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Why do we need photoelectron microscopy? gletiri

* To combine SPECTROSCOPY and MICROSCOPY to

characterise the structural, chemical and magnetic properties
of surfaces, interfaces and thin films

* Applications in diverse fields such as surface science,

catalysis, material science, magnetism but also geology, soil
sciences, biology and medicine.

Méﬁetic Composition Surface Self- Thin film

state maps reactions organisation growth
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e Materials and surface sciences

— Magnetl SN pwagnetic imaging, magnetic dynamics)
— CataIYSIS (oxcide growth, transport phenomena)
— S €m1COIldU.CtOI' S (electromigration)

— N anostructures (“there is a lot of room at the bottom”, . ..,SAM, selff-organisation, ....)

¢ BiOlO giC 211 aﬂd m ediC 211 S ClCﬂC CS (cell in cultures, dynamical process in cells, nano-structural genomics i.e.
relation protein cplx. To DNA)

e Farth and planetary SCICNNCES (wolag, mirmmetorits, mirs fissis, iner-planctary dus partiles)
e Environmental and soil SCIENCES it i, ciay, orgaric cotiias)

* Archeometry

* New applications .... (quickly developing tield!)
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e Introduction on PEEM and SPEM

* Spectroscopic methods

e |nstrumental

* Comparison XPEEM-SPEM

e LEEM
* Chemical imaging

* Magnetic Imaging

* Time resolved Magnetic Imaging
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1. SPECTROSCOPIC METHODS

4/23/2008 ICTP school: 23/4/2008 6



* Scanning photo emission
electron microscopy

(SPEM)

sample
e analyser scanning ~ X-ray
X-ray stage detector
optics
> *\\r

Scanning = indirect imaging
Sequential detection

Lateral resolution is determined by
diffractive optics (diffraction limited)

90 nm at state of art

¢ X-ray photo emission
electron microscopy

(XPEEM)

electron optics
including energy filter

sample HV
detector

Direct imaging
Parallel detection

Lateral resolution is determined by
electron optics (10-50 nm)
With aberration correction: few nm
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* Scanning photo emission ¢ X-ray photo emission

electron microscopy electron microscopy
(SPEM) (XPEEM)
sample electron optics
e analyser scanning  X-ray including energy filter
X-ray stage detector Sam917V
optics C D detector
hy Ny |
e — ] < ~ _|N\LL
Excellent spectroscopic ability * Intermediate spectroscopic ability
(100 meV or better) (200 meV)
e Combination with TXM e Combination with LEEM/LEED
* Limited use in dynamic processes * Dynamic processes ok!
* Sensitive to out of plane magnetisation * Sensitive in plane magnetisation!

* High vacuum (but high press. SPEM exists) ¢ Vacuum better than 1 - 10> mbar
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* SPEM: Fresnel zone plate  PEEM:

— Objective lens and contrast

Om =1/ + 82+ 0% =

aperture determine lateral

q 2 AEN\? luti
= [ (1.22Ar/m)* + (cr) - (2rE) resolution
p ] [ ]
Approximate resolution:
intrinsic ZP demagnified chromatic d= d.2 + 2 4 2
resolution source aberration ‘I SP dCH dD
(from Rayleigh
ctiterion) 15\ d. /
small small monochromatic
outermost zone soufrce size beam

e.g. Ar=100 nm and typical beamline
5=122 nm
8,~ 30 Lm? x 8 mm/3 m=80 nm
6.=100 pm X 0.2eV/500e V=40 nm

0=150 nm, best90 nm, future 50 nm!
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XPEEM performance
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Atomic steps on Au(111),
LEEM 16 eV, FoV = 444 nm x 444 nm

250 | S | ,I | i
K . ] _

oy N MA

230 H RN /\o\ . Y / J * \ .\ '*o/\/o_
i ./0 / \ ','_. J o]

220 ™ % \ / '\/ .

210 1 /3.1 nm i

200 - -

190 - |

150 \/ |

170 - i
A NP aaas aanaansanans sl

distance (nm)
Courtesy of Th. Schmidt et al.; 5th Int. Conf. LEEM/PEEM, Himeji, 15.-19. Oct. 2006
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Instrument performance: energy resolution eleir

Energy resolution of SPELEEM (@ Elettra

, I I I I
L) XPEEM imaging W 4f
|| ¥ WAt .. 12.5 ym energy slit hv =71/267 eV
ﬂ{"li hv = 167V AEg,,.= 0.3 eV
|
= I|| I!
- I —
- | 3
=z Il t ;A © J
o Ll ~
iz | I,"\ >
-E ?If I|I ' g micro-XPS
- HI B rll +| = AEGauss: 0.2eV
| ! i
d st %4
.-'II ! |I ? p
. q_,:{f-f*"f l'.x !ﬁ S |
| | | —— ] ! T [ T
325 320 315 30 3035 30.0 32.5 . 3_2.0 31.5 31.0
binding energy (V) binding energy (eV)
clean W(110) oxidised W(110)

