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Foreword

=> Large overview of characterization techniques. Therefore remains handwavy
=> Not all techniques currently used for nanoalloys (yet?)

=> Personal views on prospects

= Experts in the audience: please interrupt any time

=> Non-experts in the audience: please interrupt any time
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= Sensitivity — Restricted amount of material

= Spatial resolution — Single-object measurements
— Characterize non-homogeneities

= Depth sensitivity — Relevance of measurements
— Volume versus surface properties

Alloys

=> Chemical sensitivity

=> Spatial / depth resolution
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Lorentz microscopy — Fresnel mode

Fresnel imaging mode

Lorentz lens

Focal plane

Self-assembled
fcc Co dots

(vortex state)

& Sensitive mainly to in-plane components of induction
integrated over the sample’s + air thickness

& Down to 5nm lateral resolution

S Fresnel: fine resolution of domain walls and vortices

Collaboration:

P. Bayle-Guillemaud,
A. Masseboeuf
(CEA - Grenoble)
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Lorentz microscopy — Foucault mode

Foucault imaging mode

Sample

Lorentz lens Lorentz lens

Focal plane Focal plane

% Foucault: highlights domains

& 2D/3D vectorial maps of induction
can be computed (also possible from
series of focus

3 Collaboration:
§ P. Bayle-Guillemaud, A. Masseboeuf
(CEA - Grenoble)
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Lorentz microscop

Working principle

Phase-shift of electrons through matter
Phase shift due to the |
gl 3 electrostatic potential : O
9 Es :
' o ; Peec (X) = (’E I V(x: Z)(jZ :
oy e Phase shift due to the magnetic |
v o~ induction
‘Q - A ["_
v _ o e
zZ, ¢ ¢ =
| ®,.(X)=-—||B, (x,z)dxdz
_ & fi .”
@ y == Total phase shift
he — |
e / qofor (X) — (peiecr (X) + gomag (X) |

Q>(0mpu’ru’ri0nu| procedure to retrieve the integrated map of induction
& Compensation measurement needed to get rid of electrical contribution

Courtesy: B. Warot-Fonrose, CEMES-Toulouse
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Py

Vortex state (plane view)
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E. Snoeck et al., Nano letters 8 (12), 4293 (2008)
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nies de Lorentz et holograr

L Ultimate lateral resolution ~5nm
% Minimum thickness: a few nm (best: holography) to ten nm

S Rate (video).
S Preparation (spreading, thinning) but versatile (‘ex situ')

&, Sensitive to total induction: magnetization AND demagnetizing [ stray fields
" Probes the two in-plane components of induction; tiltable sample holder.
S Field applied through dedicated Lorentz lens: mainly perpendicular

Trends / future?

L Micromagnetic simulations are required to fully benefit from the resolution

& More combined HREM / Lorentz studies

& 'Environmental': moderate stand-alone external field: electrical connections etc.
% Magnetization dynamics

V4 __________________________________________________________________________________________________________________________________________________________________________________________________________________________
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SEMPA or spin-SEM

SEMPA = Scanning Electron Microscope with Polarization Analysis

Polarization of secondary electrons

K | Max values
Z;;L:::j;l g;;.l}:?r}! :[I]J;I]l} i ? ; :tE:I;E; ; o Fe: 50%
Co: 35%
Ni: 10%
Secondary Sk
electrons

Intensity (arbitrary units)

Magnetic
domains -5

JIUKECIIEM General feature: low efficiency or low energy window

=> Mott detector, LEED detector (W(001), Low-energy diffuse scattering

R. Allenspach, Spin-polarized scanning electron microscopy, IBM J. Res. Develop. 44, 553 (2000)
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Reconstruction of magnetization map

f.:_c:)_pojgfap'_hy": B Difference: Mz

R. Allenspach, Spin-polarized scanning electron microscopy, IBM J. Res. Develop. 44, 553 (2000)

)
EE Olivier Fruchart - GdR Nanoalliages - Lyon - Jan. 2009 - p.11
Institut Néel, Grenoble, France

o= http://perso.neel.cnrs.fr/olivier.fruchart/
institut



R !
. o~

Example: Fe/W(001)

Fields of view: 1.5 um
W. Wulfhekel et al., Phys. Rev. B 68, 144416/1-9 (2003)

