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MOTIVATION / Length scales (fundamental) ﬂffﬂ Ospintec

Magnetic domains Anisotropy exchange length
Numerous and complex (domain wall width)
magnetic domains E = A(d,,m;)°" + Ksin26

s

‘Exchange Anisotropy
J/m J/m?

Anisotropy exchange length: 4, = JA/K

A, = 1nm - 4, = 100nm

Hard Soft

(History : Weiss domains)
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MOTIVATION / Length scales (technology) /<L .~ Dspintec

institut

Magnetic bits on hard disk drive Underlying microscotructure
Co-based hard disk media : bits 20nm in length

S. Takenoiri, J. Magn. Magn. Mater. 321,
562 (2009)

B. C. Stipe, Nature Photon. 4, 484 (2010)

Relevant spatial resolution

< 10-100nm
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MOTIVATION / Time scale

—

Basics of precessional dynamics
Magnetization dynamics:
Landau-Lifshitz-Gilbert equation:

Gyromagnetic factor
Yo = HoY
v/2m =28 GHz/T

Heff  Effective field

(including applied)

a  Damping coefficient (102 — 101

/foz ~ Dspintec

Relevant time resolution

J >1ps thermally-activated
magnetization processes

- 1 ns: precession of magnetization
< 1 ps: ultrafast demagnetization

Demonstration: 199
A e

PR

150 um

C. Back et al., Science 285, 864 (1999)
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MOTIVATION / Link with structure VEELED

Example : domain wall to be moved along a 1d system

Without applied field With applied field

A Energy E(X) A sneray F(x) - E(X) B Z'uOMSH X

4 O
dE * _dF _ dE
Force F(x) = —— A Force F(x) = —|— 2uoM¢H
dx x
I\ ~\ ~| |_ /\ /\ /N

\J ~ NN

E. Kondorski, On the nature of coercive force and irreversible changes in magnetisation, Phys. Z.
Sowjetunion 11, 597 (1937) . .
Relevant information

. Microstructure Spectroscopy,
: - diffraction etc.
< Chemical composition

< Crystal structure
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MOTIVATION / Practical considerations /V_EEL Qs pintec

Versatility Speed of acquisition

< Samples made with lithography ./ Sample preparation needed ?
or ex situ OK ?

- How much time for one image ?
- Need for sample preparation ?

- Compatible with various environments ?
(temperature, field etc.)

Access Measured quantity
~ lLarge-scale instrument or in-lab ? ./ Surface or volume technique ?
- Expensive or cheap ? . Sensitivity ?

-\ Magnetization, stray field, other ?

< No universal technique
. Many criteria to be balanced
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MFM / Working principle of an AFM /VEEL « Dispintec

Key elements of an Atomic Force Microscope (AFM)
Laser
Multigquadrant photodiocde
Cantilever Overview
Tip

. Measures forces (vertical
and lateral) between

sample and tip
Sample |

Pizeoelectric stack or tube

G. Binnig et al., Phys. Rev. Lett. 56, 930-933 (1986)
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MFM / Conventional cantilevers and tips ﬂffﬂ @spintec

Cantilever

Millimeters

Full tip + apex

. Price 10-200€ / tip
. Radius of curvature = 5nm

Images : Olympus catalog (http://www.olympus.co.jp/probe)
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N IN ELECTRONICS

MFM / Equations for a harmonic oscillator /WEL ngi ntec

Mechanical excitation of cantilevers
At rest mz+Tz+kz=F(z,t)
h=0 ,
\/ m Inertia
z=0
I Damping
Excitation k Sprlng
Zy,nCOS (wt) l h=h, cos (wt)
F(z,t) Externalforce
Notations
Seek solutions for F=o0  z(t)=z,e’""
|:>Transfer function
Reference angular velocity W,= L [ -
m F k 2 3
0] ]| o
_ 2 —|— |+ = —|+1
Quality factor 0= m W, Q| o,
r
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MFM / Solutions for a harmonic oscillator

Gain

QO=10/y2

o/, plo0)=—m
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MFM / Detecting forces on the phase shift /VEEL ngi ntec

IN IN'ELECTRONICS

Tip-sample interaction treated as perturbation
mz+Tz+kz=F(z) with F(z)=F(z,)+(z—2z,)0,F

. 1
I:> Mere renormalization: wojeff:mo(l—ﬂazF)

< Forces
Phase shift monitored
0.0 through phase
Attractive force shift
- £l> Red shift - Notice my
“1.0 convention :
Repulsive force decreasing
s 4 NER phase

il> Blue shift (may be set
in the software)
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MFM / Standard tips EEL  Dspintec

MFM tips: AFM tip + magnetic coating

Figure 11-20: The electron amplitude (left) and phase (right) near an MFM tip visible as a dark shadow on
the upper left corner of the left image.

