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Photoelectron Emission Microscopy in combination with high brilliance synchrotron radiation 
(XPEEM) is known to be an appropriate method for studying surface properties with chemical 
selectivity. The use of an additional transfer lens in the optical path of such an energy-filtering 
XPEEM installation allows the direct imaging of the angular distribution in the back focal plane 
and therefore an angular/momentum resolved image of the excited electrons at a well-defined 
kinetic energy [1]. Varying this kinetic energy gives access to a robust band structure imaging of 
the full k-space with comparatively short acquisition times. With our NanoESCA at the 
synchrotron Elettra (Italy) in combination with a micro spot refocused synchrotron beam we 
measure one full momentum distribution with an angular resolution smaller than 0,09 Å−1 [2] . 
We present results of the Ag (001) single crystal to introduce this imaging mode as well as results 
of the technologically interesting topological insulator Bi2Te3 grown as an epitaxial thin film [3]. 
Clear Dirac cone features can be resolved. Using left and right circular polarized synchrotron light 
also a circular dichroism contrast in the related band structure can be examined [4].   
 

 
 
Figure 1. Reciprocal space mapping from an epitaxial Bi2Te3 (111) film: (a) wide angular range Fermi 
surface at hv=60 eV at a pass energy of 100 eV; (b) difference of the related photocurrent distribution 
taken with right and left polarized synchrotron light shows a clear circular dichroism signal.  
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Status and perspectives of laboratory spectroscopic XPEEM 
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The current status and practical use of spectroscopic PEEM [1] implemented with various 
laboratory sources (near threshold excitations, VUV and X-rays), different imaging modes (direct 
and reciprocal space) and emitted electrons (secondary, valence- and core-level electrons) are 
addressed through some examples of studies in the field of micro-devices and technologically 
relevant materials. We will emphasize some powerful, specific aspects of the technique in applied 
surface science such as work function mapping, micron-scale band structure imaging and chemical 
state mapping (Fig. 1). These examples show both the maturity and complementarity of 
spectroscopic (X)PEEM to other surface-sensitive laboratory microscopies such as LEEM, 
scanning-probes and Auger nano-probes. In the perspectives we will address the necessary 
complementarity with synchrotron radiation [2], the extension of the applications of spectroscopic 
XPEEM to biological systems and future progress towards quantitative core-level imaging. 

 
 
Figure 1. (a) Work function mapping from He I excited threshold spectromicroscopy of epitaxial 
graphene on SiC(0001) showing the few-layer graphene thickness distribution [3]. (b) Band structure 
imaging of a graphene device:  reciprocal space analysis (10µm) evidences the presence of graphene 
residues after plasma cleaning, not detectable by Raman spectroscopy. (c) Core-level 
spectromicroscopy of a Ru-based micro-switch device (size of Ru dot is 10µm) exhibiting anomalous 
cycling properties: new Ru and Au core-level states (bottom) appear in the active region of the device. 
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We have investigated the relationship between strain and electronic structure in Ge-rich SiGe 
nano-stripes fabricated by selective epitaxial growth of Ge on a Si(001) substrate patterned with 
150 nm wide trenches. Strain information has been obtained by means of tip enhanced Raman 
spectroscopy with an unprecedented lateral resolution of ~ 30 nm. A large tensile strain is found in 
the nano-stripes, as a result of the peculiar constrained geometry. The strain-induced variation of 
the electronic structure has been investigated by valence band and work function mapping using 
X-Ray photoelectron emission microscopy with a resolution better than 100 nm. A positive work 
function shift and a broader dispersion at the valence band edge are found for the nano-stripes with 
respect to the bulk case, and are attributed to a narrowing of the direct energy band gap induced by 
the tensile strain. The estimated reduction of the energy difference between the direct and indirect 
band gaps, using first principles calculations based on the measured strain, is larger than that of 
strained structures reported so far in literature, which is fundamental for approaching the condition 
of population inversion for lasing. 
 

 
 
Figure 1. (a) Raman frequency profiles of the SiGe mode as a function of the position across the stripe 
for the two line scans at different positions along its axis. (b) Energy-filtered XPEEM spatial mapping 
of the Ge concentration as obtained by monitoring the pixel-by-pixel Ge 3d and Si 2p peak intensities. 
(c) experimental spatial profiles (black and green squares) of the hydrostatic strain, εh, obtained 
combining TERS and XPEEM data. The blue solid line represents the computed εh profile as derived 
by FEM simulations shown in the panel (d). (d) spatial map of the hydrostatic deformation in the xz 
plane obtained by FEM simulation. Inset: strain field created by two 90° dislocations at the interface 
between the SiGe stripe and the Si substrate.  
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It is known that adsorption can radically change surface reconstructions and produce surface stress. 
Steps play an important role in relieving surface stress. Here we examine the displacive adsorption 
of As on 1 × 1 Si(111) using III-V low energy electron microscopy (III-V LEEM), which is a 
combination of III-V MBE and LEEM [1]. To reduce the As chemical potential, the adsorption 
experiments are performed at high temperature and under high As fluxes [2]. Regions of enhanced 
As incorporation are identified in the vicinity of steps, where wide contrast bands are observed. 
This is explained by a reduction in tensile surface stress associated with 1 × 1 As:Si(111). 
Meanwhile, Si adatoms kicked out by displacive As cause step motions and form Si islands on 
terraces. The motion of steps and the growth of Si island are saturated when the adsorption and the 
desorption of As on Si reach equilibrium state. Cycling the incident As flux on and off can 
increase surface roughening. This roughness facilitates increased 1 × 1 As:Si(111) coverage during 
As deposition due to surface stress relief at steps. These results further our understanding of GaAs 
growth on Si, since the As adsorption on Si represents the initial stage of GaAs growth. 
 
