
 
 

 
 

 
 

 
 
 
 
 

 

Abstracts 
Distinguished Guest Lectures 

& 
Oral Presentations 

 
 
 
 
 
 
 
 
 
 
 
 
 

12-15 November 2012 
Versailles Ballroom 

3/F, Regal Kowloon Hotel 



Distinguished Guest Lecture Monday, 12 November, 09:00 
 

Atomic Resolution of Transmission Electron Microscopy by means of 
Aberration Correction 

 
 Max. Haider1, Heiko Müller1  

 

1CEOS GmbH, Englerstr. 28, D-69126 Heidelberg, Germany 
 

Email: haider@ceos-gmbh.de 
 

The development of advanced charged particle optical systems has pushed the attainable 
resolution and the analytical capabilities of electron microscopes to new levels of precision and 
energy resolution. This process of further advancing the overall performance of electron 
microscopes is still going on and the current state and future prospects of these developments will 
be described. 

In 1936, just a few years after the invention of the transmission electron microscope (TEM), O. 
Scherzer showed the impossibility to design an objective lens without spherical and chromatic 
aberration. In the nineties of the last century commercially available TEMs improved with respect 
to stability and resolution. As a consequence, the spherical aberration of the objective lens became 
the dominant limitation of the point resolution which, however, does not limit the information limit. 
Therefore, the interpretability of the images is strongly reduced due to the increased difference 
between information limit and point resolution. This resulted in an increased delocalization of 
information within the images obtained with such high resolution TEMs equipped with high 
brightness sources. 

From 1992 to 1997 a joint project, funded by the Volkswagen Foundation in Germany, brought 
together scientists from materials science (K. Urban, Juelich), theoretical charged particle optics 
(H. Rose, Darmstadt), and experimental electron optics (M. Haider). By means of a Hexapole Cs-
corrector based on a design idea of H. Rose [1] it was possible to demonstrate an improvement of 
resolution in a 200kV TEM [2, 3]. It became clear that not only the achieved improvement of 
resolving power also the vanishing delocalization and, therefore, the enhanced visibility of light 
elements in a Cs-corrected instrument are important parameters for imaging irregular structures 
like interfaces, dislocations, stacking faults and etc.  

As soon as the Cs-correctors became almost a standard component of modern electron 
microscopes a further improvement of the resolution was requested. The main limitation which is 
left is the chromatic aberration Cc. The product of Cc*dE is the limiting parameter with dE, the 
energy width of the primary beam. This parameter can be tackled by a reduction of either dE or Cc. 
The energy width dE can be decreased by employing a monochromator and the chromatic 
aberration can only be reduced substantially by a Cc-correction system. Such a corrector has been 
developed for the TEAM initiative in the US [4]. For this project an advanced Hexapole-corrector 
for STEM [5] and a so called Achroplanator (a system which compensates the spherical and the 
chromatic aberration) has been developed and are installed at the NCEM, Berkeley, USA.  The 
resolution achieved in STEM as well as in TEM mode with this corrector is superior of all other 
systems before [6].  

The full compensation of both limiting aberrations could be demonstrated. Furthermore, this Cc-
corrector development for TEM is a first step for a new class of instruments for which the 
objective lens can be designed most appropriate for the work one would like to carry out. Besides 
the medium voltage instruments additional projects are currently ongoing which are extending the 
energy range down to the 20kV regime or up to 1.2 MeV.  The current state of developments will 
be explained and the future prospects of ongoing projects will be described in the presentation.  
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The spatial resolution of a high quality light microscope is limited to about half the wavelength of 
the photon, /2. Since the wavelength is long, this resolution is of the order of 0.2 – 0.4 m. The 
highest resolution transmission electron microscopes do much better: 50 pm resolution is now 
available with 300 keV electrons. But a 300 keV electron has a wavelength of 2 pm, 25 times 
smaller than the best available resolution. There are several factors that limit the resolution of the 
TEM. After correction of the chromatic and third order spherical aberrations there are still 
numerous other aberrations that prevent further improvement. But even if the fifth order spherical 
aberration coefficient could be reduced enough to improve the resolution by another factor 2, and 
if all the other aberrations could be controlled so that they would not spoil that improvement, the 
required stability of the high tension supplies, and the current supplies for the lenses, the 
stigmators, and the deflectors would be prohibitive. Already at 50 pm resolution defocus must be 
controlled to better than 200 pm, the thickness of a single layer of graphene, just at the edge of 
what is possible. For 25 pm resolution defocus would have to be controlled to better than 50 pm. 
The high voltage power supply for the 300 keV gun would have to be stable to better than 10 mV.  
At present, such extraordinary stabilities are not available. 
 
In LEEM the electron wavelength at 5 eV is 0.55 nm. Simulations1 for the aberration-corrected 
LEEM developed at IBM show that sub-nm resolution is possible, at least in principle. Resolution 
just below 2 nm has already been demonstrated2. While the stability requirements are stringent, 
spatial resolution at the 2 level appears possible. I will present the various factors that determine 
and limit resolution in LEEM, from the cathode lens3, to the aberration corrector2, down to the 
image detector. Recently, we have implemented a number of instrumental upgrades that will bring 
2 resolution within reach. Here, I will report on our progress towards that goal. 
 
1. S.M. Schramm, A.B. Pang, M.S. Altman, R.M. Tromp, Ultramicroscopy 115 (2012) 88. 
2. R.M. Tromp, J.B. Hannon, A.W. Ellis, W. Wan, A. Berghaus, O. Schaff, Ultramicroscopy 110 

(2010) 852; R.M. Tromp, J.B. Hannon, W. Wan, A. Berghaus, O. Schaff, Ultramicroscopy in 
press. 

3. R.M. Tromp, W. Wan, S.M. Schramm, Ultramicroscopy 119 (2012) 33. 
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We report the visualization of plasmon and photon dynamics in planar waveguide structures using 
pulsed photoexcitation in an aberration-corrected photoemission microscope [1]. Using 
femtosecond light pulses from a Ti-sapphire laser at wavelengths between 400 and 800nm we 
generate photonic and plasmonic wave propagation which we observe in non-linear photoemission 
processes [2]. Wave propagation within the waveguides and in the near-field region outside the 
waveguide is analyzed and discussed. Focusing, retardation and photonic/plasmonic coupling can 
directly be observed. For some of the waveguide geometries we have developed numerical 
simulations which are quantitatively compared to the experimental results.  
Methods to manipulate wave generation and propagation optically, i.e. using the excitation beam 
as an input were explored with emphasis on applications in plasmonics. Photoemission microscopy 
can again be utilized to obtain direct images of changes induced by polarization selection and 
switching. Using single crystalline planar gold structures we explored techniques for plasmonic 
routing in devices with sub-wavelength feature size. Experimental results with spatial resolution in 
these images as low as 10nm will be presented and compared to numerical simulations.  
Finally we will present first results on the visualization of photon/plasmon coupling in non-linear 
PEEM images. 
 

   a)         b)                             
 
