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Aharonov-Bohm effect
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Lorentz Force :

Fresnel imaging
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Lorentz Force :
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Foucault imaging
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Magnetic Deflection Reconstruction :

Electron Interferometry :

Lorentz deflection angle ~ µrad  (Bragg angle ~ mrad)
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Lorentz Force :

Image Plane

Foucault imaging
« Differential Phase  Contrast »

Magnetic Deflection Reconstruction :

Electron Interferometry :

Also available
in STEM

Lubk, A., et J. Zweck. 
« Differential phase contrast: An integral perspective ».
 Physical Review A 91, nᵒ 2 (2015): 023805

Chapman, J. N., Batson, P. E., Wadell, E. M. & Ferrier, R. P. 
Direct determination of magnetic domain-wall profiles by differential phase-contrast electron microscopy. 
Ultramicroscopy 3, 203–214 (1978).
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Out-of-Axis Holography

Phase Reconstruction :

Electron Interferometry :
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Doggy Bag

50 nm

100 nm

2.18/contour

5

7
9

9
10

25
24

3
1-2100 nm

Phase images :

- Images in Temperature Scale

- B sensitivity  ( ┴ // v
e
)

- Quantified in radian 
(link with λ, e and ħ)

- Contain both

Magnetic AND Electrostatic
=> separation routines

- Isophase  <=> Magnetic flux

- Projected information
 

=> values in nm.T
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Phase (raw)
(temperature scale)

Phase Unwrap
(temperature scale)

Phase Cosine Induction Map
(Phase gradients - Colour wheel)

Map x Cosine

Phase (raw)
(greyscale)

Doggy Bag
Various Phase representation
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Electron Dichroism :
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Diffraction Plane

Electron Dichroism :
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g

Diffraction Plane

Electron Dichroism :
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Fu, X. et al. 
Energy-loss magnetic chiral dichroism study of epitaxial MnAs film on GaAs(001)
Appl. Phys. Lett. 107, 062402 (2015). 

XMCD

EMCD
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- Tilting the sample for in-plane

H Gap

Doggy Bag
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Magnetisation :

- Magnetic Field up to 2 / 3 Tesla
=> few 100 mT while imaging

- Magnetisation along e- trajectory

- Tilting the sample for in-plane

H

Biasing:

=> Sample holder with up to 10 connexions
=> Nanofab with electron transparency 
=> Careful of heating
=> High Frequency is the key !

« STM » probing:

Local biasing or stress
Developping new tools with magnetic coils

Gap

Temperature :

- Need for dedicated sample holder
« Easy » : -100°C to ~ 300°C 

« Tricky » : 70 K   …   800 °C
« Dedicated » : few K  ….  1500°C 

V

Doggy Bag



Strasbourg
Oct. 2017

Dynamic :

Conventionnal TEM

- CCD response
=> Range of 10 ms in 4kx4k (Standard ~100 ms)

- Live imaging
=> Fresnel (easy) or Holo (tricky)

Doggy Bag
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Dynamic :

Conventionnal TEM

- CCD response
=> Range of 10 ms in 4kx4k (Standard ~100 ms)

- Live imaging
=> Fresnel (easy) or Holo (tricky)

Ultrafast-TEM

- Pump Probe or One shot
=> Range of fs

- Up to now only laser excitation
=> Still need a really complex set-up

Doggy Bag

Laser

Schliep, K. B., Quarterman, P., Wang, J.-P. & Flannigan, D. J. 
Picosecond Fresnel transmission electron microscopy. 
Appl. Phys. Lett. 110, 222404 (2017)
 
Feist, A. et al. 
Ultrafast transmission electron microscopy using a laser-driven field emitter: 
Femtosecond resolution with a high coherence electron beam. 
Ultramicroscopy 176, 63–73 (2017)

Park, H. S., Baskin, J. S. & Zewail, A. H. 
4D Lorentz Electron Microscopy Imaging: Magnetic Domain Wall Nucleation, 
Reversal, and Wave Velocity. 
Nano Lett. 10, 3796–3803 (2010). 
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Dynamic :

Conventionnal TEM

- CCD response
=> Range of 10 ms in 4kx4k (Standard ~100 ms)

