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Magneto-optical Analysis of
Magnetic Microstructures™

R. Schdfer,

Leibniz Inst. for Solid State and Materials
Research (IFW) Dresden, Germany

*Review of Magnetic Domains,
studied (mostly) by Kerr microscopy



What are magnetic domains ?



What are magnetic domains ?

(100) iron whisker e,

Magnetic domains:
uniformly magnetized regions
in a magnetic material




What are magnetic domains?

Magnetic Domains:
are dynamic if excited by
magnetic field



What are magnetic domains?
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Magneto-optical
Kerr microscopy
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E Kerr microscope
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Kerr rotation
= K/N
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Kerr microscope

Digital contrast enhancement (difference image technique)

20 ym

Original image \l' Reference image Yoo

amorphous
ribbon
Important:
Difference Imaging
in real time !

Difference image



Comparison of Domain Obervation Techniques

SPT

MEM

X-ray topograph

X-ray spectro-microscopy

Polarized SEM

Conventional SEM

Defocused TEM

Differential and holographic TEM

y

Neutron
Magneto-optic topography
Bitter
I I I I
10 nm 0.1 pum 1um 10 pm

Spatial resolution

MFM: Magnetic Force Microscopy
SPT: Spin-Polarized Tunneling

SEM: Scanning (reflection) Electron Microscopy
TEM: Transmission Electron Microscopy



Resolution of Kerr microscopy

Resolution determined by
constructive interference

Diffraction-limited image formation

image 05 A
Rayleigh equation: d = —
NA
d = separation between particles,
still allowing to see them
A = wavelength
NA = numerical aperture of objective
. back NA = n sin@
objective focal l
ocal plane © = half the cone angle of

light accepted by objective

. diffraction n = referaction index of medium
ObJ@C‘l’ between sample and objective

|

Best around 200-300 nm




Resolution of Kerr microscopy

Co elements

Hy
2 X 2 ,um2 emag

Hdemag (sample: Axel Carl, Duisburg)



Resolution of Kerr microscopy

Nanowires (2 ym long) of magnetic film system with perpendicular anisotropy

Positive remanence Negative remanence Demagnetized

50 nm wide

100 nm wide

sample courtesy
Jimmy Zhu and Matt Moneck, Carnegie Mellon University, Pittsburgh



Ultra-high-resolution Kerr microscopy




Ultra-high-resolution Kerr microscopy




Ultra-high-resolution Kerr microscopy

FePt layer (16 nm thick),
sample courtesy P. He and S.M. Zhou, Fudan




Ultra-high-resolution Kerr microscopy

FePt layer (16 nm thick),
sample courtesy P. He and S.M. Zhou, Fudan

Image is folded by point-
spread-function of microscope

- loss of information

-> recovery of lost information
by mathematical deconvolution

- enhancement of resolution
down to 50 nm regime

together with
N.Gorn & D.Berkov, Innovent Jena
(under development)



Ultra-high-resolution Kerr microscopy

FePt layer (16 nm thick),
sample courtesy P. He and S.M. Zhou, Fudan

together with
N.Gorn & D.Berkov, Innovent Jena
(under development)




Ultra-high-resolution Kerr microscopy

FePd (15 nm)

FePt (20 nm)




Ultra-high-resolution Kerr microscopy

FePd (15 nm)

FePt (20 nm)




Ultra-high-resolution Kerr microscopy

Sample courtesy M. Shibihan and S.M. Zhou,
Tongji University (Shanghai)

>

FePd (15 nm)

FePt (20 nm)




Ultra-high-resolution Kerr microscopy

Sample courtesy M. Shibihan and S.M. Zhou,
Tongji University (Shanghai)

"

' .

together with

N. Gorn & D.Berkov, Innovent Jena

(under development)



Comparison of Domain Obervation Techniques
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Comparison of Domain Obervation Techniques

C )hy
Kerr-Microscopy
is most versatile method for
domain imaging
Differential and hol@graphic TEM Neutron
agneto-optic topography
Bitter
| | | |
10 nm 0.1 pum 1um 10 pm

Spatial resolution

MFM: Magnetic Force Microscopy
SPT: Spin-Polarized Tunneling

SEM: Scanning (reflection) Electron Microscopy
TEM: Transmission Electron Microscopy



Why
magnetic microstructure
analysis?
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Descriptive levels of magn. materials
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M(H) loop and domains
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Z1- FeSiB amorphous ribbon
(rapidly quenched)




M(H) loop and domains
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displacement Hin kA/m

2 4 6

| | |
6 -4 -2

Z1- FeSiB amorphous ribbon
(rapidly quenched)




M(H) loop and domains
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Inhomogeneous rotation

Wall
displacement H in kA/m
| | | | | |
-6 -4 -2 2 4 6
Z1- FeSiB amorphous ribbon
(rapidly quenched)




Amorphous ribbon

M/ M
Fess.3Cuo.7Si4BsgPs,
1- annealed at 420°C
Volume M(H)-curve
(inductively measured)
-1
H in kKA/m
I I I I I I
-8 -6 ~4 -2 0 2 4 6 8

