
the
abdus salam
international centre for theoretical physics

strada costiera, 11 - 34014 trieste italy - tel. +39 040 2240111 fax +39 040 224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it

united nations
educational, scientific

and cultural
organization

international atomic
energy agency

SCHOOL ON SYNCHROTRON RADIATION AND APPLICATIONS
In memory of J.C. Fuggle & L. Fonda

19 April - 21 May 2004

Miramare - Trieste, Italy

   1561/42
____________________________________________________________

Methodology of PEEM and XPEEM

experiments and image processing

A. Locatelli



5/18/2004 methodology of PEEM 1

Methodology of PEEM and 
XPEEM experiments and 
image processing

Andrea Locatelli



5/18/2004
ELETTRA

methodology of PEEM 2

Contributors

Elettra
S. Heun, M. Kiskinova

Around the world
S. Cherifi, T. Schmidt, S. Günther

XPEEM instrumentation
C. Koziol (Elmitec)
J. Westermann, B. Holmes (Omicron)



5/18/2004
ELETTRA

methodology of PEEM 3

Motivations

Why XPS?
! element sensitive
! chemical shift
! surface sensitive

Why spectromicroscopy ?
! nanostructures self-

organization
! devices (lithography)
! diffusion, segregation
! alloying 
! chemical reactions
! magnetism (XMCD)
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Magnetic Studies

SR Instrumentation and experiments
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Concepts - XAS

3d

2p3/2

2p1/2

EF

Evac

continuum

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.Stöhr et al, Phys. 
Rev. Lett. 75 (1995) 3748.

Sum Rules

Spin magnetic moment
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XMCD and XMLD

Magnetic imaging with elemental sensitivity

Nature, 405 (2000), 767.
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The “Nanospectroscopy” beamline

Source: Variable Polarization, helical undulator

Monochromator: Wide spectral range
Medium spectral resolution

Spot: High photon flux density on sample
Small variable spot size (~µm)
Homogeneous illumination

Microscope: SPELEEM (Elmitec)

Magnetic imaging at Elettra
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Front End

Refocusing Mirrors

SPELEEM

2nd Branch

Monochromator
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Beamline source
• FEL/Nanospectroscopy undulator
• Sasaki Apple II type undulator

• 2 sections with phase modulation 
electromagnet

• 2 x 20 periods of length 10 cm

• Polarization: elliptical (horizontal, 
circular, and vertical)

• Source dimension: 560 µm x 70 µm

Undulator characteristics
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• 2 VLS (variable line spacing) gratings of low groove density
• 200/mm for 20 - 250 eV
• 400/mm for 200 - 1000 eV

Plane 
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• Need:

• Homogeneous micro-spot

• Highest photon flux in the field of view of the 
microscope

• Two adaptive plane elliptical mirrors

(«bendable mirrors»)

• Bend by applying unequal moments

to their ends

• Kirkpatrick-Baez configuration

• Theoretical spot size:

1.6 µm (vert) x 6.1 µm (hor)

A. Bianco, G. Sostero, and D. Cocco: Proc. SPIE 4782 (2002) 74.

Photon beam refocussing
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A. Bianco, G. Sostero, and D. Cocco: Proc. SPIE 4782 (2002) 74.

Spot size
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A. Locatelli, A. Bianco, D. Cocco, S. Cherifi, S. Heun, M. Marsi, M. Pasqualetto, and E. Bauer: J. Phys. IV 104 (2003) 99.

