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Welcome

Welcome to the workshop on “Low Energy Electrons: Dynamics and Correlation near
Surfaces and Nanostuctures”, LEE2015 , in Castle Hernstein, September 7-11, 2015.

Low Energy Electrons are becoming increasingly important in many different fields
of science and technology. Specialised techniques are emerging to study phenomena
related to low energy electrons near solid surfaces. These comprise measurements of
correlated electron pairs using coincidence techniques, electron holography, (e,2e)-
spectroscopy, two electron photoemission, near field emission electron microscopy
and others.

This meeting will foster the exchange between scientists in the above fields, high-
lighting both experimental and theoretical advances in the field presenting and dis-
cussing results on:

• Coincidence Spectroscopy (with a focus on solid surfaces) and Correlated Ma-
terials

• Pump-Probe and Time-resolved Electron Spectroscopy

• Interaction of Low Energy Electrons with Solids

• Low Energy Electron Microscopy and Spectroscopy

• Experimental Advances for Manipulation and Detection of Low Energy Electrons

The aim of this specialized workshop is to bring together leading scientists as well
as newcomers to the field that are involved in the different topics of relevance and to
work out guidelines along which the field can advance most rapidly.

The duration of the workshop will be 5 days. The scientific program will consist of
invited lecturers from selected worldwide recognized groups.

The workshop venue provides an ideal ambient for intensive discussion among the
participants on the above topics and on the basis of the submitted abstracts, compiled
in this book, it is to be expected that the workshop will provide a scientifically as well
as socially exciting week. The LEE2015 organizing committee wishes all participants
of the LEE2015 workshop a fruitful conference and an enjoyable stay in Castle Hern-
stein.

Alessandra Bellissimo
Frank Schumann
Gianni Stefani
Wolfgang Werner
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Organizing Committee
M. Marik Workshop Office
W. Hofer IT
A. Bellissimo Scientific Programme, book of abstracts
G. Stefani Scientific Programme
F. Schumann Scientific Programme
W.S.M. Werner Chair

Contact
LEE2015 Workshop Office:
Institut für Angewandte Physik/E134 M. Marik
Vienna University of Technology, tel:+43-1-58801-13420 (before LEE2015 )
Wiedner Hauptstrasse 8-10/134 tel:+43-664-605883420 (during LEE2015 )
Vienna, Austria fax:+43-1-58801-13499 (before LEE2015 )
LEE2015@iap.tuwien.ac.at
http://www.iap.tuwien.ac.at/www/lee2015/index
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Plenary Lecture

Jürgen Kirschner D Historical and Scientific Perspective of Electron Corre-
lation Spectroscopy

The plenary lecture will take place before dinner on Monday, September 7th, and will
be concluded by an after-dinner discussion accompanied by wine, whiskey and ci-
gars.

Invited Speakers

Christopher Chantler AUS DFT and Plasmon-Coupling Models for New Theory of
the Electron Inelastic Mean Free Path at Low Energies

Shigeo Tanuma JP Inelastic mean free paths, mean escape depths and
effective attenuation length for surface electron spec-
troscopies

Robert A. Bartynski US Low Energy Electrons and Energy Loss Mechanisms
in Extreme Ultraviolet (EUV) Resist Materials

Wolfgang Werner A (Multiple) Inelastic Electron Scattering near Surfaces:
Analysis of Spectral Shape and Energy Loss Coinci-
dence Spectroscopy

Wolf Widdra D Photoemission and Double Photoemission with
Higher-order Harmonic Generation Sources

Stefan Voss D Electron TOF-spectroscopy with position sensitive sin-
gle particle counting detectors

Martin Weinelt D Intra-atomic exchange in ultrafast magnetism probed
with time-, spin-, and angle-resolved photoemission

Luca Castiglioni CH Temporal aspects of photoemission from solids
Wen-Xin Tang CHN Aberation corrected ultrafast spin-polarised low elec-

tron emission microscope with multiple electron
sources

Urs Ramsperger CH Recent advances in topografiner technology: Near
Field-Emission Scanning Electron Microscopy

Jamal Berakdar D Interplay of plasmonic and particle excitations: A
quantum perspective

Georg Rohringer AUT Fluctuation Diagnostics of the electron self-energy:
Origin of the pseudogap physics

Ilona Müllerová CZ Low energy (0-30 eV) scanning electron microscopy
Michael Stöger-Pollach A Shaping electron beams for transmission electron mi-

croscopy
Alex Weiss US Low energy electron emission resulting from low ener-

gy positron interactions with surfaces
Roberto Gotter I Electron correlation probed by APECS (Auger photo-

electron coincidence spectroscopy): spin dependent
size and bias effects in magnetic systems
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Workshop Venue

The workshop will be held at Hernstein Castle, nowadays one of the most magni-
ficent seminar hotels in Austria. This is a historic chateau once owned by the Habs-
burg family (Archduke Leopold Ludwig). Located in an idyllic park with a small lake it
is just 50 km from Vienna city centre. Hernstein Castle is situated at the fringe of the
Viennese Basin, in the stepped footland of the Styrian and Lower Austrian limestone
alps. Its history goes back to medieval times: once the castle safeguarded the street
to Berndorf Village and the valley before it. In former times the building comprised a
housing unit and a chapel and could be seen from far away. It would have been very
difficult to expand the building, therefore a new castle - the core of today’s castle -
was built in the valley at the foot of the mountain where the old castle had been built.

After the Turkish wars this new building was expanded and in the 18th century it
got a uniform facade. For a long time the castle was owned by the Habsburgs and
was used as domicile by archduke Leopold Ludwig. The renowned architect Theophil
Hansen designed the castle - and that’s how you will find it today.

Nowadays the Castle houses a luxurious seminar hotel with excellent meeting fa-
cilities, and modern hotel rooms with shower, TV etc. According to the motto “mens
sana in corpore sano” the hotel also offers a lot of physical activities and helps our
guests to relax such as an indoor swimming pool, sauna, etc.

Address:
Seminarhotel Schloss Hernstein
Berndorfer Str. 32
A-2560 Hernstein, Austria
www.schloss-hernstein.at

Arrival

• By Plane
For participants arriving at Vienna International Airport (VIE) in Wien-Schwechat,
we offer to organise a direct shuttle transfer to the workshop site in Hernstein
on Monday, Sept. 7th , 2015. The shuttle busses (up to 4 persons) are operated
by a private company, and you will be picked up in the arrival hall of the airport
by the shuttle driver. The fee for this shuttle bus is 66.- Euro per transfer (max.
4 persons per transfer) payable in cash or by credit card directly with the chauf-
feur. If you want to use this shuttle transfer (60 km, approx. 1 hour transfer time),
we need to know your exact arrival time, flight number and airline; please return
the shuttle reservation form by e-mail to Mrs. Marik at marik@iap.tuwien.ac.at.
Please notice that in order to reach the minimum number of persons per trans-
port, you may have to wait for other flights to arrive. Solo-transports (e.g. if you
are not arriving on Sunday) can be arranged, but will be considerably more ex-
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pensive (please inquire). Transport back to the airport on Friday, September 1th

will be organized during the conference, with possibly even cheaper fares de-
pending on the number of passengers per trip. As an alternative to the shuttle
bus, you may take a train from the airport to Vienna and change there to a train
to Leobersdorf (approx. 2 - 3 hours); see section on the arrival by train below.

• By Train
The train station closest to Hernstein is Leobersdorf (15 km). Take a train from
Vienna station Meidling in the direction Baden and get off the train at Leobers-
dorf. The web-page of the Federal Austrian Railways ÖBB (www.oebb.at) can
help you finding your train connection from any European city to Leobersdorf.
From Leobersdorf train station it is a 30 minutes taxi ride (approx. 30 Euros) to
Hernstein.

• By Car
The maps below show you the best routes to Schloss Hernstein. When using
the A2 Autobahn (motorway), take the exit at Leobersdorf, follow the signs to
Berndorf along B18. Right in the center of Berndorf, at a big street junction, turn
left, following the signs to “Hernstein” (approx. 8 km). If you are travelling along
Autobahn A1, take the A21 Autobahn at Steinhäusl junction. Leave the A21 Au-
tobahn at exit Alland and follow the signs through Nöstlach, Weissenbach and
Berndorf to Hernstein. Schloss Hernstein is near the entrance of the small villa-
ge of Hernstein on your left-hand side.
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Weather

The weather near Vienna in September is usually still quite warm (15◦C lows, 20-30◦C
highs) and relatively dry. Occasional precipitation is possible.

Insurance/Disclaimer

The organisers cannot accept any liability or responsibility for death, illness, or injury
to the person or for loss of or damage to property of participants and accompanying
persons which may occur either during or arising from the workshop. Participants are
advised to make their own arrangements in respect of health and travel insurance.
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Social Programme

Welcome Reception

Time: Monday, Sept. 7th, 15:30
Location: Habsburgersaal /MV on the first floor.

Conference Dinner

Time: Wednesday, September 9th, 19:00-22:00
Location: In the park surrounding the Castle (If the weather allows it).

Sightseeing Tour Vienna City Centre for accompanying persons

An optional tour through the city of Vienna will be available on Tuesday, September
8th. A free shuttle for accompanying persons has been organised for a free sight-
seeing tour of the Vienna City centre. The bus will waiting by the hotel entrance at
9:00 AM and will depart at 9:30 AM sharp. The estimated time of arrival in Vienna
(downtown Albertinaplatz) is 10:00 AM

To start the sightseeing walk along the Kärntnerstraße to the town’s landmark “Ste-
phansdom”, Graben with the “pest pillar”, walk along the Graben-Kohlmarkt you can
find a lot of historical buildings e.g. “Hofburg” with Sisi-Museum, Imperial Treasury,
Spanish Riding School”, “Parliament”, “city hall”, “Justice palace”, “Museum of Natural
History”, “Museum of Art History”, and so on, Mariahilfer Straße strip mall, Kärntner
Straße strip mall, Opera, Karlsplatz with “Karlskirche”, Technical University of Vien-
na or make a walk along the danube canal (Schwedenplatz). Try coffee and cake
specialities in the “Biedermeier”-coffeehouse Heiner (Kärntner Straße), if you like ice
cream we recommend the Salon on Schwedenplatz Fam.Molin-Pradel vis a vis your
busmeeting point, for lunch with typical vienna cuisine try the city wine tavern Ester-
házykeller (Harrhof 1: Graben-Naglergasse-left Harrhof) or the Ilona Stüberl (Bräu-
nerstrasse 2: side street Graben) with hungarian cuisine, furthermore you find typical
vienna sausage kiosk (side street Graben: Seilerstätte or behind the opera Alpertina-
platz), to buy typical Vienna chocolate specialities visit the Heindl (Kärntner Straße
and Rotenturmstraße Straße).

Please find enclosed a city map downtown (Albertinaplatz). If you have further que-
stions, please don’t hesitate to contact Mrs Manuela Marik at the workshop office.
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–Albertina

The Bus back to Castle Hernstein will be waiting at the arrival location (downtown
Albertinaplatz) at 15:45 PM. Departure time will be 16:00 PM. Arrival in Hernstein
castle is scheduled for 17:00 PM

We wish you a nice trip and hope you will enjoy it.
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Scientific Programme

Oral Presentations

Oral presentations have a duration of 20 min including discussion (45 min for invi-
ted talks). The lecture room has a Macintosh (running OSX) and a PC (running win-
dows) prepared for projection using a beamer. You can also bring your own laptop and
connect it to our system before the beginning of the session featuring your presen-
tation. If you bring a file of your presentation instead (e.g. a powerpoint- or PDF-file)
you should upload and test it well in advance of your presentation.