Together with E: Lopatina (IFW) and 6. Herzer (VAC Hanau), unpublished



Amorphous ribbon

M/M |
Fess.3Cu0.7Si4BsPs3,
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Together with E: Lopatina (IFW) and 6. Herzer (VAC Hanau), unpublished



Amorphous ribbon

M/ Ms
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1 - <
<&
&
)

Volume M(H)-curve
(inductively measured)

H in kKA/m
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Together with E: Lopatina (IFW) and 6. Herzer (VAC Hanau), unpublished



Amorphous ribbon

M/ Ms
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1_ ox\ SO N s md — .
/ogf 5 1
S 3
/ N '9/

Volume M(H)-curve
’ (inductively measured)

#\ Surface M(H)-curve
(MOKE magnetometry)

H in kKA/m
| | | | | |

-8 -6 -4 -2 0 2 4 6 8

Together with E: Lopatina (IFW) and 6. Herzer (VAC Hanau), unpublished



M(H) loop and domains

Concertina
Permalloy (NiFe) film & X
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M(H) loop and domains

Concertina
Permalloy (NiFe) film &
207 nm thick 45\ v

Magnetic field H Hmax = Hk Hmax > Hk

!

H/Hk H/Hk



M(H) loop and domains




M(H) loop and domains

Coz27Sm73 amorphous film W
(thickness 200 nm) loop

H : : : Anisotropy
7~ — N
1A LY EadVy
tr 7/
e e e [t Al R




M(H) loop and domains

Reversal of NigiFeis (30 nm) / NiO (30 nm)

Exchange bias

Pinning direction
_

«O- «O- «O- «O-

Ferromagnetic film

«O- «O- «O- «O-

«Q- <0 <0 <O
0> 0> 0> O
Antiferromagnetic film
«Q- <0 <O <O

Unidirectional anisotropy
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J. McCord and R.S., New J. Phys. 11, 83016 (2009)
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M(H) loop and domains

Reversal of NigiFeis (30 nm) / NiO (30 nm)

-1

-40 -20 0 20 40
J. McCord and R.S., New J. Phys. 11, 83016 (2009) —> external field in Oe



M(H) loop and domains

Reversal of NigiFeis (30 nm) / NiO (30 nm)

1
s
N
NG
T —
0]
Heb
Different effective
anisotropies after
switching of FM,
change of AFM spin
structure
-1
-40 -20 0] 20 40

J. McCord and R.S., New J. Phys. 11, 83016 (2009) —> external field in Oe



M(H) loop and domains



M(H) loop and domains

J. McCord, R.S., R. Mattheis, K.-U. Barholz:
J. Appl. Phys. 93, 5491 (2003)



M(H) loop and domains

+1
é‘n
s \ 4
0
T domain A
wall —
motion
-1
-80 -60 -40 -20 0

—_— HCXT |n Oe

THbias

J. McCord, R.S., R. Mattheis, K.-U. Barholz:

J. Appl. Phys. 93, 5491 (2003)

6090Fe10 (20 nm)

Ir,sMns, (10 nm)




M(H) loop and domains

+]
6090Fe10 (20 nm)
s domain
E \ 4 WC(.I | ~ Ir,3Mnsy (10 nm)
motion
T 0 domai partial A
c\)Nrgﬂm/? roTaTion\
motion rotation <
\ THbias
-1
-80 -60 -40 -20 0

—_— HCXT |n Oe

THbias

J. McCord, R.S., R. Mattheis, K.-U. Barholz:
J. Appl. Phys. 93, 5491 (2003) indication of strong anisotropy dispersion



Biquadratic coupling in multilayers

Fe (30 nm)
Cr (1.6 nm)
Fe (30 nm)

M. Riihrig, RS, et al., Phys. Stat. Sol. 125 (1991)



Loss control by domain control

Grain-oriented FeSi transformer material

Without artificial domain refinement After laser scribing



Magneto-acoustic Article Surveillance

semihard metall amorphous ribbon
(on-/off-switch) (sensor)

N



Magneto-acoustic Article Surveillance

Fig. 2a (Prior Art)
Fig. 8a ribbon axis

Fig. 8b
Fig. 2b

United States Patent [

Herzer

[54] METHOD OF ANNEALING AMORPHOUS
RIBBONS AND MARKER FOR ELECTRONIC
ARTICLE SURVEILLANCE

[75] Inventor: Giselher Herzer, Bruchkoebel,
Germany

[73] Assignee: Vacuumschmelze GmbH, Hanau,
Germany



Domain Shift Register Devices

Bubble Memory Race Track Memory
o ® T4 o
® ° ® ®
® o © ® Bubble domains
o’ ® o o =
A R . T}m
?
N
n,l V \ Kerr-movie of Co/Ni
o \ ¥ PMA multilayer
courtesy
http://commons.wikimedia.org/wiki/ S. Parkin, IBM

