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Introducao e teoria

5. Magnetic Hysteresis, or Magnetization Curve

Dezcribing the average magnetization vector of a sample

as a function of the external field (always applicable)

4. Phase, or Magnetic Texture Analysis
Collecting domainz of equal magnetization direction in “phazes™, More generally,
describing the distribution function (fexture) of magnetization directions (> (0.1 mm})

3. Domain, or Magnetic Microstructure Analysis
Describing the magnetic microstructure of a sample, the shape and detailed

spatial arrangement of domains and domain boundaries (1-1000 pm)

2. Micromagnetic Analysis
Describing the inrernal strucrure of domain walls and their substructures in terms
of a continuum theory of a classical magnetization vector field (1—10EH) nm )

1. Atomic Level Theory

Describing the ongin, the interactions, the mumal arrangement

and the statistical thermodynamics of elementary magnetic moments (< 1 nm)

Fig. 1.5. The hierarchy of descriptive levels of magnetically ordered materials. The
values mn parenthesis indicate the sample dimensions for which the different concepts
are applicable
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Introducao e teoria

Fig. 1.1. Domains observed with magneto-optical methods on homogeneous mag-
netic samples. (a) Images from two sides of an iron whisker, combined in a computer
to simulate a perspective view (sample courtesy R.J. Celotta, NIST). (b) Thin film
NiFe element (thickness 130 nm) with a weak transverse anisotropy (sample courtesy
M. Freitag, Bosch). (¢) Faraday effect picture of domains in a single-crystal garnet
film with perpendicular anisotropy, together with a schematic of the magnetzation

Fig. 1.4. The more or less flux-closed patterns
of low-amsotropy cubic particles (a) and (b),
compared to the open domain structures for
high-anisotropy umaxial particles (c) and (d)



Introducao e teoria

¢diregéo da magnetizacao

Na teoria micromagnetica em geral v
a energia livre (E) inclui os termos m=J/J
locais:

-energia de anisotropia magnetica
(cristalina, uniaxial induzida, “exchange bias”,
superficie e interfaces)

E, = A[(Vm) dv
/ \ exchange stifness costant

- EH :_Jsj(ﬁext m)dv

-energia de troca

-energia Zeeman



Introducao e teoria

¢diregéo da magnetizacao

m=J/J_,

e, nao locais:

- energia magnetostatica desmagnetizante

1 - 1 .=
Ed:_ﬂoj Hdde:__ J- (Hd°J)dV
2 tudo 2 amostra
onde: % . Hd — _6 . j / A cte de magnetostriccéo

X deformacao
- energia magnetoelastica”(materiais

clbicos, hexagonais, uniaxiais e E..a(4,&,c050)
Isotropicos e tensdes internas e externas)

Complicado ! !'!



Introducao e teoria

Energia livre total:

E...=/(exchange + anisotropia + Zeeman + desmagnetizante +
magnetoelastica)dV

Campo efetivo: H = - 0E,,/0J , em cada ponto do espaco.

A orientacdo da magnetizacéo e definida pela equacéo de Landau-
Lifshitz-Gilbert:

om/ot= -ymxH ¢ -a(mxmxH )

onde vy e o fator giromagnético, o € a constante de amortecimento e
mxH_ ¢ € um torque, que no equilibrio deve ser nulo em cada ponto
do espaco.



Energia livre total:

Introducao e teoria

E...=/(exchange + anisotropia + Zeeman + desmagnetizante +
magnetoelastica)dV

Energy term Coelficient Definition Range
Exchange encrgy A [Tim] Material constant 10~ = 2. 107" Im
Anisolropy energies K, K. . [Jm?) Material constants £(105=2-10") Jm?
H,, = external field .
T T ) a3 _ Cipen, depending
External field energy | He J;  [J/m”] J, = saturation on field magnitude
magnaizaion
7
Stray field energy K, [Jm?] K,= 402 u, 0=3-10" Jim® 03
! " al
., = external stress _
Open, dependin Mo
External stress energy ':Fr::u;'L [-T"lmjl A= magnetosiriclion mﬂtmsslmngmr%l.dc 'I\\ﬂl -
constant
seltomengy i [Ww’] | €= shear modulus 0=10° J/m’

0

Fig. 3.17. The effective anisotropy energy g as a function of m, the magnetwation
component along the angle my,. Of the two possible branches, only the lower energy
branch is plotted for every value of m. The chosen parameters are Qi = 1, Qu1 = 0.2
and = /8



Dependéncia com o tamanho

Em fun¢ao da diminui¢cao do tamanho, temos:
@ Organizacao em multidominios magneéticos

@ Apds um certo volume limite V, e até um volume V, ( V, >V, ) as particulas
nao formam mais dominios magnéticos e se comportam com um unico
dominio. Estas particulas sao chamadas de Monodominios Magnéticos.