 
 

 
 

Figure 1. Mirror electron microscopy (MEM) images of As adsorption on Si(111) at 890 °C. The beam 
effective pressure (BEP) of the As2 molecular beam is 3.7×10-6 Torr. (a) Observation of dark bands at 
the positions of surface steps after As exposure. The displacive adsorption of As kicks out Si atoms and 
forms 2D Si islands on terraces. (b) Following desorption of As on the surface indicated in (a). 
Opposite contrast is observed during the desorption. The scale marker in (b) is 2 μm across. 
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An exceptionally unusual mass transport behavior in the dense Pb wetting layer on the Si(111) 
surface has been studied by observing non-equilibrium coverage profile evolution with low energy 
electron microscopy (LEEM) and micro-low energy electron diffraction (LEED). Similar 
behavior was observed in both the amorphous and the well ordered Pb/Si wetting layers. The focus 
of the current work is on the ordered Pb/Si wetting layer because the formation of a rich sequence 
of structural phases depending upon Pb coverage offers the opportunity to determine coverage 
during profile evolution with an unprecedented combination of very high precision, on the order of 
~0.001 ML, and high spatial resolution, ~ 2m, over macroscopic distances using LEED. As in 
earlier studies, equilibration of an initial coverage step profile that is produced by laser induced 
thermal desorption occurs by the motion of a non-dispersing coverage step at constant speed [1,2]. 
This contrasts sharply with the profile broadening and gradual approach to equilibrium uniform 
distribution that is expected from classical considerations and observed in other systems using 
similar methods [3]. Here, we report additional observations that equilibration involves the 
exchange of mass between the non-dispersing coverage step and an oppositely directed steep 
coverage gradient (Figure 1).  The shape of the coverage profile between the two moving edges 
also exhibits an exceptional positive curvature, whereas a negative curvature is expected by 
consideration of the continuity equation and Fick’s law. The bifurcation of the initial profile and 
the shape of the coverage profile between the two moving edges expose shortcomings of 
explanations that have been put forth to account for exceptional mass transport in Pb/Si(111) so far 
and suggest intriguing alternative possibilities, including a very unusual coverage dependent 
diffusion behavior or a collective, super-diffusive motion of the wetting layer.   
 
 
 S 
 
  
 
 
 
 
Figure 1. LEEM image sequence of non-equilibrium profile evolution in the Pb wetting layer on 
Si(111). Equilibration following laser induced thermal desorption at t = 0 occurs by mass transfer 
between a coverage step profile (S) and an oppositely directed small coverage gradient (G).  
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Recent research on the O2 + NH3 reactions on Rh(110) focused on interface instabilities in this 
bistable reaction system [1]. Since different adsorbate structures and changes in the surface 
anisotropy presumably play a central role in the mechanism of the front instabilities we studied 
this reaction system in the 10−6 and 10−5 mbar range with LEEM and LEED. We identified the 
mixed coadsorbate phase c(2×4)-O,N and the c(2×6)-O phase in the bistable range. At higher 
temperatures we observed the formation of m-sized islands. Within these islands structural 
transitions occur via fronts. These fronts are sensitive to the microscopic surface structure such as 
surface steps.  

 
            

             (a)           (b) 
 
 
 
 
 
 
 
 
 
 
 

         
 
Figure 1. LEEM dark field images of Rh(110) covered with coexisting c(2×6)-O phase (bright) and 
c(2×4)-O,N coadsorbate phase. The coexistence of the two phases is controlled by the ratio of the O2 
and NH3 partial pressures. (a) A macroscopic reaction front propagates across the imaged area. The 
temperature is set to 670K, with p(NH3) = 6.2 · 10-6 mbar and p(O2) = 1.9 · 10-6 mbar, respectively.  
(b) At T = 740K small islands form. Inside each island reaction fronts are seen.  
p(NH3) = 4.6 · 10-6 mbar, p(O2) = 0.6 · 10-6 mbar. 
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The Giant Magnetocaloric Effect (GME) involves a large entropy change driven by a magnetic 
field [1]. It has been suggested applications in cryogenics and environmental friendly cooling 
technology. Thin films of La0.7Ca0.3MnO3 (LCMO) deposited on a bulk ferroelectric crystal of 
BaTiO3 (BTO) show a reversible GME at low temperature due to a strain-mediated feedback 
mechanism at the interface between the thin film and the substrate [2], which together constitute a 
composite multiferroic material [3]. The interplay between the magnetic order of the film and the 
structure of the ferroelectric substrate is thus the key ingredient in understanding this extrinsic 
GME. 
Magnetic domain imaging with elemental selectivity was performed with X-Ray PhotoEmission 
Electron Spectroscopy (XPEEM) combined with X-Ray Magnetic Circular Dichroism (XMCD). 
In this approach, the magnetic contrast is given by the component of the magnetization vector 
along the polarization vector of the X-ray beam. By combining two images with orthogonal x-ray 
incidence angles we have retrieved the full in-plane magnetization vector map of the LCMO/BTO 
magnetic domain structure. This approach allows a quantitative comparison of XPEEM images 
with bulk magnetic measurements. We found [3] that the microscopic origin of our extrinsic GME 
is due to phase separation of the LCMO into a ferromagnetic and a non-ferromagnetic phase.  
 

 
Figure 1. Vector XPEEM of LCMO/BTO at 150 K, showing the in-plane magnetization in terms of 
angle (left) and magnitude (right).  
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Iron containing 3% Si is a widely used soft magnetic material for practical applications such as 
magnetic cores in motors and transformers [1]. In such applications, materials with lower loss are 
desirable. Inclusions in the material can increase the loss, because they increase coercive force of 
the material by pinning domain walls. Therefore, we need improvement of the magnetic properties 
by controlling size, shape, and density of such inclusions. It is essential to know their influences to 
the magnetic properties. We investigated magnetic domain behavior in magnetization process of 3% 
Si-Fe(110) by using samples with 4 different shaped (rectangle, square, triangle, and ellipse) holes, 
which were artificially made on surfaces by means of FIB. The magnetic structure was observed 
with XMCD-PEEM with synchrotron radiation at the soft x-ray beamline BL25SU in SPring-8. 
Magnetic field was applied during the observation with coils mounted in a sample cartridge.  
Figure 1 shows magnetic domain images of 3% Si-Fe(110) with holes of 10 m size as shown in 
Fig. 2 (a). Position of a domain wall indicated with white arrows in Fig. 1 is shown as a function of 
coil current in Fig. 2 (b). Domain walls of primary domains are clearly pinned in the mean time at 
the holes. We often observed local domains (one of them is indicated with black dotted curves in 
Figs. 1 ae) and detours of domain walls of primary domains (white dotted curves in Figs. 1 b and 
c) around the holes. Shapes of the domain walls of the primary domains were clearly modified and 
deviated from the straight line around the holes.  
 