The spectroscopic ability of SPEM is superior to that of PEEM, because the SPEM can exploit the full potential

of multi-channel hemispherical energy analyzers developed for laterally averaged x-ray photoelectron spectroscopy.
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UV threshold microscopy photoelectrons with

XPS, UPS: «“ energy
Auger Spectroscopy: Auger electrons AE filter

XAS, XANES, XMCD, XMLD: Secondary electrons SE

50x10° -

- — Auon Rh 110

Intensity (counts/sec)

o-l||||||I|||||||||I|||||||||I|||||||||I|||||||||I|||||||||

100 200 300 400 500 600

Kinetic Energy (eV)
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Inelastic mean free path (“universal curve”) determines

sampling depth

1000 |~

J Secondary electrons

100
i Core level photo electrons

A (monolayers)

10—

.00 °
0 g0
o®
0.3.'
ofe
oo
° °%
<

] |1||l|l 1 1 |l||||| 1 1 llllllI 1 11
1 10 100 1000
Electron energy (eV)

XAS, XANES, XMCD, XMLD
can probe thin films and buried
interfaces to max. depth of ~5nm

Sensitivity to the topmost
surface layers,

especially at K. E. 50-150 eV
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+ XAS (XANES, XMLD, XMCD)

Elemental sensitivity.

Sensitivity to emitter (site location,
valence state, bond orientation, nearest-

neighbour)
Magnetic sensitivity

Intensity (a.u)

Buried layer and interfaces accessible

NO ENERGY FILTER NEEDED IN
PEEM

hvi—o

a80 . BTD I Ba0
3
I Nicke!

Iran
3 _\}A\/\\_R‘ Manganese

500 600 700 oo 200 1000
Photon Energy (eV)

- >
© i . ..
g | ; resonances arise from transitions
5 | [ \ from core levels into unoccupied
mﬁ_ e \ | valence states via excitation processes
e \ § occurring during the filling of the
E \ core holes.
x 20 :
A ‘ // ‘: s
'= >
Kinetic Energy (eV) '
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e XPS and UPS

Elemental and chemical sensitivity, surface core level shifts.

Valence band: LOCAL electronic structure (micro-ARPES);
Sensitivity to local structure (micro-XPD).

High surface sensitivity
Energy filter needed in PEEM

Intensity (counts/sec)

»

analyser Window

XPS mode: hv const
hvin / e out

Kinetic Energy (eV)
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2. COMBINIG XPEEM with LEEM
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The SPELEEM

objective jmage column analyser

TL FL IL P1| |retlens

AaAaladn
VI VUV UV

CA iInner
lenses

detector m A I m m
IRL

illumination
column

field limiting aperture (FLA) MESRR2RIIS
= = contrast aperture (CA) projectives
= = exit slit (EXS) dispersive plane
EXS
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Properties accessible in XPEEM dletra

ELEMENTAL COMPOSITION
& CHEMICAL STATE

Cls image of SWCN Pb on W110

il

MAGNETIC STATE using XMCD

Co nanodots on patterned
S1-Ge structures

. - Magnetization
4 |1.6 Fm |
Co - L;edge
1 pm \.\ A. Mulders et al, M. Klaeui et al,
, : Phys. Rev. B 71, Phys. Rev. B 68,
>. Suzmkd etal, R aes 214422 2005) 134426 (2003)

J. EL. Spec Rel. Phenom.
357-360, 144 (2005)

SPECTROSCOPY MODE AND PHOTOELECTRON DIFFRACTION ALSO POSSIBLE

Lateral resolution 35 nm in XPEEM; 10 nm in LEEM
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 LEEM

www.leem-user.com

— uses low energy electrons to

probe crystalline surfaces at
high lateral resolution and

video rate imaging. It allows
high structure sensitivity.

* Applications:

— dynamic processes at

surfaces (thin-film growth,
strain relief, etching and
adsorption, step dynamics,
phase transitions in real time,
in sitn).

4/23/2008
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MORPHOLOGY

Ay o 7 s
¥, 14 # ”/,
P \ \
\\'

SURFACE STRUCTURE FILM THICKNESS

bright-field LEEM & et

dark-field LEEM

Au+O/Rh(110)
diffraction quantum size geometric
contrast contrast phase contrast
- sample
a8 A A A A
C) objective : J ! : :
i | v v
v v contrast I ——
0.0] v aperture d \\ \\\\\\\\\ v

UNIQUE MULTI-TECHNIQUE APPROACH POSSIBLE!

E. Bauver: Low Energy Electron Microscopy, Rep. Prog. Phys. 57 (1994) 895-938.
23
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LEEM: darkfield imaging

Domain orientation

Si (001)

4/23/2008 ICTP school: 23/4/2008
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‘Quantum size contrastin LEEM  dan

* Modulations in reflectivity

due to QWR above vacuum
level.

* Quantised energy levels

* Characteristic IV spectra

Graphite / SiO,

LEEM intensity (a.u.)