@ Para volumes menores que V, a particula se comporta como um material
paramagnético, porque o momento magnético da particula pode variar
termicamente. Isto & conhecido como Superparamagnetismo e depende da
forma da particula e das anisotropias da mesma.
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Fig. 3.53. The rotation of the magnetmation
vector from one domain through a 130% wall to
the other domain in an Infinite uniaxial mate-
rial. Two alternate rotation modes are shown:
the optimum mode, which 1= called the Bloch
wall (a), as compared to the Néel wall (b,
which 1s less favourable here but can be pre-
ferred 1o thin films and in appled fields. For
both modes the opposite rotation is equally pos-

Fig. 3.72. Néel's view of domain
walls in thin films. The cross-sec-
tions indicate the magnetic charges
with and without an external field

Introducao e teoria

) Dominio
=

Parede de
-] dominio

L.

,E

(C) Wall Widths., As demonstrated for example in (3.110), domain walls form
a continuous transition between two domains. For this reason there can be no
unique definition of a domain wall width. The classical definition introduced
by Lilley [633] is based on the slope of the magnetization angle ¢(z), as shown
in Fig. 3.55. Its value s Wy, = "T\‘m in our example. In another definition,
also indicated in this figure, the slope of the magnetization component sin g
in the origin is considered. It leads to Wy, = 24/A/K.

— W
T ix)
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L1 stng (x) T
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Wy T —= *IATK
! _/_/_/Li'w:n'h r Fig. 3.55. The calculated wall pro-
— —a0° file of a 180° Bloch wall and differ-
= WL =

ent wall width definitions (see text)

Espessura da parede o+ A/K



Regras de Van den Be\rg para

materials moles

Introducao e teoria

Fig. 3.22. (a) Van den Berg's construction of a stray-field-free planar magnetzation
pattern in a sumply connected soft magnetic film element. (b) A more complicated
variant obtained by introducing a virtual cut along the dashed line

Fig. 3.29. A disk-shaped thin film element displays an isotropic magnetization
pattern (a) following van den Berg's principles. A compressive stress introduces
anisotropy (b, ¢) [591]. The domain patterns were brought to equilibrium by demag-
netization in an alternating field oriented parallel to the stress-induced easy axis (b)
and perpendicular to it (c¢). Although the resulting domain pattern depends on the
demagnetization history, both (b) and (¢) can be classified as domain patterns in
the classical sense, in contrast to (a). The sample is a nanocrystalline iron-Permalloy
multilayer system of 300 nm total thickness behaving like a single film [597]. The
images were taken with the magneto-optical Kerr effect with a vertical sensitivity
direction

- Circulos tangentes as
paredes definem as
posicOes das paredes.
- As linhas de campo
devem ser paralelas as
bordas.



Fétons(luz)

Caracterizacdo dos Materiais

- i - Fétons (luz) -
Energia/ | g fons I Propriedade : Energia /
Momento ; I Eletrons I
Matéri Atomos a ser fons Momento

atéria . ( L
Elet:ons _ Atomos Matéria
rons caracterizada Neutrons

rotons Protons
Wavenumber in cm™!
4 x 102 25 400 4000 12.5x 10325 x 103 50 x 10 107 108
1 L ol L 1 1 1 L 1
Spin Orientations Molecular  Molecular Valence Electronic Transitions Inner Shell  Nuclear
(in magnetic field) Rotations  Vibrations 12 Electronic Transitions
NMR ESR Transitions '
Infrared Region Visible Ultraviolet X-rays
Radio Micro- Far “Fundamen- “Overtone” Near UV Vacuum UV “Soft” Gamma
Waves waves Infrared tal” Region ‘ X-rays Rays
(radar) Region
25 cm 0.04 cm 8000 A * 4000 A 2000 A 10A 1A
400 p 25 25 0.8

Wavelength




Técnicas
Usa microscopia otica com polarizacao e

uma suspenséo coloidal de partl’culas

Técnica de Bitter

Fig. 2.1. (a) Domains in an ion-implanted garnet layer made visible by Ferrofluid®
(courtesy D.B. Dove, IBM Yorktown Heights [54]). The circular shape is unim-
planted. (b, ¢) Stress-induced domains on a NizzFeys crystal revealed by Lignosite
FML®. A perpendicular field of 1.5 kA /m was applied in (c) to improve the contrast
of the same pattern. The NiFe crystal has (100) easy directions and a near (100)
+ + e — —

surface
~
@ 1 @ t ((*
-

Wall contrast 7 Domain=indeced contrast




MOKE Efeitos Kerr magnetodticos Tecnicas

Como obtemos o sinal magnetooptico?

Efeito Kerr magnetooptico (MOKE - Magneto-optical Kerr Effect):
e a dependéncia da polarizacdo ou da intensidade da luz refletida
com a magnetizacao apresentada pela superficie. Ha trés tipos de
Efeito Kerr:
eKerr Polar: incidéncia normal, qualquer polarizacao.
eKerr Longitudinal: sensivel a magnetizacio paralela tanto a
superficie de reflexdo quanto ao plano de incidéncia da luz.
eKerr Transversal: polarizacéo e paralela ao plano luminoso.