 
 

 
 
 
 

 

Figure 1. Magnetic domain images of 3% Si-Fe(110) with 
artificially made holes. Field of view = 250 m. Shapes of 
the holes and their relative positions in the images are 
illustrated in Fig. 2 (a). Photons illuminated the sample with 
h = 707 eV along the magnetization axis as shown above 
the right side image. Magnetic field was applied along a 
direction shown in the images with coil currents of (a) 4.0, 
(b) 4.9, (c) 5.9, (d) 9.3, (e) 11.9, (f) 19.1, and (g) 21.7 mA.  
 

Figure 2. (a) Illus tration of 4 different shaped (rectangle, 

. Magn. Soc. Japan 25, 1612 (2001).  

square, triangle, and ellipse) holes on the surface. (b) 
Position of a domain wall indicated with the white arrows in 
Fig. 1 as a function of coil current. The two curves in the 
graph correspond to the positions measured on the two lines 
shown in each of the images in Fig. 1.  
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It is known that thin Au film on Ni(111) exhibits two kinds of epitaxial orientation relationships 
and their ratio alternatively oscillates with growth temperature, which has been shown by the low 
energy ion scattering [1, 2]. However, the detailed growth process has not been observed so far, 
and hence how areas with different orientations develop in the growth process is still open 
question. In the present study, dynamic observation of the growth process of Au/Ni(111) at several 
substrate temperatures was carried out with low energy electron microscopy (LEEM).  

Ni(111) substrate was cleaned by repeated Ar+ ion sputtering and heating up to about 650 oC, 
and the clean surface was checked by AES and LEED. Au was evaporated at several substrate 
temperatures. The dynamic observation of the growth process was performed by LEEM, and the 
structure of the formed thin film was observed by LEED. Areas with different orientation were 
distinguished using the dark-field LEEM image. Fig. 1 shows an example of experimental results, 
which was observed at the substrate temperature of about 400 oC. (a) is a bright field LEEM image 
taken at about 4.4 ML of Au, and several gray levels are seen on the flat terraces. However, the 
LEED pattern shows Au(111) 11 structure as shown in (b) in all areas. Therefore, it is considered 
that the difference in the intensity seen in the bright field LEEM image is not due to the different 
surface structure but by a difference in film thickness. That is, the growth mode of Au/Ni(111) is 
not ideal layer-by-layer mode. Because Au/Ni(111) shows three-fold symmetry in the LEED 
pattern, adjacent LEED spots indicated by circles in (b) produce the dark field LEEM images of 
two different areas with opposite orientation as shown in (c) and (d). The contrast in these dark 
field LEEM images is reversed with each other, so that one can distinguish two opposite epitaxial 
orientations using the dark field images. In the dark field image of (d), the bright area is much 
more dominant than the dark area. At the other substrate temperature, the ratio between the bright 
and dark areas was different.  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. (a) Bright field LEEM image, (b) LEED pattern, (c) and (d) dark field LEEM images of 
Au/Ni(111) grown at about 400 oC.  The coverage of Au is about 4.4 ML. The field-of-view is 10m. 
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By using a combination of microscopic imaging and diffraction techniques with structural and 
chemical sensitivity, we studied the growth of diindenoperylene (DIP) on gold single crystals. 
Growth and structure of DIP films of different thickness were monitored in situ including real time 
PEEM and LEEM performed at the aberration-corrected SMART spectromicroscope, installed at 
the synchrotron radiation source BESSY (Berlin) and at the SPELEEM, installed at the 
Nanospectroscopy beamline at Elettra (Trieste). DIP thin films were grown by organic molecular 
beam deposition at room temperature and at very low evaporation rate. A layer-by-layer 
mechanism characterizes the initial growth followed by island nucleation, i.e., the growth follows 
the Stranki-Krastanov mode. The effect of the Ehrlich-Schowebel barrier was also directly 
observed at the substrate and in the film morphology, in particular inside the islands that show a 
non-homogenous thickness due to a rough front growth, because of the additional energy required 
for the diffusing molecules to surmount a downward step [1]. Highly resolved spectromicroscopy 
reveals that electronic structure, core-hole screening, and molecular orientation depend on the local 
morphology of thin films. These phenomena, like different screening of the core hole, or different 
FWHM of the XPS lines, have been previously shown comparing different samples consisting of 
monolayers and multilayers. In our work we show their occurrence comparing islands versus 
monolayers in the same film [2]. We also find that island shapes and aggregation in 
diindenoperylene deposited on Au(100), Au(110), and Au(111) single crystals are steered by the 
anisotropy due to the lattice geometry of the substrate. This phenomenon may be exploited as a 
tool for molecular patterning of surfaces [3]. 
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One crucial issue for the success of organic materials in electronic devices is the ability to 
specifically design the interfaces between different active layers according to their functional 
purpose. For this reason the growth behaviour of organic layers on noble metal surfaces was 
investigated intensively over the last decades. The initial growth state, i.e., the formation of the 
first molecular layer, is of particular interest since this layer acts as a template for further growth.  
 
In the last years most studies in this field focused on organic layers containing only one molecular 
species, and on the interface of such mono-molecular layers with metals [1]. Only recently some 
groups started to study layers containing different types of molecules and the hetero-organic 
interfaces involved. We have recently started such investigations for a prototypical system: 
Copper-II-phthalocyanine (CuPc) and 3,4,9,10-perylen-tetracarboxylic-acid dianhydride (PTCDA) 
adsorbed on Ag(111), both, for molecular layers lying upon each other [2] as well as for laterally 
mixed layers in which both molecules have contact to the Ag surface. 
 
Here we present LEEM/PEEM studies as well as ARPES, LEED and STM results obtained for this 
heteroepitaxial system. The dynamic process of thin film growth and the formation of organic 
mixed layer were investigated in real time with PEEM, see Fig. 1. The mono-organic PTCDA 
islands (black contrast in Fig. 1a) transform to larger islands having a mixed structure and showing 
lighter PEEM contrast when the CuPc molecules adsorbe. The lateral structure of these islands was 
investigated using the LEED mode of the LEEM instrument. Furthermore we used ARPES to 
determine the electronic density of states and deconvoluted the individual contributions from 
different orbitals and molecules. This technique was successfully applied at the synchrotron 
radiation source BESSY, Berlin, and at the home lab microscope using a high-flux He UV-lamp. 
Our results provide insight in the intermolecular interaction at the metal-hetero-organic interface. 
 