How_bubble_memory_works


http://commons.wikimedia.org/wiki/How_bubble_memory_works
http://commons.wikimedia.org/wiki/How_bubble_memory_works
http://commons.wikimedia.org/wiki/How_bubble_memory_works
http://commons.wikimedia.org/wiki/How_bubble_memory_works

Examples for magnetic domain patterns
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Origin of Magnetic Domains
and
Domain Classification



Origin of magnetic domains



Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy



Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy

Exchange energy

i Y

|7 &0 Bloch wall




Origin of magnetic domains

Landau and Lifshitz (1935):

Domains are formed to minimize total energy

Exchange energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy

Exchange energy

ea=0

Hh

ea>0

117711

| Stray field energy |
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Magnetostriction and domains

Amorphous ribbon with Amorphous ribbon with
zero magnetostriction positive maghetostriction
Ribbon axis
= Field axis
)

p——

T2 A\

~

/\




Amorphous ribbon with
zero magnetostriction

/\

Magnetostriction and domains

Ribbon axis
= Field axis

) Z—

p——

Amorphous ribbon with
positive magnetostriction

~

T2 A



Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy



Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy

Exchange energy ] Stray field energy | ( Magnetostrictive (External stress energyw
divHq =—divM self energy
ea=0
—=> > N
S5 = el
ity | 2B
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Anisotropy energy | [ External field energy ) Can create dominafing anisofpopy

M M when magnetocrystalline anisotropy
e 4
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p o~

1 ? M anisotropy)
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Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy
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divHq =—divM self energy
) — >
ea=0 > — 9
ity | EE <
<

ea>0

MAAM @

Anisotropy energy | [ External field energy |




Origin of magnetic domains

Landau and Lifshitz (1935):
Domains are formed to minimize total energy

Exchange energy

ea=0

Hh

ea>0

117711

" Stray field energy ||

divHgq =—divM

—=> >

Magnetostrictive
self energy

v|®

2

External stress energy

Anisotropy energy 1(

Es=—1 o fHaM dV

Sample-
volume

With Hg=—NM :
Es= 1 HoNM2V

(0O<N<1)



Origin of magnetic domains

NisoFezo film (240 nm thick)
M/Ms
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Origin of magnetic domains

NisoFezo film (240 nm thick)
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Origin of magnetic domains

NisoFezo film (240 nm thick)
M/Ms

1—"”*

LLInfinite" sample

(N=0)
Finite sample

(N > 0)

——> uoHext INnMT

18

100 ym




Origin of magnetic domains

NisoFezo film (240 nm thick)
M/Ms

T

lm

LLInfinite" sample

(N=0)
Finite sample

(N > 0)

——> uoHext INnMT
| | |

18

100 ym




Origin of magnetic domains

NisoFezo film (240 nm thick)
M/Ms

T
v T/ 1 © T

Prerequisite for existence of domains:

Finite sample size along anisotropy axis

16

100 ym




Magnetic Energies



Magnetic Energies

Domain character:
determined by

interplay of energies
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Grain-oriented FeSi transformer material

Mis-
] orientation

Ideal
orientation




Grain-oriented FeSi transformer material
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Grain-oriented FeSi transformer material
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Grain-oriented FeSi transformer material

Ideal
orientation




Grain-oriented FeSi transformer material

Mis-
orientation




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material

o
%@ V4
P
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Grain-oriented FeSi transformer material

Tension and compression in
rhythm of magnetic field

The sheet vibrates
(= transformer noise)

transverse extensic



Grain-oriented FeSi transformer material

Without tensile stress With tensile stress

Tensile stress



Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material




Grain-oriented FeSi transformer material

transverse easy axes
disfavored



Grain-oriented FeSi transformer material

transverse easy axes
disfavored



Grain-oriented FeSi transformer material

Domain refinement

transverse easy axes
disfavored



Grain-oriented FeSi transformer material

With tensile stress

Domain refinement

transverse easy axes
disfavored



Magnetic Energies



Magnetic Energies



General Classification of Domains



General Classification of Domains

Anisotropy constant K

- Stray-field energy coefficient (K4 = [, I\/ISZ/ 2)

Q>1 Q<<l1
Anisotropy energy Stray-field energy
domi‘tl't'a'res domi‘i’t'ates
avoid avoid
anisotropy energy stray-field energy

~free
S 1‘ —

Anisotropy axis
l l (uniaxial) l

1 B | A




General Classification of Domains

Anisotropy constant K

- Stray-field energy coefficient (K4 = [, I\/ISZI 2)

Excursus

- —




Excursus: Q = O

domain 1 domain wall domain 2

T

K: anisotropy constant
JT \/A/ K A: exchange constant




Excursus: Q = O

domain 1 domain wall domain 2

K: anisotropy constant
JT \/A/ K A: exchange constant

Q = O: Domain walls not defined anymore

v

We do not expect homogeneously magnetized domains
with well defined walls, but continuous patterns



Excursus: Q = O

Astrophysical Fluid

Dynamics via Direct

Statistical Simulation.