* Reflectivity maxima minima 7

reproduced by the phase- = i

accumulation model ersei. @ | Y
1804) g . Toes
g 3 i ~v=4
. E sl i .|v=3
2k(E)Ymt + Pe(E) + Pg(E) = 2nr, » ! “v=2
et S T o

_ |P(E) + Og(E) |/ 27 + v u_smgledoubletnpld—ple 6ple |

K(E)/kgy ’ 0 2 4 10

Multilayer thickness (ML)
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Operating modes - summary:

— Imaging
* XPEEM (energy filtered)
 LEEM (brightfield and darkfield)

— Diffraction
* micro-XPD (energy filtered)
* micro-LEED

— Spectroscopy
* micro-XPS (dispersive plane)

UNIQUE MULTL-TECHNIQUE APPROACH INTO
ONE AND ONLY ONE INSTRUMENT!!
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3.1 Applications of XPEEM

CHEMICAL IMAGING:
Giant faceting: Au on vicinal S1(001)
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Ex.1 — Au/Si(001) faceting

VOLUME 86, NUMBER 22 PHYSICAL REVIEW LETTERS 28 May 2001

Spatial Variation of Au Coverage as the Driving Force for Nanoscopic Pattern Formation

Frank-J. Meyer zu Heringdorf."** Th. Schmidt.>" S. Heun.? R. Hild."* P. Zahl.!
B. Ressel,” E. Bauer,” and M. Horn-von Hoegen'*
| Institut fiir Festkiirperphysik, Universitiic Hannover, Appelstrafie 2, 30167 Hannover, Germany
“ELETTRA, Sincrotrone Trieste, 34012 Basovizza TS, Italy
*Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287
(Received 9 October 2000)

StepBand Faceting

4/23/2008 ICTP school: 23/4/2008 28



sﬁ FESTHORPERPHYSIK
= X n
= eilung en

"ol ) 3
LEEM Movies ... Over
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Formation of the Au-rich (5 > 3.2)

Deposition time (min)
0 10 20 30 40 50 60
o average
a terrace v facet
: Shutter open

QL
—
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¥
—t

= o
o w

e
-q
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coooQo
Mweo®
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4
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o

(=}
—

FIG. 3. Temporal evolution of the local Au coverage during
faceting. (a) Au 4f5;2 photoelectron yield over deposition time.
Absolute values of Au coverage on the right are calibrated by
MEILS [17]. #y: deposition starts, fp: a first terrace is formed.
>0 a terrace is formed in the region of interest, ry: the faceting
is complete. (b) Slices from the XPEEM images analyzed in (a)
were assembled to a tme dependent grey scale representation.
The arrows mark terraces analyzed in detail in (a).
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3.2 Applications of XPEEM

CHEMICAL IMAGING:
Tuning reactivity

by quantum electron confinement
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Mg epitaxial growth eletira

growth 1s followed 77-situ Film thickness 1s measured by
by LEEM quantum interference contrast

(001]

Mg/W(110) dep. 405 K, 0.1 ML/min 4 -7 ML Mg/W(110)
11.1eV, 5 pim 0.1-10.1eV/0.2¢V, 5 um
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e conduction electrons

confined to the Mg film

* only few “quantum-well”
states allowed

Intensity (a.u.)

e modulation of electronic
density at B

L. Aballe et al, Phys. Rev. Lett. 93, 196103 (2004)

4/23/2008 ICTP school: 23/4/2008
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valence band
9ML Mg/W(110) A
hv = 56 eV

e Know from literature:

— O, spontaneous
dissociation

— O goes below surtface _
— 2 layers Mg oxidized

— Coalescence MgO
islands -

intensity (a.u.)
|

Oxygen dose

Bungaro et al, PRL 79, 4433 (1997)
Goonewardene et al, Surf. Sci. 501, 102 (2002)

* Micro-XPS: Mg VB reveals

Odeﬂthﬂ CXtCﬂt binding energy (eV)

L. Aballe et al, Phys. Rev. Lett. 93, 196103 (2004)
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Mg2p
* Micro-XPS on Mg 2p reveals hv=112 eV
oxidation extent 7
7 ML
] clean

* 2 Mg component
— bulk/surface Mg
— Oxide Mg

intensity (au.)
|
l
o
r

quantitative determination of
oxidation extent

9 ML

* Micro-XPS: Mg spectra allow -ﬁ~ 11..&

- 1. /1_, E-E, (eV)

L. Aballe et al, Phys. Rev. Lett. 93, 196103 (2004)

O2exposure
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LEEM reveals morphology oxide component imaged by XPEEM
atomic thickness reveals chemistry!