 

Figure 1: (a) PEEM image of 
a PTCDA sub-monolayer film 
on Ag(111) (work function 
contrast, molecular islands 
appear dark).  (b) Upon 
additional deposition of CuPc 
the PTCDA islands are trans-
formed to a hetero-organic 
structure which shows slightly 
brighter contrast.  
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We study the behavior of alkanethiols on submonolayers of Au on Si(111). Au on Si exhibits two 
coverage dependent surface reconstructions with Au surface coverages of 0.6 and 1.0 
respectively[1,2]. Using the aberration corrected Escher LEEM/PEEM system[3] at Leiden 
University we measure these coverages experimentally by observing the growth rates in situ using 
LEEM and by ex situ ion scattering experiments. These experiments give values for the 5x2 gold 
coverage of 0.65±0.4 and 0.67±0.3 respectively. Both results disagree with the latest model for the 
5x2 reconstructed surface, but do agree however with earlier experimental results from STM as 
well as LEEM. 
 
The second part of this research focuses on the influence of alkanethiols adsorbed on these 
(sub)monolayer Au films on Si(111). When we expose a sample with both 5x2 and √3x√3 
reconstructed areas to octanethiol, the 5x2 reconstruction is lifted and rearranged into a √3x√3 
reconstruction. This conversion proceeds in two distinct phases. The first process has a long 
diffusion length while the second process has a more local character. Apparently the adsorption of 
alkanethiols leads to the diffusion of Au atoms on the surface. 
  
We will present detailed results on the evolution of the √3 structure both without and with 
alkanethiols. 

 
 

Figure 1. Bright-field LEEM image of a Si(111)-Au surface with both 5x2(dark) and √3x√3 R30 
(bright) reconstructed areas. FOV = 5.7µm 
 
 

References 
[1] S.C. Erwin, I. Barke, and F.J. Himpsel, Phys. Rev. B 80, 155409 (2009).  
[2] J. Quinn, F. Jona, P.M. Marcus, Phys. Rev. B 46, 7288 (1992). 
[3] S.M. Schramm, J. Kautz, A. Berghaus, O. Schaff, R.M. Tromp and S.J. van der Molen, IBM J. 

Res. Dev. 55, 4. 



Poster Session 2-13 Tuesday, 13 November, 15:00 - 17:00 
 

C60 on close-packed metal surfaces: delicate balance in structure 
formation and structural tuning of electronic properties 

 
 X.Q.Shi1, A.B.Pang2, K.L.Man2, R.Q.Zhang1, C.Minot1,3, M.S.Altman2, M.A.Van Hove1 

 

1Department of Physics and Materials Science, City University of Hong Kong, Hong Kong, China 
2Department of Physics, Hong Kong University of Science and Technology, Hong Kong, China 

3Laboratoire de Chimie Théorique, Université Pierre & Marie Curie, Paris 6, CNRS, UMR7616, 
Case 137, 4 place Jussieu, Paris, F-75252 Cedex France 

 