Features

& Potential lateral resolution ~ 5nm & More in-field setups

G Surface sensitive (<1nm) &, See improved spin detectors
L Low rate (scanning, efficiency of spin detectors) S Use energy filtering for

& External field require special setups elemental sensitivity

)
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SPLEEM

SPLEEM = Spin-Polarized Low-Energy Electron Microscope
= Spin-Polarized LEEM

Working principle of LEEM

Electron gun

NS Fciures

.
Vacuum j%i .| Condenser lens S Full-field (video imugiqg rate)
chamber — 7| \v &, 5-10nm lateral resolution
A L Resolution of atomic steps
| (/(L ]—' I $ Some elemental or thickness
P, - " "F‘::‘—'_ ) S resolution through working energy
i ':,,1 eI S High voltage column, however low
D%D energy electrons on sample
Objective lens
See: growth of Fe/W(110)
_A+—————>¢ | screen

E. Bauer, Rep. Prog. Phys 57, 895 (1994)

)
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file:///C:/Documents and Settings/olivier.fruchart.NANO/Mes documents/Manips/2005/05.01 SPLEEM on dots/Data/Growth.avi

SPLEEM

Electron spin polarization and manipulation
GaAs Electrostatic deflector

S Polarization over 80% achievable
% 3D manipulation of spin direction
Magnetic ¢ using combined
otding! B magnetic/electrostatic optics
& 2D maps of magnetization with

3 components

)
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SPLEEM

SPLEEM: example

14MLFe/W(110), deposited at RT After annealing at 350°C

Field of view: 7 um

N. Rougemaille & A. K. Schmid, J. Appl. Phys. 99, 08S502 (2006)
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SPLEEM [

Prospects / future / dreams

L URV technique
S Full-field (video imaging rate)

G, Use dark-field imaging for magnetism?
S Investigate samples from ex situ?

&, 5-10nm lateral resolution
S Vertical resolution: atomic steps

G, Surface sensitivity

% 2D maps of magnetization with
3 components

S Some elemental or thickness
resolution through working energy

> No applied field
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XMCD = X-ray Magnetic Circular Dichroism
XMLD = X-ray Magnetic Linear Dichroism

— magnetization parallel to x-rays

— magnetization antiparallel to x-rays

— I I I I I I [
6 ML Co/5 ML Cu/15 ML NifCu(001) | |

L Ls a circular polarization — i o c i
- 0 —

absorption
[
&
Intensity (a.u.)

i I I
Co N 700 800 900
A SRR Photon Energy (eV)

760 780 800 820 840 860 880 900

weten energy (eV)

~

Ni
Courtesy: W. Kuch
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SPELEEM : PEEM + LEEM

XMCD-PEEM: X-ray Magnetic Circular Dichroism
PhotoElectron Emission Microscope

Based on LEEM instrument: Low-Energy Electron Microscope

VN o
/ ~

analyzer 7/ N .o intermed.
/ 7 lensas  sector field @ @

condensor (
/ / transfer lenses \ ‘
~ / T ) field =

rojector =N
proj Y

§4
LRSS
e

contrast

sCreen
_ aperture —
‘ selected area .,;:--‘~,;:,-:r:1-'3-"' .

aperture

s jllumination

aperture
m— m objective

Note: simpler XMCD-PEEM instruments exist, not based on dual LEEM/PEEM.
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XMCD-PEEM - Examples

Surface sensitivity

Topography (LEEM)

Height = 180nm
Length = 1650 nm

£

R. Hertel et al., Phys. Rev. B 72, 214409 (2005)

For nanoparticles?