S.M. Tobias et al. Astrophys.J. 727 (2011) 127

Q = O: Domain walls not defined anymore

v

We do not expect homogeneously magnetized domains
with well defined walls, but continuous patterns


http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/record/867378?ln=de
http://inspirehep.net/author/Tobias%2C%20S.M.?recid=867378&ln=de
http://inspirehep.net/author/Tobias%2C%20S.M.?recid=867378&ln=de

Excursus: Q = O

Magnetostriction-free metallic glass
after annealing in rotating field

Swirl



Excursus: Q = O

Permalloy sheet, 50 ym thick

20 um

Fluctuations in local anisotropy
— Domains walls and continuous patterns



General Classification of Domains
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General Classification of Domains

Dominating Dominating
anisotropy energy (Q>>1) stray-field energy (Q<<1)

Bubble garnet film (5 ym thick)

Surface
Cross
section
strong - weak
— N uniaxial uniaxial anisotropy

anisotropy



— N uniaxial

General Classification of Domains

Dominating Dominating
anisotropy energy (Q>>1) stray-field energy (Q<<1)

Bubble garnet film (5 ym thick) Amorphous FeSiBCuNb film (2 ym thick)

Stripe
domains

Surface

Cross
section

strong

anisotropy



General Classification of Domains

Dominating Dominating
anisotropy energy (Q>>1) stray-field energy (Q<<1)
Bubble garnet film (5 ym thick) Amorphous FeSiB ribbon (20 ym thick)

Landau
domains
10 ym
Surface
- — -
Cross

section
strong l l T

— uniaxial / \/\/
N anisotropy —> /T —\




General Classification of Domains

Dominating Dominating
qniso'l'r'opy energy (Q> >1) s'rr'ay-field energy (Q< <1)




General Classification of Domains

Dominating Dominating
qniso'l'r'opy energy (Q> >1) s'rr'ay-fleld energy (Q< <1)
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General Classification of Domains

Dominating

anisotropy energy (Q>>1)

OOO/

~ 120 ym

easy
axis

Dominating
stray-field energy (Q<<1)



General Classification of Domains

Dominating

anisotropy energy (Q>>1)

OOO/

~ 6A0 ym

easy
axis

Dominating
stray-field energy (Q<<1)



General Classification of Domains

Dominating Dominating
aniso'l'r'opy energy (Q) >1) sTray-fleld energy (Q< <1)

20 ym

easy
axis




General Classification of Domains

Dominating Dominating
anisotropy enerqgy (Q>>1) stray-field energy (Q<<1)

20 ym




General Classification of Domains

Dominating Dominating
anisotr'opy energy (Q) > 1) sTr'ay-fleld energy (Q< < 1)

20 pym Amorphous FeSiB ribbon (20 ym thick)

10 ym




General Classification of Domains
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Dominating Dominating
aniso'l'r'opy energy (Q) >1) sTray-fleld energy (Q< <1)

20 pm Amorphous FeSiB ribbon
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General Classification of Domains
Q>>1 Q<<1

NdFeB, 600 um | S1%HM™  Amorphous ribbon, 20 ym

Ik

20 um
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General Classification of Domains

Q>>1

Anisotropy energy
avoided,
Domains adapt to keep
stray-field energy low

D Lm NdFeB, 600 ym

20 um

D m

Q<<1

Amorphous ribbon, 20 ym

Ik



General Classification of Domains

Q>>1 Q<<1
Anisotropy energy Stray field energy
avoided, avoided,
Domains adapt to keep Domains adapt to keep
stray-field energy low anisotropy energy low
D Lm NdFeB, 600 ym 5 tm Amorphous ribbon, 20 ym

Ik

20 uym




General Classification of Domains

Q>>1 Q<<1
Anisotropy energy Stray field energy
avoided, avoided,
Domains adapt zep Domains adapt to keep

anisotropy energy low

3, 600 ym D pm Amorphous ribbon, 20 ym

Ik

20 uym




General Classification of Domains

Q>>1

Anisofropy energy
avoided,
Domains adapt zep

20 ym

Q<<1

Stray field energy
avoided,
adapt to keep
energy low



General Classification of Domains
Q>>1 Q<<1

NdFeB, 600 um O pm Amorphous ribbon, 20 ym

Ik
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General Classification of Domains

Q>>1

5

NdFeB, 600 ym

Q<<1
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General Classification of Domains
Q>>1 Qz 1

Q<<1

NdFeB, 600 ym




General Classification of Domains
Q>>1 Qz 1

Q<<1

5 tm NdFeB, 600 ym

Cobalt: Q = 0.4

10 pm 400 pym thick




General Classification of Domains
Q>>1 Qz 1

Q<<1

5 tm NdFeB, 600 ym

Cobalt: Q = 0.4 (courtesy John Unguris, NIST)

10 pm 400 pm thick

In-plane contrast at surface



General Classification of Domains
Q>>1 Qz 1

Partial closure

_54m_ NdFeB, 600 ym T< >/ T\< >/l'