Email: shixq@hkbu.edu.hk  
 

Various structures of C60 monolayers on close-packed metal surfaces will be discussed and 
compared, as observed in STM, LEED, and micro-LEED/LEEM experiments. They range from 
C60 on reconstructed Pt(111) and Cu(111) [1-3], in which only one C60 molecule is contained in 
each unit cell, to more complicated structures on Al(111), Ag(111) and Au(111), in which one unit 
cell contains several or many C60s in different adsorption configurations, with and without metal 
reconstruction and/or in different C60-to-surface orientations [4]. For Pt(111), we exploited low-
energy electron diffraction as measured in a LEEM to determine atomic positions. The limited 
range of parallel momentum transfer in LEEM relative to LEED was compensated by the large C60 
overlayer unit cell producing a high density of diffraction spots, and by extending the usual LEED 
energy range to higher energies, above 700 eV. Thus, we could still obtain the large amount of 
experimental data needed to solve the atomic structure of a large molecule on a reconstructed 
substrate. The formation of different structures can be understood from: 1) the delicate balance of 
inter-molecular non-bonded (Van der Waals) interactions and molecule-substrate bonded 
interactions; and 2) the size matching of the substrate lattice size and the C60 cross-sectional area: 
if the bonded interaction is strong or the size matching is good, then relatively simple structures 
will be formed; if the bonded interaction is not so strong compared to the inter-C60 interactions and 
the size matching is not perfect, then more complicated structures will be formed, stabilizing the 
whole system via better inter-molecular interactions. The cases of C60 on two close-packed metal 
surfaces, Pt(111) and Cu(111), will be discussed in detail. For C60 on Pt(111), the 
(√13x√13)R13.9° and (2√3x2√3)R30° ordered phases were investigated with LEED/LEEM and 
density functional theory (DFT) calculations. The two phases have the same local adsorption 
structure, namely a 1-atom-hole reconstruction, while they are predicted by DFT calculations to 
exhibit very different electronic structures due to their different inter-C60 orientations and distances. 
This result demonstrates the structural tuning of electronic properties for molecular films/junctions 
composed of the same materials. By contrast, for C60 on Cu(111), the interface reconstruction 
results in a 7-atom-hole reconstruction in which C60 “sinks into” the 7-atom-hole, forming a larger 
number of strong C-metal bonds. The electron transfer is about 3 electrons from the metal surface 
to each C60. Mechanisms for different types of reconstruction (1- vs. 7-atom holes) on different 
metals will be discussed as another example of the delicate balance between energetic terms [5]. 
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Knowledge of the structure and morphology of graphene (g) supported by crystalline substrates is 
important for developing an understanding of properties of these systems that could underpin 
future applications. Spatially resolved measurements using cathode lens microscopies have made 
notable contributions to reveal local properties in samples that are customarily spatially 
inhomogeneous [1]. We have investigated the structure and moprhology of g/Ru(0001) using low 
energy electron microscopy (LEEM) and micro-low energy electron diffraction (LEED). The 
structure of a single layer of graphene (g) on the Ru(0001) surface has been controversial, 
beginning with the elementary matter of its lateral periodicity. Unlike its morphology on most 
other metals, graphene is also believed to grow with essentially one orientational relationship on 
Ru(0001), with coincident high-symmetry directions. However, using LEEM and LEED, we  
observed small angle lattice rotations on length scales that span multiple unit cells. Lattice 
rotations cause the entire ensemble of satellite diffraction spots around each integer order spot (Fig. 
1a) to rotate as a group about their respective stationary foci. When a 250nm LEED beam is 
scanned across the surface, the rotation angle undulates randomly by several degrees, due to lattice 
rotations of ~0.2°. Dark field (DF) LEEM images that are formed by positioning the contrast 
aperture concentrically on the graphene satellite diffraction spots are dominated by the contrast 
between terraces that reflects their different terminations (Fig. 1b,e). However, when a “shadow” 
DF (SDF) image is formed from intensity predominantly in one half of the diffraction spot or the 
other (+ and – in Fig. 1), additional contrast arises between areas within each terrace (Fig. 1c,d,f,g). 
SDF contrast identifies regions in g/Ru(0001) with opposite graphene lattice rotations. Careful 
LEED measurements also reveal that lattice rotations are biased away from the high symmetry 
direction of the substrate on average and the presence of a small biaxial lattice distortion of the 
unit cell. Under extreme growth conditions that suppress small angle microstructure, graphene 
exhibits substantial elasticity with spatially varying periodicity that spans the discrete values 
reported in the literature. Optimal uniform g/Ru(0001) is still elusive. 
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Figure 1. (a) LEED pattern (250 nm) of g/Ru(0001), (b),(e) dark field (DF), and (c),(d),(f),(g) shadow 
DF (SDF) LEEM images formed using the (c)-(d) (-2/23, 2/23) and (e)-(g) (-2/23,0) diffraction beams.  
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There have been intensive studies of alkali metal intercalation in graphene grown on SiC(0001). It 
was shown that Li [1] intercalate into the interface region between the carbon buffer layer and SiC 
substrate while Rb and Cs do not [2], which is believed because of their larger atomic radii among 
the five alkali elements (Li, Na, K, Rb, Cs). In the present study, the effects induced by Na and K 
deposited on monolayer (ML) graphene grown on SiC(0001) are investigated using low-energy 
electron microscopy (LEEMmicro low energy electron diffraction (-LEED), micro 
photoelectron spectroscopy (-PES) and x-ray photoemission electron microscopy (XPEEM). 
Directly after Na deposition at room temperature (RT), Na atoms are able to intercalate into the 
interface C/SiC region, which transforms the carbon buffer layer into a second graphene layer. The 
intercalation process is revealed by the shift of the bulk SiC component in the C 1s and Si 2p core 
level spectra, changes of -LEED patterns and electron reflectivity curves (I(V) curve). In contrast 
to the case of Na where intercalation occurs directly after deposition, K atoms don’t intercalate 
even after annealing to the desorption temperature. 
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Figure 1. (a) LEEM image (10×10 m2 and the electron energy, E=4.2 eV) of the initial graphene 
sample with 1ML (gray) and 2ML (black) coverages. The insect shows the -LEED image from the 
1ML area after Na deposition. (b) -PES C1s spectra from 1ML area of the initial graphene sample and 
after Na deposition at RT. The arrow indicates the shift of bulk SiC component after Na intercalation. 
(c) LEEM image (10×10 m2 and E=4.2 eV) of the initial graphene sample with 1ML (gray) and 2ML 
(black) coverages. The insect shows the -LEED image from the 1ML area after K deposition. (d) -
PES C1s spectra from 1ML area of the initial graphene sample and after K deposition at RT.  
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Graphene has tremendous electronic and magneto character, and thus been greatly investigated in 
recent years. The intercalation of metals or gases at graphene/substrate interfaces is also carefully 
studied, because of the important role of the intercalation effect on future applications. Chemists 
found that chemical reactions can also be visualized beneath the graphene overlayer1. However, 
the intercalation mechanism is still not well explained. Defects or open edges are the mostly 
mentioned channels for the intercalation on the metal supported graphene2,3. An exchange 
intercalation mechanism is also discovered for Si intercalation to the Graphene/Ru(0001) interface4. 
Surface techniques, such as STM, XPS and ARPES, have been applied to explore the intercalation 
phenomenon. But these methods can hardly follow the dynamic process of intercalation reaction 
due to their intrinsic limitations. In situ LEEM is very effective to study the reactions related to the 
structure changes. In this work, a series of experiments were performed to find out how the 
intercalation reaction happens on the graphene/Ru(0001) surfaces. We will show a comparative 
study of four kinds of metal intercalation on the graphene/Ru(0001). In situ LEEM was employed 
to observe the intercalation process. Micro-LEED was employed to check the structure changes 
before and after the intercalation reaction. PEEM and IV curve was recorded to observe the work 
function changes. It is assumed that a carbide formation process may be the key difference in the 
intercalation processes of different metals. Fe and Ni such carbide forming metal could intercalate 
randomly on the graphene surface by forming the carbide intermediate. However, Au and Pt can 
only intercalate from the defects of the graphene layer. 
(a)                                                                     (b) 

                       
Figure 1. Figure (a) is the LEEM image of the Ni intercalated graphene surface. The white contrast is 
the Ni islands under graphene overlayer. Figure (2) is a profile measuring the work function changes 
during the annealing process. The vertical axis is the energy at which the reflection intensity decreases 
by 10%.  The Field of view of figure (a) is 2.5 μm and the start voltage is 1.2V. 
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We present dark field Photoelectron Emission Microscopy and energy filtered electron emission 
spectromicroscopy with high spatial and wave-vector resolution on few-layer epitaxial graphene 
on SiC(000-1) grown by furnace annealing. 
 
Conventional electron spectroscopy methods are limited in providing simultaneous real and 
reciprocal or k-space information from small areas under laboratory conditions. Therefore, the 
characterization of materials with only micron scale sample homogeneity such as epitaxially 
grown graphene requires new instrumentation. Recent improvements in aberration compensated 
energy-filtered photoelectron emission microscopy (PEEM) can overcome the known limitations 
in both synchrotron and laboratory environments.  
 
Energy-filtered, threshold PEEM is used to locate distinct zones of FLG graphene. In each region, 
selected by a field aperture, the k-space information is imaged using appropriate transfer optics. By 
selecting the photoelectron intensity at a given wave vector and using the inverse transfer optics, 
dark field PEEM gives a spatial distribution of the angular photoelectron emission. Only the 
combination of high lateral, high energy, high k-resolution and controlled switching between real 
space and k-space allows detailed understanding of micron size sample sites with 1–3 layers 
graphene. 
 