- DOSE OXYGEN -

oxidation rate depends on thickness!!
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Oxidation of Mg film
4m-= gur zg:/\
(}J“ 18
8 L ! \

strong variations in the
oxidation extent as a
function of film thickness

The density of bulk states at

. o B correlated to oxidation
5) z
5 2 extent
- J .
i ; T Control on film thickness
7 ool K w™ enables modifying the
s molecule surface
o0et % T interaction
- |- I 1 ] 1 ] . .
4 6 8 10 12 14 16 Stl'OIlg theoretical interest!
Film Thickness (atomic layers)
L. Aballe et al, Phys. Rev. Lett. 93, 196103 (2004)
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3.3 Applications of XPEEM

CHEMICAL IMAGING

Reorganisation processes driven by
surface chemical reactions
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* Adsorbates Structures Formed during Surface
Chemical Reactions

— Spatio-temporal reaction-diffusion patterns in presence of
spectator species
* Mass transport phenomena by reaction wavefronts.
* Surface structural and morphological changes induced by
adsorbates
— Stationary patterns during reactive phase separation

* Role of “spectator species” (modifiers) in pattern formation

* Self organisation by chemical reactions: analogy to chemically
frozen spinodal decomposition.

* Links to catalysis and non-linear sciences
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VOLUME 65, NUMBER 24 PHYSICAL REVIEW LETTERS 10 DECEMBER 1990

Spatiotemporal Concentration Patterns in a Surface Reaction: Propagating and Standing Waves,
Rotating Spirals, and Turbulence

S. Jakubith, H. H. Rotermund, W. Engel, A. von Oertzen, and G. Ertl

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin 33, Germany
(Received 25 June 1990)

Pattern formation

in surface chemical reactions

oscillatory oxidation of carbon monoxide target waves
on a Pt(110) surface 3

standing fronts

F (— rotating spirals

Belousov-Zabatinski reaction

(solution of, acidified bromate, Jakubith et al, PRL 65,3013 (1990)

malonic acid, ceric salt)
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* First quantitative measurement
of concentration profiles

Schaak et al Phys. Rev. Lett.
83, 1882 (1999

H, + 2" < 2H,,.
NO + #* « NO,q.

NOad +*_}Nad +Oa .

ZNad — Ng + 2*,

O;.d + ZHnd — H;)O + 3*,

pd b b b b b b bl
08— O1s ﬁ L
= - L
= 0.6 - [ -
E - B
E 0.4 — —
: -
“ 02 s
. o B
ﬁ'{j«.J i Rt
R )N coxt 20N RGOS
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N1ls
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= e
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Coverags (ML)

Th. Schmidt et al, Chem.
Phys. Lett. 318, 549 (2000)

10 i
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NO+H, /Rh(110)

Reaction diffusion patterns

Structure + composition
(LEEM, micro-LEED )

{'n-e} Aysueiul 9337

Time [sec}

Him
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24
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12

f7 & Cl

ql
win
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|5
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K / O+H, /Rh(110) s

— Mass transport by reaction fronts, K accumulation and depletion

O 1s
0.08 ML K | o1s % 2
Py =
2 al ax
I E
- il- 1]
nw . | o
i O

-E54 -®IT 0 RED -SRI

45 min

K 2p intensity

(AR
Era s B L T = L kA

binding energy {eV)

75 min

0.25 MLL K
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K / NO+H, /Rh(110) ot

— Mass transport by reaction fronts, K accumulation and depletion

wave propagation direction — 04
0.10 - |
.
3. :
=
o 0.08 — 0.3
O z
= 8
<
-1 g @
5 g
~o [0)
5 2
? —
Y —_—

000 “——————— i i i i i — i — 0.0
At=575s At=993s ' ' ' ' - . - . .

0 10 20 30 40
distance [um]

L. Hong, H. Uecker M. Hinz, Qiao Liang, I.G. Kevrekidis, S. Gunther, A. Locatelli, and R. Imbihl; submitted to PRE
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Au/Rh(110) during H,+0,

[frame # 100)

0.5 ML Au; 550 K

[110] LEEM

XPEEM Au 4f 2 pm

intensity (a.u.)

88 | 86 | 84 | 82
binding energy (eV)

4/23/200 y. AM. CHEM. SOC. 2005, 727, 23512357 -CTP school: 23/4/2008 gy face Science 566-568 (2004) 11301136 42



Phase separation at stationary state of the reaction et

[110]
* micro — XPS
— — Au 4f7/2
<«
— >
B
«— I I
LEEM 85.0 84.0 83.0 820
- binding energy (eV)
(1x1)
unreconstructed J. AM. CHEM. SOC. 2005, 127, 23512357 ®; [Au]= 0.5 ML
Surface Science 566-568 (2004) 11301136 homogeneously distributed
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Reactivity ’ &

* Au+tO pattern 1s preserved under oxidation by
destroyed under reduction; oxidized part is the most
reactive

XPEEM Au 4f /2
field of view 10 lm
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Eo ™ EawolQaurol —EaulQal-EolQol) /N

Mixing energy:

0.8 n
’g .
= 067 ®, = 1.0 ML B
> -
2 LI
O 04- |
@
[
o)
> X
[ =
£ o2 ®, = 0.5 ML
= X
0.0
I I I I I
0.00 0.25 0.50 0.75 1.00

The difference in total binding energy

Au coverage (ML)

Au binding energy (V)

1.3

20—

25—

30

35

between the “mixed” and the separated Au

and O phases imposes phase separation

‘oxidized
(1%2)

@, =05ML; &, =05 ML

‘reduced (1x1}  0-68 &Y

Au poor

J. AM. CHEM. SOC. 2005, 7127, 23512357
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Structure formation in phase separating systems

