28iseAn
additional factor to be considered is that thaigalof incident and background photon flux, as well

as quantum efficiency, are functions of wavelength, and when broadband illumination sources are
employed, the calculation of sigA@knoise ratio requires these variables to be integrated over all

wavelengths utilized for imaging

BMEGS )
JB®E (S ha,, BEY,

Signal to Noise Rati®8NR= (1.83)
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QE = quantum efficiencjelectrons / photons]

S = Signal photonskecpixell

Ib = backgroundntensity photonsgecpixel]

Nr = readout noisgelectron rms/sec]

D = Dark Current [electrons/ (pixel A sec)]
texp= €Xposure time or integration time [sec]

B = number of pixel Binned

Regarding the particular architecture of the CMOS image sensor, other sources of noise arises from
the difference in the electron to voltage conversion inside each pixel, called Fixed Pattern Noise
(FPN)[25]. These sources of noise are retfgwahen high spatial accuracy and precision is required
(such as single molecule localization). Due togixel-to-pixel variability, the Dark Signal, readut

noise and the Photenesponse vary throughout the sensor, which meandlithaise variationsnust

be considered on an individual pixtelpixel basis.

Correlated Double Sampling (CDS) is one of thestmguitable for suppressing FPdchnique
consists of taking two samples from a signal, which are closely spaced in time. Then, the first signal
is subtracted from the second one, hence, removing théémuency noiselhe two values are then

used as differential signals in further stages

The QE of a camera is the wavelenddpendent probability that a photon is converted to a
photoelectron. HIigIQE is a fundamental attribute for obtaining high SNR, singieer QEdndicate

higher sensitivity, as thprobability of detecting the photon increa@®nversely, lower QE means

more exposure time is required to reach similar SNR levels

A different classification distinguishes noise sources on the basis of whether they are temporal or
spatial. Temporal noise, by definition, varies with time, and can be reduced by frame averaging,
whereas spatial noise cannot. Spatial noise is subject to at least ngantialal by various frame
subtraction algorithms, or by gain and offset correction techniques. The temporal noise category
includes photon noise and dark (current) noise, which are both forms of shot noise, read noise
(primarily from the output amplifier)and reset noise. Among potential spatial noise sources are
factors that produce nemiformity in pixel output, including photo response aonformity and

dark current nofuniformity.

ReadOut noise
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It is a combination of system noise components inherent to the process of corvE@8charge

carriers into a voltage signal for quantification, and the subsequent pngcasd analogo-digital
conversionat the output of the camera in theldand atzero integration timerhe major contribution

to read noise usually originatevith the orchip preamplifier. As we have sedhe structue of the

image sensor introducesxel variation Usually the information of the manufacturer about the Read
Noise istypically expressed in term of Median or Root Mean Square (rms) value of the noise of each
pixel, but due to the pixel variatidhe rms read noise is a more meaningful metric than the median
read noiseThe frequency dependency of the r@ad noise depels on theoutput amplifierstage,

which means thathe required readut rate or frame rafgartially determine the read noise

From the reaébut noise, it is possible to express the dynamic range, as the ratio of the full well
capacity and the reamlt noise. This express the signal to noise ratio neglecting all the others source
of noise, which mean that the dynamic range represent the SNR of the camera independently of how
specific operating conditions.

Whenread noisas the dominant noise sourdbe SNR becomesqual to the total signal collected
during the integration time divided by the read noise valdech corresponds to thdynamic rage

in thelimiting situation in which the fullvell capacity of a sensor element is reached

Read noise is typically presented as electrons, and is not affected by the wavelength of the signal.
However, because the signal to be detected areptimonsreflected from the samplend the
guantum efficiencyf the photons to photoelectrom®nversion is wavelength dependeht read

out noise expressed in photons depends on the wavelength as the QE. This means tlQEhigher

camerahave lower red noise in photons.

Shot Noise

Due to the discrete nature of photons, any measuneohi¢hem has some uncertainity the case of
CMOS sensor, this resdfom the inherent statistical variation in the arrival rate of photons incident

on the sensor

In generalthis source of noise is calleshot noisg26], andis applied to any noise component
reflecting a similar statistical variation, or uncertainty, in measurements of the number of photons

collected during a given time interval
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Photonsabsorbedhave an awage photon flux per pixelpgp Therandom statisticalluctuations in
this rate are governed by Poisson statistidsch means that, the probability foarrivals during the

exposure time is given by:

O L
P:(nzhn'exp) G- ) (1.84)

Thereforetheyhave a standard deviatidp that is the squarroot of the number of photons.

Son=y B € (1.85)

After the absorption of incoming photons by a pixel, the fluxhaftpnsis converted inteelectrons

which follow the same statistcs These el ectrons are chawhgElct er |
al so has a sqguar e Assuming that veelara dealingwithbal npisefvee imdger €

and noisefree electronicsthe performance of the image sensor based systenbaviimited by

photon shot nois@he maximum signatio-noise ratio can be described as follows:

_m _ & m (1.86)

3 5 T

The shot noise is more relevant when the photonifldinited. The amount of shot noise inherent

WO Qo
L
)§>|OOI

in the signal is a function of the amouritsmgnal, the more signal you have, the smaller the fraction

of the signal comes from shot noise.

While readoutnoise can be considered a noise floor with regard to electronics sources, under typical
illumination conditions, the photon shot noise constitidesatural fundamental limit on noise
performance of £MOS camerain which read noise and dark current noise radhiced to their
minimum levels, thatannot be reduced by camera design factors

Consequently, it is desirable to operate an imaging systeler conditions that are limited by photon
noise, with other noise components being reduced to relative insignificance. Under lelevigjht
conditions (assumingegligibledark noise), read noise is greater than photon noise and the image
signal is saido be reaehoise limited. The camera exposure time (integration time) can be increased
to collect more photons and increase the sigmabise ratio, until a point is reached at which photon
noise exceeds both read noise and dark noise. At longer egposes, the image is said to be
photorrnoise limited.

Because the photon shot noise can be reduced increasing the number ofipbotbad, under the

same illumination condition, the SNR is limited by thenber of electrons thaan be stored in the
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pixel [26]. Furthermore, this means that changingkeeping the number of photon per pixel constant
(upn have to change inversely respecttdg)will not affect the SNR in the photemoise limited
condition.

Photonnoise is often modeled using a Gaussianidigion whose variance depés on the expected
photon countThis approximation is typically very accurate. For small photon counts, photse

is dominated by other sigraddependent sources of noise, dodlarger counts, the central limit
theorem esures that the Poisson distributiapproaches a Gaussig@7].

2.3. Magnetcoptical contrast

A useful way to represent the polarization state of a wave arsottaled Jones vectorWe can

express the equatidf.3) with a two element vector:

ro. A (1.87)

If we normalize the vector dividing by the nor‘F Efy , we remove the information about

v

the intensity and theector will represent only the polarization state.
For linearly polarized wavef(=0 ), see e{1.5), the normalized Jones vector reggsting the state

has the form:

~

1 E.. 0dcosy

a
e85 &, 5ng -

Qo

E=

For left and right circulapolarization ¢ =° 90 ) is:

1 a1l

V2 ¢

This representain is useful because we can express the sum of two waves with different polarization

(1.89)

as the sum of their Jones vectors. Furthermore, this representation can be used to obtain the final
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polarization state modified by a series of linear optical elemenh &gatical element is represented

by a 2x2 matrix, calledones matrixIf I is the initial Jones vector of the incident light on an optical

path, the emerging light is characterized by a Jones vector given by:

i (1.90)

whereJ, , with i=1..n, is the Jones matrof the ith elements
We have seen in Set.2.4 the formalism for the Kerr effect, understanding the signal output from a

conventional MOKE experimental setup.is possible to use the same formalism for the MOKE
Microscope in order to find an analytic formula the magtogttical contrast.

In Sec.2.2.2 we introduced the contrast as the ability of a detail to stand out against the background

or other adjacent details, which lead to the simple definition of contrast, Whesréhe sample point

considered intensity ant;, is the intensity of the background:

lc-1, DI

C= = (1.92)

I B
in magneteoptic application the contrast is given by two opposite magnetizations,

by the use of Jones matrix, we can describe the experimental setup shovt #h Bée start with a

p-linearly polarized wave. We will first consider thg reflection coefficient independent on the

transverse magnetizatiohhe reflected wave can lexpressed as:

&g, oar,, r,, & o6_ rg ,01a
= x| @’ of B p @ (192
(';‘, S +g sp rs g—o - rs@ —sp/fqp
using the defirtion of the Kerr angle and elligity, follows that:
al &1 (1.93
5] . :
g;rsn/rpp +%£+'6

as for the example in sé&c4, for a classic MOKE experimental setup, the output signal is the light
intensity reflected from the sample, the analysis optilarization statef light is performed through
optical devices in order to extract information about the magnetization of the sample. Without any
other optical component in the optical path, the intensity of the v€Cf&8) is proportional to the
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square of the magnetization, losing the distinction between the two saturation state. We have already
discussed how the necessity of a second linear polarizer after the sample,dsnanalyzer. The

Jones matrix for a linear polarizer is:

& cofq, cosg sin,g

& : . (1.99)
cCosy, sing sif g
andthe intensity will be:
» & cofqg, cosgsingd 1 %; (L95)
g%osqa sing  sif g gb,f +ie '

wheregq, is the angle of the polarization axis of the analyzer with respect tegbkarization. This
result in:

¢ gq£)2+(e 7 g +cos g ¥ gin2, (1.96)

as results, the intensity is proportional to the Kerr rotation and so the magnetization.