Poster Presentations

A poster session will be held in the lecture room on Wednesday afternoon. Poster
panels are A0 in size. Posters can be mounted on Tuesday and can be left hanging
during the entire workshop. The presenting authors are encouraged to give a 1 min-
“flash”-slide-presentation about their posters before the Poster session starts.
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Scientific Programme
Low Energy Electrons: Dynamics and Correlation near
Surfaces and Nanostructures (LEE2015)

Monday, September 7th

15:00-16:30 Registration and Welcome Reception
16:30-17:30 Plenary Lecture

Session 0: Scientific Perspectives
Session Chair: Wolfgang S. M. Werner

16:30-17:30 Historical and Scientific Perspective of Electron Correlation
Spectroscopy
Jürgen Kirschner Max Planck Institute of Microstructure Physics,
Weinberg 2, 06120 Halle, Germany

18:00-19:00 Dinner

Tuesday, September 8th

Session 1: Inelastic Electron–Scattering
Session Chair: Frank O. Schumann

9:00-9:45 DFT and Plasmon-Coupling Models for New Theory of the Elec-
tron Inelastic Mean Free Path at Low Energies
Christopher T. Chantler School of Physics, The University of Mel-
bourne, VIC 3010, Australia

9:45-10:30 Inelastic Mean Free Paths, Mean Escape Depths, and Effective
Attenuation Lengths for Surface Electron Spectroscopies
Shigeo Tanuma National Institute for Materials Science, 1-2-1
Sengen, Tsukuba, Ibaraki 305–0047, Japan

10:30-11:00 Coffee-break
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Session 2: Electron Scattering and Coincidences
Session Chair: Christopher Chantler

11:00-11:40 Low Energy Electrons and Energy Loss Mechanisms in Extre-
me Ultraviolet (EUV) Resist Materials
Robert A. Bartynski Department of Physics & Astronomy and La-
boratory for Surface Modification, Rutgers University, Piscataway,
New Jersey 08854, USA

11:45-12:30 (Multiple) Inelastic Electron Scattering near Surfaces: Analysis
of Spectral Shape and Energy Loss Coincidence Spectroscopy
Wolfgang S.M. Werner,Alessandra Bellissimo, Cesc Salvat-Pujol,
Mihaly Novak and Werner Smekal Institute of Applied Physics,
Vienna University of Technology, Vienna, Austria

12:30-14:00 Lunch

Session 3: Low Energy Photoemission
Session Chair:Jamal Berakdar

14:00-14:45 Photoemission and Double photoemission with Femtosecond
High–Harmonic Generation Sources
Wolf Widdra Institute of Physics, Martin-Luther-Universität Halle-
Wittenberg, Halle, Germany

14:45-15:30 Electron TOF-spectroscopy with position sensitive single par-
ticle counting detectors
Stefan Voss RoentDek Handels GmbH, Kelkheim, Germany

15:30-16:00 Coffee-break

Session 4: Contributed Lectures
Session Chair: Ottmar Jagutzk i

16:00-16:20 Dynamic screening probed by core–resonant double photoe-
mission from surfaces
Zheng Wei Max-Planck-Institut für Mikrostrukturphysik, Halle,
Germany

16:20-16:40 Correlation Effects in Graphitic Materials from Seconda-
ry Electron Electron-Energy Loss Coincidence Spectroscopy
(SE2ELCS)
Alessandra Bellissimo, Wolfgang S.M. Werner, Afshan Ashraf, Fran-
cesc Salvat-Pujol, Werner Smekal, and Silvina Segui Institute of
Applied Physics, Vienna University of Technology, Vienna, Austria
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16:40-17:00 Intensity Relations in Pair Emission Spectroscopy
Frank O. Schumann Max-Planck-Institut für Mikrostrukturphysik, Hal-
le, Germany

17:00-17:30 General Discussions

17:30-19:00 Dinner

Wednesday, September 9th

Session 5:Time Resolved
Session Chair: Robert Bartynski

09:00-09:45 Intra-atomic exchange in ultrafast magnetism probed with time-,
spin-, and angle-resolved photoemission
Martin Weinelt Freie Universität Berlin, Fachbereich Physik, Arnimal-
lee 14, 14195 Berlin, Germany

9:45-10:30 Temporal aspects of photoemission from solids
Luca Castiglioni Department of Physics, University of Zürich, Zürich,
Switzerland

10:30-11:00 Coffee-break

Session 6: Low Energy Electron Technology
Session Chair: Ilona Müllerova

11:00-11:45 Design and commission of an aberration-corrected ultrafast spin-
polarized low electron emission microscope with multiple elec-
tron sources
Wen-Xin Tang College of Material Science and Engineering, Chong-
qing University, 400044 Chongqing, P. R. China

11:45-12:30 Recent advances in topografiner technology: Near Field-
Emission Scanning Electron Microscopy
Urs Rampsberger Laboratory for Solid State Physics, Department of
Physics, ETH Zürich, CH-8093 Zürich, Switzerland

12:30-14:00 Lunch
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14:00-15:30 Session 7: Brainstorming Session
Moderators:

14:00-15:30 Company Presentations, General Discussion, Physics of Low
Energy Electrons and Future Directions

15:30-16:00 Coffee-break

16:00-18:00 Session 8: Poster Session

16:00-16:15 1 min-Slide-Presentations of Posters
Time-of-flight spectroscopy of electrons transmitted through
very thin films

Benjamin Daniel Electron Optics Department, Institute of Scienti-
fic Instruments ASCR, Královopolská 147, 612 64 Brno, Czech Re-
public

Position sensitive microchannel-plate based particle/photon
counting detectors
Ottmar Jagutzki RoentDek Handels GmbH, Kelkheim, Germany

Correlated Electron Emission from Surfaces upon Electron Im-
pact
Jamal Berakdar Institut für Physik, Martin-Luther-Universität
Halle-Wittenberg, Halle, Germany

Research of inhomogeneous fields. Hyperboloid energy analy-
zers and long-focus systems.
Pavel Kuksa Ryazan State Radio Engineering University (RS-
REU), Ryazan, Russian Federation

Monte Carlo transport of low-energy electrons for secondary
emission applications
Juliette Pierron Onera, 2 av. Edouard Belin Toulouse, France

Detection of spin polarization in the topografiner mode
Quentin Peter Laboratory for Solid State Physics, Department of
Physics, ETH Zürich, CH-8093 Zürich, Switzerland
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Synthesis and crystal structure characterization of W5O14 and
W18O49 NWs

Muhammad Saqib Institut Jozef Stefan, Condensed Matter Phy-
sics Department, Ljubljana, Slovenia

Secondary electron emission from copper phthalocyanine de-
posited on Al(111)
Giovanni Stefani Dipartimento di Scienze and CNISM, Universitá
degli Studi Roma Tre, Roma,Italy

Experiment-Simulation comparison of the transmission of
electrons through thin films in an SEM with a STEM Detector
Chris G.H. Walker Institute of Scientific Instruments of the CAS,
Brno, Czech Republic

Electron emission from solid surfaces due to slow highly char-
ged ion impact
Richard A. Wilhelm Helmholtz-Zentrum Dresden-Rossendorf, In-
stitute of Ion Beam Physics and Materials Research, Dresden, Ger-
many

Spin-polarised single and double electron spectroscopies
Jim F. Williams School of Physics, University of Western Australia,
Perth, Australia

Lateral resolution of the NFESEM: a progress report on the
theory
John P Xanthakis National Technical University of Athens, Electri-
cal Engineering Dept., Athens, Greece

19:00-23:00 Conference Dinner
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Thursday, September 10th

Session 9: Theory of Solid State Dynamics
Session Chair: John Xanthakis

09:00-09:45 Interplay of plasmonic and particle excitations: A quantum per-
spective
Jamal Berakdar Institut für Physik, Martin-Luther-Universität
Halle-Wittenberg, Halle, Germany

09:45-10:30 Fluctuation Diagnostics of the electron self–energy: Origin of
the pseudogap physics
Georg Rohringer Institute of Solid State Physics, Vienna Univer-
sity of Technology, A-1040, Austria

10:30-11:00 Coffee-break

Session 10: Electron Microscopy
Session Chair: Shigeo Tanuma

11:00-11:45 Low energy (0 to 30 eV) scanning electron microscopy
Ilona Müllerová Institute of Scientific Instruments ASCR, Královo-
polská 147, 612 64 Brno, Czech Republic

11:45-12:30 Shaping electron beams for transmission electron microscopy
Michael Stöger-Pollach USTEM, TU Wien, Wiedner Hauptstraße
8-10, 1040 Vienna , Austria

12:30-14:00 Lunch

Session 11: Contributed Lectures
Session Chair: Alex Weiss

14:00-14:20 Super Extended Mermin Method for Calculating Electron Inela-
stic Mean Free Path
Bo Da International Center for Young Scientists, National Institute
for Materials Science, Japan
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14:20-14:40 Secondary electron emission behavior in magnetic induced mi-
crostructured surfaces
Leandro Olano Instituto de Ciencia de Materiales de Madrid-
CSIC, Spain

14:40-15:00 Derivation of a generalized Fowler-Nordheim equation for na-
noscopic field-emitters
John P. Xanthakis Department of Electrical and Computer Engi-
neering, National Technical University of Athens, Zografou Campus,
Athens 15700, Greece

15:00-15:30 General Discussions

15:30-16:00 Coffee-break

Session 12: Contributed lectures
Session Chair: Roberto Gotter

16:00-16:20 Ultrafast Electron Dynamics on Surfaces of Topological Insula-
tors
Thorsten U. Kampen SPECS Surface Nano Analysis GmbH, Ber-
lin, Germany

16:20-16:40 Instrument Development for Angle-Resolved Photoelectron
Spectroscopy
John Åhlund Scienta Omicron, Vallongatan 1, SE-752 28 Uppsala,
Sweden

16:40-17:00 General Discussions

18:00-19:00 Dinner
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Friday, September 11th

Session 13: Coincidence Spectroscopy
Session Chair: Luca Castiglioni

09:00-09:45 Electron correlation probed by APECS (Auger photoelectron
coincidence spectroscopy): spin dependent size and bias ef-
fects in magnetic systems
Roberto Gotter CNR-IOM Istituto Officina dei Materiali, SS 14 Km
163,5 Basovizza I-34149, Trieste, Italy

09:45-10:30 Low energy electron emission resulting from low energy po-
sitron interactions with surfaces
Alexander H. Weiss The University of Texas at Arlington, Arlington,
TX 76019, USA

10:30-11:00 Coffee-break

10:30-12:00 Session 14: Panel Discussion
Moderators: Wolfgang S.M. Werner, Giovanni Stefani, Frank O.
Schumann

12:00-12:30 Workshop Closing
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Historical and Scientific Perspective of Electron Correlation Spectroscopy 

J. Kirschner1,* 
1Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle, Germany 

 

 

 

  
Correlation spectroscopy aims at the detection and analy-
sis of interrelations among particle pairs which have 
been generated on atomic length and time scales during 
their creation or shortly thereafter. With solids this has 
been observed with electron-electron and electron-
positron emission detected in coincidence. This tech-
nique dates back to the development of nuclear physics. 
For solids it has greatly benefitted from the development 
of multichannel detection and fast electronics over many 
decades. In a typical event one pair of electrons has been 
created by the absorption of a photon, the collision of an 
electron or positron with another electron of the solid, or 
by the impact of an ion. 
As an application of correlation spectroscopy I will dis-
cuss the experimental and theoretical analysis of the ex-
change-correlation hole in Fe. This requires the 
knowledge of the spin state of the target and the primary 
electron and the analysis of the energy and angular dis-
tribution of the emitted electrons. An example for the 
exchange-correlation hole is given below. 
A special kind of correlation is entanglement, a genuine 
quantum-mechanical process, predicted by E. Schröding-
er. By means of two colliding electrons, represented by 
two wave-packets (private communication by R. Feder 
and H. Gollisch) it is demonstrated that the two-electron 
charge density consists of two separate densities before 
the collision, but is entangled after the collision. These 
effects represent a great challenge for the future. 
 

References 
[1] F. O. Schumann, C. Winkler, J. Kirschner, F. Giebels, H. 
Gollisch, and R. Feder, Phys. Rev. Lett. 104, 087602 (2010). 
 
 
 
 

 
Figure 1. Results for excitation with a primary energy 
of 25 eV and emission of 9.7 eV electrons. In panels 
(a) and (c) the spin polarization of the primary beam 
and spin direction of the majority electrons are paral-
lel (I+), while they are antiparallel (I-) in panels (b) 
and (d). Only momenta which fall inside the area 
which has the solid lines as boundary can be meas-
ured. 
Panels (e) and (f) are line scans through the distribu-
tions I+ and I-) with an integration width determined 
by the dashed lines in the upper panels.. 
 

 
 E-mail: sekrki@mpi-halle.mpg.de  
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LEE2015 Abstracts
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DFT and Plasmon-Coupling Models for New Theory of the Electron 
Inelastic Mean Free Path at Low Energies 

Christopher T. Chantler1 and Jay D. Bourke1 
1School of Physics, The University of Melbourne, VIC 3010, Australia 

chantler@unimelb.edu.au 
 
Synopsis: We derive experimental IMFPs from high-accuracy XAS and present a new self-consistent model 
of inelastic electron scattering in condensed matter systems for accurate calculations of low-energy 
electron inelastic mean free paths (IMFPs) for XAFS. Our model implements plasmon coupling 
mechanisms for the first time, in addition to causally-constrained lifetime broadening and high-precision 
density functional theory, and enables dramatic improvements in the agreement with recent high profile 
IMFP measurements. 