Figure 1. Photonic and plasmonic waves observed in a 60nm indium-tin-oxide film on glass using non-
linear PEEM at a wavelength of 410 nm. The excitation light is coupled into the ITO film at FIB-milled 
holes appearing in black color in the image. Illumination occurs at an angle of 60o from the surface 
normal and a direction from the lower end of the image. Part (a) shows a circular arrangement of holes 
and a gold nano-wire, part (b) shows details of the in-coupling of the photon energy at the periphery of 
the holes. 
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Non-linear photoemission microscopy has in the last years been shown to be a successful method 
for the imaging of surface plasmon polaritons (SPPs) and for the observation of the time-
dependent propagation of SPPs across a surface. Using femtosecond laser pulses of a photon 
energy that is smaller than the work function of the plasmonic material of interest, SPPs are 
imaged via a plasmon-enhanced two photon photoemission process in which a part of the laser 
pulse is used to excite SPPs, while the remaining part of the laser pulse is used to generate 
photoelectrons and probe the SPP state with spatial resolution. 2PPE PEEM then detects the 
temporal integral of the fourth power of the superposition of all electric fields at the surface.  
So far, almost all experimental 2 PPE PEEM setups have exploited a grazing incidence geometry 
in which the fs laser pulses impinge on the surface under an angle of ~70° relative to the surface 
normal. A moiré pattern can then be used to describe the contrast in two-dimensional plasmonic 
structures.  The periodicity of the observed moiré pattern, however, is different from the 
wavelength of the SPP. For the moiré contrast the projection of the exciting light field into the 
surface plane is relevant, and accordingly, the spacing of the moiré maxima depends on the angle 
of incidence of the laser pulses on the surface. In particular, with increasing incidence angle the 
moiré pattern is expected to converge into the SPP wavelength until under normal incidence a 
“direct imaging” of SPP wave packets becomes possible. At the same time the propagation 
direction of the SPP changes.  We present 2PPE PEEM results for Grazing Incidence (GI) and 
Normal Incidence (NI) 2PPE PEEM and discus the differences between the two situations. The 
interpretation will be backed up by a simple plane-wave model for the superposition of the 
plasmon’s electrical field and the femtosecond laser pulse.  
 

 
 
Figure 1. Observation of normal incidence 2PPE patterns of surface plasmon polaritons. (a) LEEM 
image of a self-organized Ag island. (b)-(d) The top corner of the island as seen in 2PPE PEEM under 
different polarizations. The direction of the electric field is indicated by the arrows on the upper right in 
each panel. 
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Magnetic circular dichroism (MCD) in valence band is usually small compared to the core level 
MCD effect [1]. An angle resolved photoelectron (ARP) measurement enables us to detect sizeable 
MCD, but the adaption of the microscopic method along with ARP is not straightforward. We 
have demonstrated that the magnetic circular dichroism near the photoemission threshold has large 
asymmetry and this finding can be adapted for magnetic domain imaging using PEEM [2]. In order 
to obtain optimized MCD contrast, it is necessary to adjust both work function and photon energies, 
which requires samples with the stable work function.  

With an energy filter (high pass filter) PEEM and an ultraviolet photon source, we can obtain 
large MCD asymmetry irrespective of the work function. Figures 1(a) and (b) show the 
photoelectron intensity and the MCD asymmetry, respectively, by an energy filtered PEEM on a 
perpendicularly magnetized 15 ML Ni film on Cu(001). The work function is estimated to be 4.8 
eV, and the photon energy is 5.9 eV with an incident angle of 65° from the surface normal. Around 
the photoelectron threshold (defined as the sample bias (Vs) is zero), the MCD asymmetry is high, 
giving 3 %. As the sample bias decreases, the photoelectron intensity increases and the MCD 
asymmetry decreases, which is in good agreement with previous results [1,2]. Figures 1 (c) and (d) 
show the corresponding domain images at Vs = 0 V and -0.8 V, respectively. Figure 1(e) shows a 
non filtered image. The high pass filtered images measure the electrons closer to the Fermi level. 
The result demonstrates that the MCD contrast is considerably enhanced using the energy filter 
despites the reduced intensity.  

By taking advantage of its rapid acquisition, we also discuss the change of magnetic domain 
structures by molecular adsorption.  

 

 
 
Figure 1. Laser MCD-PEEM measurements on perpendicularly magnetized 15 ML Ni on Cu(001). (a) 
total photoelectron intensity in PEEM as a function of the sample bias voltage (Vs). Vs = 0 indicates 
the photoelectron threshold.  (b) The corresponding MCD asymmetry. (c),(d) Magnetic domain images 
by MCD-PEEM at (c) Vs = 0 V, (d) Vs = - 0.8 V.  (e) Magnetic domain image without filtering. 
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We measure the spin-polarization of photoelectrons emitted from several atomic layers thick Co 
films grown on Cu(100) using a momentum microscope. This instrument, consisting of a 
photoemission electron microscope (PEEM) and an aberration corrected electrostatic energy 
analyzer directly records the parallel momentum component, k||, of photoelectrons emitted from 
the sample. Spin-filtering is based on the diffraction of low energy electrons in the (00)-LEED 
beam of a W(100) crystal, installed at the exit of the energy filter. Spin contrast is obtained due to 
the spin-dependent reflectivity of low energy electrons, while the image information is conserved 
in the outgoing elastic (00) diffraction spot. Figure 1a) shows a spin filtered PEEM image of the 
magnetic domain structure of the Co film, recorded in the spatial imaging mode. The results show 
that 3800 image points can be recorded simultaneously [1]. Compared to spin-resolved single-
channel electron spectroscopy, an increase in detection efficiency by 4 orders of magnitude can be 
obtained [2]. 
A series of constant-energy cuts through the Brillouin zone gives direct access to the valence band 
electronic structure of the ultra-thin Co-film. By inserting the W(100) electron mirror into the 
electron optical path, the spin-resolved distribution of photoelectrons as a function of k||(x,y) is 
recorded simultaneously with unprecedented efficiency. Figure 1b) shows the spin-resolved 
photoelectron intensities, measured at the Fermi energy of a 12ML Co film. The measurements 
allow to assign the electronic states in the Co Fermi surface to the majority or minority spin 
channel. The results open a way to map the complete spin-resolved band-structure of correlated 
electron systems, and test recent theoretical concepts of the electronic structure beyond the single-
particle picture. 

 
Figure 1. (a) Spin filtered PEEM image of the magnetic domain structure of a 8ML Co film measured 
using two-photon photoemission. The inset shows the intensity variation over the domain wall. (b) Cut 

rough the Fermi surface of 12ML fct-cobalt separated by majority (↑) and minority (↓) spin channel. 