Co dlameter 8nm

SEM

A. Fraile Rodriguez, JIMMM316, 426 (2007)

%
EEL Institut Néel, Grenoble, France
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XMCD-PEEM : time resolution

Field-driven magnetization reversal

FeNi/Al203/Co spin valves

A

\

Pulsq figid [mT)

0 86 8 100

& mﬂll Bma {ns)
ay ns
a)

J. Vogel et al. (2005)

Spin-polarized driven domain wall motion

400 nm wide stripes:
FeNi(4nm)/Cu(8nm)/
Co(7nm)

S. Pizzini et al., APEX, in press (2009)
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XMCD-PEEM : overview

M Prospects / future

L URV technique, however
nanofabricated and capped samples 0K
S Full-field (medium imaging rate)

S Resolution improved to 10nm
(energy filtering; abberation correction)
$ Manipulator for multi-component imagin
P p ging

s 25nm lateral resolution

G Surface sensitivity

% 2D maps of magnetization with
| component only

& Elemental resolution

& Compatible with time resolution
S No significant applied field

/ __________________________________________________________________________________________________________________________________________________________________________________________________________________________
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TXM / STXM

(S)TXM = (Scanning) Transmission X-ray Microscope

Working principle (TXM)
Condenser Objective
Condenser
\zone plate
P~ Micro zone
&) plate  goft x-ray

sensitive CCD

P. Fischer et al., Rev. Sci. Instrum. 72, 2322 (2001)

FE
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Time-resolved TXM

CoPtCr recording media

P. Fischer et al., Rev. Sci. Instrum. 72, J. Raabe et al., Phys. Rev. Lett. 94, 217204 (2005)
2322 (2001)
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S)TXM overview

% Compatible with nanofabricated
and capped samples

s Down to 15nm lateral resolution

L Volume sensitivity (transmission)
2D maps of magnetization with

1 component only. Samples can be tilted
S Elemental resolution

& Compatible with time resolution
% Compatible with applied field

/ __________________________________________________________________________________________________________________________________________________________________________________________________________________________
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X-ray Holograph

Working principle

STXM image

20 um pinhole

Mask and sample

Au mask
SiN, membrane
Magnetic film

S. Eisebitt et al., Nature 332, 885 (2004)

& Resolution improving
L Requires nanofabrication

Y
EE Institut Néel, Grenoble, France

institut

[Co(4A)/Pt(7A)] 5 With
perpendicular magnetization

STXM

Holography

1 | |
0 500 1,000 1,500
Distance (nm)
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Sp-STM — Working princip

spSTM = Spin-Polarized Scanning Tunneling Microscope

Modulation of tip magnetization
+ lock-in tunneling current

g0 W(110)-substrate
0 10 20 30 40
a lateral displacement [nm]
1.0} W-tip [ : ;
o1st ML

o2ndML T

1.0} Gd-tip
alstML
0.5}aond ML T

0.0k 2nd ML T o
-0.5 0.0 0.5 1.0
b sample bias [V]

O. Pietzsch et al., PRL 84, 5212-5215 (2000)
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SpSTM - Examp

Ultimate magnetic resolution
Antiferromagnetic Fe(1ML)/W(001)

Tt 2w=
& 4551054 nm A

58 3 0 3 50 12
position [nm]

Mn thickness [nm]
05 10 15 20 25 30 35

o

Antiferromagnetic
domain

Antiferromagnetic
domain wall

domain wall width (2w) [nm]
e T P PPV

0 2 4 6 8 10 12 14 16 18 20 22
Mn thickness [ML]

M. Bode et al., Nat. Mater. 5, 477-481 (2006) U. Schlickum, Phys. Rev. Lett. 92, 107203 (2004)

)
f f Olivier Fruchart - GdR Nanoalliages - Lyon - Jan. 2009 - p.27
Institut Néel, Grenoble, France

http://perso.neel.cnrs.fr/olivier.fruchart/




SpSTM - Overview

m Prospects / future

S URY technique,
very few samples from ex situ &, Magnons and anisotropy with spectroscopy
S Slow % Local manipulation with spin-polarized

current or electrical field
s Ultimate lateral resolution

S Compatible with field and low temperature
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Micro-SQUID — Princiy

Micro-SQUID: a microfabricated loop e
with Josephson junction \

Critical current versus flux V(1) characteristics \

I(HA )T | I T T I I 0.1 T T T 1
110 |

100
90
80
70
60 =
-
40 R R I N R ‘O'_TT,U _EL:, ,%J S0 100
0.2 0.3 0.4 0.5 0.6 0.7 0.8 uH(MT) ‘ Current (uA)

— 0.05 Py

A

= Flux in the loop monitored = Critical current measured

through the measurement by triggering the S — N
of the critical current transition in the loop

W. Wernsdorfer et al., Adv. Chem. Phys. 118, 99-190 (2001)
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Micro-SQUIDs — Examples -

Mode: flux monitoring

T<7K

(LT

ey g
¥ § g
LT

_.
= -
e

Fe dots 02

0.008;

0.006 'J flm— > ]

0.004r ¥n .