The accuracy of theoretical determinations of the electron 
inelastic mean free path (IMFP) at low energies is one of 
they key limiting factors in current XAFS modeling [1]. 
Recent breakthroughs in XAFS analysis show that there 
exist significant discrepancies between theoretical and 
experimental IMFP values [2], and that this can significantly 
impact upon extraction of other key structural parameters 
from both XANES and XAFS. Resolution of these 
discrepancies is required to validate experimental studies of 
material structures, and is particularly relevant to the 
characterization of small molecules and organometallic 
systems for which tabulated electron scattering data is often 
sparse or highly uncertain [3]. 
We have devised a new theoretical approach for IMFP 
determination linking the optical dielectric function and 
energy loss spectrum of a material with its electron 
scattering properties and characteristic plasmon excitations. 
For the first time we present a model inclusive of plasmon 
coupling, allowing us to move beyond the longstanding 
statistical approximation and explicitly demonstrate the 
effects of band structure on the detailed behavior of bulk 
electron excitations in a solid or small molecule [4]. This is a 
novel generalization of the optical response of the material, 
which we obtain using density functional theory [5]. 
We find that our developments dramatically improve 
agreement with experimental electron scattering results in 
the low-energy region (<100 eV) where plasmon excitations 
are dominant. Corresponding improvements are therefore 
made in theoretical XAFS spectra, facilitating extraction of 
significantly more information content from high-accuracy 
XANES investigations. 
References 
[1] J. D. Bourke and C. T. Chantler, Phys. Lett. A 360, 702 (2007) 
[2] J. D. Bourke and C .T. Chantler, Phys. Rev. Lett. 104, 206601 
(2010) 
[3] C. T. Chantler, N. A. Rae, M. T. Islam, S. P. Best, J. Yeo, L. F. 
Smale, J. Hester, N. Mohammadi, F. Wang, J. Synch. Rad. 19, 145 
(2012) 
[4] J. D. Bourke and C. T. Chantler, J. Phys. Chem. Lett. 6 314 
(2015) 
[5] C. T. Chantler and J. D. Bourke, J. Phys. Chem. A 118 
909(2014) 
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Inelastic Mean Free Paths, Mean Escape Depths, and Effective Attenuation 
Lengths for Surface Electron Spectroscopies 

S. Tanuma,1,* K. Goto, 2 H. Yoshikawa,1 and C. J. Powell3 
  

1National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan  
2Advanced Industrial Science and Technolog, Chubu-Center, Nagoya, Aichi 463-8560, Japan 

3National Institute of Standards and Technology, Gaithersburg, MD 20899-8370, USA 
 

 
  
 

Correct description of the attenuation of signal electrons 
in the near-surface regions of a solid is essential for es-
timating the surface sensitivity of surface electron spec-
troscopies such as Auger electron spectroscopy (AES) 
and X-ray photoelectron spectroscopy (XPS) etc. The 
electron inelastic mean free path (IMFP) is a convenient 
measure of the probability of inelastic scattering of the 
detected signal electrons. In addition to the IMFP, there 
are three related parameters that are often used for surfa-
ce analyses: the effective attenuation length (EAL), the 
mean escape depth (MED), and the information depth 
(ID). Historically, the term “Attenuation Length (AL)” 
has frequently been used for describing the attenuation 
rate of Auger-electron or photoelectron intensities due to 
inelastic electron-scattering events in a solid.  For AES 
and XPS analyses of thin overlayer thin films on a sub-
strate, the signal intensities from the film and the sub-
strate often varied almost exponentially with film thick-
ness. The AL was then considered to be identical to the 
corresponding electron IMFP. Nowadays, we know the 
terms IMFP and AL have separate meanings, and also 
that the AL should be replaced by the EAL. The EAL 
includes effects of  elastic scattering of the signal elec-
trons in a solid. As a result, the signal intensity from the 
substrate may not vary exponentially with overlayer film 
thickness.  

While the IMFP is a basic material parameter, 
the EAL, MED, and ID depend not only on the IMFP but 
also on the instrumental configuration and the magni-
tudes of elastic-scattering effects on the trajectories of 
the detected electrons. Since these parameters are often 
confused or misunderstood, we first give definitions of 
each term based on ISO18115-2010[1]. We then present 
examples of recent calculations of IMFPs for electron 
energies up to 30 keV [2,3]. Information will be given on 
calculated IMFPs for selected elemental solids and inor-
ganic compounds, comparisons of calculated and meas-
ured IMFPs, and the analytical equation TPP-2M for 
estimating IMFPs. We will also refer to absolute elastic-
peak electron spectroscopy (EPES) measurements for 
energies between 10 eV and 5 keV for elemental solids 

and compounds. The absolute EPES method, which is 
carried out with a novel cylindrical-mirror analyzer 
(CMA) equipped with a Faraday cup, does not need a 
reference specimen. This method, however, requires 
knowledge of the transmission efficiency of the CMA 
and an accurate surface-electronic-excitation correction. 
Goto made precise measurements of the transmission 
efficiency over the 1 eV to 5 keV energy range using a 
miniature electron gun.  We give comparisons of meas-
ured absolute elastic-peak intensities (EPI) and of EPIs 
calculated by Monte Carlo simulations using optical IM-
FPs for several elemental solids and compounds and en-
ergies between 10 eV and 5 keV. 

We also show comparisons of EAL measure-
ments for liquid water (from 10 eV to 1000 eV) and for 
several elemental solids with corresponding EALs that 
were calculated from the Jablonski-Powell predictive 
equation [4] with IMFPs calculated from the full Penn 
algorithm [5] and experimental ELFs. We will also show 
recent calculations of MEDs for photoelectrons excited 
by linearly polarized X-rays in a few elemental solids 
over the 50 eV to 10 keV energy range [6]. 
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Extreme ultraviolet lithography (EUVL) is a promising 
approach to achieving the 22nm resolution needs for 
fabrication of emerging microelectronic devices.  In 
EUV lithography, energetic photons ( = 13.5 nm, 92 
eV) interacts with a polymer or organic solid producing 
primary photoelectrons in the material. These high ener-
gy (~ 80 eV) primary electrons have relatively short ine-
lastic mean free paths (IMFPs), losing energy to the ma-
trix via a variety of mechanisms creating low energy 
electrons that have much longer IMFPs, produce bond-
breaking excitations, and initiate the chemical reactions 
that trigger the solubility switch in standard EUV chemi-
cally (acid-) amplified resists.  Thus, the mechanisms 
responsible for electron energy loss, and their correlation 
with low energy electrons produced by those interac-
tions, are of great interest.    
In an effort combining Electron Energy Loss Spectros-
copy (EELS), X-ray and Ultraviolet photoemission spec-
troscopies (XPS and UPS), along with first principles 
calculations, we have studied electron energy loss pro-
cesses in several phenolic and aliphatic polymers, as well 
as photoacid generators (PAGs) to identify the relevant 
molecular excitations that are responsible for the spectro-
scopically-observed loss features.  An example of typical 
results for the phenolic polymer, polyhydroxystyrene 
(PHS or StyrOH) is shown in Figure 1.  The red curve, 
an EELS spectrum obtained from a 10  nm thick PHS 
film on a Si(100) substrate, exhibits a sharp peak near -
6.5 eV, followed by a broad loss feature centered near – 
15 eV.  The black curve is the model loss spectrum gen-
erated from a first principles calculation of the electronic 
structure of the hydroxystyrene monomer.  By analyzing 
the orbitals that participate in these transitions, we find 
that the – 6.5 eV feature can be attributed to * 
transition in the phenolic portion of the molecule, as 
suggested by the orbital schematic below the spectra. 
The higher energy loss band, often attributed to a plas-
mon excitation of the system, is well accounted for by a 
band of molecular transitions in the same energy region. 
Determining the plasmon-like1, 2 or direct transition-like 
nature of these excitations is key to understanding how 
low energy electrons are generated in these systems.     
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.  

Figure 1. [upper panel] EELS spectrum of poly-
hydroxystyrene (red curve) and calculated ab-
sorption spectrum (black curve) of the hy-
droxystyrene monomer (shown at right).  [lower 
panel] Primary molecular orbitals involved in the 
– 6.5 eV transition observed in the experimental 
and calculated spectra.   
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The interaction of  signal electrons with the electronic 
subsystem of the solid governs the surface sensitivity of 
electron spectroscopy techniques. Two aspects of the 
inelastic electron–solid interaction are particularly sig-
nificant and will be highlighted in the present lecture: (1) 
the intensity of the no-loss peak as well as the shape of 
the inelastic background are determined by the collision 
statistics and quantitative spectrum interpretation there-
fore needs to be based on a sound understanding of (mul-
tiple) inelastic scattering; and (2) inelastic processes lead 
to the formation of the cascade of slow secondary elec-
trons. 
  Describing the collision statistics in terms of the num-
ber of electrons that have participated in a given number 
of inelastic collisions, the so–called partial intensities, 
leads to rigorous spectrum analysis procedures that allow 
one to quantitatively analyse electron spectra, such as 
deriving the dielectric function of a solid from an elec-
tron energy loss spectrum. Application to angle resolved 
energy loss spectra reveals the role of the surface which 
gives rise to so-called super-surface scattering events [1]. 
By appropriately accounting for supersurface scattering, 
it becomes possible to unambiguously expose the effects 
of multiple scattering inside solids as described by Lan-
dau–Goudsmit-Saunderson theory that was introduced 
more than fifty (!) years ago [2,3]. On this basis, Auger-
photoelectron coincidence spectroscopy can be used to 
discriminate the emission depth of photoelectrons [4], 
which is promising for the analysis of stratified magnetic 
multilayers, which only exhibit a magnetic and no 
chemical depth profile. 
  The dissipation of the energy which is transfered to the 
solid in the course of multiple scattering has been studied 
with secondary electron–electron energy loss spectros-
copy (SE2ELCS), revealing the emission of secondary 
electrons from the very surface in the course of a super-
surface scattering process (see Fig 1.) [4]. Since all elec-
trons in the cascade have to pass the surface in order to 
be emitted and their energy is generally low, supersur-
face scattering very often is the final process in the cas-
cade, implying that the contribution of this phenomenon 
to the secondary electron yield is always significant, irre-
spective of the energy of the primary electron.  
  Strong correlation effects in SE2ELCS of layered elec-
tron gas materials and measurement of the work function 
of a solid [6] via SE2ELCS are presented as two final 
examples of the specific effects of dielectric losses on 
coincidence spectroscopy. 

 
Figure 1. (a) (Black) solid curve: experimental REELS 
spectrum; Thick (red) solid curve (right axis): inte-
grated number of coincidences as a function of the en-
ergy loss.  Blue and Red solid curves: bulk and surface 
single scattering energy loss distribution; (b) Experi-
mental SE2ELCS ;(c) same as (b) after normalising the 
data for each energy loss to the intensity maximum 
along the TOF scale. Secondary electrons in the spec-
tral feature around 10 eV are emitted from zero depth 
in the course of super-surface scattering 

Acknowledgments 
Support from the EC project SIMDALEE2  FP7-PEOPLE-
2013-ITN Grant # 606988 is gratefully acknowledged 

References 

[1] W. S. M. Werner, M. Novak, F. Salvat–Pujol, J. Zemek and 
P. Jiricek, PRL 110, 086110 
 [2] L. D. Landau, J. Phys. (Moscow) 8, 201 (1944) 
[3] S. Goudsmit and J.L. Saunderson, PR 57, 24 
[4]W.S.M. Werner, W Smekal, H. Störi, HP Winter, G. Stefani, 
A. Ruocco, F. Offi, R. Gotter,A. Morgante and F. Tommasini, 
PRL 94,038302 
 [5] W. S. M. Werner, F. Salvat-Pujol, A. Bellissimo, R. 
Khalid, and W. Smekal PRB 88, 201407 
[6] A. Howie, ChemCatChem 2011, 3, 961 
 

 
 E-mail: werner@iap.tuwien.ac.at 

 

25



Low Energy Electrons: Dynamics and Correlation





















 
      

       

    
       
   
       



    


     

     

 




 

        
     



   
       
       
         
       
       



      


       

         
       
       




















 






26



LEE 2015

Electron TOF-spectroscopy with position sensitive single particle 
counting detectors 

Stefan Voss,1,2 R. Wallauer2, T. Bauer2, A. Czasch1,2, O. Jagutzki1,2 and R. Dörner2 
1RoentDek Handels GmbH, Kelkheim, Germany 

2 Goethe-Universität, Institut für Kernphysik Frankfurt , Germany 
 

 

Photoemission experiments on superconducting Pb[111] have been performed at synchrotron radiation facilities with a 
wide angle ARPES (angle resolved photoemission spectroscopy) setup. Electron pairs created from secondary electron 
emission have been detected in coincidence obtaining their full momentum vectors.   
  
An effective method to investigate quantum mechanical 
systems and dynamics is a 3D momentum imaging tech-
nique. An example in atomic physics is the COLTRIMS 
apparatus (COLd Target Recoil Ion Momentum Spec-
troscopy) also known as Reaction Microscope. Charged 
single particles (ions and electrons) are projected out of 
the interaction zone onto large area position and time 
sensitive detectors where they are measured in coinci-
dence. Accumulating many single measurements com-
plement to a picture of the correlated dynamics on atom-
ic scale. 
  The same technique in a pure electron detection con-
figuration was applied in the search for Cooper pairs that 
have been expected to be detectable after photoemission 
from a superconducting solid. Single UV photons with 
defined energy from a pulsed synchrotron radiation 
source (~1 MHz repetition rate) have been guided onto a 
clean superconducting single crystal. The very low flux 
produced single photoelectrons at only ~1 kHz event 
rate. And only 1% (~10 Hz) of all photo emitted elec-
trons resulted from coincidently detected electron pairs. 
This way several million secondary electron emission 
events have been recorded. Off-line data analysis yields 
information on the full momentum vector for both elec-
trons, at known excitation energy (photon energy) and 
with a full 2pi acceptance angle for low energy electrons. 
Thus, the taken data contain a complete �“picture�” of the 
secondary emission process �– but simulations need to 
close the gap between the point of excitation and the 
measured result in vacuum since it is not possible to 
track the moving electrons inside the solid.  
Until now only a rather simple Monte Carlo scattering 
code was compared to the measurements. One approach 
is to search for crystal structure in the correlated momen-
tum space of electron pairs. This can be done in the 
simulation as well as in the experimental data. While 
such symmetry can easily be found in single emitted 
electrons (e.g. at the Fermi energy or below, see Fig.1) 
secondary electrons taken alone do not show any crystal 
structure (Fig. 2 left side).  
If all involved scattering partners of one secondary elec-
tron emission event are recorded then no information is 
lost and the original electron state should be traceable. 
Experimental parameters (photon energy, material, tem-
perature, angle of incidence�…) must be chosen carefully 
to suppress multi scattering events. But even then one 

has to find the exact method to convert the correlated 
momentum space of electron pairs into single electron 
initial states. Plotting the center of mass in the parallel 
momentum plane for example is not sufficient to reveal 
any hidden symmetry (even if only electron pairs with an 
energy sum just below the double photoemission Fermi 
edge are chosen, Fig. 2 right).  
 