Q<1

10 pm 400 pym thick

In-plane contrast at surface



BUIk gar‘ne.'. Cr‘ys.ral Bubble domains

...: : l

ARRTEN

50 ym

GdYbBi garnet, 500 ym thick
Image: A. Stupaviewicz, M. Tekielak, A. Maziewski (Bialystok)
Sample: T. Satoh (Tokyo)



General Classification of Domains
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General Classification of Domains

Kerr observation on Fe whisker Q << 1
Pole-free
Bloch line
witeh without
cap switch Bloch line
cap switch



General Classification of Domains

T r observation on Fe whisker Q <<1
ir
Pole-free
\ 10 ym

Bloch line

switeh  without
cap switch Bloch line
cap switch






Domain analysis
based on
magneto-optical microscopy



Transparent films:
Domain analysis easily possible

I Faraday
microscopy



Bubble garnet film

! ...:T_l
T 1THNE
TH o ~ o — o <~

Magnetic history

Magnetic field history matters



Bubble garnet film

Configurational hysteresis
50 um

zero field increasing field (¢

decreasing field zero field



Metallic (single) films:

Domain analysis often easily possible ...



Metallic (single) films:

Domain analysis often easily possible ...

Permalloy film, 240 nm thick Epitaxial (100)-iron film,
40 nm thick
10 ym -

20 pym 200 ym ¢




Metallic (single) films:

.. sometimes combination with some
micromagnetic theory may be required

Amorphous FeSiBCuNb film, 2 pym thick Stripe domains

©®

(weak)
easy
axis



Metallic (single) films:

.. sometimes combination with some
micromagnetic theory may be required

Asymmetric Bloch wall
Permalloy film, 460 nm thick 20 pm

Asymmetric Néel wall

|



Multilayer films:
Domain analysis more challenging



Domain analysis in multilayers



Domain analysis in multilayers



Domain analysis in multilayers

Co/Si/G6dCo trilayer

(7))
.
= Si nm
=
T 6dCo (13 nm)

-

5
20

)

V MOKE

1, loop 50 um

15  -10 5 0 5 10 15

—> Hei 1IN KA/M

Sample: A. Svalov and 6. Kurlyandskaya, Ekaterinburg
Imaging: together with L. Lokamani, Dresden (unpublished)



Depth selective Kerr microscopy

Compensator =
,phase shifter*

N



Depth selective Kerr microscopy
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Depth selective Kerr microscopy

l Z
Compensator =
,.phase shifter*

e

Hubert, Kambersky, Trdger,
Wenzel in 1990ies

Re(K) Iron —l

| m(K)
4 | .

0 40 80
— Depthzinnm

Kerr amplitude K in nm (-104)
o



Depth selective Kerr microscopy

l Z
Compensator =
,.phase shifter*

e

Hubert, Kambersky, Trdger,
Wenzel in 1990ies
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D Re(K) ron -
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Depth selective Kerr microscopy

l Z
Compensator =
,.phase shifter*

e

Hubert, Kambersky, Trdger,
Wenzel in 1990ies

i K
> maximum surface Tron —
5 sensitivity Re(K) y
. N

O

A’

©0

N

E ~ no surface sensitivity

B | | |

> 0 40 80

— Depthzinnm



—> Normalized Kerr amplitude

)

Layer-selective Kerr microscopy

=

Top fm Inter Bottom fm
layer layer layer
. Bottom layer
......... invisible
I I I I I
0 5 10 15 20 25

—> Depth zin nm

fm nm fm

Top fm Inter Bottom fm
layer layer layer

B

op layer " -:-...... L
invisible

0 5 10 15 20 25

—> Depth zin nm



Ew 11 Co + 6dCo
S f 6dCo
= Co
€0
‘D
= |
\vd
15 10 -5 0 5 10 15 -10 -5 0 5 10 15
_’Hextin kA/m _’Hextin kA/m
50 ym
Mixed Kerr signal 6dCo layer Co layer



— Kerr signal in M/Ms

Co + 6dCo

i

i 6dCo
Co

10 5 0 5 10 15
_’HextinkA/m _’HextinkA/m

50 ym
Mixed Kerr signal 6dCo layer Co layer



Layer-selective Kerr microscopy

Advantage of
layer-selective Kerr microscopy:

different composition of layers not required

X-ray Magnetic Circular Dichroism

Absorption of circularly polarized x-rays depends on
orientation of M-direction with respect to helicity of the

X-rays, change of sign by reversing M

. , , Negative Positive
Initial states are well defined inner-core levels helicity helicity

— XMCD is element selective

P32 _o b b o
2py;, —O—0—



Layer-selective Kerr microscopy

(100) surface

\ /

R.S., R Urban, D. Ullmann, H. L. Meyerheim, B. Heinrich,
L. Schultz, J. Kirschner, Phys. Rev. B 65, 144405 (2002)