“0 Hz(T)
o
f
Ay,
s
\ s
J

y w 01 ]
0.002 e __J
L . I -0.2 ]
03 00 03 \
. i | | W |
Apphed field 0':30.3 02 01 0 01 02 03
O. Fruchart et al., HoHy(T)
J. Magn. Magn. Mater. 198-199, 228 (1999) W. Wernsdorfer et al.,

Phys. Rev. Lett. 78, 1791 (1997)
M. Jamet et al., Phys. Rev. Lett., 86, 4676 (2001)
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Micro-SQUID - Overview

m Prospects / future

% Monitors flux or magnetization switching
L, Sensitivity 1074

& Improved resolution ; nanotube -SQUID

S Limited to low temperature
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Micro-Hall probes

Working principle and example

Local flux monitored via a nanofabricated
micro-Hall cross of a 2D electron gas

— :
— & Monitors flux

S

Ly Sensitivity 104/1B

I % No temperature limitation

|

1000 -500 0 500 1000 Y Magnetization dynamics?
External Field Hm (Oe)

Hall Voltage V,, (bV)
b A =
8 8 o 8

1 i
-300 - . - .

M. Rahm et al., Appl. Phys. Lett. 82, 4110-4112 (2003)
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Hard-disk-drive GMR heads

LLITI
Read-Write a patterned
media [CoPt]n/Si(111)
3 using a hard-disk drive
head on a translator
— magnetic
5 microscopy and
manipulation
1 J. Moritz et al,,
Appl. Phys. Lett. 84,
1519 (2004)
0.5 LLIT

! r‘/ *,!;j Magnetic labels e
3 2 Label ti t
e \\/ DNA targets a mqgn:lglc momen
:‘i/ xfocusing % _1"- :
°0°‘ e % gD '
\ R o ".\
L]

Detection of
biomolecular recognition

Hybridization of
DNA probe and target
Passivation

Substrate

Magnetic label transport structure  Spintronic transducer

Sensitivity: 10pT DC

P. P. Freitas, Magnetoresistive sensors,
J. Phys. Condens. Matter 19, 165221 (2007)

Also: direct magneto-transport: GMR, Extraordinary Hall Effect (EHE) etc.

Y
EE Institut Néel, Grenoble, France

institut

Olivier Fruchart - GdR Nanoalliages - Lyon - Jan. 2009 - p.34
http://perso.neel.cnrs.fr/olivier.fruchart/



TABLE OF CONTENTS (3/4)

2. Flux and

Scattered intensity

SPECULAR

3. Reciprocal space

Institut Néel, Grenoble, France

direct local probes

10%f,.,.
p@ = S
VA 0'dp

4. Interactions in/ Heyt

assemblies y "

]

Olivier Fruchart - GdR Nanoalliages - Lyon - Jan. 2009 - p.35
http://perso.neel.cnrs.fr/olivier.fruchart/



Reflectometry and small angle scattering with X-rays

|dea: probe depth and lateral magnetic correlations with reflectivity and scattering

Test case: perpendicularly-magnetized stripes, 250nm wide

] ; SPECULAR
o superlattice 1 ——778.5 eV resonance
E pea ks : t ) . i Tel eV
om0 %
g RREN 1
[ =y 4 LY
b g M3 & \ [
i E i
!‘ e 1 =3
: ® ] . .
i ﬁ 0.01 I i !
gad T ] | & & f
| '-J‘J
P —
magnetic peaks I
1E4 T T
A0l o0 ol
-1
’ q,(nm )

Off-specular reflectivity to probe lateral order

K. Chesnel et al., Phys. Rev. B 66, 024435 (2002)

L Probe lateral order on muchy smaller structures (no other microscopy tool available)
& Use self-organization as a ool to learn about magnetic domains af the nanoscale?
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Reflectometry and small angle scattering with polarized neutrons