R. Proksch et al., Modern techniques for characterizing magnetic
materials, Springer, p.411 (2005)
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MFM / Two-pass technique /Vféz spintec

Second pass
- Monitor long-range
forces (magnetic,
electrostatic)
o

==

FB OFF e |
\
\

\
L \"\, |

FB ON o N

First pass
- Feedback ON
- Monitor topography

(height) and any other
signal (phase etc.)

Sample

First report : Y. Martin et al., Appl. Phys. Lett. 50, 1455 (1987)

Review : R. Proksch et al., Modern techniques for characterizing
magnetic materials, Springer, p.411 (2005)
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PRACTICE / MFM - tip/sample interaction  / VA2 — Dspintec

institut

Tip is a dipole Tip is a monopole

Ei2 = —Uo (ux- Hy,+uy Hy, + uz-Hd,z)

Q
:{> bp = Eﬂoﬂiazsz,i

< In practice, a combination of both models is best suited (dipole is more important)

< MFM is sensitive to some derivative(s) of the stray field from the sample

< MFM may be sensitive to in-plane field, depending on the tip magnetic moment
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PRACTICE / Single-domain (planar) EEL QS pintec

Topography MFM, saturated MFM, partly reversed

S. Y. Suck et al., APL95, 162503 (2009)

J  Single-domain in-
plane magnetized
dots appear as dipoles
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PRACTICE / Single-domain (perpendicular) [foé Qs pinte

institut

Structure (SEM) MFM, partly reversed
A o

S00mm: i

e = 4

T. Wang et al., APL 92, 192504 (2008)

< Single-domain out-of-plane  magnetized
dots appear as monopoles
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PRACTICE / Single-domain (mutual interactiof)/Z2Z — Dspintec

Permalloy (15nm), 3x8 microns

ONOZANOME SOMO)
Principle :
1. Stray field magnetizes sample

2. Sample is non -uniform — stray field
3. Tip measures sample's stray field

i It is a DOMAIN contrast
0.1% IMtip B |nteraction is ALWAYS attractive : red shift

. i ;’- f,'

Sty Contrast :
Lithography : S. Pizzini (Institut Neel) . Contrast is proportionnal to the square
Imaging : Z. Ishaque (Institut Néel) of the tip moment
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IN IN ELECTPONI

PRACTICE / Domains with perp. anisotropy Mfé — Dspin

FePt (4nm) 5x5 um

t ~ 1 ~ f

< |tis a DOMAIN contrast
< The direction of magnetization

ot b U é is deduced
#ll Contrast : £0.4°, LM tip J
Sample : A. Marty (CEA-Grenoble) Quantitative analysis:
Imaging : M. Darques (Institut Néel) L. Belliard et al., J. Appl. Phys. 81,

3849 (1997)
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PRACTICE / Imaging domain walls (Bloch) / [ (jspintec

Fe dot (25nm), 2.5x1 microns

J  Contrastis MONOPOLAR
< Informs about the polarity of the wall core

O, X

Down core ] Up core

@ % quvenere . gl Olivier FRUCHART 15 Nov 2018
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PRACTICE / Imaging domain walls (Néel) EEL Qs pintec

Permalloy film (20nm)
10x10 microns

Permalloy dot (16nm)
2X2 microns

J. M. Garcia et al., APL 79, 656 (2001)

. Néel wall give rise to DIPOLAR contrast
< Informs about the chirality of the wall core - .
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PRACTICE / Head-to-head domain walls ~ /VE£ — Dispintec

Permalloy strips (15nm), 250nm wide
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R. McMichael and M. Donahue, IEEE Trans. Magn. 33, 4167 (1997)

< Walls in in-plane magnetized stripes > MONOPOLAR
J Contrast informs about head-to-head ot tail-to-tail
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