Layer-selective Kerr microscopy

(100) surface

\

/ Domains in Fe-film

I Domains in whisker

easy
axis

10 ym

R.S., R Urban, D. Ullmann, H. L. Meyerheim, B. Heinrich,
L. Schultz, J. Kirschner, Phys. Rev. B 65, 144405 (2002)



Layer-selective Kerr microscopy

(100) SUff\ace / Domains in Fe-film
\
N S
I Domains in whisker
easy
axis
10 ym

R.S., R Urban, D. Ullmann, H. L. Meyerheim, B. Heinrich,
L. Schultz, J. Kirschner, Phys. Rev. B 65, 144405 (2002)



Layer-selective Kerr microscopy

(100) S“ff\ace / Domains in Fe-film
\
Domains in whisker
/ /
S — / — N <« /
N S
1 i / 10 ym

R.S., R Urban, D. Ullmann, H. L. Meyerheim, B. Heinrich,
L. Schultz, J. Kirschner, Phys. Rev. B 65, 144405 (2002)



Bulk materials:
Domain analysis can be more or less

difficult



Non-oriented FeSi sheet

(Fe-3%Si,
non-oriented electrical steel
0.5 mm thick)

Surface orientation
determines
domain character

0.5 mm



Non-oriented FeSi sheet

(100)-surface

e

(105) -

20 pm — -

0.5 mm



Non-oriented FeSi sheet

0.5 mm



Non-oriented FeSi sheet

(110)

Ideal
0.5 mm (110) surface




Non-oriented FeSi sheet
~(110)

Misoriented
(110) surface

(110)

100 pm

0.5 mm



Non-oriented FeSi sheet

0.5 mm



Non-oriented FeSi sheet

~(100)

100 ym

S (100)-
related

0.5 mm



Non-oriented FeSi sheet

For well-oriented and

slightly misoriented
O grains domains can be

interpreted:
Q basic domains and
supplementary pattern

0.5 mm



Non-oriented FeSi sheet

For well-oriented and

slightly misoriented
O grains domains can be

interpreted:
Q basic domains and
supplementary pattern

0.5 mm



Non-oriented FeSi sheet

'/ 10 ym

\

/ (H1)-sarface

0.5 mm



Extreme misorientation: Domain branching

Iron: Q=0.02




Problem: only surface domains can be seen

Iron: Q=0.02
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Neutron dark-field tomography

I. Manke, et al.: Three-dimensional imaging of magnetic domains.
Nature Communications, 1:125 doi: 10.1038/ncomms1125 (2010)



Volume domain observation

in FeSi (111) sheet

easy 7\

axes

Libovicky
method

100 ym

(111)-
surface

/

(100)-
sectional view



Bulk domain observation by Libovicky-method

1600 from Haasen: B2
5 Physikalische
Metallkunde,
00 Springer 1994
1200 Fe
N B2 St
= DO3
5 1000
=
800
Fe
600 S
H. Warlimont:
/1 Elektronenmikroskopische Unter-
400 L1 1 | .
Fe 10 20 30 SUChUHg der a-Fe-Si-Phasen.

> Siin at-% Z. Metallkunde 59, 598 (1968)



Bulk domain observation by Libovicky-method

1600 from Haasen: B2
" | Phy5|kallsche
tallkunde,

Platelets of DO; |97 177°

superlattice grow
inside B2 matrix

Fe
— B2 S
= DO3
s 1000 |-
S
800 +
Fe
600 | Si
H. Warlimont:
/ Elektronenmikroskopische Unter-
400 L1 1 1 q b
Fe 10 20 30 suchung der a-Fe-Si-Phasen.

> Siin at-% Z. Metallkunde 59, 598 (1968)



Bulk domain observation by Libovicky-method

1600 from Haasen:
" Phy5|kallsche
C tallkunde,
Platelets of DO; |"9°" 77°
superlattice grow
inside B2 matrix
S B2
S 1000
&

800

Fig. 3. TEM 1 ph of Si Fe¢ l
I()}ltlt] llll ((N)l) H

b at9, a single
tl tmm);l t 1 ts
uperlattic

stal I 1 1 70 h at ;' 80 °C. ll di H reas are spots of
| rtic ll uppr I n this area. Dark field 200
Il t

[010]
600 [100]
[001]
/
400 /f ! 1 from: S. Libovicky: Spatial replica of
Fe 10 20 o 0 ferromagnetic domains in iron-silicon alloys.

Phys. Status Solidi A 12 (1972) 539
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Bulk domain observation by Libovicky-method

1600 from Haasen:
" Phy5|kallsche
C tallkunde,
Platelets of DO; |"9°" 77°
superlattice grow
inside B2 matrix
N B2
S 1000
&

800

Fig. 3. TEM 1 ph of Si F¢ 1
|)}ltlt] llll ((l)l) H

b at9, a single
tl tmm);l t 1 ts
uperlattic

stal I ll 70 h at ;' 80 °C. ll di H reas are spots of
| rtic ll uppr I n this area. Dark field 200
Il t

[010]

600 [100]
[001]
400 /f ! 1 from: S. Libovicky: Spatial replica of
Fe 10 20 o 0 ferromagnetic domains in iron-silicon alloys.