- Live imaging
=> Fresnel (easy) or Holo (tricky)

Ultrafast-TEM

- Pump Probe or One shot
=> Range of fs

- Up to now only laser excitation
=> Still need a really complex set-up

Holographic Interferometry

- Frequential analysis
=> Range of GHz

- Possibility of adding a Probe part
=> Chopping (Stroboscopic)

Doggy Bag

Gatel, C., Houdellier, F. & Snoeck, E. 
Dynamical holographic Moirés in a TEM. 
J. Phys. D: Appl. Phys. 49, 324001 (2016). 
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1D – Bloch lines

0D – Bloch points

3D – Domains

2D – Domain Walls

Micromagnetic Objects and dynamical imaging
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B100 nm

2D – Domain Walls

70 mT 78 mT 85 mT

Chiralité Polarité Chiralité 
de paroi

Fresnel imaging
« In-line Holography »

Micromagnetic Objects and dynamical imaging

Cheynis, F. et al. 
Controlled Switching of Neel Caps in Flux-Closure Magnetic Dots. 
Physical Review Letters 102, 107201 (2009). 
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1D – Bloch lines

2D – Domain Walls

L

Fresnel imaging
« In-line Holography »

Micromagnetic Objects and dynamical imaging

Masseboeuf, A. et al. 
Dimensionality Crossover in Magnetism: From Domain Walls (2D) to Vortices (1D). 
Phys. Rev. Lett. 104, 127204 (2010).
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1D – Bloch lines

2D – Domain Walls

Fresnel imaging
« In-line Holography »

Micromagnetic Objects and dynamical imaging

Masseboeuf, A. et al. 
Dimensionality Crossover in Magnetism: From Domain Walls (2D) to Vortices (1D). 
Phys. Rev. Lett. 104, 127204 (2010).
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0D – Bloch points

Fresnel imaging
« In-line Holography »

Micromagnetic Objects and dynamical imaging

Masseboeuf, A., Jourdan, T., Lancon, F., Bayle-Guillemaud, P. & Marty, A. 
Probing magnetic singularities during magnetization process in FePd films. 
Applied Physics Letters 95, 212501–3 (2009).
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3D – Domains

Micromagnetic Objects and dynamical imaging

FePd

2D – Domain Walls

Masseboeuf, A., Marty, A., Bayle-Guillemaud, P., Gatel, C. & Snoeck, E. 
Quantitative Observation of Magnetic Flux Distribution in New Magnetic Films for Future High Density Recording Media. 
Nano Lett. 9, 2803–2806 (2009). 

Out-of-axis 
Holography
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Fe0.5Rh0.5 : aAF=0.2987 nm aF = 0.2997 nm 

μFe = 2,3 μB

Magnetic transition

≈ 370K

200K

400K

600K

a’

a’’ 

g+a’ 

g+a’’ 

40 50 60
Rh (%)

a’a’’ 

Ordered bcc structure (B2)

Out-of-Axis Holography

FeRh Gatel, C. et al. 
Inhomogeneous spatial distribution of the magnetic transition in an iron-rhodium thin film. 
Nature Communications 8, (2017).
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M = f(T) cycle
+125°C

Out-of-Axis Holography

FeRh

Thin Foils and in-situ

-120°C

50 nm
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Fe0.5Rh0.5 : aAF=0.2987 nm aF = 0.2997 nm 

μFe = 2,3 μB

Magnetic transition

≈ 370K

200K

400K

600K

a’

a’’ 

g+a’ 

g+a’’ 

40 50 60
Rh (%)

a’a’’ 

Ordered bcc structure (B2)

a‘’

Out-of-Axis Holography

FeRh

Temperature
fMag 

(rad)

 B
x
 

(T.nm)

+125°C

 (F state)

8.1 107 (±6)

-120°C 

(AF state)

1.9 25 (±10)

Gatel, C. et al. 
Inhomogeneous spatial distribution of the magnetic transition in an iron-rhodium thin film. 
Nature Communications 8, (2017).
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Out-of-Axis Holography

MnAs

Ferromagnetic (FM) Paramagnetic (PM)

Gatel, C. et al. 
In Depth Spatially Inhomogeneous Phase Transition in Epitaxial MnAs Film on GaAs(001). 
Nano Lett. 17, 2460–2466 (2017). 
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Out-of-Axis Holography