ES'G{ Zf ES‘<5’ L7 <g (R’
_ TR T, R =
O R M

Polar Longitudinal Transversal



MOKE ) Técnicas
EFEITOS KERR MAGNETOOTICOS
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MOKE ) Técnicas
EFEITOS KERR MAGNETOOTICOS
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MOKE Técnicas

Magnetometro TMOKE

@) polarizador

Microscopio LMOKE

camera
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Técnicas de Polarizacéo

—————————————— Image plane

|
I:,'::';I ANALYZER
]
an
F]
II I|
r————-<-= LOCATION OF
il ¥ T COMPENSATOR
| |
II I|
| |
| II
Objective
OBJECT ON

~— ROTATING STAGE

Condenser

POLARIZER

Source

Figure 9-2

Optical compenents of a polarizing microscope. Notice the presence of a polarizer and
analyzer, a rotatable stage, and a slot for accommodating a compensator. Polarization
microscopy requires an intense light source.

Filter

{‘\\\{X Polarized
transmitted
Random light
incident light

=

(a)

{b) (c)

Figure 8-3

A Polaroid sheet generates linearly polarized light. (a) Only rays whose E vectors
vibrate in a plane parallel with the transmission axis of the sheet are fransmitted as a
linearly polarized beam; other rays are partially transmitted or blocked. (b) A second
overlapping polar transmits light of the first polar if its transmission axis is parallel to
that of the first polar. (c) Transmission is completely blocked if the fransmission axes of
the two polars are crossed.

Figure 9-3
View of the polarization cross in the back aperture of the objective lens. Views before (a) and
after (b) proper adjustment of the condenser aperture diaphragm.



MOKE

Adjustable lens Ohbservation
§ - faln
| l]lumr:nauon /1)

Analyser

Polarizer

i

Fig. 2.15. Schematics of the illuminating aperture, polarizer and analyser (a). If
the polarizer is set parallel to the central plane of incidence, the central beam (1)
1= reflected without a phase shift from any metallic surface. This 1= not true for an
off-centre beam (2) with its different plane of incidence. This beam 1s reflected in an
elliptical and rotated polarzation state in general, and 1s thus not fully extinguished
by an analyser oriented perpendicular to the central plane of incidence. The zone of
extinction in the full aperture, ohservable m the back focal plane of a microscope (b),
1= indicated in the inset (a) for this case. An effective aperture stop 1s choszen to select
an lumination with a good extinction ratio

Reforgo de contraste com uma camada dielétrica

ence

Fig. 2.13. A simple view of the enhanc-
ing effect of a dielectric layer [147]. The
layer thickness is adjusted so that the nor-
mal reflectivities Ry cancel. [t can be shown
that in this case the Kerr amplitudes Ry
{dashed) add up by constructive mterfer-

Técnicas

Hg high- Camera or Detector
pressure lamp eyepiece Field
f Slit aperture " Analyser
.rf Slit " Pulmlm it
[ H Mi Tilted Sperty
£ I | e ohjective Filiers Prism or

Polarizer._.

Heat reflecting
and yellow filter

a) gnmpi;a Adjustable lens )]
Fig. 2.14. Two Kerr microscopes. (a) A low resolution and high sensitivity version.
In this case a wide angle objective lens, which can be tilted to reduce distortion,
works best. (b} A high resolution, distortion-free Kerr microscope. To avold depo-
larization, the objective lens and the mirror element must be strain-free
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MOKE o
 Algumas aplicacoes

Fitas amorfas de Co-, ,Fe, ¢Si;sBqg

1 ¢) 100Hz

a)
I Idc 1]
b) £
c)
2]
d) Hac 371 0) 1kHz ; 1 &) 10kHz : 1 ) 20kHz
/0’ ; I ;
0 df ik d1d
¢) ) !l i
J 4
f)
g) *1 ) sokHz 1 hy 100KkHz a
h)
i)
5 5 0 5 5 0 5

Curvas de Histerese

Estrutura de Dominios
Magnetodticas
Para uma corrente elétrica alternada de amplitude 10 mA e frequéncias a)10 Hz, b)1kHz, ¢)10 kHz, d)25

kHz, )50 kHz, f)100 kHz, g)200 kHz, h)500 kHz and, i)1 MHz.



MOKE o
« Algumas aplicacoes

10 um —_—

a) b)

Fig. 2.18. Domain and wall images from a (100)-oriented silicon-iron crystal. With a
vertical plane of incidence (a) the structure of the horizontal walls becomes visible.
In (b) the sensitivity axis at oblique incidence is chosen horizontally, displaying
mostly domain contrast and only indications of the wall substructure pattern

Fig. 2.23. Contrast observed
at perpendicular incidence on a
(100)-oriented silicon-iron crys-
tal. The polarizer and anal-
yser are oriented at +45° rel-
ative to the horizontal direc-
tion, so that the Voigt effect
shows up between the 90° do-
mains, while the magneto-optic
gradient-contrast becomes visi-
ble on the 180° domain bound-

aries

Técnicas

Bitter MOKE

b)

- ~

Fig. 2.6 A comparison of Bitter (a) and Kerr (b) images of similar domain patterns on a 3%
Si-Fe crystal that is slightly misoriented with respect to the (110) crystal plane. The side
walls of the “lancet” domains are displayed in the Bitter image, but the V-lines at the blunt
ends are invisible or almost so, depending on the experimental conditions (dilution of the
colloid, waiting time).