Beamline photon flux
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High lateral resolution

t                     34 nm     

w
100 nm

200 nm

350 nm

700 nm

Domain structure 

of 1.6 µm wide Co rings
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Helicity fast switching
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Beamline design

SLS “Surface/Interface microscopy”
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Time resolved experiments

“Pump and probe”
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Domain dynamics imaging

Science, 304 (2004), 420
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Magnetisation dynamics
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Chemical Studies

Methodology and
Instrumentation
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PEM concepts

XPS – mode: hν=const
hν in / e- out

x 20

Kinetic Energy (eV)

CL

VB

hv-φ

FL

SE
Collection modes:

Total yield mode – all emitted PE
Low/high pass filtering
Band pass filtering
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Instrumental approach

Photon optics is de-magnifying the beam:
Scanning Instrument
1. Whole power of XPS in a small spot mode.
2. Flexibility for adding different detectors.
3. Rough surfaces can be measured.
4. Limited use for fast dynamic processes.
5. Lower resolution than imaging instruments.

Electron optics to magnify irradiated area:
Imaging Instrument
1. High lateral resolution (20 nm).
2. Multi-method instrument (XPEEM/PED).
3. Excellent for monitoring dynamic processes.
4. Poorer spectroscopic ability.
5. Sensitive to rough surfaces.

XPEEM
Scanning 
(PE&T)

Monochromatic
light

Sample
(scanned) Detector

Photo-emission
detector

hν

Object plane

Object lens

Backfocal planeStigmator
Intermediate image

intermediate
lens

projective
lens

Image planeMCP

retarding field 
filter

Screen CCD 
camera
Analyser

Sample

Intermediate image

e-
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Cathode lens properties
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PEEM instruments

! PEEM without energy filter

! PEEM with imaging retarding field filter

! PEEM with area selective spectroscopy

! PEEM with full spectro-microscopic 
capabilities

! PEEM with sector field (LEEM)

! PEEM with aberration correction
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PEEM without energy filter

J. Stöhr et al.: Surf. Rev. Lett. 5 (1998) 1297

S. Anders et al.: Rev. Sci. Instrum. 70 (1999) 3973

Aperture
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Oscillatory reactions

PEEM - Work function contrast
and Time resolved capability
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Examples
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Energy filtered PEEMs

Double Hemispherical AnalyzerHemispherical Analyzer
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The SPELEEM microscope
Spectroscopic photoemission and low energy electron microscope
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Imaging of the Dispersive Plane

W{110} clean surface
W 4f core level 
hv = 98 eV
Resolution 210 meV

(1) Riffe et al.,  PRL 63 (1989) 1976.
(2) Webelements

SCLS (eV)

W7/2-W5/2 BE diff. (eV)

Gauss. Broad. (eV)

Alpha S

Gamma S (eV)

Alpha B

Gamma B (eV)

parameter

0.3040.321

2.142.2 (2)

0.210.04

Fixed0.063

Fixed0.084

Fixed0.035

Fixed0.06

Our fitRef. (1)
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Lateral resolution

C 1s image (hv= 350 eV, KE = 62 eV)

Lateral resolution: 32 nm
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distance (pixel)

lateral resolution:
0.7 * (4 pixel /435 pixel ) * 5000 (nm)= 32 nm 
acquisition time: 1min
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Example 1
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on Au 4fon Au 4f7/27/2

F.-J. Meyer zu Heringdorf, R. Hild, P. Zahl, Th. Schmidt, S. Heun, B. Ressel, E. Bauer, M. Horn-von Hoegen: Elettra News 
36 (1999).

LEEM, XPEEM vs time
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F.-J. Meyer zu Heringdorf, Th. Schmidt, S. Heun, R. Hild, P. Zahl, B. Ressel, E. Bauer, M. Horn-von Hoegen: PRL 86
(2001) 5088.