From equatior{1.96) it is possible to give an analytic formula the Magr@ftic contrast. In MOKE
microscopy the contrast arises from domains with opposite magnetization. We can extend the
definition of contrast for MOKE microscopy as the difference intensity of two opposite
magnetizations and the average intensity. Each value of the magnetization is characterized by the

Kerr rotation and Ellipticity, and therefore, since, they are both proportional to the magnetization, if

a magnetic domain is characterized by the co(quee , then the magnetic domain magnetized in

the opposite direction is characterized ()yq,f;- e . In order to distinguish the different
magnetization between these two opposite domains a contrast must arise betweengityg of the
two domains, we can define timagneteoptical contrastC,,, (also known agdractional MOKE

signal[28]) from equation(1.91):

D 1(g;
C o= 2 =1l ‘ (197)

'aug ;@ (G¢ 5e €

However, experimentally there is always a degree of imperfection to the polarizdd8ip®]. The
first imperfection is the crosshaped extinction pattern, in fIBEFEREF, which results in a non

uniform dark image, and the second one is that, even in the ideal case iaWthielmay are polarized
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in the same way as the polarizer, the extinction efficiency of the analyzer is in general less than 100%.

This result is a nozero minimum transmitted intensity, ., through the analyzer. This can be

represented though a constant depolarization fradgipr |l ./l , , wherel, is the intensity prior to

the optical train, from eq1.93) result, 1, =1 (qf)z (e

D _ (gl ;e €
avg ;(@I (92 ;e €

this equation can be then expressed as function of the optical parameters, in our case only the analyzer

(1.99)

Cuo = |

angle. We can substitute the equaiib®6), for the intensity, in equatiofl.98), which result in an

analytic formula for the magnetaptic contrast:

Cwo= o5 2q¢sin2 g (1.99)
dal) +(e g +cos ¢ olg

(=]

2.4. Kerr images acquisitipanalysis and pogtrocessing

Kerr imaging as a general challenge: to obtain great magnetic domain contrast starting from-magneto
optical effect that are quite weak by nature. Therefore, it is essential to maximize thecsigriak
ratio (SNR) by proper optimization of experimensdtup, measurement parameters and post
processing datireatment techniqueBor a given plane of incidence and a given magnetic material,
the SNR is mainlaffectedby:

0] the anglebetween the entrance polarizer and the analyser;

(i) the exposure time and theise of the camera,;

(i)  the digital image processing;
This section deals with optimization of these factarsorider to model the effect of each parameter

on the SNR and to be able to experimentally compare different samples and setups, we firstly

introduce a quality factor and then explain how each choice can affect it
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2.4.1.The ability to distinguish between magnetic states: the quality f&rtor

The quality factor has to take into account the possibility to distinguish different magnetic states of
the ample. The signal of each pixel in a single image is composed by the sum of magnetic signal,
background and noise. After proper background subtraction (that involves several delicate procedures
described irsection2.4.4), the image of the sample in a saturated magnetic state has to be uniform.
In reality, defects and noise affect the values read by each pixel, spreading the distribution of pixel
values around the saturation level, with a standard deviation depending on the specific instrumental
conditions and parameters.

I n a statical framework, the ability to distir

the mean value of the @ls signal at saturation/,.,) and from the standard deviation of the
distribution (s ). Thus, how well the two saturated states are distinguishable is quantified in terms
of the quality factoR defined as

o(H=H - H H,
Q: naneI( MAX) Iz&d( mln)

S .
pixel
It is possible to introduce an empirical criterion basedQoim order to resolve at least the two

(1.100

saturated states. For examplE 1 means that the difference between the mean value of the two
saturated states distribution is equal to a single standard deviation, and situation illustegecein

13 for a Ta/CoFeB/BaTi@ heterostructure (see Seég). The greater the separation of the two
statistical distributions, the higher the number of grey levels distinguishable for intermediate
magnetization stateQ= 1 is in most cases not suféat to distinguish intermediate levels and the
setup conditions must be optimized to increase its value (e.g. increasing the number of pixels or the
exposure time)This criterion resembles the Rayleigh criterion for the resolution of a diffraction

patten described irsection2.2.1
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Figurel3 St at i st i cal analysis of the pixel sobsawratbrues d
Measurement were performed oa/CToFeBBaTiO; capacitors in polar configuration. The magnetically active
area is70um x 7Qum, the exposure time was,= 100ms and the analyser angl@ 90°.

Of courseQ depends on the number of pixels ddesed in the analysis. A slightly different problem
is to quantify the single pixel capability to distinguish different magnetic states (giving the spatial
resolution). In this case, the same analysis must be done as a function of the integratioretuste for

pixel. The situation will be described $ec.3.4.5 where weliscuss the role of the exposure time.

2.4.2.MOKE Microscope: Signal to Noise ratio

The magneteoptical contrastgection2.3) does not define the quality of the image, because it just
considers the effici ency innfaccdumt the ndiserintrodecédfbetieet b
acquisition system (i.e. the camera). Thus, we need then recall the SNR for a CMOS camera

(introduced in Se@.2.5 to evduate the global performance obtain in a given configuration:

BWECS £)

SNR: . . . . .
JB®E (8 |34, + BOD ,, ON

(1.101)

48



whereQE is Quantum Efficencyiexp is the exposure timé) is the dark current; is the readout

noise,B is the number of pixel binnedk is the background intensity ar®ithe signal. When the

imaging system is limited by the photon shot noike termB@,,, N? becomes negligiblend

we can expresthe SNRas[24]:

BEDECE £
SNR@ ..GD.. & = (1.102
J B®REQS+ 1),

Introducing the expression of signal and background interssaty gectioR.3):
S=1(g;e € (1.103
(S+1) S @IG:e ‘ (1104)

andsubstitutingthese definitionento eq.(1.102), the SNR becomes:
BOE tQ .. Psi

SNR= @E & o ‘qK sin2 g (1.105

ng£)2+(e g+ cog & ,lg

where E is the photon energy

From this equation, it is possible to understand how to maximize the SNR. The first term depends
from the characteristics of the light source and from the camera settings. The SNR is proportional to
the squared root of the exposure tigg of the quantm efficiencyQE and the binning of the camera,
as already discussed in S22.5 From equatiorf1.105 andFigurel4a, it is clear that the optimum

analyzer angle is greater than the Kerr amgleWhen the dpolarization factog, increases due to
the nonideal polarizers extinction ratio, the optimuyp moves at larger values and the SNR is in

general reduced, as shownHRigure 14a. Figure 14b shows the comparison between the fractional
MOKE signalqd/lavg (efficiency of the Ker effect versus analyser anplend the SNR. While the
fractional MOKE signal would prefer lower angles, to increggséncrease the number of photons
reaching the camera, and this is advantageous in terms of shot noise. It folowgltiding the
noise inthese considerationthere would exist a compromise between the Kerr sensitivity (maximum

with crossed polarizers) and the shot noise. As shown quantitativiéityure 15bthe optimum angle
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to minimize the signal to noise ratias to be larger than the optimal value for the MOKE fractional

signal.
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Figurel4: (a) Normalized SNR versus analyser angle calculated by usi\y Bep) for different value of the
depolarization factamp, for a Kerr angle 00.15°. (b) Comparison between the SNR and the fractional MOKE

signal While the fractional MOKE signal decrease rapidly as we move the polarizer angle raway f
extinction, the SNR does not change as much, since the camera is able to collect more photon which reduce

the noise of the camera (even if the fraction of photons that give rise to the MOKE signal is reduced)

2.4.3.Signamodeland dgital image processing

Due to the weak nature of the effect, the magiogtical contrast is mainly achieved via signal and
imaging post processing. During the thesis work, a lot of attention has been dddicadedurement
of hysteresis loops and two different type of coicett weredeveloped:

the subtraction from the hysteresis loop of the Faraday effect acting on the objective due to

(i)
the presence of the magnetic field nearby the sample;

(i) removal of experimental drifts from the hysteresis loop (electronics drifts, lightesour
intensity variations, temperaturelated effects, etc.);

(i) specific corrections to the acquired frames (illumination inhomogeneity, drifts, etc.)