MnAs

Temperature fMag (rad)  Bx (T.nm) µ0M (T)

23°C (FM) 15.6 57 (±4) 0.7 (±0.1)

50°C (PM) 0 0 (±1) 0 (±0.02)

Ferromagnetic (FM) Paramagnetic (PM)

Gatel, C. et al. 
In Depth Spatially Inhomogeneous Phase Transition in Epitaxial MnAs Film on GaAs(001). 
Nano Lett. 17, 2460–2466 (2017). 
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Out-of-Axis Holography

FePt

Thin Foils and in-situ

Unpublished...
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Out-of-Axis Holography

FePt

Thin Foils and in-situ

Unpublished...
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Out-of-Axis Holography

Magnetic Phase Shift

Fe nanocube 27×26×(27±5) nm3

Hologram

Gatel, C. et al. 
Size-Specific Spin Configurations in Single Iron Nanomagnet: From Flower to Exotic Vortices. 
Nano Lett. 15, 6952–6957 (2015). 
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Doggy Bag

Magnetic Phase Shift

Fe nanocube 27×26×(27±5) nm3

Hologram

Sensitivity :

- Use of Phase sensitivity
« Easy »  > 1 rad
« Tricky » < 100 mrad  
« Dedicated »   <10 mrad

    1 rad <=> 6.5 10-16 Wb

<=> 1/π  Φ
0

<=> 658 T.nm²

 1 rad/nm <=> 5.6 104 µ
B

17 µrad.nm-1 <=>  1 µ
B
  

 
10 nm of Fe (µ

0
M

S
 ~ 2 T) 

||
Phase gradient of 30 mrad/nm
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Doggy Bag

100 nm

(PtCoIr)
5
  => 4nm de Co (anisotropie) perpendiculaire

Ni@DWNT  → Nanowire ~3 nm in diameter under 2 T

Masseboeuf. et al. 
Unpublished...

Sensitivity :

- Use of Phase sensitivity
« Easy »  > 1 rad
« Tricky » < 100 mrad  
« Dedicated »   <10 mrad

    1 rad <=> 6.5 10-16 Wb

<=> 1/π  Φ
0

<=> 658 T.nm²

 1 rad/nm <=> 5.6 104 µ
B

17 µrad.nm-1 <=>  1 µ
B
  

 
10 nm of Fe (µ

0
M

S
 ~ 2 T) 

||
Phase gradient of 30 mrad/nm
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PhD Thesis Cyril Garnero
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PhD Thesis Cyril Garnero
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Magnetic Frustration

5 µm
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200 nm

Lacour D, Rougemaille N. Masseboeuf et al. 
In prep...

H
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-

Py  nano-magnets for frustration studies

Lacour D, Rougemaille N. Masseboeuf et al. 
In prep...

Rougemaille, N. et al. 
New J. Phys. 15, 035026 (2013). 

-

200 nm



Strasbourg
Oct. 2017

Py  « microparticles vortices »
for cell aposthosis
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Out-of-Axis Holography

Doggy Bag

Fresnel imaging   
« In-line Holography »

Spatial Resolution

Sensitivity

Dynamic

Versatility

Quantification

Field of View

Implementation

~ 1 nm ~ 10 nm

~ 1 µm ~ 100 µm

~ 10 nm.T ~ 1 nm.T

~ 1 s ~ 0,1 s

Optical alignt Just defocus !

Direct Need simul or big treat.

FEG, biprism, alignt... Just Low Mag !
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 Magnetic Racetrack Memory

Stuart Parkin. Science 320 (2008)

 Nanowire spin torque oscillator 
Z. Duan et al., Nat. Commun. (2014)

 NOR gate by strain controlled magnetic 

domain wall propagation

N. Lei et al., Nat. Commun.(2013)

Nanowires and domain walls

=> Stripes

=> Wires

=> Tubes

=> Nucleation

=> Pinning

=> Velocity
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Nanowires and domain walls
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Nanowires and domain walls

MFM image

Rodríguez, L. A. et al. 
Quantitative Nanoscale Magnetic Study of Isolated Diameter-Modulated FeCoCu Nanowires. 
ACS Nano 10, 9669–9678 (2016).
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Nanowires and domain walls