 
Figure 1:   Photoemission data excited by a laboratory VUV light source (He I). Left: high resolution π 
band dispersion of the Dirac cone obtained by a cut through the K point, perpendicular to Γ-K. Centre: 
35µm FoV Real space threshold image at E-EF = 5.225 eV. Right: 35µm FoV dark field real space 
image E-EF = 18.0 eV obtained after positioning a contrast aperture with a diameter of 0.53Å−1 around 
a specific Dirac cone allows to image areas on few layer graphene which have the same orientation and 
layer thickness. 
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Graphene films on SiC(0001), grown by either sublimation driven processes or chemical vapor 
deposition (CVD), are promising candidates for applications such as novel electronic or high speed 
devices. For this purpose, however, the graphene film morphology and its interface structure are 
crucial as these determine the electronic properties. We have performed low-energy electron 
microscopy studies using intensity-voltage spectroscopy for the determination of graphene film 
grain sizes and thickness. The samples were grown by Si sublimation and CVD and after 
sublimation show epitaxial graphene films with a thickness mainly ranging from 1 to 4 monolayers 
(ML) within individual graphene islands. An intrinsic problem to sublimation growth of graphene 
is the presence of a layer of graphene like material strongly bonded to the SiC substrate, which 
results in disappointing electronic characteristics. Successful lifting of this C layer from the 
substrate has been demonstrated by means of, e.g., hydrogen and oxygen intercalation [1, 2]. We 
have studied the effect of H intercalation applied directly after growth inside the growth reactor 
and find graphene of 2 ML minimum thickness along with the removal of the 6√3x6√3 
reconstruction of the buffer layer as evidenced by micro-LEED. In addition to these results, we 
will present details of the intercalation by the use of Yb, which has been studied in situ and is 
found to be successful as well. 
 

 
 
Figure 1. (left) Sample grown by Si sublimation process. (right) Sample grown by Si sublimation and 
sequential H intercalation. Note the complete absence of any 1 ML patches. 
 
Acknowledgement 
This work is supported by the European Science Foundation (ESF) under the EUROCORES 
program EuroGRAPHENE. 
 
References 
[1] C. Riedl, C. Coletti, T. Iwasaki, A. A. Zakharov, and U. Starke, Phys. Rev. Lett. 103, 246804 

(2009).  
[2] S. Oida, F. R. McFeely, J. B. Hannon, R. M. Tromp, M. Copel, Z. Chen, Y. Sun, D. B. Farmer, 

and J. Yurkas, Phys. Rev. B 82, 041411(R) (2010). 



Poster Session 2-19 Tuesday, 13 November, 15:00 - 17:00 
 

Exploring interlayer Dirac cone coupling in commensurately rotated 
few-layer graphene on SiC(000-1) 

 
 C. Mathieu1, E. H. Conrad2, N. Barrett1, J. Rault1, Y. Y. Mi1, B. Zhang2, W. A. de Heer2, 

C. Berger2,3, O. Renault4 
 

1IRAMIS/SPCSI/LENSIS, F-91191 Gif-sur-Yvette, France 
2The Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA 

3CEA, LETI, MINATEC Campus, F-38054 Grenoble Cedex 09, France 
4CNRS/Institut Néel, BP166, F-38042 Grenoble, France 

 

Email: nick.barrett@cea.fr 
 
 In this contribution, we will present spatial variations and correlations between the work 
function, chemical and electronic states of few graphene layers grown epitaxially on SiC(000-1), 
using full field, energy filtered PEEM, highlighting microscopic variations in the 
substrate/graphene interface as a function of graphene thickness (2-3 monolayers) [1]. The full k-
space band dispersion relations confirm the very high crystalline quality of the graphene layers and 
show diffraction effect of the Dirac cones related to the registry between commensurately rotated 
graphene sheets. Some fainter but quite distinct structures have also been observed, at the centre of 
the first Brillouin zone, which fit perfectly with second order diffraction by twice the Bragg vector. 
This is the first time that such diffraction has been observed in the band structure and provides 
further confirmation of the coupling between Bragg cones of adjacent commensurately rotated 
graphene sheets.  
 The electron chirality of the Dirac cones has also been investigated, using the variable 
polarization of the synchrotron light. Between linear vertical and linear horizontal polarization the 
rotation angle is approximately 90°, indicating a Berry phase of π, as expected for a graphene 
monolayer on SiC(0001) [2]. Thus, via the chirality of the Dirac cones we can confirm the almost 
complete decoupling of the electronic structure of successive graphene sheets in few layer 
graphene on SiC(000-1). Finally, we have investigated this electron chirality effect by changing 
the photon energy. The higher the photon energy the smaller the final state effects in the electron 
band structure: at 94 eV there is no observable rotation of the Dirac cones as a function of light 
polarization [3]. 
 

 
Figure 1 Work function map of a graphene sample epitaxially grown on a SiC(000-1) substrate (b). On 
a selected area, one can either image the real space (a), and obtain chemical information (XPEEM), or 
the reciprocal space (c) and acquire the full band structure (k-PEEM). (d) Close-ups of Dirac cones in 
constant energy cuts using hν=31 eV for linear horizontal (LH) and vertical (LV) left (LC) and right circular 
(RC) polarizations. The rotation angle indicates a Berry phase of π. 
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Two Photon Photoemission Microscopy was used to study the interaction of femtosecond laser 
pulses with Ag islands on Si(111).The femtosecond laser pulses initiate surface plasmon polariton 
(SPP) waves at the edges of the islands. The superposition of the electrical fields of the 
femtosecond laser pulses with the electrical fields of the SPP results in a moiré pattern, which 
gives access to the wavelength and direction of the SPP wave. If the SPPs reach the edges of the 
Ag islands, they are sometimes converted back into light waves. The incident and refracted light 
waves result in an interference pattern that can again be described with a moiré pattern, showing 
that Ag islands can be used as plasmonic beam deflectors for light. 
 