The Faraday effect (correction i) caused by the objective being close to the source of the magnetic
field can be corrected by removing a linear slope from the hysteresis loop. The experimental drifts
(correction ii) can alter measurements in such a way a correction is not straightforward. Nevertheless,

if the variation is continuous and relatively small, agst brder approximation the effect is linear

in Ati medo and can be corrected by subtracting

a hysteresis loop equal.
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Of course, the same issues affecting the hysteresis loops are present inuthex dcgmes the
hysteresis loop is calculated from. The first operation performed on the collected images is the
subtraction of a mean image to emphasize the magnetic variations caused by the response to the
magnetic field: a background image that displayo or an averaged magnetic signal or a
homogeneous magnetic information, which is then subtracted from the others image of[##grest
In order understand the effect of this subtraction, a modelling is required. We present here a simple
model for the magnetic signal of each image. We define the magnetic Sigr@hcted from the
image collected at a giverefd H as the mean value of each pixel sigpadithin the magnetic Region
Of Interest (ROI) from which the hysteresis loop is calculated:

S(H)= a L, (H)/N

(i,] )macNETICROI

where |, ; is the intensity of the-th, j-th pixel andNpixel is the total number of pixel in the selected

(1.106)

pixel

area.
(a) S [arb.u.] (b) S’ [arb.u.]
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Figurels: (a) Scheme of the magnetic signal as measured. (b) Magnetic signal after image subtraction.

The signalScan be modelled as the sum of a magnetic contribution and a background produced by
the unpolarized or depolarized part of the light. As illustratedrigure 17a, The background
represents a shift of the sigr&from zero and has to be properly removed in order to extract only the

part of the signal sensitive to magnetization. By introducing the normalized magnetization

é+lifm =
m=m/m, 5 M

Lif , the hysteresis loop dfigurel5a can be written as
i-lifm =

at
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S(H=1,41 #Km,] (1.107)
So that, at positive and negative saturation the sighah(d S , respectively) becomes
S(H>H,) 5§ #@ Km] (1108

S(H<H,) 5 $@ Km,] (1109
The background to be subtracted to the images in order to leave only the magnetization dependent

part carbe obtained as the average®fand S

_S++S._|oc[)l Kmsat] |6|_[1 (R(mgat] 4
- 0

= = $H 1.11
$= Se= $H) o = > (1110
The rew set of frames where the roragnetic part is removed can be written as
S (H)=S(H) §=lomH)Km, ) (1113

and the intensity of each pixel is now directly proportional to the magnetization and the loop is

centered, as represented-igure15b.

Finally, it happens that the intensity of the light coming from the sample is not uniform even for a
non ideal uniformity of the sample. This issue can arise from incidenbpatimetime because the
sample is not perfectly orthogonal to the objective. Since this situation happens in real experiments,
we now discuss how to compensate for-noiform illumination. For example, we consider the case

in which the intensity of the light comirfgpm the sample has a linear increase along one direction.

Il n order to take into account this slope, we

or ficolumno of the pixels reached by the same

S(H=,Ld1 #Km,] (O D §) (1112
where we introduced the coefficieBt to take into accountthe variationf | i ght ver sus

number of the pixels. It follows that the signals at positive and negative saturation become

S(H>H,)=5= bd1+Km,] @ D#j) (1113
S(H<H)=5=141- Km,] @ D#j) (1114

andthe mean value of them is
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0 S +§

§=2T =l B ) (1115

By subtractingsf from each frame, the corrected frames will result

S(H-§ =@ AH)Km,] ©D+) L@ § )+

3 ) X (1119
=1, 0H)Km, (D D#) =5,

As evident from equatiofi.116) this operation does not remove the background completely because

the presence ob, still affects themagnetic part of the signal. Unfortunately, the operation is able to

remove the component related to the-nuagnetic background. Since the magratical signal is

a small fraction of the overall intensity, the treatment strongly increases the unjiformit

2.4.4.Post processing routise

In the previoussection, we have explainedhe main signal correction for MOKE imaging
applicationsWe have thus introduced a simple model that explain the effédut correction. In this
section,will be presented the poprocessing routine adopted for the correction of hysteresis loop
measurementn order to explain the various steps, the measargof a system introducedter in

Sec.3.4, is used as an illustrative example.

1) Region of interest selection
In order to obtain the hysteresis loop of a micro or nanostructure, the first step is to select the magnetic
region of interest (ROI) from the captured frames. The magnetic signal at each value of the external
magnetic field (or time) is then obtained weeaging pixel values over the RGigurel6 shows the
case of a rectangular ROI (any shape is allowed by the selection of a polygon&atethat every
frame isacquired and saved, so that the system offers the possibility to study different regions of the

sample by simply choosing a different ROI during the qpostessing.
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Figurel6: Selection of the magnetic region of inter@0l).

2) Hysteresis loop correction
As introduced in Se@.4.], the quality factor caquantifythe possibility to distinguish magnetization
states and hence thdegit of the corrections made to the image. For this reason, in the following we
will present at each step the hysteresis loop and the pixel values distribution of images at positive and
negative saturation after the application of tberections describesb far,as in where the two are

presented as measured previous to any correction.

0.81 ‘ - : )
0.03
0.8 1S
3
35 3
S - 0.02
5 0.79 ﬁ
s £
0.78 g 0.01
0.77 0 _ _
-200 -100 0 100 200 0.5 0.6 0.7 0.8 0.9 1
H [Oe] M [arb.u.]

Figure 17. Hysteresis loop and histograms of the saturation images (circled by the respective color in the
hysteresis loop) as measured

The first step consists is the removal of the linear slope caused by the Faraday effect from the raw
hysteresis loop shown iRigure 17 collected onCo/Fe/BaTiOz, seesection3.4. The result of the
subtraction is shown in Figure 20. The histograms do not change since any correction onto the

hysteresis loop do not affected th&gds distribution but only the mean value.
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Figurel8: Hysteresis loop correction stéfhe green line has been subtracted from the blue and red hysteresis
loopto obtain the black marked line.

It can be readily observed frohehistogram ofFigure 18, is not Gaussian and thisascribedo a

nonperfectspatial uniformity of the illumination. This sentence will become clear afterwards.

3) Magnetic contrast enhancement

This is the main step in MOKE imaging application in order to show a magnetic coRtoamteq.
(1.116), it follows this increaseghe spatiauniformity andenhance the magnetic signeémoving
the nommagnetic background. We have to obtain an image with no magnetic contrast, or, as in our
case, averaged oWs show inFigure19a, the mean image can be obtained from as average of all

the positive and negative saturation

S, = Subtraction img

0.025 (a)

0.02

——
average

0.015 1

Intensity profile

0.01

M [arb.u.]

0.005 | Intensity (c)

() o

-0.005
-200 -100 0 100 200

H [Oeg]

I profile

Figure19: (a) Selection of several images at positive and negative saturation to produce a subtraction image
with no magnetic contribution. (b) Subtraction image. (c) Intensity profile along the white line on the
subtraction image.
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The resulting subtraction imageshown inFigure19b, this is the image&, of eq.(1.110

presented in the model of S@c4.3 While in panel c is shown the intensity profile along the white

line indcated on the subtraction image, wlinshowthat the illumination is not uniform.
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Figure20: after image subtraction step.

After subtraction, the two distribution becomes narrower and it is then possible to distinguish between

different stateof the magnetization. This is confirmed by the images, as showigime 21. The

histogram, besides the characterization of the performances of the setup, serves also to determine the

scale of the magnetic image and adjust its contrast. Our image is represented by grayscale of fixed

number of level. The grey scale Upper Limit (LAnd Lower Limit (LL) can be fixed as shown in

Figure20. In this way, we ensure that our image is represented by as many levels as possible.

BEFORE SUBTRACTION

Figure21: Image before and after the subtraction. It is clearly visible the magnetic information
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We can also verifghe intensity profile shown ifrigure 19c, after the subtraction for a uniform
saturated imagéaVe can conclude that, the subtraction image itself resolve most of the problem of
MOKE microscopy, even if it is possible to make further adjust to keep improving the quality factor

0.03
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0 50 100 150 200 250
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Figure22 Intensity profile aftesubtraction

Optional processing optisn

We present here some of the tools occasionally used for the improvement of thehasageon
differentavera@. After optimization of a MOKE microscop@e better way to increase the quality
of the images is to average with different measer@ This require high level of replicability of the
experiment and of the magnetic behaviour of the mateki@gnetic sample or microscope

movements of only a fewanometers lead to a degradation of the MO image.

If averaging on different measunentis not possible, a good comprise can be achieved averaging
between different images of the same measarg or averaging over differentnumber of pixel.

This helps ® reduce the noise but lower the temporal resolution and spatial resolution respectively.
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2.4.3.General considerations

In thissectionwe aim to implement a protocol intend to guide the setup of the Kerr microscope and

to guarantee the achievement of the best configuration for each kind of magnetic measurements.

First, we start from a general discussion of the following critical pass)etnd their interplay in

magnetic characterization:

analyzet/polarizer relative angledéfined as the angle from extinction of the analyzegr)

microscope objective numerical aperture (NA)

1
1
I camera exposure timé, () or frame rate {ps)
1 probed area of the samplé(, )

1

number of collected images/averade,(; )

As polarizationcontrast enhanced technique, the first parameter that need under control, in
MOKE microscopy, is the illumination onto the sample. Its intensity, stability and uniformity
determine the quality of the final image produced. The microscope is equipped with a standard 12V
100W halogen lamp, with the only controltbe supply voltage that must be kept constant to avoid
drift.