(001)
terraces
(LEEM)

XPEEM imaging
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Temporal evolution
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Example 2
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Laterally resolved XPS
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: nanocrystals
: substrate

Integral spectrum

Indium on substrate " SK growth mode
Gallium on nanocrystals

Laterally resolved spectra

S. Heun, Y. Watanabe, B. Ressel, D. Bottomley, Th. Schmidt, and K. C. Prince, Phys. Rev. B 63 (2001) 125335.
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Se 3d Core Level Spectra
F. Maeda et al.: PRB 48 (1993) 4956. 
• Ga2Se3: zincblende structure with ordered 
Ga vacancies.
• A: Se with no Ga vacancy as nearest 
neighbor
• B: Se with one Ga vacancy as nearest 
neighbor
• B species closer to the surface than A 
species
• clean Se/GaAs: A / B = 1.51

Here: intensity ratio A / B = 2.26
" less B species after deposition of InAs
" some material moved from surface to

nanocrystals
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: nanocrystals
: substrate
: integral

A
B

From LEEM: volume of nanocrystals: 6 x 105 nm3 per µm2

2 ML InAs correspond to 6 x 105 nm3 per µm2

SK growth mode
" nanocrystal volume is greater than expected
" additional material from another source (Ga2Se3)
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re-organisation of a 
bimetallic surface under 
reaction conditions

A. Locatelli, S. Heun, M. Kiskinova
ELETTRA

Example 3
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motivations

Probing the morphology and composition of a 
mixed-metal surface under reaction conditions

! surface processes are governed by 
energetics with the interplay of 
diffusion of ad-species
• segregation, surface alloying, 

reconstruction, clustering, lateral 
interactions …

• different reaction parameters may 
lead to the reorganisation of the 
surface

# Changes may occur on the atomic as 
well as on mesoscopic length scales 

[S. Günther et al, 
J. Electron Spectrosc. and Relat. 

Phenom. 114, 989 (2001)]
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H2+O2 on Rh{110}

! Bi-stability
$ oxidised ↔ reduced

! Meta-stability
$ oxidised → reduced ┐

reaction fronts
$ reduced → oxidised ┘

! Elliptical shape of reaction 
fronts
$ diffusion anisotropy
$ Site blocking effects

p.p. O2

p.p. H2

the surface is reduced

the surface is oxidised

Mertens and Imbihl,
Chem. Phys. Lett. 242 (1995), 221-227;
Makeev and Imbihl,
J. Chem. Phys. 113 (2000), 1.
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H2+O2 on Rh{110} - LEEM

LEEM 5.5 V
FOV 25 µm

p(O2) = 3.2·10-7 mbar
p(H2) = 8.0·10-7 mbar
Sample temp. = 670 K
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Wavefronts on Au-Rh{110}

XPEEM Au 4fLEEM field of view 20 µm

0.6 ML Au
530 K

3.8 10-7 O2

4.4 10-7 H2
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Stationary state

LEEM Au 4f 7/2

reduced, Au rich
(1x1) LEED  

oxidised, Au poor
“streaky” LEED pattern

2µm

micro - LEED

85.0 84.0 83.0 82.0
binding energy (eV)

micro – XPS
Au 4f7/2
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Pattern reactivity

! Oxygen ambient: the pattern is preserved

LEEM 7 V
field of view 20 µm
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Pattern reactivity

! Oxygen ambient: the pattern is preserved
! Hydrogen ambient: the pattern is destroyed

30 s 50 s
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XPEEM Au 4f 7/2
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Au-Pd chemical mapping

Rh 3d 3/2

Au 4f 7/2

Pd 3d 3/2

XPEEM

fov 10 µm

0.5 ML Pd
0.25 ML Au

670 K
3.8 10-7 O2

1.4 10-7 H2

O 2p

K.E. 1.2 eV
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Summary

! The morphology and composition of a modified 
catalyst surface is strongly influenced by the 
reaction conditions

! The process is governed by the interplay between 
diffusion and energetics (i.e. the minimisation of 
the chemical potential

key conditions for the redistribution to occur:
$ lateral attractive/repulsive interaction between adsorbates
$ Strong interaction Me-Rh
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Image Processing

S. Heun, Th. Schmidt, B. Ressel, E. Bauer, and K. C. Prince, Synchrotron Radiation News Vol. 12, No. 5 (1999) 25.