Furthermore the influence of C60-adsoprption on the properties of these SPPs is discussed. During 
adsorption of C60 the photo emitted electron angular distribution (PEEAD) is changed, and the 
work function increases. At the same time, the SPP wavelength systematically decreases as a 
function of C60 coverage, reflecting a gradual change of the surface dielectric function. In 
arbitrarily shaped islands, the incident direction of the light (projected into the surface plane) and 
the propagation direction of the SPP wave do not necessarily coincide, since the propagation 
direction of the SPPs is dictated by Snell’s law of refraction. For such cases we also observe a 
change in the propagation direction of the SPP wave as a function of the C60 coverage. 
 

 
 

Figure 1.Top: Sketch of a Ag island on Si(111) with a thin C60 coverage and the involved dielectric 

functions. Without C60 the Ag island with dielectric constant  is surrounded by vacuum with 
. During deposition, the dielectric function of the Ag island is modified by the presence of 

C60, yielding an effective dielectric function . Bottom: The SPP wavelength  and the real part 

of the effective surface dielectric function  as a function of the C60 coverage. 
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The attosecond plasmonic field microscope was developed to obtain a direct and non-invasive 
access to the plasmonic dynamics in nanostructured surfaces with attosecond temporal and 
nanometer spatial resolution [1,2]. We demonstrate first experimental results on imaging gold 
nanostructures by time-of-flight-photoemission electron microscopy (ToF-PEEM) in combination 
with extreme ultraviolet (XUV) attosecond pulses from a high harmonic generation (HHG) source. 
Characterization of lithographically fabricated gold structures using these ultrashort XUV pulses 
by ToF-PEEM shows a spatial resolution of 200 nm. Energy-filtered imaging of the secondary 
electrons resulting in reduced chromatic aberrations as well as microspectroscopic identification of 
core and valence band electronic states have been successfully proven. We also find that the fast 
valence band electrons are not influenced by the space charge effects, which is essentially 
important for the realization of attosecond nanoplasmonic field microscopy [3]. Recently, strong 
carrier-envelope phase (CEP) effects were observed from a nanoscale tungsten tip when 
interacting with few-cycle laser pulses [4]. In order to investigate and control CEP effects on 
plasmonic nanostructures for every single laser shot, the phase-tagged ToF-PEEM has been 
developed. First experiments measuring CEP dependence on single gold nanoparticles have been 
performed with 10 kHz few-cycle laser pulses via a multiphoton photoemission process. These 
experiments demonstrate first steps toward the temporal characterization and CEP control of 
nanoscaled localized surface plasmon fields in a femtosecond optical-pump/attosecond XUV-
probe scheme.   
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For better understanding of surface plasmon resonance (SPR) and its wide applications, it is 
crucial to determine the near field of metallic nanostructures experimentally. Recent development 
of multiphoton photoemission electron microscopy (MP-PEEM) has made it become a promising 
tool to direct image the near field of SPR [1,2]. Recently we developed an MP-PEEM system 
using fundamental beam from a Ti:Sapphire fs oscillator as the exciting source, which emits 7 fs 
pulses at 77 MHz with a wide spectrum covering from around 650 nm to 950 nm. For gold (Au), 3 
to 5 photon process has to be involved to induce photoemission and it only can be triggered with 
very high light intensity, so that for flat Au films there is no photoemission under fs laser 
irradiation. However, for Au nanostructures localized photoemission can be easily obtained in case 
the SPR wavelength falls into the laser spectrum. It is because the SPR is excited, leading to local 
field enhancement. The large enhancement of the local field makes multiphoton photoemission 
become possible, and the intensity distribution of the photoemission can be regarded as a nonlinear 
mapping of near field of Au nanostructures. With this technique, the near field of SPR on various 
gold nanostructures, such as arrays of nanorod, nanodisk, and nanochain, has been investigated. 
Figure 1. (a) and (b) show PEEM images of an Au nanorod array on Nb-doped TiO2 substrate. 
Contrast to one-photon PEEM image obtained with mercury lamp irradiation, the photoemission in 
MP-PEEM image is highly localized at the corners of the nanorods, which is resulted from local 
field enhancement and can be reproduced well by FDTD simulations. In addition, by combining an 
interferometric time-resolved technique and MP-PEEM, the time-resolved MP-PEEM (TR-MP-
PEEM) has also been developed and been used to investigate the ultrafast dynamic (coherent 
oscillation and dephasing) of SPR. In particular, the ability of our TR-MP-PEEM in resolving 
different SPR frequencies has been demonstrated, as shown in Fig. 1 (c). We believe our study is 
not only of fundamental importance in the field of plasmonics, but also provides significant 
information for the development of plasmonics based technology or devices. 

 
Figure 1. PEEM images of an Au nanorod array on Nb-doped TiO2 substrate excited by Mercury lamp 
(a) and fs laser pulses (b); (c), evolution of photoemission signal with phase delay for two Au 
nanoblock arrays with different SPR wavelengths obtained by TR-MP-PEEM.  
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 Other the last decade, high resolution angle-resolved photoemission spectroscopy (ARPES) 
has emerged as a major method for studying the electronic structures of broad spectrum complex 
organic and nonorganic materials. The pulsed laser or x-ray sources of synchrotron radiation 
provide a new opportunity for time-of- flight (TOF) photoelectron spectroscopy capable of highly 
efficient 3D data acquisition with 2D momentum and energy detected simultaneously. Event 
counting detection allows significantly increased sensitivity (several orders of magnitude 
compared to a spherical energy analyzer) [1, 2] and the energy resolution. In addition, the TOF 
technique enable the analysis of the fast processes occurring on the surfaces and in the gas targets, 
and evolve from qualitative to high resolution quantitative electron energy spectroscopy. 
 
 Electron optical design principals of TOF ARPES spectrometer, temporal and temporal-
geometrical aberration, optimal electron beam formation and transport are discussed. Based on the 
“thin” lens model [3], the new form of temporal aberrations, which allows for the use of the 
effective matrix approach, is presented. Time to energy conversions are expressed as series of 
polynomial approximations in the time-energy domain.  Criterion for electron optical system 
optimization of TOF analyzer at maximum energy resolution and sensitivity were formulated. The 
analyzer uses a delay line event counting detector [4] with timing resolution ~120ps FWHM and 
spatial resolution <35 um, which translated in submilivolt energy and 0.1 degree angle resolution. 
 