The role of the angle between the entrance polarizer and the anglyzsrthe main responsible for

the magnetaptical contrast and defines the quality faofprof measurements. As explained in
section2.4.2 ideally, we are interested in measuring the projection of the light polarization, which is

orthogonal to the origal polarizatiorplane. Nevertheless, by settigg=90 |, the light reaching the

camera after the analyser is strongly reduced, so that the camera could suffer the predominance of

shot noise over signal. As in stéard MOKE, the idea iso keep g, small enough for the
approximationsin(g, )@ g to be still valid. The signal to noise ratio will depend on the intensity of
the light collected from the objective, the noise of the cameragan8o, once the light source and

the magnification (objective) have been selectgdnust be optimized to achieve the maxim8ml

ratioin the image

The temporal resolution achievable is directly related to the exposure time of the camera needed to
acquire images with the desired quality. Of cc

expasure time the camera allows fdf,,~ Ls)
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The area probed from the microscope depends from the microscope objective: the greater the
magnification, the smaller the area of the sample imaged on the surface of the camera sensor. This
will affect the spatial resolution: since the totalmher of pixel of the camera is fixed, each pixel
corresponds to a sample area that depetidsctly on the magnificationThe higher the
magnification, the higher the spatial resolution in terms of squaneg e r camerabds p
discussed in the Secti@®2.1 Of course, to increase the magnification costs in terms of light intensity
reaching the camera because the objective acceptance cone is.reduced

The microsope objective depends on the desired spatial resolution, the magnification required and
in MOKE microscopy on the particular type of measure, in order to select different incidence angle.
In order to resolve small details of the sample and select widker @figcidence, high magnification

and numerical aperture are required. Also, MOKE microscopy require a custom slit in order to select
a particular angle of incidencahoseintroduction further reduce the illumination.

Once the objective, the slit ancethnalyser angle are set, the signal collected by each pixel depends
on the gain constant and the exposume ofthe camera.

The gain of the camera ranges from 1 to 15.8 (in 240 steps) does not contribute to SNR because it
just defines the analog mullipation occurring inside the camera before andtadigital conversion

occurs. On the other hand, it is crucial to employ the higher value of the gain that permits to avoid
pi xel ds signal saturation to maxi mifgreylevelse dy
distinguishable after analog to digital conversion with the fixed number of bits used to represent the
single pixel.

The exposure time of the camera is somehow related to the possibility to integrate a given signal over
time. In generalif time resolution is not required (static regime), the value of the exposure time can
be increased at will within the rang6.17us to 10s. Anyway, while the lower bound is fixed by the
camera, an upper bound can be present due to possible imagewat@iatourse, the increase of

the exposure time implies an increased the number of photon collected per pixel with a consequential
reduction of shot noism the image, as shown section2.2.5 eq(1.85). Nevertheless, measuring
hysteresis loops with very long exposure time can be detrimental dusdible drifts caused by
different sources: changes in the source light intensity, mechanical instability (drift of sample position

on the micrometric scale due to temperature changes, vibraignstc.

After this overview, in the next section we wilfesent how to operatively optimize camera and

microscope to perform good Kerr microscopy experiments.
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2.5. Magnetic imaging

The knowledge of the magnetic domain behaviodeiro- andferri- magnetic materials is of great
importance from a fundamental as wa$ from an application point of view. Magnetic domsin
imaging provides way to access the logalagnetic properties of materials down to the nanoscale.
In conjunction withmacroscopienagnetometry and simulations, the knowledge of magnetic desmain

behaiour gives unrevealed insight into the origin of magnetization reversal mechanisms.

Different methods can be employed to observe magnetic dgidiand each method differs from
the othersin terms ofthe physical mechanisms tonteract with samplemagnetization, contrast
mechanism, information dep#imd achievable spatial or temporal resolution.

Scanning electron microscopy with polarization analysis (SEMPA) directly provides an image of the
surface magreation of a samplgL8]. By usingmedium energglectrong10-50 keV), small probe

(<50 nm)andhigh currens (> 1 nA), SEMPAIs able to measutbe spin polarization of the secondary
electrons that exit from a magnetigecimeras the finely focused (unpolarized) beam of the scanning

electron microscope rasters over the sample.

SEMPA exploit the fact thathe polarization of the secondary electrons reflects the net spin density
of the materialinder investigationDepending on the electrons emission sguadateral resolution
betweerl0 and 50hm can be achieved and the image is not affected by sample topography. Anyway,
the probing depth is of the order ohdn, corresponding to the short escape depth of secondary
electron. The typicalmage acquisition timespan from 1 to 10fnin, degnding onrequired
resolution, magnetization and image si@&MPA has several advantages with respect to standard
SEM, including:a large depth of fietdeasily variable magnificatiothat permitgo look at regions

of the surface ranging from a few mitieters to a few hundred nanometerkrge working distance

On the negative side, stray magnetic field4d@Oe) must be avoidexhdconductive samples are

required tgpreventcharging effects,

Both convention Transmission Electron Microscope (TEM) &agdnning Electron Microscope
(STEM) can be employed for magnetic imagjfg]. As for the SEMPA sus0nm resolution can

be achieved. As the electron beam passes through the sample, the signal is the convolution of
compositional, electronic, structural and magnetic properties and to extract the magnetic contrast is
challenging. This problem is more sevareéhe case of multilayer systems, where the properties of
layers at different physical locations in the stack can differ considerably. Moreover, to study the
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response of the specimen to external magnetic fields is difficult because the field cause also th

deflection of the electron beam that must be compensated.

Magnetic imaging with xays take advantage of the existence of powerful sources of synchrotron
radiation[19]i [21]. The technique is based on different absorption of circularly pethnzrays
depending orthe sample magnetization (from which the nam@aw magnetic circular dichroism,
XMCD). The tunability of the xays energy and the availability of polarized linear and circular
radiation at modern synchrotron sources is one of i@ mdvantage of this technique. By tuning
the xrays energy to a particular absorption edge, elemental specificity eahibged. It is therefore
possibleseparate the contribution of different layers and elementisetanagnetism of a system,
allowing investigation of complex, mulBlement, magnetic structureslso, because the spin and
orbital moments can be determined in XMCD, the magnitudghef magnetization can be

guantitatively determined.

One of the most widely used technique for domain imggt the nanometer scale is Magnetic Force
Microscopy (MFM)[22]. It is a relative inexpensive aduh to commercial Atoma Force Microscope

(AFM). The standard operational mode of AFM is the contact mode, in which atghafdOnm-

20nm in radius mounted on a cantilever, is scanned along the surface of the sample in a non
destructive manner detecting the deflectionhef tantileverThis deflection is used to generate an
image of the topography ofeéhsample. While, in nenontactmode is possible to sense the long
range van der Waals force through its effect to the resonant frequency of the cantilever. Magnetic
sensilvity is obtained by coating the tip of the cantilever with a ferromagnetic coating to add a
magnetic interaction between the tip and the surface.

An AFM microscope includesan x-y piezoelectric scannga tip acing as transducer for the
particular interaction considereal laserand afour-quadrantetector to monitotip movementsa z
piezoelectric actuator which control the distance between the tip and the sEmeplitstance of the

tip from the sample is controlled through an active feedtam whose input is the deflection from

the photodiode. In contact mode, the height eakdpt constant and the feedback signal as function

of the position can be used as output signal in order to form the image. The most cominomtacn

mode, generally referred to slope detection, involves driving the cantilever at a fixed frequency, with
the height piezoelectric actuator, slightly off its resonance frequency and measure the amplitude
variation given by the interaction with the sample. The shift respect to the resonant frequency
correspond to the maximum of the slope in the frequency yensiplitude curves, i.e. maximum

sensitivity in the amplitude respect to a variation of oscillation frequency.
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Magnetic force microscopy is a special mode of noncontact operation of the scanning force
microscope with a ferromagnetic tip.

Interpreting an FM image means understanding the relationship between the two distributions of
magnetic multipoles, the exact nature of which may vary to minimize the total magnetostatic energy
of the systemthe simplified model can be found in Rg2]. Generally, the MFM does not respond

to the magnetic field, but is usually much more sensitive to the higher spatial derivativeBeddl the
components. This means the MFM generally produces images that denote the positions of pseudo
magnetic charge, e.g., the pseudo magnetic charge present inside of domain walls. Such a charge car

be thought to arise from the divergence of the magnetizate.,- B ®™ ,internally and at surfaces.

In standard noftontact, the signal arises both from topography and sample magnetization. The most
popular method, called interleave or liftmode, to minimize the aadkdetween topography and
magnetic signal relay on two different scans of the sample surface. First, a scan of the surface is
performed in contact mode to determine the topography of the signal. The second scan, in which the
magnetic signal is sensed, is raad nonrcontact mode, in while the tip is programmed to follow a
constant height contour determined by the previous topography scan. In this way, separate
topographic and magnetic images can be obtained.