Spinodal decomposition:

development & evolution

of periodic microstructure

Phase separation of binary
polymer blends driven

by a photochemical reaction

stationary or moving
concentration patterns
in reactive adsorbates during

surface chemical reactions
P(S-stat-CMS)/PVME

10um
3um ]
B. Hildebrand et al,;
C. Morin etal, J. Electron Spectr. Q. Tran-Cong and A. Harada,
Phys. Rev. E, 58,5483 (1998)

and Rel. Phenomena 121, 203 (2001) Phys Rev Lett 76,1162 (1996)
Phys. Rev. Lett. 81,2606 (1998)
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e First experiments with * Numerical simulations predict

: hase separation.
Alkali on Rh(110): phasc scparation.
. . (a)
formation of O+K rich
08 J
phases \ 7 A /a
1‘ ; f’ -.1 l,-' ‘ :.' ’f\ll"-
K/Rh(110) during H, + O, reaction; ® \ i /
(a)
020 2:? EI-i 2=G EIB 30
XL gifr A
210 X 35 um — Not a Turing pattern! The

energetic interactions between

[110] :
adsorbates are responsible for

T—b [001]

De Decker et al, PRL 92, 198305-1 2004) the formation of a pattern and
not just an instability of the
uniform state due to diffusion.
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Surface reorganisation in Au+Pd layers on Rh(110)

LEEM: dynamic phenomena

1000 :
step decoration
900 s I
< ® L
~ e 54 F o Kx
o S
S 8004
© O : Oc | OA
) % .
3 Qg N
S 700- o O O = O
— - +round islands : holes
& | A
L/ A
600 - ! O

| | | | |
0.0 0.2 0.4 0.6 0.8
metal coverage (ML)

-

870 K &% '-35.‘

b
ol

reaction conditions

P[O,] = 3.8:107 mbar
P[H,] = 3.5:107 mbar
0.3 ML Au; 0.3 ML Pd
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Stripe formation: LEEM investigatoin dletra

* Sub ML Au&Pd 1s deposited on reduced surface
* Start from homogeneous distribution of Au&Pd

* reaction is started from the uniform state, by
increasing the O, pressure at fixed H, partial
pressure

* Formation of lamellae: steady state

D R e P S

2 [001]

L Awm 0.75 ML Au+Pd: T= 820 K
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Pattern wavelength dependence on reactants’ pressure Q{m

T=790 K
0.3 ML. Au
0.3 ML Pd

P,,=1.9-10"mbar P,,=6.4-10" mbar P02=1.2'1O'6 mbar P02=3.0'10'6 mbar

1. The wavelength decreases with increasing reactant pressure

2. Some features of pattern reflect the substrate morphology
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Kinetic model (Y. DeDecker and A.S. Mikhailov, J. Phys. Chem. B 2004, 108, 14759)

A,B molecules from the gas phase; C poison/promoter
A+*, — A
Ag+B,,—* +%+X, X =product

B + * B . ad ad A B s

B~ Dad
given D, , Dy diffusion const., p,, py partial pressure of reactants,
k,,ky reaction rate constants and the sticking coefficient for A and B
A>TB 8

and provided an attractive/repulsive potential U, - with r, (interaction radius)

O MESOSCOPIC KINETIC EQUATIONS FOR O, ©, ©.CAN BE DERVIED
O INSTABILTY of the UNIFORM STATE — STATIONARY PATTERN

1 [Z{P 'y T ’L'Db)] 40O Powerlaw of p, !!!
wavenumber = — . _

o Dy 0 The higher p, — shorter period
P, = kpy; v, reaction rate const; b = O L Independent of D
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wavenumber (mp-1)

o1sf  in fair agreement with the CHEMICALLY FROZEN
. PHASE SEPARATION IN BINARY POLYMER
BLENDS DRIVEN BY PHOTOISOMERISATION

] t where power low dependence with exponent 0.2 was
31 -
! L measured

T. Otha et al.,, Macromolecules 31,
6845 (1998).

2x10"'

56 2 3456 2 3 456
107 10° 107
reactants pressure (mbar)

MESOSCOPIC KINETIC EQUATIONS FOR O, ©, ©.CAN BE DERVIED
APPROXIMATE ANALYTICAL FORMULA FOR PATTERN WAVENUMBER

1 [Z{P o vﬂb)] 40O Powerlaw of p, !!!
wavenumber =— . _
o Dy [0 The higher p, — shorter period
P, = k,p,; v, reaction rate const; b = Oy O Independent of D
4/23/2008
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Pattern composition: phase separation Pd+Au/O dletra

* Full phase separation at T< 750

O o

intensity (a.u)

! !
i 832 S0 528
binding energy {eV)

Intenslby (a.u)

] ] ] ] ]
503 &5 B4 83 g2 &1
bBinding eneigy (2

intensiby (a.ub

I
342 340 33 336 334 332
binding energy (%)
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Pattern composition: Pd+Au/O

* Partial phase separation in the striped phase

Pd 3d;,, | . .
=3
L]
2
T
L 4
o
E
| | |
hV =138¢eV;200 s  hv =138¢eV;200s  hV =436 ¢V; 300 s 8 ] 84 83 82
Rh ‘ 5/2
o
&
xn
i
€T
it e E
) f I T T I
hV =436 ¢V; 300 s 0.9 eV; 100 ms 7.5 eV SaS e el Dk

kinding enargy (eV)
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* Mass transport of metal adlayer strongly reorganizes the
interfaces: development of “microstructures” which
may show different catalytic properites.