 
Figure 1. Single photoemission from Pb[111] at 
25eV photon energy: parallel momentum for dif-
ferent kinetic energies below EF. 

 
Figure 2. Double photoemission (secondary elec-
trons) from Pb[111] at 25eV photon energy: par-
allel momentum for electron pairs from the two 
particle Fermi surface. Left: both electrons of a 
pair are plotted independently. Right: the center 
of mass of an electron pair is plotted. 

Once some control on this 2e process is gained multiple 
scatter events can be investigated ( 3e, 4e �… and also 
e2e, e3e, e4e �…). 
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1. Introduction 
Physical properties of carbon strongly vary with its allo-
tropic form and consequently with its hybridisation state. 
Whereas diamond, exhibiting sp3-hybridisation, is known 
to be the hardest naturally-occurring material, with high 
transparency and low electrical conductivity, pure graph-
ite, essentially composed of sp2-hybridised C atoms ar-
ranged in a lamellar structure, exhibits high softness, 
appears opaque black and its conductivity is highly ani-
sotropic (parallel to the planes being several orders of 
magnitude higher than along the c-axis). 
A set of graphitic surfaces exhibiting noticeably varying 
sp2-hybridisation was investigated employing different 
analytical techniques: (e,2e)-coincidence spectroscopy, 
Reflection Electron Energy Loss (REELS) and Raman 
spectroscopies. Energy loss spectroscopy is a standard  
method to analyse the excitation channels of a solid, but 
does not provide any information on the emission 
mechanism of secondary electrons (SEs) which are cre-
ated as a result of the energy transferred to the solid in 
the course of the interaction.  By means of Secondary 
Electron Electron-Energy Loss Coincidence Spectros-
copy (SE2ELCS), on the other hand, it is possible to in-
vestigate how the energy deposited by the probing elec-
trons is dissipated away over the solid-state electrons, by 
measuring the spectrum of SEs in coincidence with the 
energy loss processes leading to their ejection (see Fig. 
1(a)).  

2. Results 
Unambiguous observations of strong electronic correla-
tion effects have been made in the case of Highly Ori-
ented Pyrolytic Graphite (HOPG), a layered electron gas 
(LEG) material. Despite of the fact that in such a LEG 
material the in-plane charge-transport is strongly favour-
ised, the plasmonic structures in HOPG exhibit three-
dimensional character, caused by the correlation of the !-
electrons of adjacent layers; the latter prefer to move in 
phase and are therefore intrinsically correlated. One sig-
nificant aspect of this inter-layer (!-!)-interaction is ob-
servable in our SE2ELCS as evident shift of the (!+")-
plasmon feature between 15eV and 26eV ca. depending 
on the energy of the primary electron beam. The energy 
shift of this (!+")-plasmon resonance was also observed 
by Eberlein et al. [1] in electron energy loss measure-
ments performed in transmission mode, in a TEM. In 
their measurement, this shift is observed in dependence 
of the number of graphene layers composing the sample. 
Comparison between the above-mentioned TEM [1] 
measurements and our SE2ELCS is shown in Fig. 1(b) 
along with theoretical curves obtained by Jovanovi# et 

al. [2] employing Shung’s theory [3] . 
By analysing two REELS measured with sufficiently 
different energies and under different geometrical con-
figurations using the deconvolution algorithm presented 
in Ref.[5] it was possible to extract the dielectric re-
sponse of HOPG [4], exhibiting both 2D (graphene) and 
3D (bulk-graphite) characters.   
Employing Raman spectroscopy, which is the most suit-
able technique to identify and quantify the hybridisation 
modes of the sp2-and sp3-bonds present in the C allo-
trope, we were able to draw a correlation between the 
sp2-content of the investigated graphitic material and the 
intensity of the spectral feature in SE2ELCS associated 
to the (!+")-plasmon resonance. 

 
Figure 1. (a) Double-differential Coincidence Spectrum of 
HOPG measured with E0=100eV.  
(b) TEELS of a double-graphene layer [1] (blue); theoretical 
calculation of [1] according to [2,3] (green); isolated spectral 
feature associated with the (!+")-plasmon in our SE2ELCS 
(red); normalised ELS of HOPG (black) 
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Synopsis We present the results of electron pair emission from surfaces excited with either an electron or photon beam. 
We observe a material dependence of the intensity and discuss this in the context of the electron correlation strength.  
  
The investigation of correlation effects in solids is an 
active field of research. In this context metal oxides like 
NiO are usually termed "highly correlated", because the 
material properties are decisively determined by the elec-
tron-electron interaction. The very existence of a finite 
electron pair emission requires a finite electron-electron 
interaction. This immediately leads to the question 
whether the intensity level provides insight into the cor-
relation strength. A theoretical description of pair emis-
sion upon photon absorption from a strongly correlated 
system modeled by the Hubbard Hamiltonian gives an 
affirmative answer.[1] 
We tested the conjecture in two different approaches. 
Electron pair emission was triggered by electron [2] or 
photon excitation.  We find that the coincidence intensity 
for NiO is significantly higher than those of the Ag(100) 
substrate and other metals. In Fig.1 we summarize the 
data obtained in the double photoemission study. For 
simplicity we normalize the intensities by the values ob-
tained from the Ag(100) surface under identical condi-
tions. Besides the higher coincidence rate of NiO,CoO 
compared to most metals we notice a general trend. The 
material with the lowest singles rate is V which has a 
value almost a factor 3 smaller than the corresponding 
value of NiO. At the same time the coincidence rate of 
NiO reveals an enhancement of roughly 8 compared to 
V.  In general, we observe an essential monotonic varia-
tion of the coincidence rate as a function of the singles 
rate. An important point is the measurement on a KCl 
single crystal surface. This material is an insulator like 
NiO and CoO, but displays a smaller coincidence rate. 
This means the higher intensity levels for NiO and CoO 
are a reflection of the stronger electron correlation. Our 
studies demonstrate the power of coincidence spectros-
copy to access the electron-electron interaction in matter. 
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Figure 1. Coincidence rate of double photoemis-
sion measurements versus the singles rate. The 
photon energy is 40.8 eV. 
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The exchange interaction is the defining element in the 
formation of magnetic order in atoms and solids. There-
fore the role of intra- and interatomic exchange during 
ultrafast magnetization dynamics needs to be explored. 
In the atomic magnetism of lanthanide metals localized 
4f and itinerant 5d orbitals contribute to the overall mag-
netic moment. In general it is assumed that the intra-
atomic exchange coupling is fast enough to be treated as 
an instantaneous process.  

We studied the magnetization dynamics of the lanthanide 
metals gadolinium [1] and terbium by time-resolved pho-
toemission employing femtosecond higher-order har-
monic vacuum-ultraviolet pulses [2].  We prepare lan-
thanide films of 5 - 10 nm thickness on a W(110) sub-
strate evaporating Gd and Tb in ultrahigh vacuum. Re-
cording in parallel the 4f magnetic linear dichroism in 
the angle-resolved photoelectron distribution and the 
exchange splitting of the 5d minority and majority spin 
valence bands we observe distinct spin dynamics in Gd, 
which indicate a breakdown of the intra-atomic exchange 
upon femtosecond laser excitation. While the exchange 
splitting reduces with a time constant of 800 fs the 4f 
MLD signal shows a significantly slower 13 ps decay. 
An orbital-resolved Heisenberg model [3] explains well 
the state-dependent two timescales of magnetization dy-
namics in Gd metal, which differ by one order of magni-
tude.  

Spin-, time-, energy-, and angle-resolved photoemission 
measurements of the occupied Gd surface-state using 
6.2-eV laser pulses corroborate these findings. While the 
peak position of the d-derived surface state mimics the 
femtosecond dynamics of the 5d exchange splitting, the 
spin polarization of the surface state follows the dynam-
ics of the 4f magnetic linear dichroism and drops only 
slightly. The latter is very different from spin-mixing 
observed in thermal equilibrium for increasing sample 
temperature.  

 

 

Due to its much stronger spin-lattice coupling, Tb shows 
a distinctly different magnetization dynamics, yet con-
sistent in all experiments.  
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Figure 1. Time-and angle-resolved photoemission of the 

Gd exchange splitting recorded in the 4th Brillouin 
zone employing 100-fs VUV pulses from a higher-
order harmonic beamline at 35.6 eV photon energy. 
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Synopsis We employ RABBITT, a well-known two-color interferometric technique from atomic spectroscopy to study 
the dynamics of the photoelectric effect in condensed matter. This method gives direct access to energy-dependent pho-
toemission delays with a calibrated time scale. The intrinsic energy-resolution of RABBITT provides much deeper in-
sights into the process and affords a detailed analysis of the delay contributions. In a different experiment, we employ 
the same method to study the dielectric response of a noble metal surface on an attosecond time-scale and find good 
agreement with a semi-classical model. 
 
 
  
The advent of attoscience in the last decade has allowed 
the study of photoemission dynamics in atoms [1] and 
solid surfaces [2] in the time domain. We extended an 
interferometric two-photon technique named RABBITT 
[3] from gas phase to condensed matter. A surface sci-
ence endstation was attached to an existing attosecond 
beamline in a two-foci configuration that enables simul-
taneous measurements in a gas target and on a solid sur-
face. [4] The use of the gas target (typically Ar or Ne) as 
temporal reference allowed us to extract surface-specific 
and energy-dependent photoemission phases and associ-
ated delays with a calibrated time scale. [5] 
We studied noble metal surfaces and found an unex-
pected strong energy-dependence of the delays in some 
materials. Simulations based on ballistic electron 
transport and scattering calculations cannot fully repro-
duce the observed delays and suggest that effects beyond 
electron transport are responsible for the observed de-
lays. We further illustrate how RABBITT can be exploit-
ed to investigate light-matter interaction at surfaces be-
yond photoemission with attosecond resolution. A transi-
ent optical grating is formed upon reflection of a light 
pulse on a surface. The use of a well-characterized target 
material gives experimental access to the phase and am-
plitude of the electric field at atomic length- and time 
scales. Interestingly, we find that the macroscopic Fres-
nel equations still hold.  
In summary, we demonstrate that RABBITT is an ideal 
tool to study light-matter interaction and concomitant 
electron dynamics at solid surfaces and offers many ad-
vantages over existing streaking methods owing to the 
intrinsic energy resolution and lower required probe-field 
intensity. 

References 

[1] K. Klünder et al, PRL 106, 143002 (2011) 
[2] A. L. Cavalieri et al, Nature 449, 1029 (2007) 
[3] P. M. Paul et al. Science, 292, 1689 (2001) 
[4] R. Locher et al, Rev. Sci. Instr. 85, 013113 (2014) 
[5] R. Locher, L. Castiglioni et al. Optica 2, 405 (2015) 

 

core levels

valence band
Fermi level

vacuum level

bulk

!"(2q+1)

!"