While, high resolution in the range of-90nm carbe achieved, Imaging is possible over a limited
area of the sample and is in general slower respect the other metB@ahi(bper image), which

means that can be useful to have other methods of locating the area of study.

During my thesis work, | usedhé Keysight 5600LS AFM system available at Polifab to perform
magnetic imaging of tar®PL patterned FM/AFM exchangéiased structures described3r6.1

The study of micrepatterned magnetic samples by MFM will be compared with the analysis

performed by using the Kerr microscope | developed.
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3. Case Studs

1 SettlingTime measuments

In general, every measurement setup needs time to reach the thermal equilibrium, when all the
electronics and all the components of the setup are switched on, in order to measure in the optimum
condition and minimize every type of thernaald electronic drift. In an optical apparatus, the critical
component that need to reach the thermal equilibrium is the illumination source.

In order to evaluate the settling time, we can measure the intensity of the image, with both the
polarizer and angser in the optical train, as function of time. The meavergsis performed ora

sample with high reflectivity (Au films).
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3.4. Artificial Multiferroic

This section presenthe use of Kerr microscopy to investigate the magnetic properties of
Ta/CoFeB/BaTi@. These heterostructure have been produced and studied by thegiaiiSn the
context of the electric control of the magnetic anisotropy in ferromagnetic thinyféxploiting The
system exploits the magnedtectric coupling at the interface with a ferroelectric mat§s@J. In

the conéxt of this thesis,Ta/CoFeB/BaTi@ represents a suitable test case for microscope
optimization in the polar configuration, i.e. with sensitivity to the-aigplane component of the
magnetization. During my activity, several magnetic measurements wefernpsdt on
Ta/CoFeB/BaTi@ acquisition of hysteresis loops; visualization of magnetic domain formation;
magnetization reversal processes and characterizatitve nbise sources. Such studies allowed
setup a protocolo define how to characterizbe microscope performanceand how to set the
characterization, in order to regulate microscope settings and camera paranwtes to be able

to distinguish the two magnetic saturated states and the states in bélhvisaprotocol offers the
possibilty to compare the microscope performances with attageof-art Kerr microscopes in terms

of signatto-noise ratio, spatial and temporal resolution, noise sources

3.4.3.Hectric control of magnetization FE/FM systems

The electric control of magnetic properties has received great attémmionechnological point of
view. A way to flip themagnetization bysingelectric fields represents a promising route toward
high density and power savingemory and logic deviceS.he electric control of magnetization
would improve the miniaturization of magnetoresistive rand@ocess memories (MRAM
overcoming the mainbstaclan this sense, i.¢he power dissipatioduring writing[31]i [34].

Recently, there has been a renewed intereitarexploitationof ion migration for magnetization
control Huge magnetonic effects have been observed in inorganic devices due to oxygen ion
migrationtoward or avay fromthe interface between an oxide and an ultrathin ferromagnetic layer
with perpendicular to plane magnedicisotropy{35]. In electrolytesolid systemssizable anisotropy

variationswere also foundi36], [37].
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A great effort is put on the investigation of multiferroicgterials that exhibit more than one of the
primary ferroic order parameters: ferromatjsm, ferroelectcity, ferroelasticity in the same phase.

The coexistence and coupling between ferroelectricity and ferromagnetism within the same material
phase would represent the more natural way to achieve the integrated electric control of
magnetiation. Unfortunately, a singlephase material showing a sizable interplay between
ferroelectricity and ferromagnetism at room tempegahas not been found yet.

Instead, artificial multiferroic heterostructures, coupling ferroelectric (FE) and ferromagrigt)
materials with high Curie temperatures, are promising candidates to overcome the limitations of

single phase materials.

The NaBiS group has been particularly active in the context of artificial multiferroics. In 2014, the
group discoverd a fundamental milestond hey demonstrated the fully reversible electrically
inducedchange of thénterfacialmagnetic ordeexploiting the mat aFE/FM interface. The system

of choice washefully epitaxialCo/Fe/BaTiOs/Lao.7St.sMnO3[38], with the Fe magnetization laying

in the film plane. Unfortunately, the ferroelectric polarization switching of BaTW&s able to affect

the magnetic properties of just one/two interfacial atomic layers of Fe.

To overcome this limitation, they focused on the realization of an heterostructure such that the FM
layer (still on top of BTO) presents Perpendicular Magnetic Anisotropy (PMA). Since both the
magnetoelectric coupling and PMA are strongly dependent on #réaice and its modifications, it

was expected that such a system would have to be more sensitive to the ferroelectric switching with
respect to the previously investig&ie/Fe/BiaTiOs/Lao.7S1h.sMnOz [38] with Fe magnetization in the

film plane.The NaBiS group focused its attention to the Ta/CoFeB bilayer deposited on top of the
ferroelectric BaTi@. Upon proper annealing treatment, the magnetic CoFeB thin films sandwiched
between a transition nmadt(Ta) and an oxide (BTO) acquires PNBO].
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Figure24: (a) Microcapacitors structure used for ferroelectric and mageleittric characterizatiof30]. Note
that the Aucontacs do not cover entirely the magnepadsallowingfor MOKE measuremest (b) Hysteretic
behaviour of the owbf-plane magnetic coercive field of the CoFeB layer as function ofdahageapplied
acrosgwo capacitos. Images are adapted frd30].

The growth of the heterostructure, starts from a commercial $(8i0D) substrate on top of which

a Lap.7Sr.3Min03(150 nm)/BTO(50 nm) bilayer is deposited by pulsed layer deposition in the ultra

high vacuum cluster LASSE9], available at Polifall-ao.7Sto.aMnO3 (LSMO) serves as conductive

bottom electrode and improves the epitaxy of th@©BThen, CoFeB{l nm) and Taf 1nm) have

been deposited by magnetron sputtering. The tantalum layer serves as capping layer but also plays a
fundamental role to achieve the @itplane magnetic anisotropy of the CoFeB layer upon proper
postgrowth anneatig of the heterostructure with an external magnetic field in va¢gdOm

In order to be able to investigatee presence of magnetoelectric effects able to change the magnetic
anisotropy of the CoFeB layer, the fabrication of properly designed devices was necessary. The
NaBiS group fabricated for the scoperays ofmicrocapacitors, whose structure is sketched i

Figure 24a. The fabrication has been carried out on annealed Ta/CoFeB(1.1
nm)/BTO/LSMO/STO(001) stacks by means of optical lithography, lon Betahing, deposition of
aSiQcapping | ayer and Au/ Ti cont ac taeahaterbeemy s «
obtained, with a sizable portion of the top Ta/CoFeB electrode clear of the thick Au/Ti contacts, thus
allowing to probe theunderlying Cd-eB layer by MOKE measuremen®&pplying an external

voltage to two capacitors from the top Au contact (in a so calletbfpgeometry), it was possible

to polarize the BTO layer and obtain its ferroelectric switching.

The group demonstrated the posdipilo modulate the coercive field of the enftplane hysteresis

loop of the CoFeB layer, i.e.sibutof-plane anisotropyFigure 24b shows two hydresis loop
measured with +7 67 V applied to the capacitors: the coercivity changes between 56 Oe and 35 Oe

respectively, with a relative variation of about 60%teworthy, distinct magnet@nisotropystates
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can be writterby voltage pulsesf different variableamplitude, thus allowing for the nerolatile
ferroelectriccontrolof the magnetic pieerties of the CoFeB films.

Furthermore, the group was abledemonstrateéhe magnetically assisted bipolar switching of the
magnetizationn CoFeBelectrodes, requiring a magnetic bias fiekdow as 10 Oe and voltage pulses

compatible with complementargetatoxide semiconductor (CMOS) electron[&9)].

The mechanism is described Figure 25, showingthe general idea behind ferroeleciriicven
magnetization reversal in the Ta/CoFeB/Baag$@stem. Suppose to start witfearoelectric inwards
polarization (correspating in Figure 24b to the remanent state at O V after application of a +7V
pulse), the ferromagnetic loop presents the magnetic statbiglitr coercivity. The system is biased

with an outof-plane magnetic field in betweethe high and lowvalues of thecoercive fields,
corresponding to the initiadtate Ain Figure25a. Then, a negative voltage pulse is applied to the
heterostructure, in order to switch the BaTiO3 ferroelectric remanent polarization outwards, obtaining
a shrink of thénysteresis loopf the FM (Figure24b). The systerfumps into the new stable state B
havingopposite magnetizatiafrigure25b).

(b)

Figure 25: Sketch of the mechanism leading to the magneticuitipn electrically induced shrinking of the
magnetic hysteresis loop.