[1] A. Krasyuk, M. Hahn, 

[2] , G. Schönhense, A. Oelsner, C. Tusche, 
J. Kirschner: Phys. Rev. Lett. 107, 207601 (2011) 

th
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   We have successfully developed a transmission-type GaAs/GaAsP strained superlattice (SL) 
photocathode, and a high spin-polarization (90%) with a super-high brightness (1.3107 
Acmsr) of electron beam was achieved [1, 2].  In this study, we report the design and 
fabrication of an optimized 
quantum efficiency (QE).   
   In the GaAs/GaAsP strained SL, a compressive strain introduced in the GaAs well layers for 
large band splittings of heavy-hole and light-hole mini-bands.  Therefore, the spin-polarized 
electrons are selectively excited by circularly polarized photons only from the heavy-hole mini-
band to the conduction mini-band.  Because of the accumulation of the strain, the increase of the 
SL thickness should cause the strain relaxation, which lowers spin-polarization [3].  To overcome 
this problem, the use of strain-compensated SL was proposed.  In this structure, a strain is 
introduced in the SL barrier layers in the opposite direction to compensate the strain in the SL well 
layers so that no critical thickness limitation exists on overall 
1 shows the GaAs/GaAsP strain-compensated SL structure.   
   Figure 2 shows the change of maximal spin-polarization and QE at the maximum spin-
polarization with increase of SL pair number.  The maximum values of the spin-polarization were 
close to 90% in all photocathodes.  The maximal spin-polarization of 92% was observed in 24-pair 
of SL.  The values of QE increase stead
pair of SL, the QE is as high as 0.5%. 
   A lattice-matched structure all through the su trate and strain-compensated 
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New methods for extreme multi-scale 3D EM applied to biological samples are enabling new 
syntheses of information about natural systems, including new revelations advancing our 
understanding of the structure and function of nervous systems.  Brain researchers are now 
beginning to be able to explore this important organ across the full range of scales, from genomics 
and molecular structure to networks of neuronal systems. Gaps in knowledge and limited abilities 
to span scales in this and other tissues highlight the need for new tools and methods that will allow 
the acquisition of high fidelity 3D image information at high resolution, but over very large 
expanses. Several ongoing projects related to the technological challenges of working across scales 
will be highlighted in this presentation. These include work on advanced extreme-scale and high 
quality image recording systems for electron tomography; development of specimens and 
procedures to increase the image quality, resolution and field of view for 3D v
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The monochromatic, aberration-corrected, dual-beam low energy electron microscope (MAD-
LEEM, Fig.1) is a novel instrument aimed at imaging of nanostructures and surfaces at sub-
nanometer resolution that utilizes electrons with landing energies in the range of 0 to a few 100 eV 
for imaging.  The monochromator [1] reduces the energy spread of the illuminating electron beam, 
which significantly improves spectro-scopic 
and spatial resolution.  The aberration 
corrector [2] is needed to improve the spatial 
resolution in order to achieve sub-nm 
resolution.  Dual flood illumination [3] 
eliminates charging generated when a 
conventional LEEM is used to image 
insulating specimens.  The electron-optical 
properties of the objective lens combined with 
an electron mirror aberration corrector have 
been analyzed up to 5th order for electron 
energies ranging from 1 to 1000 eV.   The 
spherical and chromatic aberration 
coefficients of the electron mirror are fine-
tuned iteratively to cancel the aberrations of 
the objective for a range of electron energies, 
thus providing a path for sub-nm resolution.    
MAD-LEEM is in particular aimed at imaging of biological and insulating specimens, which are 
difficult to image with conventional LEEM, Low-voltage SEM, and TEM instruments.  The low 
energy of electrons is critical for avoiding beam damage, as high energy electrons with keV kinetic 
energies used in SEMs and TEMs cause irreversible damage to many specimens, in particular 
biological materials.  A potential application for MAD-LEEM is in DNA sequencing which 
demands imaging techniques that enable DNA sequencing at high resolution and speed, and low 
cost [4].  The key advantages of the MAD-LEEM approach are long read length, the absence of 
heavy-atom DNA labeling, and use of low electron energies.  Image contrast simulations of the 
detectability of individual nucleotides in a DNA strand have been developed in order to refine the 
optics blur and nucleotide contrast requirements.   
The MAD-LEEM approach promises to significantly improve the performance of a LEEM for a 
wide range of applications in the biosciences, material sciences, and nanotechnology where 
nanometer scale resolution and analytical capabilities are required. 
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A flange-on double imaging electron spectromicroscope based on the concept of newly developed 
[1] spherical deflector energy analyzer α-SDA is reported. Its compact design and flange-on 
construction enables simple adaption to UHV systems. Two independent imaging columns allow 
quasi-simultaneous observation of real and reciprocal images by quickly switching one of the 
spherical deflectors on and off.  
 

 
 
 
Figure 1. Horizontally mounted flange- on electron spectromicroscope. 1: real image, 2: reziprocal 
image  
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Hard X-ray photoelectron spectroscopy (HAXPES) has proven to be a valuable tool to retrieve 
spectroscopic data from bulk regions and buried layers [1]. On the other hand, photoemission 
electron microscopy (PEEM) is a well-established technique for high-resolution imaging with soft 
x-rays. Various contrast mechanisms provide valuable insight into electronic and magnetic 
properties of microstructured systems, among them elemental contrast due to absorption at 
characteristic absorption edges, magnetic contrast due to magnetic dichroism, and spectroscopic 
imaging using energy-selected photoelectrons [2]. Combining both methods into a spectro-
microscopy tool that offers both high spatial and energy resolution together with a high 
information depth is a rewarding task. So far, PEEM has been combined with hard x-rays as an 
imaging detector for local x-ray-absorption (NanoXAFS), using the secondary electron yield for 
image formation [3].  

Figure 1. (a) Image of the Au electrodes on SrTiO3 in threshold photoemission. (b) Same sample 
region imaged using Sr 2p3/2 electrons at 4.56keV. (c) Sr2p3/2 photoelectron spectra for hard x-ray 
excitation (hν=6.5keV) integrated over the green and blue areas in (b). 

 

In this contribution, we present for the first time imaging spectroscopy at high kinetic energies 
using hard x-rays (HAXPEEM). The measurements were performed at beamline P09 (PETRA III, 
DESY, Hamburg), using a NanoEsca-type photoemission electron microscope with double 
hemisphere energy filter [4,5].  
 