* The lateral composition of a modified catalyst surface
strongly depend on reaction conditions, but this in
turn affects reactivity...

* The surface reorganisation can be interpreted as a
reactive phase separation. The pattern morphology
can be controlled through reaction parameters (P, T) and
the coverage of the adspecies.

* Lamellar structures wavelength obeys power low

* Pathway to formation of adaptive microstructures
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3.4 Applications of XPEEM

CHEMICAL IMAGING
Applications in biology
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O Morim er gl | Jouwrnal qf Elecron Specirascopy and Related Phanomena 121 (2001} 207-224

R=PS G =PMMA

annealed 30:70 E— 5 m

Intensity (arb. units)

& 2

L]
=

290 295 300
Eneray (eV)
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biofilm filament

2-line ferrihydrite

Normalized intensity (a.u.)

Schwertmannite #10

705 710 715 720 725 730 735
Photon energy (eV)

Bio-mineralization resulting from microbal
activity
X-PEEM images of:

— (A) non mineralized fibrils from the

cloudy water above the biofilm (scale bar,
5um)

— (B) mineralized filaments and a sheath
from the biofilm (scale bar, 1 um);

X-PEEM Fe L-edge XANES spectra of the
FeOOH mineralized looped filament shown
in (B), compared with iron oxyhydroxide
standards, arranged (bottom to top) in order
of decreasing crystallinity, as measured by x-
ray diffraction peak broadening. only fibrils
containing polymer strands (polysaccharldes)
can template akaganeite pseudo-single crystals
with aspect ratios of 1000:1

2004 Science 303 1656-1658
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4. Applications of XMCD and XMLD PEEM

MAGNETIC IMAGING
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* Magnetic domains in nanostructures: comparison
experiment-theory

* Magnetic domains in thin films: understanding of
magnetic state in correlation with structure and

morphology

 FM/AFM interfaces; exchange bias; understanding

of interfacial spin pinning; understanding of AFM
spin structure

* Magnetisation dynamics
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X-ray magnetic circular dichroism XMCD 1s the dependence of x-ray

absorption on the relative orientation of the local magnetization and the

polarization vector of the circularly polarized light

In the case of ferromagnets (N1, Fe, Co) 3d electrons determine magnetic
properties:
* my= <N -Ny,>m, for Co 1.64 m,

® m <<m for Co 0.14 m

We PROBE 3d elements by exciting 2p into unfilled 3d states
—  2p =2 3d channel dominant
—  White line intensity proportional to number of holes

—  Sum rules to determine m, and m,,
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Experimental Confirmation of the X-Ray Magnetic Circular Dichroism

Sum Rules for Iron and Cobalt PRL 75, 152; 1995
C.T. Chen,' Y.U. Idzerda,” H.-J. Lin,""* N. V. Smith,"'" G. Meigs,! E. Chaban,'
G.H. Ho,** E. Pellegrin,' and F. Sette'-* il : ' ! "]
. (b) IRON
H - M
SUM RULES = 04l o iy
- :
% .
0.2 |
m 4fL3+L2(.H«+ - p-)dw (10 ) (1) %
= -— —_— n .
o 3 IL3+L2(H+ + p-)dw o g':' - s L ]
L F : x ; 4 0.2
o 6IL3{#+"ﬂ—)dw—4ff,3+£2(ﬁ+_#—)dw (e) /L x
spin JrL3+L1{Ju‘+ + #_}dw 0.0 o= 4 0.0 g
_I pa—
(T 8 5
X (10 = n )(l+—") . (2) 2 —0.1 =gz S
M 2(S.) = S
. . . ~0.2 1-0.4 2
(T.) is the expectation value of the magnetic S
dipole operator l-08
is equal to half of [ ) =
(S5.) is equal to half of mgiy, o | |
| £ B
= r &
REFERENCES 0.4 1 2.0 &
B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett. ] =
68, 1943 (1992); P. Carra, B. T. Thole, M. Altarelli, and X.Wang,
Phys. Rev. Lett. 70, 694 (1993), J.Stohr et al, Phys. Rev. Lett. 75 - - i), M
(1995) 3748. 700 720 740 760
PHOTON ENERGY (eV)
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M0 =-(0p-4q)*(1-09)/1*(1/ degcyp)
m,,=-4/3*(1-ny)*q/r*(1/degcp)

ny[Co] = 7.51; deg-,= degree of circular p(zlzzrization

XMCD = (L,-Ly)/(L,+L5)

[
w

5
@
-
— .
- A <
© L~
= 60— 1 -
ke, r <
= — 0
S
40 —
£ -
£
%)
® 20
2
v
5 oo
-8 P _— I
- | | | | |
10 ML Co / W{110} 770 780 790 800 810

energy
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.