GISANS: Grazing Incidence Small Angle Neutron Scattering

Test sample and geometry

FeCoV/TIN
neutron supermirror

off-specular
scattering line detector plane

LN

GISANS line

74

|+ +

e [ EEr o S
T 60
E 40
3 20 .
0 :

o, (mrad ) o, (mrad ) o, (mrad ) o, (mrad )

E. Kentzinger et al., Phys. Rev. B 77, 104435 (2008)

Y
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& Recent improvement in neutron flux
S Apply to nuried material and

assembles of nanoparticles
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Estimating interactions between nano-objects in assemblies

Hysteresis loops to estimate interactions in assemblies
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COLLECTIVE PROPERTIES — Interactions and distributions

Expected hysteresis loop for macrospins Hysteresis for assemblies of dots
A M
MA
Hext
» Hext >

Possible effects
® Distribution of coercive fields

® (Dipolar, RKKY) interactions
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COLLECTIVE PROPERTIES — Evaluation of interactions

Preisach model

G. Biorci et al., Il Nuov. Cim. VII, 829 (1958)

I. D. Mayergoyz, Mathematical models of
hysteresis, Springer (1991)

A

RS

& Distribution function
U ,B)witha > f

Y No true link between
real particles and U

Hext

10° /.,
0", "= )
p@',p" 23095

> Long experiments (1D set of hysteresis curves)

> Better suited to bulk materials
with strong interactions

Y
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COLLECTIVE PROPERTIES — Evaluation of interactions

Henkel plots

1.2
O. Henkel,

— 08} Phys. Stat. Sol. 7, 919 (1964)
T [ S. Thamm et al.,

0.4} JMMM184, 245 (1998)

0
g -0.4F 1. M, (B =0)

g i 2. M, (B)
S sl 3. M, (B)

-1.2

B o

Fig. 1. Explanation of how to measure the two different re-
manent magnetisations M, and M ,.

Measure of dipolar interactions
MM, (x)= M, (x)- [1 - 2M. (x)] > Long experiments (ac demagnetization)
> Better physical meaning than Preisach

)
f L Olivier Fruchart - GdR Nanoalliages - Lyon - Jan. 2009 - p.42
= &= Institut Neel, Grenoble, France http://perso.neel.cnrs.fr/olivier.fruchart/
TNSTITUT



COLLECTIVE PROPERTIES — Evaluation of interactions

Minor loops: negative interactions Example: dipolar interactions
15 mT
-185 mT
04 -03 -02 -04 0 01 02 03 04 04 -03 -02 -041 6 014 02 03 04
B(T) B (T)

> Faster than Henkel

> Other applications:
characterization of
exchange hias

[ : 01 0 0
B(T) B(T)
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COLLECTIVE PROPERTIES — Evaluation of interactions

Superparamagnetic regime: plot of inverse susceptibility
> Brillouin 1/2 function

m = Bl/z(:“O:uCONHeff. /kT)

0.16 - = 0.042584 + 0.00030788x R= 0.9631
» Effective field 0.14
eff—H+rMm 012 L
01 L
0.08 |
0.06 |-
0.04 | .
(Demagnetizing dipolar interactions)
0.02 |- .
. . . 0 1 1 1 1 1
> First 01:';111: expansion: 0 50 100 _?_ (5}2) 200 250 300
susceptibility
). 12 sk
dny N
)( /ZlCo
a + b.T 0. Fruchart et al., PRL 23, 2769 (1999)

> No need of hysteresis

> Analogy with Curie-Weiss law
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COLLECTIVE PROPERTIES — Distribution of properties

Distribution of properties

MA/
Reversible
Irreversible
>
Hext
/

Hc(T) for a given population of the
distribution can be studied at a given
irreversible  stage of the reversal (10%, 20% etc.)

Effect of distributions and dipolar interactions
are sometimes difficult to disentangle
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Not included...

MFM-based techniques

* High-resolution MFM

* MRFM (O. Klein et al., Saclay)

* NMR

Other microscopy techniques

* Dichroism in TEM

* BEM: Ballistic Electron Microscope

*Direct transport techniques

* GMR

* Extraordinary Hall Effect

Probes of electronic properties, excitations

* Spin-resolved Photo-emission and inverse photo-emission
* SPEELS: Spin-polarized electron energy loss spectroscopy
» Supra/l/Ferro to measure the spin polarization

Discussion of the estimation of lateral resolution

etc.
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