We will show the feasability of imaging at high kinetic energies at a reasonable spatial resolution 
as well as spatially resolved spectra from buried layers, demonstrating the power of this promising 
new experimental method. The studies on a sample comprising Au electrodes on a Fe:SrTiO3 
resistive switching film (Fig. 1) show a clear spectroscopic signature in the Sr2p3/2 states from the 
SrTiO3/Au interface. 
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Photoelectron microscopy in combination with synchrotron light (XPEEM) is a well established 
imaging technique. Its specific contrast is widely used for magnetic imaging and 
microspectroscopy with quantitative analysis. We extend conventional laterally-resolved soft x-ray 
photoelectron emission microscopy to provide depth resolution along the surface normal. Depth 
resolution in the range of Angstroms can be achieved by using standing-wave (SW) excitation[1]. 
The SW is generated by reflection of soft x-rays from a synthetic multilayer mirror which is used 
as the substrate on which the sample is grown. Tuning the incident x-ray to the mirrors Bragg 
angle sets up a standing x-ray wave field in the multilayer and the sample structure. The standing 
wave is moved vertically through the sample by means of varying the photon energy or the 
incidence angle. The technique was applied to Co nanodots, 4 nm in thickness and 1000 nm in 
diameter, grown on a Si/Mo (23.6Å/15.8Å)×40 multilayer substrate, and capped with a 2 nm-thick 
aluminum layer. Element- and depth-selective microscopy images were obtained for the 
constituent elements. The photoemission intensities as functions of photon energy were compared 
to x-ray optical theoretical calculations in order to quantitatively derive depth-resolved film 
structure of the sample, complimentary to the lateral picture provided by the PEEM[2]. 
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We investigate by spectroscopic XPEEM the doping signature of intentionally n-doped GaN 
microwires.  We present spectromicroscopic results at threshold (Fig.1a) and Ga3d core-level 
emission (Fig. 1b), c)) excited with soft x-ray radiation (NanoESCA Beamline, Sincrotrone Trieste, 
Italy, [1]). Fig. 1a) shows the threshold spectra of the Si-doped and undoped region of the wire. 
The two regions have a 134meV work function difference, the negative shift in the doped region 
(as seen from the corresponding images) expected to have a lower work function than the un-
doped one, is consistent with n-doping. We cross-checked the work function measurements with 
Ga3d core-level spectromicroscopy (Fig. 1b)). Fig. 1c) highlights a 160 meV binding energy shift 
of the Ga3d peak as a function of position along the wire. The positive binding energy shift in the 
doped region is qualitatively in agreement with n-doping and a lower work function, due to the 
shift of the Fermi level closer to the conduction band. This shift is also quantitatively consistent 
with the 134 meV work function difference, providing evidence that the work function changes are 
dominated by shift of the Fermi level upon doping. Based on complementary laboratory 
experiments, we will discuss on the influence of the band bending effect and the surface 
photovoltage [2] on the measured energy level shifts. 
 

         

(a) (b) (c) 

Figure 1. (a) Threshold spectra of doped (solid line) and undoped (dash line) wire region highlighted in 
the insets: top image taken at 4,88 eV shows the doped region, the bottom inset image (5.02 eV) shows 
the entire wire. (b) Ga3d core-level (21.05 eV) image of the GaN wire. (c) Ga3d binding energy 
variations over 7 areas along the wire represented in (b). All results recorded at hν=227.4 eV. 
 
The work was supported by the French National Research Agency through the Recherche 
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Study of Magnetic nanodots is at central in the field of nanomagnetism. Besides the interesting 
properties caused by dimensionality effect, magnetic nanodots can induce many novel phenomena 
when forming heterostructures with other materials. In this work, I will use several examples to 
demonstrate their effect. These examples include collective ferromagnetism of nanodot arrays on 
2-dimensional electron gas, colossal Coulomb blockade magnetoresistance in tri-layers, and 
dramatic enhancement of metal-insulator transition temperature in manganites. All these 
fascinating phenomena originate directly from the presence of magnetic nanodots. Their 
underlying mechanisms, while somewhat understood, need further theoretical studies. 
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Self-organized periodic patterns under thermal equilibrium have been studied since the late 
eighties. The main idea, both for magnetic and for structural patterns, is based on competing 
interactions at different length scales, which minimize the free energy at a particular length scale 
depending on temperature [1]. In recent studies, we have focused on examples of stress-driven 
structural patterns of metal adlayers on W(110) surface. In particular the Pd monolayer was shown 
to order into a mesoscopic stripe phase [1], which can be modified dramatically through adsorbing 
oxygen as a second adspecies [2]. Here, we focus on two new aspects regarding these stripe phases 
on the tungsten surface. First, we describe the internal structure of the Pd layer within the 
mesoscopic stripe phases. We show that there is yet another periodic structure with a few 
nanometer period within the Pd layer (Fig. 1a), which is identified as periodic vacancy-lines by 
density-functional theory calculations [3]. This temperature-dependent (Fig. 1b) internal phase is 
shown to be distinctly different than a surface reconstruction. The result is the coexistence of two 
periodic structures at two different length scales, which are crucially interrelated. In the second 
part of the talk, we discuss the possibilities in using the mesoscopic stripes as templates for 
growing magnetic wires. The idea is illustrated by Fe growth on Pd-O stripes. We show that Fe 
preferentially sticks to the Pd covered regions, thus forming ferromagnetic wires (Fig. 1c). 
 

 
 
Figure 1. (a) LEEM image of Pd/W(110) stripes. The DFT-modeled vacancy-line structure internal to 
Pd stripes is sketched below. (b) Temperature dependence of the vacancy-line period. (c) XMCD-
PEEM image of Fe wires grown on a Pd-O stripe template.  
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A PEEM III microscope with the energy analyzer from Elmitec, intended for the Polish 
synchrotron source SOLARIS [1], was successfully installed and tested for several weeks at the 
NanoXAS beamline (SLS) in cooperation between PSI and several Polish Laboratories. The 
microscope is equipped with a preparation chamber enabling also in situ MBE growth of metal and 
oxide films. Despite the fact that the NanoXAS beamline doesn’t perfectly fit to PEEM 
measurements, most of the X-PEEM features could be tested and verified, including chemical and 
magnetic sensitivity given by XAS, XPS, XMCD and XMLD methods combined with the high 
spatial resolution and the real time imaging. During five weeks long beamtime a wide range of 
materials, including bulk crystal surfaces, ultrathin films and self-organized as well as patterned 
nanostructures was studied and this contribution will review some selected results. 
 
Thickness and temperature induced SRT in thin Fe films on W(110) will be discussed in view of  
previously reported non-collinear magnetic structure during SRT [2]. For both transitions, X-
PEEM movies and images showed that SRT proceeds via magnetic domain wall movement. Also 
X-PEEM studies of magnetic domain structures in self-organized Fe islands on W(110) will be 
presented. Our previous Nuclear Resonant Scattering (NRS) studies showed that for the particular 
nominal coverage of 1.5 ML, islands formed by annealing above 600ºC exhibit strange magnetic 
properties. NRS spectra display enhanced magnetism with increasing temperature. To shed more 
light on this effect, various iron nanostructures formed by annealing on the W(110) surface were 
studied in a broad temperature range. High quality X-PEEM images (lateral spatial resolution ~ 
25nm) revealed rich variety of islands magnetic domain structure and its correlation with their 
shape and size. 
 
In conclusion some technical limitations and problems that were met during the experiment, as 
well as future Polish-Swiss plans, namely the idea to install aberration corrected LEEM on 
NanoXAS beamline (scheduled for 2013 year) will be discussed. 
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Magnetic domains, usually considered as the result of competition of exchange interaction, 
dipolar interaction and magnetic anisotropy, will not contain chiral order. However, the 
Dzyaloshinskii-Moriya (DM) interaction, which arises from the spin-orbit scattering of electrons in 
a system with broken inversion symmetry, will cause chiral magnetic order. Chiral spin structures 
were observed in helimagnets such as Fe0.5Co0.5Si with a non-centrosymmetric crystal structure 
(Uchida et. al, Science, 311, 359(2006), Yu et. al, Nature, 465, 901(2010)), and in a Mn atomic 
layer on a tungsten substrate with inversion symmetry broken at the interface (Bode et. al, Nature, 
447,190(2007)). Chirality in nanoscale magnets may play a crucial role in spintronic devices, but 
this should be performed at room temperature for real applications. 
 