To better investigatehe magnetic properties of CoFeB films with PMA;ray photoelectron
emission microscopy (PEEM) measurements were carried out at the CIRCE beamline of ALBA
Synchrotron Light Facility in Barcelona (Spa[dl].
Figure26b shows a few dark domains in remanence after applicaticdd @Oe (inwards respect to
the plane of the sample), with a labyrinth patterstructure, typical of pegndicularly magnetized
samplesUpon application of +110 Oe in the opposite directithie, system showedn increased
number ofworm-like dark domains, covering more or less half of the sample area (the reduced
remanence for positive fields is attributed to the progressive saaphage under the-bay beam,
which tends to dstabilize the PMA).
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Figure26: a) X-ray absorption spectrum (XAS) of the CoFeB in patterned deviePEBM image ofCoFeB
acquired in remanence after applicationldfO Oe (inwadls, panel b) and +110e (outward, panel [30].

Apart from external characterization techniques only available at the synchrotron radiation facilities
the magnetic micreharacterizationgarried out in the group were based @n-MOKE setup
specifically developed to perform the magnrefuical characterization ofiicrocapacitors as a whole,
without the possibility to study the formation and propagation of magnetic domains.

The setup used was the one of a standard MOKEsgstien 1.4), with the addition of an objective

in front of the sample (and perpendicular to it) in order to focus the &séBb nm) in a spot with

a diameter smaller than 10 &m. The position
positioning of the device in front of the beam was achieved by a triaxial micrometric stage and
controlled by a webcam able to show bibth sample and the laser spot at the same time. The reflected
beam pass through a photoelastic modulator (PEM) operating at 50 kHz and then is collected by a
photodiode, which periodic signal is demodulated by a-lockmplifier at the same or twice the
frequency of the PEM. This polaMOKE setup was able to extract Kerr ellipticity and rotation but

the information does not contain any spatial information because the photodiode simply integrates

the laser intensity reaching its surface.

On the contrarythe Kerr microscopdevdopedduring my thesis work collects the reflected intensity
with a scientific camera and the light reaching each pixel corresponds to the magnetic properties of a
given sample aee So, the instrument opens the way tbause spizally and timeresolved magnetic

measurements allowirfgr the study of magnetic domains, uniformity, local properties.
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3.4.4. Kerr microscopyoptimization with Permalloy magnetized Ta/CoFeB/BaTiO

films

3.4.5.PolarKerr microscopy optimization on Ta/CofBzH1Q

We tested the performances of the microscope by studying the micromagnetic behaviour of
Ta/CoFeB/BaTiQ@capacitors. We focused on SNR and quality faQttw find the best experimental
conditions as function of the various parameters (e.g. analygs, exposure time, etc.). As we need

to distinguish different magnetization states, particular attention is given to the @Qge gtiantify

the criterion introduced in se2.4.1

Since only the frames collected at saturation (positive and negative) are required to calc@ate the
factor, setup optimization measurements are performed continuously changing the field between

+H_, and -H_,, and acquiring one or more images at each field. It is then possible to calculate the

sat sat

average of an increasing number of frames at the same field in order to understand how many
acquisitions are required in order to distinguish leetwthe two saturated magnetic states (over the
magnetic region of interestiror each set of experimental parameter, there arartajor outputs
from these measurements:
(1 the quality factor as function of the numidés.c of acquired frames used to comptlie
average (or, almost equivale@yersus the cumulative exposure titde/clexp).
(i) the time stability of the measurement over time (by looking at the evolution of the mean

value of pixelsd distribution in subseque

Our characterization atts with the use of a low magnification 20x objective. Relatively low
magnifications have twadvantages

) the wider acceptance angle permits to collect more light coming from the sample;

(i) the longer depth of field permits to be more robust with resjgeatechanical drifts

causing the vertical displacement of the sample with a consequent loss of focus.

Figure 27a showsthe microscope image of one of the capacitors presentsdciion3.4.3 and
sketched irFigure24(a). InFigure27c to (d)the three steps of the measurenaptpresented. In the

first step, we measure the mean value of the pixeissadfe the magnetic Region Of Interest (ROI)

in the Msat and Msat states, by continuously setting the external magnetic field to a positive and

negative saturating field (200 Oe). With this measurement, we obtained N couples of saturation
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images, shown ithe Panel b ofigure27. Therefore, we can make the average on a different number

of images in saturation to obta@p as function ofN,,;. Averaging over an increasing number of

frame

reduces t he

noi

s e,

sharpening

t he

pi xel

opposite saturation states is obtain&tgre 27c). Since the main source of noise in standard

conditions is the shot nois®,increases approximately QEQAVG , as shown irFigure27d.
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Figure27: (a) Microscope picturef a Ta/CoFeB/BaTi@microcapacitar The gold contact comes from the

left and partially covers the ferromagnetic/ferroelectric pillar defined by optical lithograjeylateral
dimensiors of the magnetic Region Of IntergROI) are reported(b) Mean value of the intensity over the
pixels of the ROl measured alternating the field betWétaand Hsa. The mean value of the signals 8sk

andi Msa does not change over the measurement time, indicating the great stability of the setup and the
possibility to distinguish the two magnetic levelg) Mean value and standard deviatmimeasurements
versus the number of imag®kve over which the signas averaged. As expected, the standard deviation
reduces ablavc increases(d) Quality factor as functioof Navg s howi ngn @i Siesed@lti mi t ed

The effect ofQ on Kerr images is reported Higure 28 for N,,= 1 and 100 (panels a and b,

respectively). The increase @ leads to an increased contrast between positive and negative

saturation. Such a contrast and distribution sharpening ensure the possibility to distinguish

intermediate magnetic states. During the thesis work, we developed all the software needed to

70



perfom this kind of analysis at the beginning of a new experiment, so that the user has the possibility

to choose the best exposure time or number of averages that guarantees the feasibility of the

experiment.
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Figure28: Sharpeningf the pixes distributiors due to the averaging procesd Qa 1 upon acquisition of
just 1 frame withex=100ms Navec= 1): the two levels are barely distinguishable.@&)6 can be obtained by
averaging oveNave= 100 frames with the same expostinge: the two distributions become well separated

and intermediate magnetic states could be resolved in an experiment..

This kind of analysis of th@ factor has been also employed to characterize microscope performances
and to find the optimum of the alyser anglelx (where 0° corresponds to complete light extinction,
i f depol ar bceua).tThioima grebal &ckigvémient because, once again, it guarantees to the

user the selection of the best measurement conditions from the beginning of a new experiment.

Note that the SNR defined in S&:4.3coincideswith our definition ofQ, so that we can recall its

formula to clarify the expected dependency from the analyzer angle:

Q=SNR= BREoen 13 B QL Q.- 1
\/BGDE ,@Wton exp®B Dt Q'H\@ E \/|++|_

/B@E LQ 2qusin2 q
\/qu g +oS ¢ olg

(1.117)
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where |, is the background intensity prior to the optical trajp,the depolarization factor ang!

ande the Kerr angle of rotation and ellipticity.
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Figure29: (a) Quality factor as function of the analyzer arfgletex,= 100 msanddifferent Nave (from 1 to
100, every 1Q)(b) DetailedQ(da) for Nave= 10. The value of the depolarization factor obtained from the fit
is reported.

Figure29 showsQ(da) for texo= 100 ms and for differentN,,; (from 1 to 100, every 10). In panel

b, wefit our experimental data d with the analytical expression of SNR: thiee agreement
confirm the role of the shot noise in the determination of the system performances. The analysis
permits to define the experimental conditions (analyzer angle and number of frames) required

obtainthe value ofQ required by a user.

3.4.6.0ptimized imaging of perpendicular magnetic domains in Ta/CoFeB¢BaTiO

Following the optimization procedure presented in the previous section, as a result we were able to
demonstrate the quality of eaf-plane measurements acquired by our Kerr microscope. The
measurements were performed on the CebaBed capacitors photographedFigure 27a. The
hysteresis loop obtained by the average signal on the magnetic region of interest is repayted in

30. Panel b reveals the nice contrast achievable fatiywsind negative magnetic saturation once

the post processing routines applied the treatments described in séettomages acquisitign
analysis and pogirocessing More important, the astonishing quality factor achievedhise
measurementBy text= and Mve= 1 permits to visualize the structure and evolution of widken
magnetic domains typical of perpendicularly magnetized thin films. The Kerr microsooglepksl

during the thesis demonstrate produce images of the same quality of the previously introduces

X-PEEMimages ofrigure26 that was used to characterized game device.
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Figure30: Magnetization reversal of the CoFeB layer after the optimization of the microscope. Théikeorm

magnetic domaiare clearlyisible. The level of quality of the images allow to compare the microsatpe
other magnetic imaging techniques.
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3.5. Magnetic characterization of #yased ziggag shaped conduits

The NaBiS group has a long experience in the development of magnetic circuits for thatiapplic

in the field of biology,nanomedicineand more recentlynechanobiology42]i [45]. This section
presents the magnetic characterization of Permalloy base@gighaped conduits for manipulation

of magnett nanopatrticles for biological applications.