Phys. Status Solidi A 12 (1972) 539



Bulk domain observation by Libovicky-method

Orientation of magnetization vector (at annealing temperature)
generates anisotropic distribution of DOs platelets

il = E
|
M —M) @OM

—> Creation of precipitation pattern by annealing >540°C (<T.)
—> Cooling to room temperature

—> Domain pattern is ,frozen™ as submicroscopic
precipitation pattern

—> Domain imaging in polarization microscope after etching
due to optical birefringence effect (at room temperature)

[ "Metallographic” domain analysis ]




Bulk domain observation by Libovicky-method
Branched domains on Fel2.8%Si (111) surface

(thickness 0.5 mm)



Bulk domain observation by Libovicky-method
Branched domains on Fel2.8%Si (111) surface

(thickness 0.5 mm)



Bulk domain observation by Libovicky-method

Branched domains on Fel2.8%Si
(111) surface

easy 7\
axes

(111)-surface
(at annealing)

N\

(100)-sectional view
(after annealing)

100 ym




Non-oriented FeSi sheet

0.5 mm



Non-oriented FeSi sheet

0.5 mm

Conclusion:

Strong misorientation:

Complex domains restricted to
surface zone,in volume wide basic
domains can be expected

Weak misorientation: wide basic
domains with superimposed
supplementary domains

2



Non-oriented FeSi sheet

'/ 10 ym

We expect wide volume domains
in any case

/ (H1)-sarface

0.5 mm



Non-oriented FeSi sheet

Indication of wide
volume domains by
surface observation

0.5 mm



Non-oriented FeSi sheet

Indication of wide
volume domains by
surface observation

0.5 mm



Non-oriented FeSi sheet

Indication of wide
volume domains by
surface observation

0.5 mm



Non-oriented FeSi sheet

0.5 mm

Indication of wide
volume domains by
surface observation

A. Hubert:
Quasi-domain model for

domains and flux transport
in interior



Quasi-Domains

1/N2

> [Mquasi
oy N P /
1010] 1100] Mi{oT0)

0.75
el [T quiasi

—N

27°
63° /
[010] ' Moo
[100]



Quasi-Domains

Lancet pattern on slightly
misoriented (110) surface




Non-oriented FeSi sheet

[010] [001]
NS 2o
[100]4\
Top view  [001]
@ %—plane
gms

[010]

0.5 mm



Non-oriented FeSi sheet

Quasi-domains and Grain Boundaries

Grain a

Grain

boundary _ E misfit = _ no
b-a misfit

Grain b

It depends on flux misfit D whether
quasi domains can proceed to neighboring grain



Non-oriented FeSi sheet

Quasi-domains and Grain Boundaries

Demagnetized 50 Hz ac field

IFieId

100 ym

Together with A. Brunner, IFW Dresden
unbublished



Non-oriented FeSi sheet
Folded bands and Quasi-domains [A. Hubert]

In bulk of non-oriented material:

Folded bands of “quasi-
domains” that are able to
carry the flux along the
working direction




Non-oriented FeSi sheet
Folded bands and Quasi-domains [A. Hubert]

In bulk of non-oriented material:

Folded bands of “quasi-
domains” that are able to
carry the flux along the
working direction




Non-oriented FeSi sheet

Indication of folded bands by surface observation

Non-oriented electrical steel (0.5 mm thick)

50 um

H
/gr'ain Difference between left image and
boundary image with field applied



Motor sheet

<«—— pJ2!4 o0 dy2ubow ——



Motor sheet

<«—— pJ2!4 o0 dy2ubow ——



Microstructure
and Domains



What happens to domains,
when grain size gets smaller ?



What happens to domains,
when grain size gets smaller ?

Grain size:
100 ym range

100 ym




What happens to domains,
when grain size gets smaller ?

Grain size:
100 ym range
Grain size:
100 nm range

FeSiBCuNb overannealed

100 ym




What happens to domains,
when grain size gets smaller ?

Grain size:
10 nm range

FeSiBCuNb Finemet material ‘

e b, el o R R i -3 =
Mt ik = i d e R MR Ty 2 et
R ; Gy g R i o 1
g 2 ’ o M AENE e e e ¥
o R N B ¥
e e 5 o L it wni
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What happens to domains,
when grain size gets smaller ?