XUV-IR delay (fs)

kin
et

ic 
en

er
gy

 (e
V)

HH 17

HH 19

HH 21

SB 18

SB 20

surface

V0

+++

1Wigner

transport2

continuum-
continuum

3

Photon energy (eV)
26 28 30 32 34

Ph
as

e 
(ra

d)

0.5

0.0

-0.5

-1.0

-1.5

(a) (b)

(c)

 

Figure 1. (a) Schematic of the RABBITT process in 
a solid surface and contributions to the observed de-
lays: (1) initial excitation by an XUV photon, (2) 
electron transport to the surface and (3) interaction 
with the IR probe field leading to quantum path in-
terference and modulation of the sideband signal. (b) 
Experimental RABBITT trace of Ag(111) aligned 
with the scheme. (c) Surface-specific photoemission 
phases of Ag(111) and Au(111). 
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The topografiner technology [1] (a more suitable descrip-
tion of which could be Near Field-Emission Scanning 
Electron Microscopy   NFESEM) was developed origi-
nally at the National Bureau of Standards (now National 
Institute of Standards and Technology) with the aim of 
measuring the surface micro-topography. This technolo-
gy was essentially abandoned in favor of Scanning Tun-
neling Microscopy (STM) but has a remarkable property: 
the electrons can escape the tip-surface junction. Recent-
ly, we have revisited this technology with the aim of us-
ing it for imaging the chemical and magnetic contrast at 
surfaces with  hopefully  nanometer lateral spatial res-
olution.  
The essential elements of this technology are summa-
rized in Figure 1. The primary electron beam (red) is 
produced via field emission from a sharp tip placed at 
few nanometer distances from the sample surface. The 
primary electrons excite secondary electrons (green) 
from the surface, which, in principle, can be sampled by 
any type of detector and analyzed according to their en-
ergy, momentum and spin. By virtue of the closeness 
between tip and surface, the width of the primary elec-
tron beam, when it hits the sample surface, is expected to 
be few nanometers. Consequently, scanning the tip in the 
x-y plane should allow a spatially resolved map of the 
energy, momentum and spin of the excited electrons.  
As a first step we have characterized the tip-surface junc-
tion by measuring the current (I)-voltage (V) characteris-
tics as a function of the tip-surface distance d (Figure 2). 
The set of curves, taken at different distances d, collapse 
onto one single scaling curve when the voltage is re-
scaled by a rescaling factor R(d) (inset), which turns out 
to be proportional to d-  [2]. 
In a second step, we have verified the nanometer scale 
resolution of the NFESEM technology (Figure 3). The 
figure shows the topographic image of 0.4 monolayers of 
Fe grown epitaxially on W (110). On the left, one finds 
the STM image, on the right the NFESEM image. Some 
Fe patches and the monoatomic steps running along the 
diagonal are contoured in both images to facilitate the 
comparison. 
In a third and fourth step, we have analyzed the 
NFESEM secondary electrons according to their energy 
and, respectively, their spin. At the Workshop, we will 
discuss mainly these new results.       
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F igure 1. Schematic view of the topografiner set 
up. 

 

F igure 2. The I (V) curves at different d (left) col-
lapse onto one single scaling curve (r ight) when 
V is suitable rescaled. The electr ic field F at the 
tip apex is also given in the upper horizontal 
scale. 

 

F igure 3. ST M image (left) and Secondary E lec-
tron N F ESE M image (r ight) at d=13 nm.  

 
 E-mail: pescia@solid.pyhs.ethz.ch  
 

35



Low Energy Electrons: Dynamics and Correlation

LEE2015 Poster Presentations
Wednesday, September 9th

36



LEE 2015

T ime-of-flight spectroscopy of electrons transmitted through very thin films  

Benjamin Daniel1* 
1 álovopolská 147, 612 64 Brno, 

Czech Republic 
 
 

 

  
  
A time-of-flight spectrometer will be designed and built 
into an existing ultra high vacuum SEM. The SEM is 
equipped with a cathode lens and capable of imaging 
with good resolution down to electron energies of eV. 
With the time-of-flight spectrometer the energy distribu-
tion of electrons passing through very thin films and 2D-
crystals, e.g. graphene, will be analyzed.  
  
 

References  
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F igure 1. Cathode lens mode assembly of the 
U H V low energy SE M (SL E E M). E lectron land-
ing energy is controlled by negative potential of 
the specimen. The detector for transmitted elec-
trons will be replaced by a time-of-flight spec-
trometer . [1] 
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Position sensitive microchannel-plate based  
particle/photon counting detectors  

O. Jagutzki1 and R. Dörner2 on behalf of the collaborating team at  
1RoentDek Handels GmbH, Kelkheim, Germany 

2 Goethe-Universität, Institut für Kernphysik Frankfurt , Germany 
 

Position sensitive MCP-based particle/photon counting detectors are nowadays a pre-requisite for a number of applica-
tions not only in atomic/molecular physics and surface science fields. A private–public partnership between the Univer-
sity of Frankfurt and RoentDek GmbH collaborates already for 25 years on the development of such single particle 
counting detectors and adequate read-out electronics for delay-line technique. Advances in digital electronics develop-
ments and MCP manufacturing have eventually allowed for maturing of the same. Easy availability after commerciali-
zation of viable detection systems permits broader use of this technique in our scientific community.  
  
Unlike commonly-used position sensitive microchannel-
plate (MCP) detectors equipped with phosphor screen 
and CCD/CMOS read-out, many applications require 
counting, timing and locating individual particle or pho-
tons hits. Next to pixel devices (which suffer from com-
plexity) the delay-line anode read-out has been demon-
strated being a very flexible technique to allow for high 
performance in terms of combining common demands 
spatial/temporal resolution, throughput, detector size and 
modularity. 
 
Although the “ideal” multi-purpose detector still waits 
for its invention, the delay-line method as a bridge tech-
nology can meanwhile comply with many of the current 
experimental demands. Commercialization of complete 
systems that include all necessary components allowed 
for availability to the scientific community and to other 
commercial instrument manufacturers serving the same. 
 
The technique has been described almost thirty years 
ago, for example by Sobottka and Williams, and inspired 
the commercial detector version used in many labs 
worldwide nowadays. In short, a MCP stack biased for 
operation in saturated (counting) mode emits charge 
clouds (secondary electron avalanches) for each detected 
particle towards a delay-line anode. Measuring arrival 
times of the induced signal on the delay-line terminals 
allows for the reconstruction of charged cloud center 
projection with a precision of much less than 0.1 mm, 
combined with information on the particle impact time 
(<< 1 ns).  

   
 
Figure 1. Helical-wire delay-line anode as de-
scribed by Sobottka&Williams and a commercial 
version as three-layer Hexanode from Roentdek. 

In spite of count rate limits imposed by operating the 
MCP in saturation this allows for an effective imaging in 
“list-mode” format, recording all properties for each in-
dividually particle including the timely correlation be-

tween them (coincidence) and (online/offline) visualiza-
tion for computing maps, spectra and cross-sections.    
 
A show-case application of this technique in atom-
ic/molecular physics is the so-called COLTRIMS tech-
nique (“Reaction Microscope”) which has also been ap-
plied to coincident electron momentum spectroscopy 
from surfaces (see Voss et al. in this Volume).    
 

 
 
Figure 2. Artists view of a COLTRIMS spectrom-
eter for coincidently detecting electron and ions 
from a molecular breakup process for determin-
ing their 3d-momentum correlation with 4  solid 
angle. The blue and red discs symbolize large ar-
ea multi-hit MCP delay-line detectors.  

Expanding this technique to a novel type of encapsulated 
MCP photo-multiplier design, coupling image charge to 
reconfigurable anodes on air-side has increased the ap-
plication range not only to the visible and near-UV pho-
ton spectrum (with significant impact on Fluorescence 
Life-Time Microscopy techniques), it also allowed for 
implementing it to read out photon showers generated by 
high-energy X-rays, neutrons and for radiography of 
other high-energy particles traced in scintillators.  
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Synopsis We utilize the Korringa-Kohn-Rostoker (KKR) Green’s function method for description of the surface elec-
tronic structure and screening effects on the electron-electron interaction in the (e, 2e) collisions at surfaces.  
  
Recent decades have been marked with emergence and 
establishment of the so-called (e, 2e) method which stud-
ies the energy- and angle-correlated distributions of an 
electron pair emitted from a surface following electron 
impact by using the electron-electron coincidence tech-
nique (see, for instance, Ref. [1] and references therein). 
In essence, the (e, 2e) spectroscopy investigates ejection 
of a secondary electron induced by interaction of an im-
pinging, primary electron with the surface. The basic 
information that one can obtain in this way is as follows: 
(i) the surface one-electron spectral function, (ii) the sur-
face dielectric function, and (iii) the mechanisms of elec-
tron-electron collisions at surfaces.  

The recent experimental identification of the 
secondary-electron emission channel due to the decay of 
bulk and surface plasmons excited in the Al surface by 
electron impact [2–4] pointed out the importance of the 
dynamical-screening effects in the correlated electron 
emission processes. This calls for the relevant approach 
that consistently incorporates the surface dielectric re-
sponse not only in the theory of the (e, 2e) collisions. 
The first such approach for the (e, 2e) method was for-
mulated in our recent work [5] (see Fig. 1). It was suc-
cessfully applied to explain the (e, 2e) data on Al [2].  

We develop the theory of the (e, 2e) transitions 
at crystalline surfaces in terms of the real-space multiple-
scattering formalism. The incident, scattered and ejected 
electron states are constructed as the usual and time-
reversed states of low-energy electron diffraction. The 
surface bound one-electron states are derived by the 
many-body electronic structure calculations based on the 
KKR method. The screened Coulomb potential between 
the colliding electrons is derived from the corresponding 
Dyson equation, where the polarization function is calcu-
lated in the random phase approximation using the re-
tarded Kohn-Sham Green functions obtained within the 
KKR method.   
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022901. 

 

Figure 1. Correlated electron energy distribution 
from Al within a jellium model. The top panel 
corresponds to the Thomas-Fermi bulk dielectric 
function, while the bottom corresponds to the hy-
drodynamic approximation. The white solid line 
marks the energy threshold for the electron-pair 
emission, E0ѸEsѸEe , where  is the work func-
tion. In the HA case, clear signatures of the bulk 
and surface plasmon modes can be identified. 
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Research of inhomogeneous fields.  

Hyperboloid energy analyzers and long-focus systems. 

K uksa Pavel 
1Ryazan State Radio Engineering University (RSREU), Ryazan, Russian F ederation 

  

In the meantime the main instruments for 
the surface analysis are presented by the energy 
analyzers with homogeneous fields. The good and 
old examples of them are cylindrical mirror, 
hemispherical analyzer, quasi-spherical analyzer, 
quasi-conical and others. Along with their 
advantages, their weaknesses are well known. 
Some of them do not support high aperture ratio, 
some did not have good resolution, and some are 
very expensive and occupy a lot of space. 
 Because of these limitations, a question 
arose of research of inhomogeneous fields. These 
fields are generally generated by the various types 
of focusing electrodes systems. Following parts 
could be selected during research: the field creation 
by various geometry configuration of the electrode 
systems; interactions between fields and the 

particles movement in fields with 
various directions (and gradients as well) of 
equipotential lines. Each part consist of its 
subparts, for example, dependence on the 
equipotential lines were made on hyperboloid 
systems and conical elements as a part of the long-
foc
based on the complex research of following 
configurations: hyperboloid  cylindrical 
electrodes; hyperboloid  conical electrodes; 
hyperboloid  hyperboloid shields elements etc. 
 All computer simulations were done in the 
program FOCUS (Focus Pro) [1]. Hyperboloid 
systems showing a stable first order focusing in all 
possible configurations, some of them can reach 
values of the second order with several steps on 
dependence graph of Y-position and central angle 
of the charged particles. Presented an opportunity 
to create a long-focus system with built-in electron 
gun and the distance "sample  analyzer" 20 mm 
with crossover diameter starting from 2 and up to 
7.5 microns; resolution from 0.075 and up to 1.75% 
depending on selected geometry and sizes of 
separating diaphragm.  

References  
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F igure 1. Presented long-focus systems with 
3d-modeled electron gun and various types of 
energy analyzers based on hyperboloids 
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Synopsis  
 
Space RF hardware must handle higher and higher RF 
power, thus increasing risks of vacuum discharges (e.g. 
Multipactor effect). Therefore, an accurate understanding 
of material properties is needed. For that purpose, a 
Monte Carlo code for low-energy electron transport in-
side materials is implemented using the complex dielec-
tric function theory and optical data. The aim of this 
work is to provide comparisons of simulated secondary 
electron emission yields and energy spectra for low-
energy electrons incident in metals with experimental 
measurements performed at ONERA with the CELESTE 
facility [1].  
 
In the complex dielectric function theory, interactions 
between electrons are modeled using the energy-loss 
function  where  and q are respectively 
the energy and momentum transfers, and  the 
complex dielectric function (see fig.1). The energy-loss 
function at q=0 is obtained from optical data, fitted by a 
Drude-expression, 
relations [2]. Inelastic mean free paths are deduced by 
integration of equation (1) on ( , q) domains defined 
by laws of energy and momentum conservation [3]:  
 

 

 
 

 
F igure 1. Energy-loss function of aluminum for (a) 
q=0 and (b) d-
book of Optical Constants [4]. I and I I respectively 
represent domains of plasmon and individual interac-
tions. The model considers the damped plasmon in I I 
as an individual interaction [3]. 
 
In this work, we differentiate individual and collective 
interactions in the conduction band. We also use the 
complex dielectric theory to model interactions with core 
electrons. The main advantages of this work are to use 
one model for all interactions and optical data to over-

come differences in material band structures. To that 
extent, the aim is to provide a unique code for several 
materials such as aluminum, silver and silicon. 
 
In this abstract, simulations of secondary electron emis-
sion yields and low-energy spectra are presented for 
aluminum and compared to experimental measurements 
obtained from low-energy electron spectroscopy in ultra-
high vacuum (10-9 mbar) on Ar-etched samples with the 
CELESTE facility [1]. We can see on figures 2 and 3 
that experimental [5, 6] and simulated data are in good 
agreement. Results on other materials will be presented 
at the conference.  

 

 
F igure 2. Secondary electron and total emission 
yields for aluminum.  