TEM Técnicas

Microscopia Eletronica de Varredura e de Transmissao

Elecfron incident on a thin material

Bockscattered electrons secondary electrons

BSE SE Chaoracteristic
HK-rarys
visible light
Auger electrons /

1-100 nm — Specimen —
elastically scattered

- \remss’rrchung
electrons X-rays
F inelastically

scattered electrons

ﬁ




TEM Microscopia Eletronica de Transmissao Técnicas

Microscopia Lorentz para observacdo magnética

Modo de Fresnel

Figure 1. Cross—sectional view of the magnetic-shield lens which reduces the vertical field to 5 Oe. The ] ]

specimen i set above the lens gap. The focal length i 8.6 mm [24]. /

desfocalizado

Figure 2. Fresnel mode Lorentz microscopy makes bright or dark contrast on domain walk.

Figure 3. Lorentz microscopy of a spin valve film. Underfocused images (a, b) and overfocused
images (c, d) inform the direction of induction in a thin CoFeB layer (black arrows) and that in a thick
CoFeB layer which i pinned with an NiO layer (white arrows). Domain walk in the unpinned layer
moved with a sight variation of the magnetic field.



TEM

Microscopia Eletronica de Transmissao

Microscopia Lorentz para observacdo magnética

Modo de Fresnel

focalizado

Fig. 2.27. A defocused mode
Lorentz picture from a (100)-ori-
ented single-crystal iron sample
of unknown thickness. Note
the asymmetric profile of the
divergent (black) wall which
reflects the internal structure
of the asymmetric Bloch wall
(Sect.3.6.4D). The irregular
lines are lattice contrasts. (Cour-

tesy S. Tsukahara [261])

ARAARNARAREREN

i)

Modo de Foucault

Magnetic
sample

Ohjective
lens

Diffraction
plane

Técnicas

Fig. 2.28. The principle of the Foucault technique of Lorentz microscopy (a) and
an example of two aspects of a domain pattern obtained with this technique on a
thin Permalloy element of 24 nm thickness, displaying the longitudinal (b) and the
transverse magnetization component (¢). (Courtesy K.J. Kirk and J.N. Chapman)



SEM

Técnicas

Microscopia Eletronica de Varredura

Elétrons secundarios

Somti!lator
(biased 10 1Dk2V)

- &’,’
Photomutiphier § i
. "‘—SI ——
- Se
Light
guide Gnd
(0 200V)

59 Schematic representation of the Everhart-Thornley secondary electron detector
showing the paths of secondary (SE) and backscattered (BE) clectrons

Elétrons retroespalhados

Light guide

| Scm:i"am | Scintiflator

phetonuluplier
Backscattersd /
elecuons
(a)
Lens
polepicce
Si with
............ P-N junction
A—— A Il 5 ) Au layer
Bickscittered
‘elecifons
10
amplifier
(b)

.10 (a) A large area, Robinson ‘type/scintillator detector. (b) A solid state silicon
detector with two elements A and B.
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« Algumas aplicacoes

Elétrons secundarios

. ",’"“f”*r%i%f!a 1(
' 2111

/
Secondary
clectrons

a) b)
Fig. 2.33. Schematic of Type | contrast (a). The secondary electrons of the two
beams see different fields and are deflected into different directions. (b) Domains
on a cobalt crystal (edge view) as a typical example for this technique. (Courtesy

J. Jakubovics [312])

Elétrons retroespalhados

Collector

Backscattered
electrons

Fig. 2.34. Backscattering contrast in the SEM (a) with some typical electron paths
mside the sample, and an image of a silicon-iron transformer steel sample (b) show-
ing domains near a scratch introduced for the purpose of domain refinement. (Cour-
tesy T. Nozawa [332])



SEMPA

Gold foil
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Electron lenses
and accelerator
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Polarized secondary
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Técnicas

[100] 40\ —

010) &~ — "
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Fig. 2.38. (a) Detecting polarized electron contrast in an ultra high vacuum SEM.
The magnetic information is extracted by a signal processing unit connected to a
polarization detector. (b) Domains on a (100) SiFe crystal. (Courtesy K. Koike.)
(c) High-resolution picture of the transition in the surface structure of a domain
wall in an iron whisker, shown with two different sensitivity directions. (Courtesy

J. Unguris and R. Celotta)

Fig. 2.39. Polar (a) and in-plane (b) magnetization components of a cobalt crystal
cut parallel to the basal plane, made visibly with electron polarization techniques.
A colour code 1s used in the representation of the in-plane components (Courtesy

J. Unguris NIST)



SEMPA

’ Source (Cathode)

Técnicas

Scanning electron microscopy with polarization analysis (SEMPA)

M. R. Scheinfein, J. Unguris, M. H. Kelley, D. T. Pierce, and R. J. Celoita
National Tnstitute af Standards and Technology, Gaithersburg, Maryland 20899