 Data processing software and mechanical design were based on modular approach, and 
EOS of analyzer could be optimally configured accordingly to setup of ongoing experiment. 
 
 Analysis of simulated and experimental parameters of instruments consisting of 3 
electrostatic lenses, variable aperture, 2 deflectors and stigmator are discussed in details.  
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A scanning ion microscope (SIM) using a gallium (Ga) focused ion beam (Ga-SIM) [1], like 
conventional scanning electron microscopes (SEMs), has been used to detect secondary electrons 
(SEs) emitted from a sample, as a observation tool in micro-fabrication processes. Recently, a SIM 
using a helium (He) gas field ion source has attracted interest for its impressive capability to 
observe nanostructures [2]. The charging effect is a crucial issue for analysis of insulating samples, 
since it can deform the image profiles and alter the contrasts in both SIM and SEM. The sample 
surface can become either positively or negatively charged upon electron irradiation, depending on 
whether the SE yield is greater or less than 1, respectively. In case of the ion irradiation, the 
surface becomes positively charged from both successive arrivals of positive ions and successive 
emissions of SEs. We have recently developed a Monte Carlo model for SE emission from a 
silicon dioxide (SiO2) that accounts for the charging induced by electron and ion beam irradiation 
[3,4]. In this study, we modeled an insulating layer with 10 nm – 1 m thicknesses on a silicon (Si) 
substrate, the surface of which is irradiated with 10–50 keV Ga and He ions and 200 eV – 2 keV 
electrons. The emphasis was placed on dynamic changes in the charging characteristics, including 
SE yield, surface voltage and charge distribution, depending on the energy and thickness. 
 

A self-consistent calculation is carried out for the transport of a projectile and SEs (in case 
of ion irradiation, also recoiled material atoms), the charge accumulation in the layer and the 
resultant electric field in/out the material, and trajectories of SEs ejected into the vacuum. Drift 
motion of charges is calculated as well, where the recombination with a charge of opposite sign is 
taken into account. The electron beam at the energy from 300 eV to 1.6 keV causes thick (>100 
nm) SiO2 layer to charge positively due to more outgoing electrons (SEs) than incoming electrons 
(primary electrons) on the surface, otherwise the layer is charged negatively. When the surface 
voltage is positive, some of ejected SEs are drawn back to the surface; these SEs are unable to 
produce a net emission.  At the beginning of the irradiation, the positive voltage steeply builds up, 
but it saturates with further irradiations and finally, the voltage reaches a steady-state value which 
depends on the energy. With decreasing thickness, charges created in the layer have a chance to 
reach a Si substrate where they are relaxed immediately. Therefore, the steady-state voltage is 
strongly decreased for thinner layers (e.g. 20 nm) where the net SE yield is approximately 
unchanged. For Ga ion irradiation, the net SE yield decreases more as a successive positive 
charging and finally, vanishes. The surface voltage in this case does not reach steady state, but 
progressively increases. However, for thinner layers (e.g., 50 nm), the voltage reaches a steady-
state value again due to relaxation of the charges in the Si substrate. The growth rate of the surface 
voltage in case of He irradiation is more due to higher SE yield, but the larger penetration depth 
causes the voltage to saturate thickness-dependent value even at the thickness of 100 nm or more.   
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In earlier work we established that a layered structure of sputter-deposited BaO on Sc2O3 on 
tungsten foil was sufficient to reproduce the basic properties of thermionic cathodes containing 
scandium [1,2].  The layered thin film cathodes are relatively short lived. Multiple heating cycles 
or heating once to elevated temperature reduced the electron yield from the BaO-Sc2O3 coated 
areas of the model cathode, initially the highest yield areas, to a level below that of the adjacent 
tungsten.  Using ex situ field emission scanning electron microscopy, FESEM, we have 
determined that the cathodes fail by desorption of BaO and Sc2O3 where these two oxides were 
deposited together, either as a separate layers or as co-sputtered layers.  
 
Co-sputtered layers (Ba:Sc::10:1) were deposited through a finder grid so that the areas examined 
in ThEEM and PEEM could be re-examine in FESEM.  In Figure 1A the co-sputtered films are 
shown in ThEEM.  There are small bright emitters around the edges of the squares where the film 
was deposited.  Because the sputtered films are deposited as amorphous films, and no features in 
the film structure are larger than 200 nm, these bright spots represent features that grow during the 
first heating cycle of the cathode, before the cathode surface itself emits electrons.  The brightness 
temperature for Fig1A is 860 C.  At slightly higher temperatures, the oxide film on the cathode 
surface produces what we call the “window effect”[2], and the coated area becomes a strong 
thermionic emitter, with the underlying W grains providing the image contrast in the squares.  Ex-
situ examination in a WITec R-SNOM300s with Raman imaging showed that the co-deposited 
BaO- Sc2O3 films transform into small crystallites at the edges of the squares, with some >2 um in 
diameter.  Crystals of this size were examined in Raman microscopy and positively identified as 
BaWO4 and Ba2WO5.  They do not emit electrons at the cathode operating temperature, settling a 
long standing controversy over the role of tungstates in Ba activated thermionic cathodes. 
 

 
Figure 1. : ThEEM image of a 180 nm thick co-sputtered layer of BaO-Sc2O3. A: below T=860 Cb, B: 
T= 875 Cb brightness temperature.  Grid openings are 43 um on an edge.  Brightness in 1A ≠ 1B ≠ 1C. 
C: Optical micrograph; (heated to T= 875 Cb). D: PEEM, cooling. 

D

C

 
References 
[1] M.E. Kordesch, J.M. Vaughn, C. Wan and K.D. Jamison, Journal of Vacuum Science and 

Technology B Vol 29(4) 04E102-1-7 (2011).  
[2] J. M. Vaughn, C. Wan, K. D. Jamison, and M. E. Kordesch, IBM Journal of Research and 

Development, Vol 55, No.4, DOI: 10.1147/JRD.2011.2159423, (2011). 


	Depth-resolved soft x-ray photoelectron emission microscopy
	Florian Kronast1, Alexander Gray8, Christian Papp4, See-Hun Yang5, Stephan Cramm6, Ingo Krug6, Farhad Salmassi7, Dawn Hilken7, Eric Anderson7,
	Claus M. Schneider6, Charles. S. Fadley2,3
	Schedule_19 Oct 2012_vertical.pdf
	Sheet1