 
F igure 3. Simulated energy spect ra for primary 
and secondary elect rons of 20 e V in aluminum.   
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 Detection of spin polarization in the topografiner mode 

Q. Peter, L. De Pietro, D. Pescia, U. Ramsperger  
Laboratory for Solid State Physics, Department of Physics, ETH Zürich, CH-8093 Zürich, Switzerland 

The topografiner technology [1] (a more suitable descrip-
tion of which could be “Near Field-Emission Scanning 
Electron Microscopy” – NFESEM) was developed origi-
nally at the National Bureau of Standards (now National 
Institute of Standards and Technology) with the aim of 
measuring the surface micro-topography. This technolo-
gy was essentially abandoned in favor of Scanning Tun-
neling Microscopy (STM) but has a remarkable property: 
the electrons can escape the tip-surface junction.  
One possible application of this property is the detection 
of the spin polarization of the ejected electrons, with the 
aim of imaging the magnetic contrast of the sample sur-
face [2,3].  
Recently, we have revisited this technology with the aim 
of using it for imaging the chemical and magnetic con-
trast at surfaces with – hopefully – nanometer lateral 
spatial resolution (Abstract by U. Ramsperger at 
LEE2015). 
We present in this Poster preliminary results that demon-
strate the existence of spin polarization in the topografin-
er mode at tip-surface distance as small as 5 nanometers.  
Fig. 1 gives a schematic view of the setting. The Sec-
ondary Electron detector has four sensor to detect the in-
plane and out-of-plane spin polarization. 
The sample is subject to a magnetic field pulse of vari-
able intensity, which is switched off during the mea-
surement of the spin polarisation, to avoid perturbation 
of the electron paths.  
Fig. 2 shows the spin polarisation of a 10 ML thick Fe 
film on W(110) measured as a function of the applied 
magnetic field. It displays the typical hysteresis curve 
which is a fingerprint of ferromagnetism.  
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!  

Figure 1. Schematic set-up of the topografiner 
mode. The primary electron beam originates 
from a tip via field emission. The secondary elec-
tron detector is sensitive to the spin of the elec-
trons.  

 

!  

Figure 2. Magnetisation versus magnetic field for 
a 10 ML Fe film. The tip was at - 110 V with re-
spect to the sample and the tip-surface distance 
was 200 nm.  
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Synopsis:  Investigation of metallic conductivity and crystal structure of tungsten sub-oxide (WnO nanowires, 
synthesized by the transport reaction.  

 
 Compared with other transition metal oxides, tungsten 
oxides have attracted great attention and have been 
investigated extensively due to their outstanding 
electrochromic, optochromic, and gas chromic 
properties.[1-2] Several WnO3n-x phases are known as so-
called Magneli phases. Among others, W18O49 is the 
most reduced phase. Less reduced W5O14 was reported as 
homogeneous phase using iron in 1978 [3] and nickel in 
2007 [4]. The individual W5O14 nanowires (NWs) made 
good ohmic contacts with W and Pt at room temperature 
and had excellent field-emission properties [5]. 
Photoelectron spectroscopy revealed the metallic 
conductivity of the W5O14 NWs, which was confirmed by 
direct-transport measurements on a double stranded NW 
[4].  
Here we report on achieving of reduction of tungsten 
three oxides to different sub- oxides nanowires by adding 
of elemental tungsten into the growth process. W5O14 and 
W18O49 nanowires are synthesized by the transport 
reaction in the presence of nickel as growth promoter and 
iodine as transport agent. The chemical transport reaction 
took place in sealed quartz ampoules in two-zone furnace 
from 860 °C to 736 °C for 500 hours. The scanning 
electron microscope revealed rigid W5O14 and W18O49 

NWs. Morphology and current-voltage characteristics of 
individual W5O14 NWs put on graphite were measured by 
scanning tunneling microscope operating in ultra-high 
vacuum. Surface structure of the W5O14 NWs was found 
affected by tunneling current, particularly on the NWs 
with weak interaction with the substrate. The work 
function of the NWs has been determined by Kelvin 
microscopy in non-contact atomic force microscopy 
operating in ultra-high vacuum.  
 
Acknowledgement: This project is supported by the 
SIMDALEE2.  
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F igure 1. (a) A typical SE M image of the synthesized 
product showing a large quantity of nanowires with 
diameter ranging from 30 to 100 nm and length 
several micrometers. (b)  ST M image (U T= 0.5V ; 
I T=0.5nA) of the W5O14 surface corrugations oriented 
along the needle axis. (c) Schematic representation of 
W5O14 structure in a cross section, showing network 
of pentagonal and hexagonal channels. (d) H R T E M 
image of the  W5O14 nanowire the (001) planes 
perpendicular to the needle axis with the inter layer 
distance of 0.366(1±0.05) nm. (e) I-V character istics of 
one single W5O14 N W with H OPG measured in 
vacuum at room temperature. (d) Normalized 
conductivity (dI/dV)/(I/V) representing L D OS, from 
the I-V curves of N W and H OPG . 
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Synopsis  Secondary electrons emitted by organic molecules relevant to the realization of organic solar cells, such as 
copper phthalocyanine, deposited on metal substrates are studied by (e,2e) experiments with energy transfer close to the 
substrate plasmon energy.   The process is well described in terms of pseudo-photoionization with photon energy equal 
to the substrate plasmon energy. 
  
Secondary Electrons (SE) are of great interest in many 
sectors of science ranging from basic surface physics to 
important technological applications e.g. in plasma dis-
play panels. Despite the relevant role, a quantitative un-
derstanding of SE emission is still missing.  
 
It has been recently shown on a clean Al(100) surface 
[1,2] that measuring the SE partial yield in coincidence 
with a scattered electron responsible of a plasmon excita-
tion, allows an insight in the SE origin. 
 
A relevant role in applications, such as organic solar 
cells, is played by Aluminum/ Copper Phthalocyanine 
(CuPc) interface e.g. Al/CuPc/Ag thin layers have shown 
an enhancement of photoelectron conversion efficiency 
via plasmon excitation [3]. More general, similar en-
hancement via the substrate plasmon excitation has been 
observed in metal phthalocyanine films grown on metal 
substrates [4]. 
 
In this work we present a direct evidence of the pseudo-
photoionization via the emission of a SE in a CuPc thin 
film grown on an Al(111) surface and a comparison with 
the clean Al(111) surface is also given.  
 
Secondary emission yield has been measured in coinci-
dence with the Al bulk plasmon loss peak of the conven-
tional Electron Energy Loss Spectrum (EELS). The SE 
coincidence spectrum is fully interpreted in terms of pho-
toemission event from CuPc with a photon of the same 
energy of the bulk plasmon, as proposed in previous 
works [1,2]. 
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Figure 1. Upper panel: secondary electron spectrum 
and secondary electron in coincidence with Al bulk 
plasmon loss peak.  Lower panel: aligned coinci-
dence and photoemission spectra in the event that the 
plasmon acts as a pseudo photon. 
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Synopsis Transmission experiments in a Scanning Electron Microscope (SEM) were compared with combined Monte 
Carlo simulations and electron trajectory calculations.  
  
Obtaining quantitative information from the electron 
signal in SEMs is proving difficult to establish [1]. The 
experiment in the SEM (Magellan 400 [2]) was designed 
to test quantitative procedures at high energy (15 and 
30keV primary beam) initially and then to lower the pri-
mary beam energy in later experiments. 
    A thin film of Au or Si (100nm) was placed under the 
beam and the transmitted signal was collected on an an-
nular STEM detector (see Figs. 1 & 2.). There are a 
number of detectors at different distances from the cen-
tre. The signal from each detector was compared with the 
signal from the centre detector. The result for Au at 15 
keV primary beam energy is shown in Fig. 3. 
   For the simulations, Monte Carlo [3] and electron tra-
jectory tracing [4] was used. The emitted electrons are 
strongly influenced by the magnetic field of the objective 
lens of the SEM. The results from Au at 15keV as shown 
in Fig. 3 show quite good agreement. 
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Figure 1. The STEM detector. BF=Bright Field, 
DF=Dark Field, HAADF=High Angle Annular Dark 
Field. Outer radius of HAADF = 10mm. 

 
Figure 2. Trajectories of electrons between sam-
ple and detector for 15keV primary beam energy 
and transmitted electron energies of 15keV and 
5keV. 

 
Figure 3. Values for the ratio of signal from each 
of the detectors ratioed with the signal from the 
central detector for experiment (solid line) and 
the simulation (dotted line). 
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Synopsis Large secondary electron yields (!!"!100-200) were observed from slow highly charged ion impact at impact 
velocities near the image charge acceleration limit (v = 104 m/s). 
  
Slow highly charged ions (HCI) and their interaction 
with surfaces reveal many interesting phenomena, e.g. 
nanostructure formation, non-equilibrium ion stopping 
and charge exchange as well as extremely large electron 
emission yields [1,2]. 
The emission of electrons is tightly connected to the neu-
tralization process of the HCI above and below the sur-
face. When the ion approaches the surface it starts to 
capture electrons near the Fermi edge into high Rydberg 
states in the ion and subsequently emits Auger electrons 
upon de-excitation. The process is well described by the 
classical-over-barrier model [3]. However, for normal 
incidence the time for neutralization of the ion above the 
surface is not sufficient. Hence, the neutralization pro-
ceeds below the surface with accompanied sub-surface 
electron emission. 
We present here recent experimental data on the second-
ary electron emission yield from highly charged Xe im-
pinging on Au, KBr, LiF and CaF2 surfaces (see fig. 1). 
The data shows that so called potential emission, i.e. 
secondary electron emission by neutralization (potential 
energy conversion) becomes significant for low ion ve-
locities (v < 105 m/s) [4]. 
The large amount of HCI induced electrons emitted from 
the surface opens the possibility of correlative studies of 
nanostructuring by HCI and subsequent electron spec-
tromicroscopy. 
Our planned Low Energy Ion Nano-Engineering Facility 
(LEINEF) at the Ion Beam Center of the Helmholtz-
Zentrum Dresden-Rossendorf will comprise several HCI 
sources, a medium and low energy ion scattering set-up, 
a focused ion beam set-up, Auger and x-ray photoelec-
tron spectroscopy as well as a low energy electron mi-
croscope (LEEM). The latter one may be equipped with 
an ion gun or a HCI source to perform correlative 
nanostructuring and electron spectromicroscopy with 

electrons from the LEEM source as well as ion induced 
secondary electrons.  
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Figure 1. Secondary electron yield for Xe40+ ions 
impinging on different metallic and insulating 
surfaces as a function of impact velocity. 
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Synopsis . Geometric and electron spin symmetries with time-resolved coincidence measurements are applied for vari-
ous scattering kinematics to observe low-energy electron exchange and spin-orbit effects for Stoner and plasmon excita-
tions on adjacent spin-active interfaces with Ag /W or Fe layers. Methodology and results may be deduced from figures. 
  
 
Plasmon excitation by electrons incident on a strained 
Gd surface layer was observed as an intensity asymmetry 
in SPEELS [1] and attributed to the Gd 4f electrons cre-
ating an exchange field which polarized itinerant rare-
earth5d and 6s electrons [1]. Here we search for spin-
dependence of plasmon excitation with a spin-active Fe 
layer adjacent to a Ag/W interface. The experimental 
apparatus and methodology are a subset of the time-
coincidence two electron scattering approach [2] as may 
be inferred from Fig 1. 

 
SPEELS (Energy loss spectrum and its asymmetry) for 4 
ML Ag film on W(110) were recorded with spin-up and 
spin-down polarization of the incident beam at primary 
energy 22 eV, as shown in Fig 2 and Fig.3. 
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Fig. 2. SPEELS results with plasmon location indicated 
for 4 ML Ag on W(110),  specular geometry for 22 eV. 
  

 

Fig. 3. Measured intensity asymmetries of SPEELS for 
Ag 6ML on Fe 10 ML for sample spin up/down M1 and 
M2 and incident electron spin up/down.. 
 

From the data above, the exchange and spin-orbit 
components are deduced, as shown. The measured 
phenomena are strongly dependent on electron kine-
matics. 
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Fig. 1. Schematic of a spin-polarised, two elec-
tron time-resolved coincidence experiment. 
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Synopsis The theoretical difficulties in calculating the lateral resolution of NFESEM - this new lensless type of micros-
copy -with nanometric emitters are outlined and compared to the case of the usual SEM with emitters of larger radii. 
  

The NFESEM –Near Field SEM- is a lensless 
form of microscopy so its lateral resolution (LR) depends 
predominantly on the angle of emission from the emitter 
since no electromagnetic focusing device exists in the 
vacuum chamber. Although the resolution is measured at 
the detector it can never be better than the spot-size of 
the beam emanating from the emitter. The reemitted 
beam is always broader than the primary one. 
 We have calculated the beam spot-size coming 
from a sharp –i.e. elliptically shaped at the apex- nano-
metric tip in the NFESEM configuration as a function of 
the tip-sample distance d [1]. We obtained the electro-
static potential analytically and we then calculated the 
transmission coefficient by the WKB method and the 
current by the Landauer formula. We initially neglected 
the small parallel (to the barrier) velocity of the electrons 
inside the tip and we got very good agreement with ex-
periment [2] as can be seen from Figure 1 (see blue line). 
When we included the small average parallel velocity of 
the emitted electrons at each point at the exit of the tun-
neling region the agreement with experiment was lost, 
see the red line. 
 This result comes as no surprise to us. The prac-
tice of ignoring the parallel velocity when the electrons 
enter the tunneling zone and then adding it when the 
electrons leave the tunneling zone is only valid for planar 
or nearly planar surfaces where the Cartesian separation 
of variables for the Schroedinger equation holds and the 
wave-vector (i.e. momentum) parallel to the barrier is 
conserved. In the NFESEM case where the emitter tip 
radius is 4-10nm the tunneling potential is r and ! de-
pendent and the Schroedinger equation is not separable 
in the spherical coordinate system.  