In this talk, we will present our results on chiral magnetic order observed directly in real space 
at room temperature. The experiments were performed with spin polarized low-energy electron 
microscopy (SPLEEM) at the Lawrence Berkeley national laboratory. An Fe/Ni bilayer grown on 
Cu(001) exhibits a magnetic stripe domain phase. The domain wall of the magnetic stripe is Néel-
type, and the in-plane components of the neighboring domain walls are always antiparallel. These 
results clearly demonstrate the existence of a cycloidal chiral magnetic order when the magnetic 
spins rotate. The chiral order in the Fe/Ni bilayer is independent of the orientation and the width of 
the magnetic stripes, but will disappear for a Ni layer thicker than 7ML. The chirality can switch 
from the right-hand cycloid in Fe/Ni/Cu(001) to the left-hand cycloid in Ni/Fe/Cu(001), which 
indicates that the chirality is caused by the DM interaction mainly located at the Fe/Ni interface. A 
Monte-Carlo simulation can fully explain our results, and also predicts a new type of the skyrmion 
spin structure. Our results provide a new way to enhance the DMI at room temperature, which will 
benefit the application of spintronic devices. 
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Graphene on metals has evolved into a paradigm for understanding how the substrate interactions 
influence the electronic properties of two-dimensional sp2 hybridized atomic networks [1]. Aiming 
at characterizing its band structure, recent research has focused on high quality graphene layers 
grown on transition metals, investigating both intrinsic and extrinsic electronic effects. Known 
since the early days of surface science [2], the growth of few-layer graphene can nowadays be 
accurately controlled on most fcc(111) or hcp(0001) transition metal surfaces. As demonstrated by 
atomic scale characterization methods, graphene on metals shows a great variety of rotational 
structures and moiré patterns originating from the small lattice mismatch with the substrate [3]. 
Such models turned out to be ideally suited to study the band structure of graphene, allowing also 
to access electronic effects induced by the interaction with the support.  
 
Despite the unprecedented number of studies that the rise of graphene has triggered, the properties 
of graphene on crystal faces showing different symmetry than the threefold are still largely 
unexplored, few exceptions being provided by LEEM studies [4,5]. We report here on graphene 
grown on a prototypical Iridium square symmetry substrate, illustrating how the complex interplay 
between lattices with different symmetries affects both the morphology and the electronic structure 
of the film [6]. A remarkable aspect of this system is a temperature-driven reversible 
transformation between physisorbed incommensurate graphene and a more strongly bound 
commensurate type of graphene showing regularly spaced one-dimensional nanoripples. By 
combined use of advanced microscopy methods (spectroscopic photoemission and low energy 
electron microscopy, microprobe angle-resolved photoelectron spectroscopy, scanning tunneling 
microscopy) and ab initio calculations, we will show how graphene reacts to elastic forces, 
adapting its morphology to efficiently release the strain at the interface. By following the film 
evolution across and above the phase transition, we demonstrate how the graphene morphology 
and electronic structure are intimately connected to the occurring substrate interactions, which 
involve the formation and rupture of a surprisingly small number of chemical bonds. 
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Strongly corrugated monolayers of sp2-bonded materials, such as hexagonal boron nitride and 
graphene, on lattice mismatched transition metals are promising self-organized templates for 
ordering nano-scale objects. Symmetry and periodicity of the corrugation are dictated by the lattice 
mismatch while the corrugation amplitude is defined by the strength of metal d – carbon 2p 
chemical interaction. Different structures were found for graphene adsorbed on 3d, 4d and 5d 
metal surfaces [1-3]. Surprisingly, the interface between graphene and iron has not been studied in 
detail yet. The main reason for this is a challenging procedure of graphene growth on iron because 
of preferential nucleation of the carbide Fe3C phase. Using LEEM and XPEEM we demonstrate 
that the growth of graphene on epitaxial iron films can be realized by chemical vapor deposition 
(CVD) if it occurs beyond the thermodynamic equilibrium conditions to avoid formation of 
carbide phases. The resulting graphene monolayer on Fe(110) creates a novel periodically 
corrugated pattern with the modulation in one dimension because of the partial match between 
distorted hexagonal symmetry of the Fe(110) face and graphene. Fig.1 shows two LEEM images 
of the C/Fe(110) surface as a result of the CVD process (a) at equilibrium growth conditions, when 
an iron carbide phase forms, and (b) at highly non-equilibrium gas pressure which is essential to 
suppress the formation of iron carbide in favor of graphene growth. Graphene on Fe(110) is 
corrugated in a periodic wavy pattern which creates the superstructure in the LEED pattern and 
can be seen in real-space by STM. This new corrugation pattern with a period of ~4nm parallel to 
the [001] direction is a promising platform for ordering nano-objects in one dimensional chain and 
possible applications will be discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 