2501 FRev. Scl instrum. 81 (10}, Cetober 1960
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t FIG. 4. A cross section of the LEDS detector. The divided anode assembly
FEG. 9. (a)} SEMPA system developed by Koike and co-workers (Ref. 13 is shown in the inset as viewed from the Av target.
FIG. 3. A cross section of a generic electron optical column iifustrating (b) SEMPA system developed by Kirschner and Depen (Ref. 143,

some key design parameters such as the working distance W, the exit lens
bare B, distance of approach of SEMPA extraction optics ¥, stage tili

angle €, and SEMPA transport optics angle 8,



SEMPA Técnicas

Scanning electron microscopy with polarization analysis (SEMPA)

M. R. Scheinfein, J. Unguris, M. H. Kelley, D. T. Pierce, and R. J. Celoita
National Tnstitute af Standards and Technology, Gaithersburg, Maryland 20899

2501 FRev. Scl instrum. 81 (10}, Cetober 1960

VG, L) Emages of FeSi (100) surface. Fmages are 253 pmoacross, (0} Sec-
andary electron intensity image, (b} M, (c) M, and (d) [ M| images.



SEMPA Técnicas

()

2nm

I
3

‘; === y
N o i T = 520 nm
Cr Film i
X, ”—; =
= ] . 7‘
S0 e [/‘ — |
L = 300-500 pm f«(
e i Y 0 Cr monolayers 40
FIG. 1. A schematic exploded view of the Fe/Cr/Fe(100) FIG. 2. SEMPA magnetization images of the Fe overlayer
sample structure showing the Fe(100) single-crystal whisker coupled through Cr spacer layers grown at Fe sublslrate temper-
substrate, the Cr wedge, and the Fe overlayer. The arrows show atures of {a) 30, (b) 200, and (c} 350°C, respectively. The Cr
the magnetization direction in each domain. The z scale is ex- spacer layer increases in thickness from 0 to 40 monolayers, as
panded approximately 5000 times. indicated, from the left to the right of the images. The magneti-
zation of the Fe overlayer is parallel (ferromagnetically coupled)
to the substrate in the white regions, and antiparallel (antifer-
romagnetically coupled) in the black regions.
PHYSICAL REVIEW B VOLUME 49, NUMBER 20

Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100)

D. T. Pierce, Joseph A. Stroscio, J. Unguris, and R. J. Celoita
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SPIN-POLARIZED LOW ENERGY ELECTRON MICROSCOPY

TH. DUDEN and E. BAUER
Department of Physics and Astronomy, Arizona State University,
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Fig. 2. Schematic view of the polarization manipulator.
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Simplified schematic of the detection system.
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Fig. 5. 5 ML Co/W(110), field of view approximately 6 um, energy for (a)-(d) 1.2 eV, for (e) 3 eV. (a), (b) Magnetic

in-plane and out-of-plane images. (¢) Angular distribution. (d), (e) Topography.

Fig. 6. The evolution of the magnetic domain structure of a Co film deposited on top of 10 Au(111)/W(110). The
Co film thickness is given below the image columns, Field of view T x T pm, energy 1.2 eV,
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Figure 2 World of possibility. The AFM (centre) has inspired a variety of other scanning probe techniques.
Originally the AFM was used to image the topography of surfaces, but by modifying the tip it is possible to
measure other quantities {for example, electric and magnetic properties, chemical potentials, friction and so
on), and also to perform various types of spectroscopy and analysis.
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Interacdo Ponta-Amostra

Microscopio de tunelamento

eletrdnico (STM) Se a ponta for magnética
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FIG. 2. A scanning tunneling microscope (schematic).
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FIG. 4. A simple current-to-voltage converter for an 5T
for the qPlus sensor shown in Fig. 11. It consists of an
tional amplifier with high speed. low noise, and low inp
current, as well as a feedback resistor (typical imped: —
=10° 1) that has low parasitic capacitance. The outpt z [a.u_]
age is given by V' ,,=—Rx1I,.

FIG. 5. Tunneling current as a function of distance and
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Microscopio de forca
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FIG. 25. (Color in online edition) Block diagram of the
frequency-modulation AFM feedback loop for constant ampli-
tude control and frequency-shift measurement. Three physical
observables are available: frequency shift. damping signal, and

(average) tunneling current.
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Figure 1-5. The beam-bounce detection scheme.
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Microscopio de forca magnética (MFM)

Microscopio de forca
atomica (AFM)

- Forcanormal

- Forca lateral

' t ¢

—

vy

-

t ¢

arerent maleria

magnetically coated tip

_L__w_}_f_’ path of cantilever
1

flat magnetic zample

Figure 1-7. MFM maps the magnetic domains of the sample surface.
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Figure 1-9. Lateral deflection of the cantilever
from changes in surface friction (top) and from changes in slope (bottom)

MFM image showing the bits of a hard disk.
Field of view 30um.
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Fig. 2.40. Written longitudinal record-
ing track pattern observed in a magnetic
force microscope, displaying the magnetic
charges at the transitions. (Courtesy D. Ru-
gar, IBM Research)
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Fig. 2.41. MFM images of
domains on soft magnetic
materials: (a) bulk silicon-
iron and (b) FeTaN thin film
element of 30 nm thickness.
(Courtesy L. Belliard and
J. Miltat [393,394])