 This nonseparability will quench the parallel 
velocity or in more quantum mechanical terms it will 
give the electrons incident not normally on the 
barrier a much lower transmission coefficient. Work 
to prove this hypothesis is under way 

 

Figure 1. Beam spot size as a function of anode-
tip distance: isolated points stand for experi-
mental results while continuous lines are for the-
oretical results with parallel velocity included in 
the calculation (red line) and without parallel ve-
locity (blue line).  
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Synopsis In this contribution a quantum mechanical framework is presented for the treatment of multipolar collective 
excitations and their decay in finite systems. Ab-initio calculations for fullerenes are presented and discussed in light of 
recent experiments.  
  
  

Plasmonics, a field at the intersection of nano photonics 
and contemporary material science, is in the focus of 
current research. Its origin however, dates back to 1908 
when Gustav Mie proposed a classical theory of light 
scattering from spherical colloid particles. For extended 
systems the plasmon response occurs at a frequency set 
basically by the carrier density while in a finite system 
topology and finite-size quantum effects may play a key 
role. E.g., for a nano shell in addition to the volume 
mode, two coupled ultraviolet surface plasmons arise 
having significant contributions from higher multipoles.  
Even though this situation might be circumvented by a 
classical treatment, for large angular momentum, i.e. 
higher multipoles, the wave-length of the associated 
electron density oscillations becomes too short to be cap-
tured accurately classically, marking so the transition 
from collective to localized (atomistic) electron behavior. 
Hence, a unified quantum theory that accounts for all 
these facets is highly desirable and is presented here. 
Experimentally, e.g. in an EELS setup, the merger of 
collective with particle-hole excitations is easily realiza-
ble by increasing the amount of momentum transfer.  
Here, we present the first atomistic full-fledge TDDFT 
calculations for EELS from C60 at finite momentum 
transfer and demonstrate the necessity of the full ab-
initio approach by unraveling the nature of the various 
contributing plasmonic modes and their multipolar char-
acter. This is achieved by analyzing and categorizing the 
ab initio results by means of the so-called non-negative 
matrix factorization method which we adopted for spec-
troscopic applications.  The results are in line with recent 
experimental findings [1] (cf. Fig.1).   
A further issue concerns the possible processes following 
the decay of collective modes into particle-hole excita-
tions. As analyzed recently [2], if we consider one-
photon two-electron coincidence spectroscopy through a 
plasmonic channel the dominant mechanism is that the 
photoelectron acts as an internal electron beam. It excites 
collective modes that decay into particle-hole pairs. 
Hence, in such an optical experiment multipolar excita-
tions are accessible, even though the input excitation is 
an optical field [2].  Some recent experimental findings 
are in line with this prediction.  

 
Figure 1.  The cross section (in arbitrary units) for EELS of 
C60 as a function of the transferred energy and for scattering 
angles 3o

 (a),  4o (b), and 5o (c). Colored curves are TDDFT 
calculations, resolved in the contribution from one (S1) or both 
(S1+S2) surface plasmons or also including the volume plas-
mon (S1+S2+V). The thick curve shows experimental data [1]. 
The data are inter-normalized, i.e. the relative cross sections for 
different scattering angles are determined experimentally and 
are reproduced by theory.  
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We demonstrate[1] how to identify which physical pro-
cesses dominate the low-energy spectral functions of
correlated electron systems. We obtain an unambigu-
ous classification through an analysis of the equation of
motion for the electron self-energy in its charge, spin,
and particle-particle representations. Our procedure is
then employed to clarify the controversial physics re-
sponsible for the appearance of the pseudogap in corre-
lated systems. We illustrate our method by examining
the attractive and repulsive Hubbard model in two di-
mensions (see Fig. 1), which is relevant for the physics
of high-Tc superconducting cuprates. Our fluctuation
diagnostics identifies spin fluctuations as the origin of
the pseudogap in the one-particle spectra. We also ex-
plain why d-wave pairing fluctuations play a marginal
role in suppressing the low-energy spectral weight, in-
dependent of their actual strength.

References

[1] O. Gunnarsson, T. Schäfer, J. P. F. LeBlanc, E.
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Synopsis: Standard Scanning Electron Microscope equipped by a deceleration field in the specimen region is used for 
the imaging of structures at very low energies with a high lateral resolution.  
  
Low Energy Electron Microscope (LEEM) is an instru-
ment used for direct imaging of surfaces by electrons 
reflected from the specimen, with the primary electron 
energy ranging between 0 and 50 eV [1].  Compared to 
Scanning Electron Microscopes (SEM), there is but a 
handful of LEEM instruments in the world. Our goal was 
to design a SEM in which most LEEM techniques would 
be available. We call this system Scanning LEEM 
(SLEEM) [2]. One of our first results demonstrating dif-
fraction contrast in a standard SEM adapted for SLEEM 
is shown in Figure 1 [3]. Nowadays this system is avail-
able in nearly all commercial SEMs. Users however 
mainly concentrate on the study of contrast formation in 
the huge energy range of primary electrons between 50 
eV and tens of keV, which is impossible in the LEEM.  
Our last results are the imaging and measurements of the 
local density of states [4] and the imaging and measure-
ments of the transmission of electrons through free 
standing very thin films at very low energies, where the 
inelastic mean free path increases. We showed that the 
electron transmissivity of graphene drops with the de-
creasing energy of electrons and remains below 10% for  
energies below 30 eV. We also showed that transmissi-
vity of very low energy electrons can be used for reliable 
determination of the number of graphene layers. Moreo-
ver, incident electrons below 50 eV release adsorbed 
hydrocarbon molecules and effectively clean the gra-
phene, in contrast to faster electrons that decompose the-
se molecules and create carbonaceous contamination [5]. 
The experiments were done both in ultrahigh vacuum 
SLEEM and a standard one. The best experimentally 
obtained lateral resolution is about 4.5 nm at 20 eV. 
There is a lot of spectroscopic techniques that allow un-
derstanding the electron interaction with matter at very 
low energies, but the advantage of SLEEM is that we see 
the whole structure with high large lateral resolution. 
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Figure 1. Flat Pb islands deposited in-situ onto an 
Si (100) surface, JEOL JAMP 30 UHV SEM 
adapted for the SLEEM method, electron energies 
from the top right by column: 6.5, 7.5, 10.5, 16 eV, 
top left by column: 18, 22, 29 and 34,5 eV, the 
height of the field of view is 60 µm. The specimen 
tilted to approximately 1.3o in the direction inclined 
at 55o with respect to the vertical line. 
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Transmission electron microscopy (TEM) has become to 
be a technique for materials analysis on the nanometer 
and sub-nanometer scale within the last decade. Aberra-
tion correctors and monochromators have improved the 
spatial and energy resolution to the Ångström and meV 
range, respectively. Future development is going towards 
beam shaping by means of holographic masks and mag-
netic fields. 
 
In the present work we describe the production and ap-
plications of (i) electron vortex beams [1] and (ii) elec-
tron Bessel beams. The prior exhibit a rotating phase 
thus showing orbital angular momentum (OAM) as its 
intrinsic property whereas the latter leads to a cone-like 
illumination allowing electron energy loss (EELS) exper-
iments in dark field conditions by focusing the electron 
probe onto the specimen. 
 
Electron vortex beams with OAM can be used for prob-
ing magnetic properties at the atomic scale with respect 
to the atomic species. We show first experimental results 
by observing energy filtered electron vortices with  
OAM = ±1 after penetration through a magnetic speci-
men.  
 
Bessel beams have the advantage that the influence of 
the spherical aberration is intrinsically reduced. Due to 
the fact that this set up allows to perform experiments 
with increased momentum transfer the inelastic delocali-
zation caused by the long range Coulomb interaction is 
reduced in the same time [2]. We present first results of 
valence EELS (VEELS) experiments with improved spa-
tial resolution. 
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Figure 1. Schematic experimental set-up for stud-
ying peculiar rotations of electron vortex beams. 

 

 
 
 
Figure 2: Setup for the creation of Bessel beams 
for ADF STEM-EELS experiments
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Synopsis We propose Super Extended Mermin method [Phys. Rev. Lett. 113, 063201 (2014)] for calculating electron 
inelastic mean free paths (IMFPs) in solids from experimental energy-loss functions (ELFs) based on the Mermin die-
lectric function. Excellent agreement is found between calculated IMFPs for Cu and experimental measurements from 
elastic peak electron spectroscopy. Notably improved fits to the IMFPs derived from analyses of x-ray absorption fine 
structure measurements for Cu and Mo illustrate the importance of infrared transitions contribution in IMFPs calcula-
tion at low energies.  
  
For electron energies below 200 eV, theoretical predica-
tions have large variability and also exhibit significant 
deviations between alternate measurement techniques. 
Despite the great importance of the appropriate descrip-
tion of IMFP in different theoretical approaches, it is 
necessary to make clear which one is most adequate. In 
this context, we propose an improved method named 
extended Mermin (EM) method [1] or calculating elec-
tron inelastic mean free paths (IMFPs) in solids from 
experimental energy-loss functions (ELFs) based on the 
Mermin dielectric function. 
 
The EM method is much simpler over a wide energy 
range than the traditional approach and naturally pre-
serve two important sum rules when extending obtained 
accurate ELFs to infinite momentum transfer. Our ap-
proach uses dozens of Drude oscillators and allows nega-
tive oscillators to model the experimental data. These 
modifications not only significantly improve the accura-
cy of the approximation for valence electrons or plasmon 
excitations but also extend to phonon excitation and in-
ner shell excitations avoiding the separate calculations.  
 
The IMFPs for Cu are calculated by this present EM 
method as well as Full Penn algorithm (FPA) for com-
parison. The use of Mermin terms in the q-extension 
results in IMFPs that are smaller than those from the 
FPA over the whole energy range. It is found that the 
IMFP calculated from the EM method is in excellent 
agreement with the improved-EPES measurement and 
lower than the data from traditional EPES. The compari-
son with improved EPES confirms that the EM method 
provides better agreement than other theoretical predic-
tions at keV energies. 
 

energy, notably improved fits to x-ray absorption fine 
structure measurements of Cu [2] at low energy illustrate 

IMFPs are in excellent agreement with the most reliable 
experimental measurements by XAFS technique at low 
energies. This result is clear evidence that these excellent 
agreements with XAFS-based measurements in the re-
gion of 50 120 eV, where both the experimental and 
theoretical determinations should be considered most 
reliable, which is not produced by other theoretical mod-
els. 
 

 

F igure 1. E lectron IM FPs as a function of elec-
tron. 
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The effect on the secondary electron emission yield of a magnetic induced rugosity in NiZn-ferrite samples was studied. 
The secondary emission curves were obtained for energies ranging from 0 to 1000 eV with special interest in energies 
below E1. Charge accumulation on the samples due to secondary emitted electrons was also studied. 
 
 
 
Under vacuum conditions several effects can take place 
on electronic devices due to emitted secondary electrons. 
Effects such as multipactor discharge in satellites, space-
craft charging or electron cloud phenomenon in colliders 
have been the focus of great attention through the last 
decades. The study of the secondary emission yield 
(SEY) is utterly important to be able to tackle these ef-
fects.  
 
One of several ways to reduce the population of free 
electrons in vacuum, key to avoid or delay the onset of 
multipacting is the magnetization of surfaces. The effect 
of the resulting magnetic field is that the trajectories of 
the outgoing secondary electrons are bent forcing the 
electrons back into the sample. 
 
We present the study of the SEY of NiZn-ferrite coat-
ings, Ni0.5Zn0.5Fe2O3, under electron irradiation as a 
function of the primary incident energy from 0 to 1000 
eV. Energy distribution curves (EDC)  were obtained for 
various surface roughness conditions. The surface mor-
phology and composition  were investigated by field-
emission scanning electron microscopy (FE-SEM) and 
energy dispersive X-ray spectroscopy (EDX).  The 
measurements of the magnetic hysteresis were also per-
formed. Such ferrite presents a saturation magnetization 
of 20 emu/g. NiZn coatings were made by the arrange-
ment of NiZn particles with high packing density from a 
well-dispersed slurry. An external magnetic field using 

Nd magnets was applied to obtain a micrometric pillar 
shaped structure of NiZn coatings. The effect of an en-
hanced surface roughness from a few up to hundreds of 
µm was to induce a reduction from 2.5 to 1.9 on the SEY 
maximum.  
 
Special emphasis was placed on the study of the sub-E1 
region. E1 is defined as the lower primary energy at 
which the SEY equals unity. In such a region structures 
seem to appear related to different electron-specimen 
interactions including the interaction of the low-energy 
incident electrons with plasmons in the material. 
 