In particular, a 2D vectorial plane magnetization analysis has been performed by longitudinal Kerr
microscope, thus highlighting the switching magnetization mechanism that is used with particles.
Finally, it possible to compare the magnetization reversal measured by the microscope fivigth-the
elementsimulatiors, in order to understand the magnetization reversal process asthahtiaén wall

pinning inside the conduit.

3.5.3.Introduction to single particle manifation via micromagnetic actuator

Part of the activity of the NaBiS group is oriented towards the realization eDhabhip platforms.

The scope is the creation of magnetic manipulators able to interact with biological entities exploiting

the manipulatn of magnetibeadst the micreand nanoscaléhrough the coupling with externally

controlled magnetic domain walls.

Magneticmicro- andbeads are widely employeéh Lab-On-Chip devices as carriers and labfes

cells, molecular manipulatioj#2], drug delivery and biosensing46]. Moreover,magnetic beads

can be used to study the application of forces down to the Mewton rangg44].

Severatechnologieshave been developed to capture and manipulatehigth resolution particles

that are suspended in a biologicadium. In particulg even compared toompeting technologies

such as electrophoresis and optiwatezersmagnetic manipulatef47]i [49] havebeen proven to

be very effective tools because matc fields arenot screened by biologicahvironmentsand are

norrinvasive for cells and biomolecules.

Arrays of magnetic elements patternedohiip have been proposad magnetic manipulators ftire

transport of single magnetic particles by exploiting tleajpability of focusing external magnetic

fields[50][51]. In addition,it has been shown that magnetic domain walls (DW/g)ferromagnetic

thin film can be used to manipulate magnpacticles ata solid fluid interface.

In this context,the groupdemonstratechow micre and nanofabricated, planar stripes made by

Permalloy (NigoFexo) constitute excellent conduits where the DWs can be nucleated and moved
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between adjacengeometrical constriction,ide corners or curves, under the action of external
magnetic field§42]. This techniques called magnetic Duain Wall Tweezers (DWTs) anlle idea
is illustrated inFigure3lafor zig-zag shaped conduits

(b)

Figure31: (a) Sketch ofa magnetic conduit with a domain wall in the corner. In correspondénbee a e 6 s
formation of a potential well for magnetic particles dapictedby the constanenergy surface. (b) Optical
image ofmicrometric zigzag condui. Image dapted fronRef.[45].

This platform is based on the controlled displ@entof confinedDWs in ferromagnét conduits.

The resultsof this confinement,s an inhomogeneous magnetic stray field generated by a DW, of up

to several kOe, which can trap a magnetic particle. This stray field is spatially localized at the
nanomete s cale due to the DWO6s Vhegrgdiemt of thé magmetic g e C
stray field generated by the DW results in an attractive force, which tends to capture and drag any
magnetic particle in proximity of the DVWherefore, a fine control of the DW position, alloiws

the manipulation of magnetic micro and nanopartiolék a resolution down to 106m[45]. By

applying suitable externahagneticfields the DW that is pinned to a corpenoves to the neards

one, thus causing the stbg-step displacement of tleagnetigparticle along the nanostructure.

2.5.1.MOKE measurement on zgg shaped Permalloy conduits

Zig-zagshapednicrometricconduits inpermalloy(NisoFexo) represent a good sa study to test the
capabilities of the Kerr microscope in the longitudinal configuratchre to their engineered DW
propagation mechanism under the application of an external magnetic field

A vectorial characterization of the magnetizatiozigizagconduits with different orientatios with
respect to the external field, has been performed by using Kerr microscope in longitudinal (L) and
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longitudinal with transverse sensitivity (LT) modes: in this way it was possible to probeplze

magnetizattn components parallel and orthogonal to the applied magnetic field (see &8&@n

In general, the magnetic configurations found in microrogtatterns depends on the interplay
between the following contributions:

) the geometry of the magnetic structures (becaushage anisotropy);

(i) magnetecrystalline anisotropynegligiblein Permalloy);

(i) the external magnetic field orientation;

(iv)  thepresence of defects introduced by the microfabricaifonesses.
The geometry of zigag microstructures is shovim Figure 31b: they are50 nm thick, 2um wide,
with a segment length of 1Bn andan angle o©0° between twadjacentsegmentsSince the
magnetecrystalline anisotropyis negligible in Permalloy, thenicro-magnetic configurations
mostly driven by shape anisotropy, du® the strong confinement of theagnetic layer: the
magnetization lies in the film plane (the film is thin) and tends to be aligned to the conduit, thus
allowing to minimize the magnetostatic energy of the system
Besides real patterned devicasan present some defects, especiallyhat side walls where the
photoresist defines the lateral geometry. These imperfections can affect the micromagnetic
configurations; for example, they are responsible for acting as pinning/depinning sites for the
magnetization.
Hence, shape anisotropy adefects are expected to be crucial to determine the magnetic response
of the microstructures to external magnetic fields. To disentangle these two contributions, in the
following, we will describe the micromagnetic analysis performed with two differemntation of
the zigzag with respect tbl.
In order to understand the role played by the magnetic shape anisotropy, we conduct a first experiment
in which the longitudinal and transverse components of the magnetization are collected (L and LT
configurations, respectively) for a couple of orthogonal arms of-aagig the first parallel and the
second perpendicular to the external magnetic flédd)( as depicted ifigure32. This configuration
highlights the role of the shape anisotropy in magnetization orientation, since it would encourage
(disadvantage) the alignmentiMfalong the field in the parallel (orthogona§gmentFurthermore,
a small tilt ofapproximately 15 degrees with respecHtg: allows to better appreciate the strength
of the shape anisotropy in both the segments since, also for relatively high fields, the magnetization

results still partially oriented along the arms direction.
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Figure32: Orientation of the ziggag condulit respect to the external magnetic fielthe experiment designed
to understand the effect of the shape anysotropy

H EXT

Figure 33 shows the full analysis of longitudinailf) and longitudinal with transverse sensitivity
(My) Kerr microscopy with the zigags oriented as sketchedrigure32 and photographed figure

33a.

The hysteresis loops of the magnetizationthe blue and red armg the zigzag are obtained by
integrating the intensity in the two (blue and red) regions indicatédjure33a. The components of

My andMy are obtained from two sabgquent measurements where the slit is changed to be sensitive
to the one or the other projection of the magnetization, as shokigurne11b and c. The result is
reported in Figure 33b. The measurement has been performed starting from maximum positive

external applied fieldH{= 290 Oe).

The hysteresis loop of pasdl and ¢, ha& been obtained through the signal post processing routine
explained in Se2.4.4 As afirst step the linear contributiofrom the Faraday effecf the objectives
lenshasbeensubtracted from the hysteresis loap order to recover the pure magnetic signal from
the sampleThe slope is calculated sweeping the field above the saturbiign Wwhere the magnetic
signal is expected to be constaffterwards, the hysteresis lo®@renormalizedto the intensity
corresponding to the saturation magnetization of the magnetic iyerto the different sensitivity

of the L and LT configurations, two different normalization constants must be uskl &md My,
respectively. For th®ly (both the red and blue arms), the normalization constant was evaluated from
the hysteresis loop of the blaegmentparallel toH), assuming full saturation at the maximum field.
The same normalization applies to Mecomponent of the resegmentThe procedure reveals that
the My signal of the redegmentloes not completely reach the saturation, being unfavoured by the
shape anisotropy that tries to align the magnetization along the conduit, hence orthogoriah to

the other handhe normalizatiorfactor forMy is calculated fronthe piece of conduit perpendicular

to the field(red arm) because dti= 0 themagnetizatioraligns again alonthe yaxis because of the

shape anisotropy

77



(a) dn

24

f’l

H=-100

24

H=-290

I
1
N

(c)

I
1]
=
o

it bttt i

My [a.u.]

III

u
1
N

-300  -200  -100 0 100 200 300

Figure33: Magnetization reversal process for-zag conduits oriented with respect to the external magnetic
field in such a way to make the blue and red arms inequivalent (one arm of tag zsgoriented at 15 degrees

with respect tdhe xaxis). (a) Optical image of the pattern. The blue and red rectangles indicate the regions
where the hysteresis loops of panel ¢ have been obtained freff).{d@gromagnetic images ol (left) and

My (right) at given values of the external magoéigld. The last column contains the vectorial representation

of the magnetization in each arm at the corresponding values of the applied field.

Letdébs now discuss the behaviour of the hyster
by Kerrmicroscopy. As shown iRigure33b, the hysteresis loop fdfx obtained from the blue arm

is squared, with sharp transitions and the small coercidity { Oe). Inded, this is expected by the
Zeeman interaction between the magnetization and the external field, also promoted by the favourable
shape anisotropy. On the contrary, yp@mponent of the magnetization for the blue arm gives rise
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to a different hysteresisdp. At zero field, the magnetization points along the arm (i.e. forming 15°
with H) because of shape anisotropy that maximizeg-temponent. As the external magnetic field
increases alongxtor i X, the magnetization tilts toward until the magnetizatio is completely
directed along the field orientation, aMj goes to zero: the Zeeman energy becomes the leading
contribution and the magnetization is not aligned to the segments anymore, as would be favoured by
the shape anisotropccording to the sigriaorrecton, in the hysteresis loop of the blue afpanel

b of Figure33), the maximum of thg components found at the samide fieldfor which My= 0.