3d

2p,,

vac

Er

e

2p,,

S

anti-ferromagnetic

absorption intensity at resonance

1(9.0.T) = a + b(3cos> — 1){0-.)

+ ¢(3cos’0 — 1) (M*)r + dZ(Eg - 87
i.]

Q,, = quadrupole moment of charge, “linear dichroism”

U 1s the angle of E with the crystallographic z axis.

20d term determines XMLD effect

© is the angle between E and magnetic axis A

M reflects long range magnetic order

XMILD at max. for E ”A
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Examples: XMCD and XMLD

LaFeO, layer Co layer

XMLD Fe L,

XMCD Co L,/L,

Direct observation of the alignment “ "'nq‘

of ferromagnetic spins
by antiferromagnetic spins

F. NoRting~, A. Scholl*, J. Stohrt, J. W. Seo:s, J. Fompeyrines,
H. Siegwarts, J.-P. Locquets, S. Anders”, J. Liningt, E. E. Fullertont,
M. F. Toneyt, M. R. Scheinfeinl & H. A. Padmore*

Nature, 405 (2000), 767.

Figure 1 Images and local spectra from the antiferromagnetic and ferromagnetic layers
for 1.2-nm Co on LaFe0,/5rTi04(001). a, Fe L-edge XMLD image; b, Co L-edge XMCD 2,'
image. The contrast in the images arises from antiferromagnetic domains in LaFe0s (a)
and ferromagnetic domains in Co (b) with in-plane orientations of the antiferromagnetic
axis and ferromagnetic spins as indicated below the images. The spectra shown
underneath were recorded in the indicated areas and illustrate the origin of the intensity
contrast in the PEEM images.

3
g.
a . \
[l 8
2
E [ /l
© [ |
ﬁ [
oL J
Ef |
of |
Z+ o p
[ 1 IS i 8 = 1 1 Lo v o1 1 ]
705 710 715 720 725 730770 775 780 785 790 795 800

Photon Energy (eV)

Photon Energy (eV)
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* Unique means to obtain spectra from small volumes

Spectroscopy
Co
=
s
=
775 780 785 700 79 800
Photon energy (eV)
‘LaFeO,
3
E TH0 T T TX
B N0 715 70 78 7
Photon energy (V)

Nature, 405 (2000), 767

Microscopy

Parallel and antiparallel
alignment of M and helicity

determine maximum contrast;

sum rules available allow
obtaining spin and orbital
magnetic moments from the
spectra

anisotropic electronic charge
distribution, which can be
caused either by magnetism or a
a lower than cubic symmetry of
the unit cell (Magnetostriction,
substrate effects, and the lattice

type)

ferromagnet/antiferromagnet Co/LaFeO3 bilayer, demonstrating interface exchange coupling

between the two materials
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* Two phases coexist at RT — Stripes along [0001]

— Hexagonal « phase (FM) — Stripe periodicity depends on
— Orthorombic  phase (PM) film thickness
— Interesting magnetic domain
eXPanSionT /V Stripe direction Conﬁgurations
aMnAs(liOO) [0001] — First XMCD—PEEM Study:
" [1120] - Baner et al, T. Vac. Sci. Technol. B 20
Magnetic easy axis et al, J. Vac. Sat. Technol.
[110] (2002), p. 2530.
PMnAs [110]
5 | GaAs

Very large misfit along [0001] direction
—> coincidence lattice

7% misfit along [11-20] direction = strain
Strain relaxation expansion normal to the film

40 nm

4/23/2008 ICTP school: 23/4/2008 70



ferromagnetic-paramagnetic phase transition by XMCD-PEEat

215 nm thick MnAs film on GaAs(100) during heating from 10° C to 40° C

um
0.0 1.0 2.0 3.0 4.0

—_—

[11-20]

hv —
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180 nm MnAs

»
»

schematic simulation

Cs

<4— sutface

T

|

=

t

L

—p-

e

}

* Straight walls
e Head to head

domains

diamond state

Cross sectional cut:

diamond state

R. Engel-Herbert et al,

J. Magn. Magn. Mater. 305 (2006) 457
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180 nm MnAs

_ <4— sutface
S type (Il
B double
% e — - diamond state
E
514 X 4 {
S < —r <

_—
Lz
—

e Straight walls
e Head to head domains

e (Cross sectional cut:
double diamond state

e Never observed below
150 nm

R. Engel-Herbert et al,
J. Magn. Magn. Mater. 305 (2006) 457
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180 nm MnAs
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R. Engel-Herbert et al,
J. Magn. Magn. Mater. 305 (2006) 457
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e [4.1] Stohr |, Padmore H A, Anders S, Stammler T, Scheinfein MR
1998 Surf- Rev. Lett. 5 1297.