Surface charging behavior of the NiZn-ferrite was also 
studied. For such purpose single pulsed monoenergetic 
electron beams with several durations, from 200 to 2300 
ns, were used. The duration of the pulse is of paramount 
importance. As the primary electrons impinge on the 
NiZn-ferrite the volume concerned by the space charge 
grows and charge builds up modifying the secondary 
emission yield measurement. The charging effect was 
studied before and after the deposition of a layer of gold 
of 20 nm which increased the conductivity of the sample. 
We obtained a reduction of the emitted current of 0.8 
nA/ns during the pulses due to the charging effect in the 
non Au-coated NiZn which disappeared after the Au 
deposition. 
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emitters 
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Zografou Campus, A thens 15700, Greece 
 

The Fowler-Nordheim (FN) equation, originally 
constructed in the 1928 for planar surfaces is still being 
used for the analysis of experimental data despite the fact 
that modern emitters have radii of curvature R in the 
region of 1-20nm and thus cannot be considered planar. 
The inadequacy of the FN theory has been amply 
demonstrated si ], but no equation is 
available so far that is applicable to arbitrarily sharp na-
noscopic tips and has been derived from first principles.  

In the present work we derive analytically from first 
principles a generalized FN equation that is applicable to 
an arbitrary potential (or surface) and is simple and easy 
to use. Upon applying this equation to experimental data, 
one can obtain the local field at the tip and the radius of 
curvature of the emitting surface. 

The main idea of this work is that for emitters with 
nanosize radii a proper generalization of the barrier po-
tential is the inclusion of a second order term to the usual 
image rounded linear one. Assuming an arbitrary shape 
for the emitter with an apex radius of curvature R, it can 
be proven [2
symmetry axis z may be expanded as follows: 

   

2 3

( ) (0) z z zz FR O
R R R  (1) 

where F  is the local electric field at the apex z=0. 
Equation (1) is the key to understanding the approx-

imations used in field emission. The tunneling current is 
primarily determined by the electrostatic potential within 
the forbidden region (about 1-2nm). Thus when R>50nm 
taking into account up to the linear term of (1) is suffi-
cient. However when R<20nm neglecting the quadratic 

portant in the calculation of tunneling currents and when 
R<5-6nm we have found that even the cubic term cannot 
be neglected. Here we shall keep up to the quadratic term 
which will be adequate for radii R>5nm. 

Using the above expression for the potential, we ob-
tain the expression for the Gamow exponent of the WKB 
approximation:   

2

1

1/23/2 2 3/2
2

2

/ 4 21 ( , )
/ 2 3

yG g x d g x y
eF x eF   (2) 

where  is the work function, B= e2/16 0~0.36eVnm, 
=e F / , x= /e FR, y=2(BF)1/2/ , g=(8m)1/2/  and x,y) is  

a dimensionless function. The variable x=  is a met-
ric of the magnitude of the forbidden region length L in 
comparison to R and in standard field emission configu-
rations is small. Thus we may expand x,y) on x. After 
some manipulations we obtain our final equation: 

2 3/2
1 2 ( ) ( ) exp ( ) ( )J a F t y y b v y y

e FR F e FR (3) 
where J is the current density and = e3/16 2 b=2g/3e. 

In the above formula the functions v(y), t(y) are the 
standard image correction functions for the linear barrier 
that are widely analyzed and used in the Fowler-
Nordheim theory literature [3]. The functions (y), (y) 
are defined by the authors and are given in analytic, ap-
proximate and tabular forms [2]. It is evident that in the 
limit ( /e FR)→0, eq. (3) reduces to the standard FN 
equation as the terms involving (y) and (y) are the 
corrections needed for sharp emitters. 

The validity of our formula is tested against accurate 
numerical calculations for standard ranges the parame-
ters  and F  and yields to be very good for R 10nm, 
satisfactory for 5nm R<10nm not satisfactory for 
R<5nm. The error depends always on the ratio  /eFR. 

In figure 1 we plot the FN curves of three different 
experimental groups (markers) [4-7], together with our 
theoretical fits to them (lines). The degree of reproduc-
tion of experimental results is very good. From the tradi-
tional fit using the FN equation an experimentalist would 

eff which is the current density 
effJ). Using equation 

(3) we may also obtain R. The values obtained in the 
figure are in very good agreement with experimental 
measurements of R.  
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Instrument Development for Angle-Resolved Photoelectron 
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Here we present results from development of the next generation of electron spectroscopy analyzers, the 
hemispherical Scienta DA30 deflector analyser and the angle-resolved time of flight analyser Scienta ARTOF. 
Using these analysers the ARPES capabilities extends to recording parallel angle resolved photoemission (ARPES) 
spectra for electrons emitted in a full cone without rotating the sample. This ensures both constant selection rule 
matrix element for ionization and ease of alignment during measurement. In contrast to a traditional TOF the 
ARTOF contains an electrostatic lens system. This enables ARPES in a full cone of ±15°. For the Scienta DA30 the 
full ±15°cone mapping is realized by the use of deflectors allowing to build up the cone from several individual 
I(E,!) spectra automatically. 

In the mid 1990’s Scienta Omicron revolutionized ARPES with the introduction of the parallel angle-resolving 
analysers, thereby allowing for simultaneous measurements of electrons with different emission angles (along the 
slit axis) without having to tilt the sample [1]. Here we present results from the next generation of analysers, the 
Scienta ARTOF and Scienta DA30. Here the ARPES capabilities extend to record parallel angle detection ARPES 
even off slit axis without rotating the sample. 

Although the lens of a hemispherical analyser is circularly symmetric, different emission angles can only be 
simultaneously recorded along one axis. Currently a new type of hemispherical deflector type analyzer, is being 
developed. This novel analyser represents yet another breakthrough in ARPES instrumentation, since it enables 
ARPES measurements off slit axis by using electrostatic deflectors. This feature can be used e.g. for Fermi surface 
mapping or spin measurements. Here we will demonstrate the capabilities of this analyser and show some initial test 
results.  

In this presentation we also report on the continued development of the ARTOF spectrometer, a novel ARPES 
instrument for electron spectroscopy dedicated for pulsed photon sources [2]. This slit less spectrometer is based on 
the time of flight principle but is combined with a lens system in order to increase the acceptance angle, and 
conserve the angular information of the photoemission in a full ±15° circle.  
 

[1] N. Mårtensson, P. Baltzer, P. A. Brühwiler, J. -O. Forsell, A. Nilsson, A. Stenborg, and B. Wannberg, “A very  high resolution electron 
spectrometer“, J. Electron Spectrosc. Relat. Phenom,  70,  117-128  (1994) 

 

[2] G. Öhrwall, P. Karlsson, M. Wirde, M. Lundqvist, P. Andersson, D. Ceolin, B. Wannberg, T. Kachel, H. Dürr, W. Eberhardt, S. Svensson, 
“A new energy and angle resolving electron spectrometer – First results“, Journal of  Electron Spectroscopy and Related Phenomena,  183,  125-
131  (2011) 
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E lectron correlation probed by APE CS (Auger photoelectron coincidence spec-
troscopy): spin dependent size and bias effects in magnetic systems. 
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Spin selectivity in angle-resolved Auger photo-
electron coincidence spectroscopy (AR-
APECS) has been used to probe local mag-
netism in ferromagnetic (FM) and antiferro-
magnetic (AFM) thin films. 
In FM systems [1] spectra are understood in 
terms of mutual convolutions of the density of 
states (DOS) of the majority and minority split 
sub-bands. A remarkable correlation effect, de-
scribed with the Cini-Sawatzky approach, is 
found only when both final state holes are cre-
ated in the majority band, and such a correla-
tion depends on the film thickness, in the range 
of very few monolayers. Similar results are ob-
tained for a FM/AFM coupled system where 
the Auger lineshape is affected by the bias ef-
fect. 
In transition metal oxide AFM systems [2,3] 
sharp high-spin and low-spin structures has 
been identified below the Néel transition tem-
perature (TN) in spite of the otherwise feature-
less conventional Auger spectra (AES), typi-
cally found for open-band systems. High and 
low spin contributions manifest with a propen-
sity to satisfy the Hund's rule, and completely 
disappears above TN; some explanatory mecha-
nisms are suggested [4]. 
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A R-APE CS spectra of F e/Cu(001) collected in 
high-spin (green tr iangles) and low-spin (orange 
ci rcles) configurations. The D OS is shown in the 
inset. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A R-APE CS spectra of CoO /Ag(001) collected in 
high-spin (blue tr iangles) and low-spin (red circles) 
configurations, below and above T N.
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Synopsis: Measurements of electron emission resulting from the bombardment of surfaces with low energy positrons 
indicate multiple emission mechanisms and differences between x-ray induced and positron induced Auger Spectra.  
  
 In this talk we will present measurements of the 
energy distributions of electrons emitted as a result of 
bombardment of metal, semiconductor and topological 
insulator surfaces with low energy positrons.  Data will 
be presented which demonstrate a number of different 
positron induced electron emission mechanisms includ-
ing the mechanism underlying Positron Annihilation 
induced Auger Electron Spectroscopy (PAES) in which 
electrons are emitted as a result of Auger transitions in-
volving the filling of holes created by positrons annihi-
lating with atoms at the surface [1].  Other important 
mechanisms include electron emission as a result of di-
rect energy transfer through collisions of positrons with 
electrons in the bulk (positron induced secondary elec-
tron emission), and electron hole pair productions during 
the trapping of positrons in the surface state (Auger me-
diated sticking)[2].  The data confirm that energy con-
servation precludes electron emission via the second two 
mechanisms at positron-beam energies below ~2 eV. The 
persistence of the Auger peaks in the spectra obtained at 
beam energies below 2 eV demonstrate that electron 
emission still occurs through annihilation induced pro-
cesses including the PAES mechanism.  Comparisons of 
the PAES spectra obtained from Cu(100) and Graphite 
(0001) (see Fig. 1) and of the Auger spectra of Cu ob-
tained using PAES with corresponding spectra measured 
using Auger-Photoelectron coincidence [3] (see Fig. 2) 
suggest that there are important contributions to the 
PAES spectra from annihilation induced electron emis-
sion not directly associated with CVV Auger transitions. 
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Figure 1. Comparison of Positron Annihilation 
induced Auger Electron Spectra resulting from 
the bombardment of Cu and Graphite surfaces 
with low energy (!1.5eV) positrons. 

 
Figure 2. Comparison of the complete spectra of 
the M2,3VV Auger electrons emitted from a 
Cu(100) surface measured by Positron Annihila-
tion induced Auger Electron Spectroscopy 
(PAES) and a corresponding (M3VV) spectra 
measured using Auger Photoemission Coinci-
dence Spectroscopy (APECS).  The PAES spectra 
were obtained with an incident positron beam en-
ergy of 1.5 eV eliminating background due to 
beam induced secondary electrons.  The APECS 
data are shown with a measured background due 
to Auger unrelated contributions subtracted.  The 
two sets of data have been scaled so that the inte-
grated MVV Auger peak intensities are the same. 
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High Lateral Resolution (<2nm)
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Computer-Controllable Axes
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from RT to 1000ºC
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Pfeiffer Vacuum stands for innovative and custom vacuum solutions worldwide, 
technological perfection, competent advice and reliable service. We are the only 
supplier of vacuum technology that provides a complete product portfolio:

! Pumps for vacuum generation up to 10-13 hPa
! Vacuum measurement and analysis equipment
! Leak detectors and leak testing systems 
! System technology and contamination management solutions
! Chambers and components

Are you looking for a perfect vacuum solution? Please contact us:

 Pfeiffer Vacuum Austria GmbH  
 T +43 1 8941704 · F +43 1 8941707 · offi ce@pfeiffer-vacuum.at

 www.pfeiffer-vacuum.com
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Vacuum solutions 
from a single source
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With	  the	  merger	  of	  VG	  Scienta	  and	  
Omicron	  to	  Scienta	  Omicron,	  the	  most	  	  

Microscopy 	  

one	  roof.	  Here,	  we	  outline	  some	  of	  the	  

and	  Omicron	  have	  already	  delivered	  a	  
number	  of	  systems	  together	  in	  the	  past.

please	  check	  our	  new	  website
www.scientaomicron.com

Scienta Omicron is currently 
developing the next generation 
platform for Ambient Pressure 
PES, utilising the latest advances 
in sample handling and samp-
le environment control. The 
platform wil be based on the 
imaging capabilities and outstan-
ding transmission of  the Scienta 
HiPP-3 analyser. In combination 
with the XM1200 monochro-
matic x-ray source, this will be 

APPES ever.

Omicron has a long history of  
delivering systems combining 
different analytical techniques 
as well as deposition and other 
modules. These capabilities are 
now even stronger with the in-
house availability of  the comple-
te Scienta range of  analysers. An 
example of  an ARPES and low 
temperature STM combination 
system is shown above. System 
equipped with Scienta R4000 
analyser and Omicron LT STM 
ARPES module equipped with 
Scienta R3000 analyser.

from	  an	  unparalleled	  	  	  	  
spectrum	  of	  technologies.	  

www.scientaomicron.comwww.scientaomicron.com
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Complete systems and custom made solutions:

The COLTRIMS reaction microscope for quantum 
mechanical systems is well known and successfully 
adopted in atomic physics and already applied in 
solid state physics and surface science. 
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