MFM image

Co

Co

Cu

25 nm
15 nm

Reyes, D., Biziere, N., Warot-Fonrose, B., Wade, T. & Gatel, C. 
Magnetic Configurations in Co/Cu Multilayered Nanowires: Evidence of Structural and Magnetic Interplay. 
Nano Lett. 16, 1230–1236 (2016). 
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Nanowires and domain walls

MFM image

50 nm

50 nm

Co

Co

Cu

Reyes, D., Biziere, N., Warot-Fonrose, B., Wade, T. & Gatel, C. 
Magnetic Configurations in Co/Cu Multilayered Nanowires: Evidence of Structural and Magnetic Interplay. 
Nano Lett. 16, 1230–1236 (2016). 
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Nanowires and domain walls
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Nanowires and domain walls
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Nanowires and domain walls

Staňo, M. et al. 
Probing domain walls in cylindrical magnetic nanowires with electron holography. 
arXiv:1609.00255 [cond-mat] (2016). 

Looking for the 
Bloch Point Wall...
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Nanowires and domain walls

Staňo, M. et al. 
Probing domain walls in cylindrical magnetic nanowires with electron holography. 
arXiv:1609.00255 [cond-mat] (2016). 
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Magnetic Nanotubes

300 nm

CoNiB

Michal Stano, Phd Thesis, Sept 2017

Hertel, R.
Journal of Physics: Condensed Matter 
28, 483002 (2016).
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Magnetic Nanotubes

300 nm
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Michal Stano, Phd Thesis, Sept 2017
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Magnetic Nanotubes

Michal Stano, Phd Thesis, Sept 2017
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Magnetic Nanotubes

Michal Stano, Phd Thesis, Sept 2017



 Strasbourg
Oct. 2017

Magnetic Nanotubes

H
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Magnetic Nanotubes

H

H
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Vectorial Tomography

Tanigaki, T. et al. 
Nano Lett. 15, 1309–1314 (2015)

Lai, G. et al.  
Journal of Applied Physics 75, 4593–4598 (1994)

Phatak, C., Petford-Long, A. K. & De Graef, M. 
Phys. Rev. Lett. 104, 253901 (2010). 

Wolf, D. et al. 
Chem. Mater. 27, 6771–6778 (2015)
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Abel Transform

Projection

Object

Phatak, C. et al. 
Quantitative 3D electromagnetic field determination of 1D nanostructures from single projection. 
Ultramicroscopy 164, 24–30 (2016)

Vectorial Tomography
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Abel Transform

Phatak, C. et al. 
Quantitative 3D electromagnetic field determination of 1D nanostructures from single projection. 
Ultramicroscopy 164, 24–30 (2016)
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Projected

Mid-NW

Above-NW

Biziere, N. et al. 
Nano Lett. 13, 2053–2057 (2013) 

Phatak, C. et al. 
Quantitative 3D electromagnetic field determination of 1D nanostructures from single projection. 
Ultramicroscopy 164, 24–30 (2016)
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« A hard drive head is like a spaceship 

flying at a speed of Mach 2,

10 cm above the ground, 

counting grass by stalk packages of 10,

over a field as big as Ireland. »

John Chapman

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

Devices
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« A hard drive head is like a spaceship 

flying at a speed of Mach 2,

10 cm above the ground, 

counting grass by stalk packages of 10,

over a field as big as Ireland. »

John Chapman

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

DevicesDevices
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« A hard drive head is like a spaceship 

flying at a speed of Mach 2,

10 cm above the ground, 

counting grass by stalk packages of 10,

over a field as big as Ireland. »

John Chapman

+60 mA

-60 mA

SUM

DIFF

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

Devices
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« A hard drive head is like a spaceship 

flying at a speed of Mach 2,

10 cm above the ground, 

counting grass by stalk packages of 10,

over a field as big as Ireland. »

John Chapman

+60 mA

-60 mA

SUM

DIFF

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

Devices
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25 Φ
0
    <=> 260 T.nm

    (pole extension of 200 nm)
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t

I (mA)