1

Fig. 2.44. Combined magnetic force and Faraday effect observations on a trans-
parent magnetic garnet film with perpendicular anisotropy. (a) Undisturbed band
domain pattern as seen by the Faraday effect. (b) The same pattern as observed in
MFM contrast. The discrepancy between (a) and (b) is explained in (c), where the
local distortion of the domain wall caused by the MFM tip is observed simultaneously
in the Faraday effect image through the transparent substrate [the pyramidal shape
of the probe can be seen as a shadow in (c)]. (Courtesy J. Miltat and L. Belliard,
Orsay)

) S

Fig. 2.43. Comparing magnetic force images for opposite tip polarities (a, b) of
the branched domain pattern on the basal plane of a cobalt crystal with a Kerr
image of the same pattern (c¢). The MFM images display a better resolution than
the optical image, but are not identical because of the superposition of two contrast
mechanisms, that of charge and of susceptibility imaging, which can be separated
in digitally generated sum and difference images (d,e) as explained in the text
(together with W. Rave and E. Zueco, Dresden [390]).
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Surface Review and Letters, Vol. 5, No. 6 (1908) 1260-1274

IMAGING OF MAGNETIC DATA BITS AND
FERROMAGNETIC DOMAINS WITH PHOTOELECTRON
EMISSION MICROSCOPY

M. MUNDSCHAU and J. ROMANOWICZ
J.Y. WANG, D. L. SUN and H. C. CHEN

Fig. 1. The photoelectron microscope built at Bowling
Green. Electrostatic electron optics are mounted verti- (a) (b)
cally on top of an ultrahigh vacuum chamber. An ultra-
violet Hg lamp is mounted on the left.

MAGNETIC CONTRAST MECHANISMS

electron
beam

Transmission Photoelectron
Electron Emission
Microscopy Microscopy
e . . .. . ()
Fig. 4. Schematic showing the origin of magnetic con-
trast in (a) a transmission electron microscope in which Fig. 3. Photoelectron images of ferromagnetic domains near grain boundaries and defects of a sample of neodymium-—
magnetic forces within the bulk of the sample split the iron—boron. (a) Diameter 500 microns; (b), (¢) areas in (a) further magnified. Both diameters are 200 microns. Reversal
transmitted beam into two and (b) the photoelectron domains at grain boundaries are similar to those seen in other ferromagnetic materials, such as cobalt and Fe-4% Si

emission microscope in which magnetic fields outside the alloys.
sample deflect electrons. The areas of the edges yielding
magnetic contrast contrast are greatly exaggerated.
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X-ray Absorption Spectroscopy

Folarization of Synchictron X-Rays
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Surface Review and Letters, Vol. 5, No. 6 (1998) 1297-1308

S PRINCIPLES OF X-RAY MAGNETIC

i‘* ?g i

=5 Eﬂj
Right chicwiar Lreear
11

Fig. 3. Origin of polarized synchrotron radiation from
a bending magnet source. If radiation in the plane of
the electron orbit is selected by a suitable aperture, lin-
early polarized radiation is obtained as illustrated on the
right side of the figure. By selecting radiation below or
above the orbit plane, right- or left-handed circularly po-
larized radiation is obtained, as explained in the text
Linear polarization can be described by a biaxial vector
and handed circular polarization by a vector, the photon
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Fig. 2. (a) Principles of X-ray absorption spectroscopy,
using a one-electron model for the case of L edge ab-
sorption in a d band transition metal.’™ In the X-ray
absorption process an electron is excited from the core
shell to empty valence states. This results in pronounced
resonances at the absorption thresholds, as illustrated in
(b} for the 2ps;. — 3d (Ls edge) and 2py0 — 8d (L2
edge) excitations in Fe and Co and the 3d5,, — 4f (Ms
edge) and 3ds;; —+ 4f (M: edge) excitations in Th. Here
the X-ray absorption spectrum for a ThossFerosCoso
alloy i= shown, recorded by means of total electron yield
detection. The L edge resonances for Fe and Co and
the M edge resonances for Th are indicated in different
colors. (¢} Fine structure of the Fe L; resonance in a
partially oxidized Fe thin film, illustrating the chemical
specificity of X-ray absorption spectroscopy.

left circular

Fig. 4.