Grain size:
10 nm range

FeSuBCuNb Fmemet material

100 pm pu'rer'ed Co film

p e T

200 um




Nanocrystalline (Q<<1) materials

domain 1 domain wall domain 2

K: anisotropy constant
JT \/A/ K A: exchange constant



Nanocrystalline (Q<<1) materials

domain 1 domain wall domain 2

K: anisotropy constant
Tl:[\/A/ KJ A: exchange constant

ferromagnetic correlation length (exchange length):

minimum scale for appreciable variation of maghetization
(parallel moments for L < Lex)



Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

K D

_ /_ cryst a—
Lex =V A/ Kcr'yst



Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

K. D
- / yst a—
Lex =V A/ Kcr'yst
Nanocrystals: D < L =
L ex
correlation
volume

vex = sz



Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

/_ l<cr' st b
Lex = A/ Kcr'yst ’ —
Nanocrystals: D < L —
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correlation
volume
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Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

K. D
- / yst a—
Lex =V A/ Kcr'yst
Nanocrystals: D < L =
L ex
correlation
volume

vex = sz



Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

K D

_ /_ cryst S
Lex =V A/ I(cr'ysm‘

Nanocrystals: D < L_, —

=> (K) << Keryst
//////

correlation
volume

vex = LZX



Nanocrystalline (Q<<1) materials

Low resolution

Nanocrystalline = %
FeSiBCuNb -
ribbon

(20 pm thick)

Sputtered
Co film
(60 nm thick)

200 pm




Nanocrystalline (Q<<1) materials

Low resolution

R

Nanocrystalline
FeSiBCuNb
ribbon

(20 pym thick)

——
A/
Sputtered >
Co film -
(60 nm thick) e -
B
By, gt

200 pm Ripple



Nanocrystalline (Q<<1) materials

Random anisotropy model [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

Lex = VA/ Kcr'yst

Nanocrystals: D < L,
= (K) << K

cryst

Kind



Nanocrystalline (Q<<1) materials

Random anisotropy modei [Herzer 1989]:
Exchange interaction averages over anisotropy of grains

Lex = VA/ Kcr'yst

Nanocrystals: D < L,
= (K) << K

cryst

Kind



Nanocrystalline (Q<<1) materials

Ripple phenomenon
induced in magnetic film

magnetic
anisotropy
1 %1

inferface pole density inferface pole density
= sindq - sind, = €cos¥q - cosid,




Nanocrystalline (Q<<1) materials

longitudinal variation prefered

[ )

induced

magnetic
anisotropy
1 %1

inferface pole density inferface pole density
= sindq - sind, = €cos¥q - cosid,

.




Nanocrystalline (Q<<1) materials

ripple in films

patches in
thick materials

Cancellation of
transverse component



Nanocrystalline (Q<<1) materials

Thinning of nanocrystalline ribbon

20 um thick thinned to ym still thinner

a

Patches Ripple



Summary

- Domains are formed to diminish stray field energy
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- Classification according to Q-factor

High-Q material Low-Q material
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Summary

- Domains are formed to diminish stray field energy
- Classification according to Q-factor

- Domains can be simple and complex, depending on
many circumstances, especially surface orientation

* Bulk domains are usually wide and simple

* Domains must not be homogeneously magnetized areas

Patches in bulk nanocrystalline material  Ripple in nanocrystalline films



Summary

- Domains are formed to diminish stray field energy
- Classification according to Q-factor

- Domains can be simple and complex, depending on
many circumstances, especially surface orientation

* Bulk domains are usually wide and simple
- Domains must not be homogeneously magnetized areas

Shape-induced in Q = O bulk material Stripe domains in perpendicular
Q << 1 film elements low-Q films



Summary

- Domains are formed to diminish stray field energy
- Classification according to Q-factor

- Domains can be simple and complex, depending on
many circumstances, especially surface orientation

* Bulk domains are usually wide and simple
- Domains must not be homogeneously magnetized areas

Domain walls

_>

Branched closure domains Branched closure domains in
in low-Q bulk material medium-Q bulk material Swirls



Skyrmions in
non-centrosymmetric crystals
. ergy
with
Dzyaloshinskii-Moriya coupling
) on
ation
'd areas
Courtesy
A. Bogdanov, U. Réssler
(IFW Dresden)
_ .. walls

—

Branched closure domains Branched closure domains in
in low-Q bulk material medium-Q bulk material Swirls



Acknowledgement



Acknowledgement



Acknowledgement






How can (unknown)
magnetic microstructure
be analysed ?



Analysis of Magnetic Domains

1) Experimental imaging
Amorphous ribbon (Co-rich, 45 ym thick)

(image: courtesy 6. Herzer, VAC)



Analysis of Magnetic Domains

1) Experimental imaging 2) Domain model
Amorphous ribbon (Co-rich, 45 ym thick)

Q<<l1
—>

Vigoo— 4+ AK

(image: courtesy 6. Herzer, VAC)

Domain walls




Analysis of Magnetic Domains

1) Experimental imaging 2) Domain model

Amorphous ribbon (Co-rich, 45 ym thick)

—>

Vigoo— 4+ AK

(image: courtesy 6. Herzer, VAC)

Domain walls

3) Optimization of mode/ T

for minimum energy

Q<<l1




Analysis of Magnetic Domains

1) Experimental imaging 2) Domain model
Amorphous ribbon (Co-rich, 45 ym thick)

(image: courtesy 6. Herzer, VAC)

4) Comparison with Domain walls
observation

3) Optimization of mode/

for minimum energy