b a 

Figure 1. (a) a LEEM image of iron carbide Fe3C on Fe(110) (E=3.5eV, FoV=15m). On the right side 
of the image are -LEED patterns (E = 30eV) from two different domains of the carbide phase (white 
and black areas in (a)).  (b) aLEEM image of 1ML graphene (E=4.6eV, FoV=15m) on Fe(110); On 
the right side of the image are -LEED pattern (top, E = 50eV; red and blue are principal spots from 
graphene and iron, correspondingly) and a 30x30nm2 STM image of graphene waves (bottom). 
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The recent world-wide research efforts on two-dimensional (2D) graphene have been stimulated 
by its unique electronic structure and, more importantly, many extraordinary physical properties. 
So far, the focus has been mainly, although not exclusively, laid on the physics and material 
science. The research of the 2D graphene structure in the field of chemistry, for example, catalysis, 
is much less explored, compared to its allotropes, 0D fullerenes and 1D carbon nanotubes. We 
show that an extended nanoscale environment forms between graphene sheets and solid surfaces, 
where guest atoms or molecules can be accommodated at the interfaces. It has been demonstrated 
that oxygen (O), lead (Pb), and silicon (Si) atoms can penetrate underneath graphene at elevated 
temperatures, decoupling the graphene layers from the Ru(0001) substrate [1, 2]. Even at room 
temperature, the intercalation of CO molecules at graphene/Pt(111) interfaces was also observed. 
The formed 2D nanospace presents as an extended confined environment, which exhibits nano-
confinement effect on the chemistry of adsorbates on the solid surface. In-situ low energy electron 
microscopy (LEEM)/photoemission electron microscopy (PEEM), X-ray photoelectron 
spectroscopy (XPS), and density functional theory (DFT) calculations reveal the nano-confinement 
effect from the graphene cover, which destablizes adsorption of CO on Pt(111) surfaces. The 
adsorption of oxygen on Ru(0001) was also shown to be weakened by the grahene cover [2,3]. The 
graphene sheet shows itself to function as an imaging agent to visualize reactons under its cover, 
and, furthermore, it can tune adsorbate-substrate interaction via the confinement in the nanospace.  
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The low energy electronic dispersion of graphene is extremely sensitive to the nearest layer 
interaction and thus the stacking sequence [1].  Here, we report a method to examine the effect of 
stacking misorientation in bilayer graphene by transferring chemical vapor deposited (CVD) 
graphene onto monolithic graphene epitaxially grown on silicon carbide (SiC) (0001).  The 
resulting hybrid bilayer graphene displays long-range Moiré diffraction patterns having various 
misorientations even as it exhibits electron reflectivity spectra nearly identical to epitaxial bilayer 
graphene grown directly on SiC [2].  These varying twist angles induce the changes in the valence 
and conduction electronic states.  Except at very small twist angles, we observe two non-
interacting cones near the Dirac crossing energy, and the emergence of van Hove singularities 
where the cones overlap, using angle-resolved photoemission spectroscopy and ab initio 
calculations.  This interlayer interaction is also reflected in the 2D (G’)-band shape of the Raman 
spectrum.  The hybrid bilayer graphene fabricated via a transfer process therefore offers a means to 
systematically study the electronic properties of bilayer graphene films as a function of stacking 
misorientation angle.  
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Recent developments in time-resolved diffraction techniques -- both x-ray and electron -- have 
made it possible to observe matter at unprecedented spatio-temporal resolution. These 
developments have been enabled by so-called 'ultrafast' xray and electron sources, which are 
capable of taking (essentially) instantaneous snapshots of the atomic structure of matter. Studies 
that make use of these sources have begun to open up a new window on the time-evolving atomic 
configuration of molecules and solids during structural transformations, since by piecing together a 
sequence of such snapshots we can obtain an atomic resolution "movie" of the process. 
 
My talk will focus on ultrafast electron diffraction (UED), and will provide a very accessible 
introduction to this field. The goals and methods of UED will be described, as well as the technical 
challenges associated with the development of ultrafast electron sources. As part of this overview I 
will demonstrate that we have recently been able to improve our diffractometer performance by 
several orders of magnitude by implementing a radio-frequency pulse compression strategy 
borrowed from the particle accelerator community [1,2]. 
 
Several experiments that highlight the power of ultrafast diffraction for studying structural 
dynamics at (or near) atomic resolution will then be described. Moving beyond diffraction 
experiments, ultrafast transmission electron microscopy will also be discussed (time permitting). 

A B

 
Figure 1. UED with radio-frequency compressed electron pulses. A)  Structural dynamics following 
femtosecond laser excitation of single crystal gold (UED pattern shown in inset).  A coherent 
oscillation of the atomic positions (only ~0.001 Angstroms in amplitude) following the excitation is 
evident from changes in the position of the Bragg peaks.  Data is shown for the peak indicated in the 
inset with a white circle. B) A direct measurement of impulse response function of the ultrafast 
diffractometer; the time resolution of the instrument is better than 350 fs.   
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We study surface plasmon polariton (SPP) generation, propagation, diffraction, interference, 
focusing, and decay by femtosecond time-resolved photoemission electron microscopy (PEEM). 
Equal-pulse pump-probe pulses with interferometrically defined delay excite two-photon 
photoemission from Ag surfaces.  The imaging of the spatial distribution of photoemitted electrons 
by PEEM reveals a nonlinear map of the total surface electromagnetic fields impressed on the 
sample. The images reveal coherent polarization gratings consisting of superposition of the 
incoming excitation pulses and propagating SPP wave packets that are generated at nanofabricated 
coupling structures.  By changing the delay between the pump and probe plusses in steps of ~330 
as we record movies of the evolving coherent polarization at the Ag/interface, which reflects the 
evolution of the surface electromagnetic fields.  Through the combination of femtosecond laser 
excited photoemission and imaging of photoelectrons we can record <10 fs time scale coherent 
polarization dynamics with ~50 nm spatial resolution.1-3  
 
The SPP fields are generated by specifically designed coupling structures formed by lithographic 
techniques in Ag films.  The physical properties of the coupling structures and the geometry of the 
excitation define the subsequent SPP dynamics. To obtain a quantitative understanding of the SPP 
generation and PEEM imaging we perform FDTD calculations on the coupling of the external field 
into the SPP mode and compare them to experiments for slit coupling structures with different 
geometries.4  Using more complicated coupling structures, we demonstrate SPP interference and 
focusing (Fig. 1).5 Through time-resolved PEEM measurements on nanostructured metal films we 
plan to develop techniques for the coherent control of electromagnetic fields on the femtosecond 
temporal and nanometer spatial scales. 
 

Figure 1. a) A PEEM image of a 60° ‘V”-shaped coupling structure with Hg lamp excitation. b) A 
PEEM image of the same structure with 10 fs, 400 nm laser pulse excitation using a phase-locked pulse 
pair with 17.0 optical cycles delay (22.6 fs).  The interference pattern between the external excitation 
and SPP wave packet fields causes the polarization grating of the total field. The expanded region of b) 
shows the complementary interference pattern when the phase is advanced by 0.5 cycles (0.65 fs).  
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Recent advances in ultrafast optics and nanostructure fabrication have opened up possibilities for 
new types of PEEM studies. Two fields that have experienced particularly rapid growth during the 
last decade are plasmonics and attosecond physics. In view of these advances, we present PEEM 
studies of metal and semiconductor nanostructures using advanced short-pulse laser systems as 
light sources. The general setup is depicted in figure 1, showing how we can use a variety of 
different laser pulses in a pump-probe PEEM setup. Using femtosecond optical pulses, we study 
several different phenomena, such as surface plasmons bound to metal nanostructures and resonant 
electromagnetic modes in III/V semiconductor nanowires [1]. Among other results, we find an 
interesting polarization dependence of the photoemissio
under illumination of 800 nm femtosecond laser pulses.  

We also use extreme ultraviolet (XUV) attosecond pulse trains produced via high-order harmonic 
generation as the excitation source for PEEM. This setup has the possibility to combine the 
nanometre spatial resolution of PEEM with the attosecond temporal resolution of today’s laser 
spectroscopy techniques [2,3]. The experiment is, however, difficult to realize because of the 
unusual properties of the radiation. The very large bandwidth (~10 eV) needed to produce 
attosecond pulses results in increased chromatic aberration, and the low repetition rate of today’s 
attosecond laser systems (~1 kHz) leads to extremely low average photocurrents from the sample 
in order to avoid space charge effects. Further, we show how image contrast becomes an important 
issue for studies of noble metal systems with this type of radiation. We present how we explore 
these issues and how secondary electron imag
imaging with attosecond temporal resolution.  