DICHROISM SPECTROMICROSCOPY
H. A. PADMORE, S. ANDERS and T. STAMMLER
M. R. SCHEINFEIN

X-Ray Magnetic Circular Dichroism
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Principles of X-ray magnetic circular dichroism spectroscopy, illustrated for the case of L edge absorption in a d

band transition metal. In a magnetic metal the d valence band is split into spin-up and spin-down states with different
occupation. Absorption of right (left) circularly polarized light mainly excites spin-up (spin-down) photoelectrons.
Since spin flips are forbidden in X-ray absorption, the measured resonance intensity directly reflects the number of
empty d band states of a given spin. In XMCD spectroscopy it is equivalent whether the photon polarization is changed
and the magnetization direction is kept fixed or whether the magnetization direction is changed and the photon helicity
is fixed. The corresponding XMCD spectra for Fe metal®® are shown on the right for three different orientations of the
magnetization directions relative to the fixed photon spin (right circular polarization).
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(¢) Imaging X-Ray Photoelectron Microscopy
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Fig. 7. (a) Schematic illustration of the photoelectron
energy distribution from the sample after X-ray exci-
tation. The photoemission spectrum is dominated by
the low energy, scattered electrons (inelastic tail). The
aperture in the backfocal plane of the PEEM shown
in Fig. 6(c) leads to an electron-energy-filtering effect,
so0 that only the electron intensity shown in red is
transmitted.
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(a) Scanning Xeray Microscopy

Fommng Lans (=

Técnicas

Fig. 2.51. Domain image on a
mechanically stressed iron whis-
ker. generated by circularly po-
larzed soft X-rays from the
ESRF synchrotron (Grenoble)
entering in the picture from the
right. The produced photoelec-
trons (of several eV energy) are
collected by an advanced pho-
toemission electron microscope
[465]. (a) An overview of the do-
main pattern. (b) Details of V-
line walls. (Courtesy R. Frémter

and C.M. Schneider [459])

Fig. 2.52. Domains on an amorphous Fe;2Gdag film of 60 nm thickness and per-
pendicular anisotropy, made visible using X-ray dichroism on the Fe Lg edge. Each
picture was recorded in 3.5 sec, (b) 100 sec later than (a), thus displaying the process
of domain creeping. (Courtesy P. Fischer and T. Eimiiller, Augsburg; [471])
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(a) Scanning Xeray Microscopy
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AFPPLIED PHYSICS LETTERS 97, 022501 (2010)

Tailoring magnetic vortices in nanostructures
F. Garcia,™® H. Westfahl,’ J Sq:huenmal-:er E. J. Carvalho,” A. D- Santos,® M. Pojar,®
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FIG. 2. (a) Image obtained by XMCD-PEEM of the [Co,/Pt;] X6 1 um
disk array. (b) Detail of the disk highlighted by the red circle, presenting a
typical vortex pattern. (c) OOMMF simulation of a disk with the same char-
acteristic, showing a good agreement with (a).
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Caracteristicas Gerais
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MEM Keray topograpky
[]_X=ray spectro-microscopy
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Fig. 2.57. Qualitative comparison between different domain observation methods
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Vortex Domain Wall
F M Micromagnetic simulations

Fig. 1 — (a) 3D AFM image of a 600 x 300 x 60nm Fe dot (true vertical scale). Below are shown
(b) experimental MFM images after saturation along [001], (¢) simulated dH/dz maps over the dot
with a lift height of 30 nm, and (d) simulated configurations superimposed here with the Van den
Berg construction, for both Landau (left) and diamond (right) states. Note the bipolar contrast
of Néel walls and the unipolar contrast of the Bloch wall in (b)-(¢). In (d) the color reveals the
perpendicular component of magnetization of the mid-height plane, while white arrows sketch the
in-plane magnetization direction.

Europhys. Lett., 63 (1), pp. 132-138 (2003)
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Preparacdo das Pontas

Atague quimico seletivo
NH,F (40%): HF (48%): H,0 — 5:1:1 Camada de Au

Microsc. Microanal., 11-3 (2005) 18
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AMmostras

Litografia por feixe eletronico e sputtering.

Objetos de CoFeSiB amorfo sobre
substrato de Si.

Tamanhos entre 0,5 e 16 um.




Objeto de 16x16x0,08 um? de CoFeSiB
amorfo sobre substrato de Si

MO-SNOM (alguns resultados)
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Obtencao de curvas de histerese no SNOM
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Hysteresis loops:128 loops average




Local Hysteresis Loops
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Estrutura de

Estudo Magnetooptico em um objeto de 10x30 pm? dominios

|

Amplitude do  Fase do Amplitude ~ Topografica 20 microns Optica Kerr Transversal Optica Kerr Longitudinal
sinal kerr  sinal kerr do sinal

transversal transversa

Campo AC:

600mV 300mv

500mV
250mVv

450mV 200mv

400mV 150mV

350mV 100mVv




Magnetic Field Spectroscopy

Remanence MODS images (16x16 pm? particle)

"MODS signal (mY)

Position (um)



Magneto-optical Differential Susceptibility (MODS) Images




MODS Images:

Frequence:155 Hz and Hg, = 0 Oe PADS (20 um X 100 pm)
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MODS Images

Particula de 4x4x0,08 um?3 de filme
amorfo de CoFeSiB sobre substrato

de Si Appl. Phys. Lett., 88 (2006) 62506
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Microscopia Kerr
longitudinal em
campo-distante

Programa OOMMF

320.000 cubic cells - 40 nm length
M, = 800 kA/m
A =10 pJ/m (Exchange Constant)
K =600 J/m3 (15 Oe)

http://math.nist.gov/oommf/



Simulacoes

Programa OOMMF

magnetization i ERNEEITEINITLA

a)Domain Structure b)MODSI

magnetization | susceptibility




Simulacoes
Programa OOMMF

Imagens de susceptibilidade



Particula de 2x2 pm?
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64 LHL q Direcao da Magnetizacgao
8X8 posicoes