60

40

20

-40

60

100 nm

0,11 Φ
0  

/ nm  <=> 235 T.nm

25 Φ
0
    <=> 260 T.nm

    (pole extension of 200 nm)

2Φ
0
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t

I (mA)
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40
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-40
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100 nm

50 kHz
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Devices

Hall effect

Spin Accumulation

Precessionnal studies
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Merci

http://esteem2.eu/

European network (under renewal)

French network

http://www.metsa.fr/

Apply for 
electron beam time

3

http://esteem2.eu/
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in situ
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Phase Image
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ADN fibers

 

CEMES

1957 – Opening of LOE  (by Gen. De Gaulle)

1958 – 1,5 MeV microscope

1970 – 3 MeV microscope 

1980 – 1,6 MeV cold-cathode STEM
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ADN fibers

 

CEMES

1957 – Opening of LOE  (by Gen. De Gaulle)

1958 – 1,5 MeV microscope

1970 – 3 MeV microscope 

1980 – 1,6 MeV cold-cathode STEM

1989 – CEMES
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2004 – First commercial 
Cs-Corrected microscope

 

CEMES
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2004 – First commercial 
Cs-Corrected microscope

2012  – I2TEM

 

CEMES
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2004 – First commercial 
Cs-Corrected microscope

2012  – I2TEM

… – the femtoTEM project

 

CEMES
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CEMES in 2017

7 TEM's  - open for users and external (networks)

2 FIB's  - « nano Swiss Army knife »

Clean Room Facility -    « PicoLab »

 

CEMES

Scanning Probes µ - dedicated
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CEMES

CEMES in 2017

Staff :
200 persons (~ 120 permanents)

7 Research Groups & 3 Technical Clusters
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CEMES in 2017

 

CEMES

Staff :
200 persons (~ 120 permanents)

7 Research Groups & 3 Technical Clusters
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Emerging Techniques

Cylindrically Symetric Vectorial Field Tomography (VFET)

Electron Magnetic Circular Dichroism (EMCD)

Dynamical Holographic Moirés (DHM)

UltraFast Electrom Microscopy  (UEM)

Charge Counting
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Abel Transform

Phatak, C. et al. 
Quantitative 3D electromagnetic field determination of 1D nanostructures from single projection. 
Ultramicroscopy 164, 24–30 (2016)

Cylindrically Symetric Vectorial Field Tomography (VFET)
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+60 mA

-60 mA

SUM

DIFF

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

Dynamical Holographic Moirés (DHM)
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Fu, X. et al. 
Energy-loss magnetic chiral dichroism study of epitaxial MnAs film on GaAs(001)
Appl. Phys. Lett. 107, 062402 (2015). 

XMCD

EMCD

Electron Magnetic Circular Dichroism (EMCD)
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Charge Counting

Gauss Theorem :
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Electron Microscopy & Micro-magnetism

Phase sensitivity

Out-of-Axis vs In-Line

CEMES

in situ

CEMES

Electron Microscopy & Micro-magnetism

Phase Image

Electron Microscopy

Magnetic Imaging

in situ

Micromagnetsim

Thin Foils

Nanostructures

1D nanostructures

Devices

New Techniques
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x

« A hard drive head is like a spaceship 

flying at a speed of Mach 2,

10 cm above the ground, 

counting grass by stalk packages of 10,

over a field as big as Ireland. »

John Chapman

Einsle, J. F. et al. 
In situ electron holography of the dynamic magnetic field emanating from a hard-disk drive writer. 
Nano Res. 1–9 (2014)

DevicesDevices



Strasbourg
Oct. 2017

+60 mA

-60 mA

y

z

x



Strasbourg
Oct. 2017

+60 mA

-60 mA

Magnetic Pole contribution

∆
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+60 mA

-60 mA

Magnetic Pole contribution

∆
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Magnetic Shield contribution
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+60 mA +10 mA

0 mA

-10 mA-60 mA
-10-7 T.m 10-7 T.m

x
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50 nm

50 nm

100 nm

150 nm

100 nm
100 nm

100 nm
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Example : Hysteresis of X-comp. in C2

Quantitative data :
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Quantitative data : The « Disturbed Reference » problem
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Quantitative data : Reference problem

Finite Element Modeling
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Quantitative data : Magnetic flux measurement

-40 mA
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