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Exchange Anisotropy

Soft

𝐸 = 𝐴 𝜕𝑥𝑖𝑚𝑗
2
+ 𝐾𝑠𝑖𝑛2𝜃

𝛥u = Τ𝐴 𝐾Anisotropy exchange length:

𝛥u ≈ 1 𝑛𝑚 → 𝛥u ≥ 100 𝑛𝑚

ΤJ m ΤJ m3

Hard

(domain wall width)Numerous and complex
magnetic domains

(History : Weiss domains)

Magnetic domains Anisotropy exchange length
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Co-based hard disk media : bits 20nm in length

Magnetic bits on hard disk drive Underlying microscotructure

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

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

10-100nm

Relevant spatial resolution
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Magnetization dynamics:
Landau-Lifshitz-Gilbert equation:

𝑑𝑀

dt
= −𝛾0 𝑀 ×𝐻eff +

𝛼

𝑀𝑠
𝑀 ×

𝑑𝑀

dt

Gyromagnetic factor

𝐻eff

𝛼

Demonstration: 1999

𝛾0 = 𝜇0𝛾

Τ𝛾 2𝜋 = 28 GHz/T

𝛾 =
gq

2𝑚

Effective field
(including applied)

Damping coefficient (10-3 →  10-1)

Basics of precessional dynamics

C. Back et al., Science 285, 864 (1999)

>1μs : thermally-activated
magnetization processes

1 ns : precession of magnetization

1 ps : ultrafast demagnetization

Relevant time resolution
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𝐸 𝑥

𝐹 𝑥 = −
𝑑𝐸

𝑑𝑥

𝑥

𝐹 𝑥 = 𝐸 𝑥 − 2𝜇0𝑀𝑆𝐻 𝑥

𝐹 𝑥 = −
𝑑𝐹

𝑑𝑥
= −

𝑑𝐸

𝑑𝑥
+ 2𝜇0𝑀𝑆𝐻

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

Spectroscopy,
diffraction etc.

Without applied field With applied field

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

Microstructure

Chemical composition

Crystal structure

Relevant information
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Versatility Speed of acquisition

Access Measured quantity

No universal technique

Many criteria to be balanced

Samples made with lithography
or ex situ OK ?

Need for sample preparation ?

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

Large-scale instrument or in-lab ?

Expensive or cheap ?

Sample preparation needed ?

How much time for one image ?

Surface or volume technique ?

Sensitivity ?

Magnetization, stray field, other ?
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Key elements of an Atomic Force Microscope (AFM)

G. Binnig et al., Phys. Rev. Lett. 56, 930-933 (1986) 

Measures forces (vertical
and lateral) between
sample and tip

Overview
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Millimeters

Chip
Batch fabrication

Cantilever

Full tip + apex

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

Price 10-200€ / tip

Radius of curvature ≈ 5nm

http://www.olympus.co.jp/probe
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Inertia

Damping

Spring

External force

Seek solutions for

Reference angular velocity

Quality factor

Mechanical excitation of cantilevers

Notations

Transfer function
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Peak at :

Gain

Dephasing Q>>1
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Attractive force

with

Red shift

Repulsive force

Blue shift

Tip-sample interaction treated as perturbation

Phase shift

Mere renormalization:

Forces 
monitored
through phase 
shift

Notice my 
convention :
decreasing 
phase
(may be set
in the software)



Olivier FRUCHART
Les mesures en microscopie à force magnétique 

15 Nov 2018
ReMiSoL network – CNRS 

MFM tips: AFM tip + magnetic coating

R. Proksch et al., Modern techniques for characterizing magnetic 
materials, Springer, p.411 (2005)
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First report : 

Review : 

Second pass

First pass

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

R. Proksch et al., Modern techniques for characterizing
magnetic materials, Springer, p.411 (2005)

Monitor long-range 
forces (magnetic, 
electrostatic)

Feedback ON

Monitor topography 
(height) and any other 
signal (phase etc.)
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𝐸1,2 = −𝜇0𝜇2. 𝐻d

𝐸1,2 = −𝜇0 𝜇𝑥 . 𝐻d,𝑥 + 𝜇𝑦 . 𝐻d,𝑦 + 𝜇𝑧. 𝐻d,𝑧

𝛿𝜑 =
𝑄

𝑘
𝜇0𝜇𝑖𝜕𝑧

2𝐻d,𝑖

𝐸1,2 = 𝜇0𝜎. 𝜙

𝐹𝑧 = −𝜇0𝜎𝐻d,𝑧

𝛿𝜑 =
𝑄

𝑘
𝜇0𝜎𝜕𝑧𝐻d,𝑧

Tip is a dipole Tip is a monopole

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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Topography MFM, saturated MFM, partly reversed

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

Single-domain in-
plane magnetized
dots appear as dipoles
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Structure (SEM) MFM, partly reversed

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

Single-domain out-of-plane magnetized
dots appear as monopoles
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Permalloy (15nm), 3x8 microns

Principle :
1. Stray field magnetizes sample
2. Sample is non -uniform → stray field
3. Tip measures sample's stray field

Lithography : S. Pizzini (Institut Néel)
Imaging : Z. Ishaque (Institut Néel)

It is a DOMAIN contrast

Interaction is ALWAYS attractive : red shift

Contrast is proportionnal to the square
of the tip moment

Contrast : -0.1°, LM tip
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FePt (4nm) 5𝑥5 𝜇𝑚

Sample : A. Marty (CEA-Grenoble)
Imaging : M. Darques (Institut Néel)

Quantitative analysis:
L. Belliard et al., J. Appl. Phys. 81,
3849 (1997) 

Contrast : ±0.4°, LM tip

It is a DOMAIN contrast

The direction of magnetization
is deduced
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Contrast is MONOPOLAR

Informs about the polarity of the wall core

Down core Up core

Fe dot (25nm), 2.5x1 microns
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J. M. Garcia et al., APL 79, 656 (2001)

Néel wall give rise to DIPOLAR contrast

Informs about the chirality of the wall core

Permalloy dot (16nm)
2x2 microns

Permalloy film (20nm)
10x10 microns
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R. McMichael and M. Donahue, IEEE Trans. Magn. 33, 4167 (1997)

Walls in in-plane magnetized stripes → MONOPOLAR

Contrast informs about head-to-head ot tail-to-tail

Permalloy strips (15nm), 250nm wide

Contrast : ±0.3°,
tip 5nm CoCr Known as vortex domain wall
































