Al=125 nm .
Caracterizacao Parcial
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Gedanken Experiment:
particle with no coercivity

VSM
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64 LHL Direcio da Magnetizacao
8X8 posicoes
Al=125 nm
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Sumario Parcial (MO-SNOM)

Imagens topograficas (AFM) + oticas (SNOM) +
magnetooticas (MODS).
Medidas de Curvas de Histerese Locais (LHL).
Resolucao lateral < A/6.
Alta sensibilidade magnetodtica (~ 1012 emu).
Determinacao da direcdo da magnetizacao

=> Micromagnetismo experimental



Novos projetos com o0 SNOM

 Litografia Otica de escrita direta
 Caracterizacao de Surface Plasmons
« Uso em fotoluminescencia, Raman e Magnetootica

Corte transversal em fio de.cabelo

Resolucao lateral
~M10

Superresolucao !!!




Uma pequena provocacao !!!



Grupo do L. Novotny
SNOM + Plasmons de superficie + Confocal + Raman

__ > Resolucao lateral
~ M50

FWHM = 14nm

Superresolucao !!!
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» Microscopia de tunelamento eletronico
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FIG. 2. A scanning tunneling microscope (schematic). Figure 4. Atomically resolved STM images of the Si{l 11)7 x 7 surface. Bias voltage: +0.5 V (left),
~05 V {right). A unit cell is outlined in the tmages, the size of the unit cell is 2.7 nm x 2.7 nm.

Figure 25. Atomically resolved STM image of individual single-walled carbon nanotubes. The lattice on
the surface of the cylinders allows 2 clear identification of the tube chirality. Dashed arrows represent the
tube axis T and the solid arrows indicate the direction of nearest-neighbour hexagon rows H. From the
image, it can be determined that the tube has 2 chiral angle ¢ = 7° and a diameter d = 1.3 nm. (From
Ref. 33)

Figure 18. STM images of Au(l 11)-(23 x /3) surface. (2) “herringhone structure”, image size:
54 nm x 54 nm. (b) atomic resolution image at the bending paint (6.6 nm x 5.2 nm). (From Ref. 37)
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Microscopia Eletronica de Varredura e de Transmissao
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STM

Comprimento de onda para radiacdo eletromagnética

Desde 101 m (raios ©) até ~km (radiofrequéncia)
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Comprimento de onda para particulas
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* Resolucao e superresolucao otica

O critério de Rayleigh estabelece para um microscopio otico tradicional a

resolg%a&. onde, A é o comprimento de onda da radiacdo, n € o indice
AX > —

de refracdo do meio e 0 é a semi-largura angular definida
pela abertura da lente objetiva.

nsiné

Considerando —se que o méddulo do vetor de onda é dado M —n2z/ A

por:
Sendo a variacdo da componente x do momento dada
por: Ap, =h2nsinB@(2x 1 A)
Assim, o critério de Rayleigh se assemelha ao Principio da
Incerteza: AXApX >N

Como, para uma onda homogénea, todas as suas componentes de
k serdo inferiores ou iguais a n2m/A.

Consequentemente, a resolucéo espacial em cada componente
fica limitada ao critério de Rayleigh.



- Resolugao e superresolugao otica —— ==

Onda evanescente

Mas, se tivermos a componente z da onda com carater
evanescente, o valor da componente de k nesta
direcdo sera imaginario.

Assim, podemos escrever que: kx2 + kj + kz2 — (nzﬂm)z

Portanto, Ap,e Ap, 1

e 2 2 2
ke +k; >(n2z /1) . Axe Ay |

O que permite uma melhor resolucao lateral !!!

(comparativamente ao que seria obtido com uma onda plana
de mesmo comprimento de onda)



 Principio da incerteza de Heisenberg

Como o critério de Rayleigh e o Principio da incerteza de Heisenberg sao
formalmente semelhantes, esperamos 0 mesmo comportamento para a
resolucdo de imagens construidas com elétrons.

Se os elétrons forem descritos por uma onda com uma
componente evanescente, teremos uma resolucao lateral
melhor do que se trabalharmos com uma onda plana.

Esta condicao é exatamente atendida na situacéo de
tunelamento eletronico.

Onda evanescente



Vigoureux & Courjon, Appl. Opt., 31-16 (1992) 3170

STM e SNOM

« Trabalham com ondas evanescentes em uma direcédo, o que

permite melhorar a resolucao das imagens nas diregoes
transversais.

« plasmons de superficie fornecem um importante
mecanismo de amplificacdo de sinal 6tico, permitindo a
obtencao de imagens com alta qualidade e melhor
resolucéo lateral.

==> NOVAS METODOLOGIAS'!

(como Raman, fotoluminescéncia, magnetootica, litografia,
etc, podem explorar este potencial)

O Principio da Incerteza precisa ser adequadamente
Interpretado na presenca do tunelamento eletronico !