Note that, it is possible to observe that x-component does neixactlyreach the saturation value

for H= 290 Oe,as they-componentof M is different from zero.This correspondence proves the

validity of the normalization procedure previously kzped

The situation is different for the red arm of panel (a) because the shape anisotropy favours the
orientation ofM alongy. A sufficiently strong magnetic fieldHe He) aligns the magnetization along

x: the hysteresis loop fdvlx as a higher coeive field H= 40 Oe) than its Abl L
a more gradual transition compared to the blue arm. The same considerations holdMer the
component: at zero field, the magnetization is aligned along the red segment and it has a significant
projection alongy (panel c ofFigure 33). The latter is reduced almost to zero when the field is

increased, without reaching a complete alignmeht.to

From the hysteresis loops of panel b and ¢, and with the guide of the MOKEsimigganels-d| it

is possible to reconstruct thepane magnetization vector as functiortHbfThe result is depicted in

the right column ofigure33. Starting fom maximum positive fieldRigure33d), the zigzag in the
longitudinal image appears uniformly white, indicating that the magnetization is saturated along the
positive x axis. On the contrary, the transverse image shows almost no contrast (except for the
boundaries of the zigag which introduces some artefacts/shadowing effect). An external field below
the negative coercive field of the blsegmen{H< -Hc= -7 Oe) nduces the magnetization reversal

of both longitudinal and transverse component of the blue arms, as it is evithent2& Oe from

the hysteresis loops (panels b and c) and magnetic images (panélg e. I n t hiMgisconf |
concordant in two inguivalent arms, whildlyis discordant, thus the magnetization follows the zig

zag shape and all the domain walls at the corners are annihilatedgp@argel) . Further r
field to H= -100 Oe (justbelow the negative coercive field of the red arngoathe longitudinal
component of the redegmentswitches along the negatiwedirection. The longitudinal magnetic
image becomes uniformly dark (panel f), while the transversal image shows the difference of signs
bet ween the two ar axenum negative field {=6-2900e)Athe ntadnetic m

configuration (panels-g 0 ) i's just the opposite to-dtbhe o1
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Sweeping the field from negative to positive, we obtain the same configurations with the opposite
sign, but smething interesting happens when the positive field overcomes the coercivity of both the
arms alongy: while atH= 25 Oe the magnetization follows the shape of the conduits (ganels h 6 ,
h 6 6 HF 10@ ©e the magnetization vectors of the two arms pgoimards each other with the
nucleation of a heatb-head domain wall (as it happens in panel-fl&0 Oe). This arises when the
x-components of the two arms are concordant while theamponents are opposite, as in the case
depicted inFigure33 (f) and (i).

In order to asses the consistency of the experimental findings, the micromagnetic configurations of
zig-zag shaped conduits have been simulated with the software OOMMF (Ohjecite@

Micromagnetic FrameworKp7] and compared with theiomnomagnetic images iRigure34.

(a) r (b) r (@) r (d) ‘ (e) r (") r (@

H=290 Qe H=-25 Oe H=-100 Oe H=-290 Oe H=25 Oe H=100 Qe H=290 Oe

Figure 34: On top: sketches of zigag $raped conduits, where one segment is oriented at 15 degrees with
respect to the-axis. An external magnetic field (H) directed along tkexis is swept between £290 Oe. On
bottom: micromagnetic configurations, simulated using OOMMF, of a portion ofgkEag microstructure.

The arrows represent the local magnetization direction, while thehitelteal scale refers to thecomponent

of the magnetization.

Simulations are performagsing the following parameters fordytexo: saturatiormagnetization Ms
=680 x 18 A m'?, exchange stiffness = 1.3 x 10 J n!, damping coefficienti= 0.01 and null
magnetecrystalline anisotropy. A 25 x 25 25 nm? unit cell has been used for simulating the
micromagnetic configuratianof the zigzags Although the exchange length of Permallo$.d nm,
this represents a reasonable compromise enswvethgced computational time$he results are
reported in Figure 44. As expected, when +290 Oe (see Fig.44a), the magnetization is almost
saturated aing the field direction (axis). Decreasingl to -25 Oe, the magnetization in one of the
two arms is reversed (see tgatels in Fig.44b) following the conduit direction because of the shape
anisotropy, in agreement with the Kerr image of Fig.43eHAt100 Og the magnetization of the
two segments is reversed (MO0, see Fig.44c), the shape anisotropy still favors the alignement of M
along the zigzag segments, as previously shown in Fig.43(f). When H decreas230t®e the
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magnetization is alignei the external field (almost saturated alexgeeFigure34d), as observed

in the Kerr images (sdégure34g).
The opposite scenario occurs sweepkhdrom -290 Oe to +290 Oe (sdagure 34d-g). These

simulatel magnetic configurations are again in excellent agreement with those acquired by Kerr

microscopy and reported Figure34g-I.

Figure35: Comparison between two different zgg orientation.

In the following part of this section, we will compare the differences in the magnetic response of

apparently fAequival entligureddndui ts, as those de

The hysteresis loops fdx andMy of two inequivalent arms (red and blue rectangles) of the two zig
zags ofFigure36a (dashed and solid lines) are compared in panetsHe of Figure36. Despite the
orientation with espect o t he fi el d and the saturation val

display different coercivity. This confirms that each structure owns peculiar magnetic properties, thus

highlighting the presence of defects.

Mx [a.u.]

Mx [a.u]

-300 -200 -100 0 100 200 300 -300  -200 -100 0 100 200 300
H [Oe] H [Ce]

Figure36: Comparison between the hysteresis loops collected in over different regions. (a) Optical image of
two zig-zags. Dashed and solid lines identify equivalent regions (i.e. with the same orientation with respect to
Hex), While red and blue are used temtify the norequivalent segments. (@) Hysteresis loops measured
integrating the pixels within the rectangular red and blue area of panel a.
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As proved by the experiments described up to now, the first configuratioRigsge35a) is mostly
sensitive to the shape anisotropy whereas the latteFigee=35b) is used to fghlight the presence

of defects. For this reason, it is also possible to decouple the impact of defects and shape anisotropy
on the magnetic behaviour of two adjacent inequivalent arms of a selectealgzsggructure, by

comparing the longitudinal Kerr ma&arements performed adopting the two different alignments

described in this section.
H=290
$3.
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Figure 37: Magnetization reversal for the orthogonal orientation of thezag shaped conduit inside the
magnetic field. (a) Optical imageith the relative orientation of the two components of the magnetization and
the direction of the external magnetic field. The blue and red region of interest indicates the region where the
hysteresis loop has been extracted. (b) Hysteresis loop for thelitierent region, with respect to both
component of the magnetization.-(€) MOKE images of the magnetization reversal for both components of
the magnetization, on the right is depicted a sketch of the structure with the orientation of the magnetizatio
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Measurements ifrigure 37 are recorded from the same zigg conduit ofFigure 33 but with the
perpendicular orientation (séegure 37a). The hysteresis loop &y in the orthogonal alignment
(panel b ofFigure37) is more gradual than in the first case (panel Biglire33), thus indicating a
stronger shapanisotropy.

In Figure37c, they-component of the magnetization for the red arm is maxiten®, and goes to

zero increasing the field. The complete vectorial Kerr analysis of the switching mechanism is reported
in panels d and it is sketched in the right columnFagure37.

At maximum positive external field (panel d Bigure 37), the magnetization of the red arm is
saturated while for the blue one also a positive component of the magnetizatiopialpresent. As

the field is restored to zero, the magnetization aligns with the $tiiy@ @onduit as shown in panel e

of Figure37 and different configurations can occur. For examplél=at25 Oe (panel f on the right,
Figure37) both the components of the magnetization vector of the red arm change sign. This means
that the applied field is smaller than the negative coercive fitdd-KHc= -5 Oe), that is estimatl

from the hysteresis loop (panel bFigure37). On the other side, the blue segment does not switch
due to the stronger coercive fieldX -Hc=-34 Oe) and the magtization follows the shape of the
conduit, with the annihilation of the domain wall. The magnetization along the conduits was obtained
even in the first configuration, shown in panels e and Figtire33. Differently from the latter, in

the orthogonal configuration the magnetization vector can point along opposite directions in the two

adjacent zigzags as shown iRigure38.

Figure38: Intermediate configuration, same Bigure37f. The magnetization follow the shape of the conduit
in the opposite direction.

This micromagnetic pattern is allowed by the different coercivity of the two inequivalent segments
of the same conduit (and is valid for both the conduits showigure37), a strong indicator of the
asymmetry of the structure. Since in this configuration there is no preferential directionyef the
component of the magnetizatiodefects act as pinning sites determining the final magnetic
configuration. Due to the randomness of the defect distribution on the sample, each one of the four

configurations listed ifrigure39 can occur.
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