* [4.2] Feng ] and Scholl A 2007 “Photoermission Microscopy” in: Science of 4
Microscopy, Eds. Hawkes P W, Spence | C H (Springer, Berlin)
(also 1n chapter 4 as 4.2)

* [4.3] Stohr | and. Siegmann H C 2006 Magnetzsm (Springer, Berlin)
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8. Applications of XPEEM

TIME RESOLVED
MAGNETIC IMAGING
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* Switching processes (magnetisation reversal) in
magﬂetic elements (in spin valves, tunnel junction)

— Nucleation, DW propagation or both?

— Ettect of surface topography, morphology crystalline
structure etc.

— Domain dynamics in L.andau flux closure structures.

* response of vortices, domains, domain walls in
Landau closure domains in the precessional regime
* 2 class of processes:
— Reversible process (stroboscopic technique)

— Irreversible process (before - after)
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Pulse injection experiments
Kldui ez @l Appl. Phys. Lett. 88, 232507 (2006)

Imaging of magnetization before and after Vortex wall velocity

individual 11 ps current pulses with 1'0. L

various arnplitudes

Unchanged
4 single walls

o
o]
1

o
o))
[—

Extended or
4 extended to
singlewalls

Curent and future experiments: not only
“before” ad “after” but also “during”

Velocity [m/s]
o
il

O
N
A

. Single to double
Vortex wall motion,

nucleation and annihilation

=
o
| I

T Multivortex walls

70 75 80 85 90 95 100 105 11.0 11.5
Current density [1 ol A/mz]

before

A/

— after —

(c)

single triple double
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Stroboscopic experiments combine high lateral resolution of PEEM with high time
resolution, taking advantage of pulsed nature of synchrotron radiation

pump pump
- PEEM Iasgr pulse
probe : f
x-ray pulse
Ty - — e
gl electrons __

pump _‘ : ﬂ ‘ ‘ Choe et Al, Science, 304 (2004), 420

o | I
e [ il
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e

Schneider CM, Krasyuk A, Nepijko S A, Oelsner A, Schonhense A,
20006 Journal of Magnetism and Magnetic Materials 304 6-9.

(top) pulse shape of the external field excitation; (a-d) snapshots at selected time intervals;
(e-g) corresponding expected domain configuration in the Landau structure;

(h) aberration induced by Lorentz force due to the stray field of stripe-like domains.
The external field acts in the direction of the x axis.
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PRL 94, 217204 (2005)
Quantitative Analysis of Magnetic Excitations in Landau Flux-Closure Structures

Using Synchrotron-Radiation Microscopy
J. Raabe,"* C. Quitmann,' C. H. Back.” F. Nolting."' S. Johnson,' and C. Buchler'

The time dependent magnetization is described by the
phenomenological Landau-Lifshitz-Gilbert equation

d - -~ . ¥ -+ d —

—M = —yoM X H.g —I——(M K—M).

dr TooMm dt MEASUREMENT OF:

The first term describes the precession of the magneti- [0 Vortex displacement (maX 750 nm)

zation M about the total effective field H 4. The second ) )
term describes the relaxation back into the equilibrium D Domain wall d1splacement and
state using the dimensionless damping parameter . .

£ o SIPIE buldging

torque 7' = —yoM X Hg

O Vortex velocity (~ 700 m/s)

[0 Quantitative time-dependent
magnetisation

[0 Fourier analysis
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PRL 94, 217204 (2005)

Quantitative Analysis of Magnetic Excitations in Landau Flux-Closure Structures
Using Synchrotron-Radiation Microscopy

J. Raabe,"* C. Quitmann,' C. H. Back.” F. Nolting."' S. Johnson,' and C. Buchler'

The time dependent magnetization is described by the
phenomenological Landau-Lifshitz-Gilbert equation

d -~ - - o f - d -
M= - e - w 2
drM YoM X Heg + M(M drM)'

The first term describes the precession of the magneti-
zation M about the total effective field H ;. The second
term describes the relaxation back into the equilibrium
state using the dimensionless damping parameter .

torque T = —y 8 X Heq

M, (A1) M,

Em
z 01 "‘: o
0.2 . .
. e
Y N SR S S e H_,,-::l'
= 200 \ IIH, - 4
3 e
2 400 . /_‘_‘I/- g
T e c) |
= 800 .
00 05 10 15 20 25 6 8 10 12 14 16

At(ns)
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« XMCDPEEM gives e |.imitations:

valuable information on 1. Only the surface-near region

many mictroscopic aspects can be probed

of magnetism 2. Only reversible processes can
be studied by pump — probe
experiments

* Magnetisation reversal 3. Spatial and time resolution

* Study of precessional are still limited
regime
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Conclusions
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— XPEEM

» Chemical maps

» Chemical state (core level shifts)
» High versatility

» Limitation: size (< 40 nm) and flux: aberration corrected?

— LEEM, micro-.LEED

» Structure

» Study of dynamic processes

— XMCD and XMIL.D PEEM

» Magnetic state in nanostructures and thin films
» Element sensitivity
» Thin films and buried interfaces

» High lateral and time resolution
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