Finally, we discuss the upgrades currently being made to both our PEEM and our laser system, and 
how electron energy

 
Figure 1.(a) Schematic drawing of our atto-PEEM setup. High-order harmonics are generated in argon 
and separated by the fundamental by an Al filter. Part of the IR beam is sent through a delay stage for 
pump-probe experiments. If desired, a frequency doubling crystal can be inserted into one of the arms. 

m of the HHG radiation. (c) Temporal structure of an attosecond pulse train. 

 
 Photon.1, 539-544 (2007). 

(b) Typical spectru
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After nearly three decades of research and development, organic light emitting diode (OLED) has 
emerged as a key display technology with the potential of displacing liquid crystal displays. In this 
talk, the pathways from early discoveries to commercialization of OLED displays will be traced 
with highlig
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Metal phthalocyanines have attracted significant attention in the past decades, having good 
potential for applications in chemical sensors, solar cells and organic magnets. As the electronic 
properties of molecular films are related to their crystallinity and molecular packing, the 
optimization of film quality is important for improving the performance of organic devices. In this 
work, as a model system, we studied the structural evolution of zinc phthalocyanine (ZnPc) films 
on a Ag(100) single crystal, in order to elucidate the relation between the balance between 
molecule-molecule and molecule-substrate interactions, and the resulting structure of the 
molecular film. ZnPc has been thermally deposited on a clean Ag(100) surface, at substrate 
temperatures varied from 360K to 460K. The nucleation and growth of the ZnPc film has been 
observed in-situ in the low-energy electron microscope (LEEM). Micro-spot LEED obtained from 
film grown at lower temperatures revealed presence of a double domain R33.69o epitaxial structure 
(Fig.1a), while at higher temperatures a very sharp 5x5 pattern was observed (Fig.1b). Most 
interestingly, we have observed a long delay in nucleation for both phases – nucleation begins at 
nominal coverage of 0.48 ML at 410K, while almost 0.75ML is required for the onset of 
nucleation at 460K. We show that the large equilibrium concentration for onset of nucleation is not 
caused by molecule desorption, but it rather results from combination of molecule diffusion energy 
barrier, energy barrier for molecule reorientation and the balance between detachment/attachment 
energy barriers (Fig.1c). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) -LEED diffraction patterns obtained from 1ML of ZnPc grown on Ag(100) surface at 
substrate temperature of 360K (a) and 460K (b), respectively; (c) Arrhenius plots showing the relation 
between the equilibrium concentration of molecules  required for onset of nucleation and the growth 
temperature for both epitaxial structures; The differences between molecule attachment and detachment 
energy barriers E for both structures, extracted from the experimental data, are shown in the plots.  
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We have investigated the nucleation and initial growth of 4,4’-biphenyldicarboxylic acid (BDA) 
on Cu(001) at temperatures ranging from 300 – 410K, using Low Energy Electron Microscopy 
(LEEM) and Selected Area Low Energy Electron Diffraction (μLEED). The BDA condenses in a 
two-dimensional (2D) supramolecular c(8 × 8) network composed of (almost) flat lying molecules. 
The dehydrogenated molecules form hydrogen bonds with their perpendicularly oriented direct 
neighbors. The resulting open structure was suggested to provide a suitable template for 
nanostructures.  
 

First, the adsorbed BDA molecules form a disordered dilute phase. LEEM enables us to directly 
monitor the density in this phase by a careful analysis of the bright-field image intensity.  Once 
this phase reaches a sufficiently high density, the c(8x8) crystalline phase nucleates. From the 
respective equilibrium densities at different temperatures, we determine the 2D phase diagram. 
The position and shape of the phase coexistence line provides the cohesive energy, which amounts 
to 0.35 eV.  
 

The unique properties of LEEM to probe the dilute phase led us to a detailed study of nucleation 
and growth of BDA on Cu(001) at low supersaturation. The real time microscopic information 
allows a direct visualization of near-critical nuclei. At a substrate temperature of 332 K and a 
deposition rate of 1.4 x 10-6 monolayers per seconds we find a critical nucleus size of about 600 
nm2. With the exerted access to the temporal behavior of the dilute phase density during nucleation 
and the previously determined line tension of the c(8x8) nuclei (from the cohesive energy) we 
estimate the Gibbs free energy for nucleation under these conditions at 4 eV. The corresponding 
critical nucleus size obtained from classic nucleation theory, using these numbers, corresponds 
with about 680 nm2 nicely with the direct result. We find that nuclei with a size 6 times larger than 
the critical value still have a finite decay probability, implying that the size fluctuations are an 
order of magnitude stronger than expected. 
 

At the relatively high temperature of 410 K the influence of substrate steps on the growth process 
becomes evident: domain growth is blocked by steps even when they are highly transparent for 
diffusing individual molecules. This leads to a Mullins-Sekerka type of growth instability of a 
novel kind: the growth is very fast along the steps and less fast perpendicular to the steps. The 
large solid angle at the advancing edge of the condensate dictates the high growth rate along the 
step. The observed non-wetting of the steps is in line with these findings and gives rise to 
spectacular rearrangements of the BDA condensates immediately after closing the shutter of the 
Knudsen cell. 
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Cerium oxide is an enormously versatile material system and has attracted tremendous interest due 
to its wide range of already existing and potential applications in, e.g., catalysis [1], energy 
harvesting and storage, sensing, and microelectronics. Its inherent structural variability combined 
with its electronic complexity arises from the unfilled shell of highly-localized 4f electrons in the 
valence band, making it a particularly attractive model system in fundamental studies of electron 
correlation and chemical bonding in binary metal oxides. Here, we characterize the growth of 
cerium oxide on Ru(0001) (Fig. 1), its temperature and pressure dependence as well as its 
oxidation state using a combination of intensity-voltage (I(V)) LEEM, LEED, resonant 
photoemission spectroscopy (RPES), and ab initio scattering theory [2]. We demonstrate that 
major differences for fully-oxidized and reduced ceria, as confirmed by quantitative RPES, in the 
k||=0 projected bandstructure, which determines the electron reflectivity, are not due to the Ce-4f 
states, but the Ce-5d states. Furthermore, we illustrate these results by performing in-situ LEEM 
during methanol oxidation on nanoscale cerium oxide islands grown on Ru(0001). Using distinct 
I(V) fingerprints for Ce3+ and Ce4+ oxidation states, we are able to image and identify local 
reduction of the cerium oxide islands upon methanol decomposition and subsequent thermal 
annealing.  
 

 
 
Figure 1. Temperature dependent island density and shape of cerium oxide islands on Ru(0001).  
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We use LEEM and LEED to study in real time the growth of iron oxide thin films on the (001) 
surface of yttria-stabilized zirconia (YSZ). Our initial results, reported at the 7th International 
LEEM-PEEM conference, showed that growth by Fe deposition in a background of ~10-6 Torr O2 
at temperatures of 1000°C and above produces a FeO(111) film (wüstite) with four non-equivalent 
domains arising from two rotational domains and two stacking sequences.  Here we report on 
subsequent research showing that uniform spreading of 2-dimensional islands can be observed in 
LEEM by initiating growth at ~1000°C and raising the temperature to 1110-1145°C during Fe 
deposition (Fig. 1).  The growth is anisotropic with the fast growth direction depending strongly on 
both the rotational and stacking domain structure. This anisotropic growth is attributed to 
preferential O2 dissociation at specific island edge configurations. LEEM-IV spectra from the films 
are quite similar to those taken from FeO(111) films grown on Ru(0001), where the films are 
identified as bilayer structures (two Fe and two O layers) [1]. Island coarsening at temperatures 
above 1160°C rotates the film orientation by 15° with respect to the substrate (seen in LEED) and 
reduces the coverage by about one half (seen in LEEM) consistent with a dewetting process at the 
higher temperatures.  Second-layer Fe oxide grows as Fe3O4(111) (magnetite) and has a LEEM-IV 
fingerprint different from both FeO(111) and the YSZ(001) substrate.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1. LEEM images (20 m field of view, start voltage = 3.0V) recorded during deposition of Fe 
on YSZ(001) in 9x10-6 Torr O2. (a) after 181 sec. at 893ºC and 344 sec. at 1040ºC (b) after an 
additional 245 sec. at 1040ºC  (c) after an additional 420 sec. at 1040º C. The bright regions are FeO.   
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Fe3O4 (magnetite) is a transition-metal oxide with a wide range of applications. Magnetite films 
have shown several interesting properties in the fields of heterogeneous catalysis [1] and 
magnetism [2]. Most of them are connected with the film preparation methods and the substrate 
features. In particular, antiphase boundaries (APBs, i.e. dislocations and rotational domain 
boundaries) play an active role for the production of anomalous film resistivity and magnetic 
susceptibility, and could be a considerable factor in the determination of surface electronic 
properties. A new preparation recipe has been applied to study in-situ and in-real-time the layer-
by-layer growth of a closed Fe3O4(111) film on Pt(111) with the SMART, the aberration-corrected 
energy-filtered LEEM/PEEM operating at the synchrotron light source BESSY II in Berlin. The 
magnetite film grown layer-by-layer shows morphological properties that differ from the film 
grown by iterations of room temperature Fe deposition and oxidation at 900 K. In addition to the 
usual atomic steps, new line defects appear on the surface. Their behavior during the layer-by-
layer growth indicates that they are line dislocations produced by a shift which is a fraction of the 
unit cell height in [111] direction. Dark field imaging of the Fe3O4 surface for different film 
thickness show interesting behavior of the twin domains rotated by 180° during the layer-by-layer 
growth. It is known [3] that Fe3O4/Pt(111) presents an asymmetry in the domain distribution, with 
the predominance of one domain. The origin for the rotation domains is a stacking fault process at 
the interface that is triggered by the substrate morphology: while stacking faults are not produced 
on large terraces, the process is highly enhanced on step bunches. For a larger film thickness, the 
rotational domains modify their shape during the growth: small domains are fully converted to the 
predominant orientation, while the boundaries of large domains assume a polygonal shape. The 
consideration about the formation and dynamic behavior of the APBs will be discussed. 
 

 
Figure 1. (a) bright field image and (b) dark field image of the Fe3O4(111)/Pt(111) thin film. During 
the layer-by-layer growth atomic steps and line dislocations flow independently on the surface, while 
the rotational domains change their shape and disappear if too small. 
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α-Fe2O3 (hematite) films are important for both, catalytical and technological applications. A 
standard procedure to produce thin crystalline films is Fe deposition on a suitable metal crystal like 
Pt(111) and subsequent oxidation in a “high pressure cell” at about 1 mbar at an elevated 
temperature of about 1100 K [1]. In this work we present a recipe to grow hematite at a lower 
pressure range of less than 10-5 mbar of oxygen. This film growth and the surface properties are 
investigated in situ and in real time by the spectro-microscope SMART, combing microscopy 
(LEEM, X-PEEM, UV-PEEM) with diffraction (LEED) and spectroscopy (XPS, UPS). This is 
directly compared with the Fe3O4 (magnetite) results, grown under similar conditions. 
 
A closed α-Fe2O3 film can be obtained from a complete Fe3O4 film by Fe deposition and 
subsequent oxidation. This process requires a higher O2 pressure and a lower annealing 
temperature compared to the initial Fe3O4 film growth. As found by LEED the resulting α-Fe2O3 

(0001) surface exhibits always the so-called “bi-phase structure”, which is assumed to be an 
oxygen depleted phase [2]. The oxidation process has been varied, but no low pressure condition 
could be found to avoid this termination. By Fe deposition and annealing in UHV the α-Fe2O3 

(0001) film can be reduced and transformed back into a Fe3O4(111) film. 
 
A special situation is the co-existence of α-Fe2O3(0001) and Fe3O4(111), which allows a direct 
comparison in X-PEEM under identical conditions. The different ionic states Fe2+ and Fe3+ for 
both phases will be discussed.  
 

1µm

(a) (b) (c)

(d) (e) (f)

 
Figure 1. Transformation of an α-Fe2O3 (0001) film ((a) LEEM and (d) LEED) into a Fe3O4(111) film 
by Fe deposition and subsequent short annealing ((b) and (e)). A longer annealing results in coexisting 
regimes of α-Fe2O3 (0001) and Fe3O4(111) ((c) and (f)). The oxide film is slightly dewetted and shows 
therefore additional FeO patches. The satellite spots in the LEED are due to the bi-phase structure of α-
Fe2O3 (0001). 
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Magnetite has played an important role throughout the history of science and technology [1], e.g., 
the discipline of paleomagnetism relies to a large extent on its properties. Interest in magnetite as a 
candidate material for spintronic applications [2] is driven by the predicted half-metal character [3], 
high conductivity, chemical stability and high-Curie temperature. Promising recent results include 
the use of magnetite as a spin-injector source [4] as well as observations suggesting that the 
magnetic properties of magnetite are robust even in the nanometer thickness limit [5].  Using spin-
polarized low-energy electron microscopy, we find that domains are magnetized along the surface 
[110] directions, and domain wall structures include 90° and 180° walls. A type of unusually 
curved domain walls are interpreted as Néel-capped surface terminations of 180° Bloch walls.  

 
Figure 1. Details of particular magnetization configurations observed on (100) magnetite. Panels (a) 
and (b): SPLEEM images acquired with spin polarization along the [011] direction, (d) and (e) are 
acquired with [01-1] spin alignment. Small red arrows show the in-plane magnetization directions as 
measured from pairs of SPLEEM images acquired with orthogonal beam polarizations, large red arrows 
indicate average magnetization in each domain. (a) 90° wall, image size 2.7 μm. (b) Wavy 180° wall, 
image size 5.3 μm. (c) Intensity profile along the line indicated in previous panel suggests that the 
structure is a 180° Néel-capped Bloch wall. (d) Bloch line separating two sections of opposite chirality 
within Néel-capped 180° Bloch wall; image size 2.7 μm. (e) Periodic array of 90° walls, image size is 
5.3 μm. (f) Image intensity profile across array of 90° walls (along the line indicated in previous panel). 
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The surface domain structures of ferroelectric perovskite surfaces can be mapped with high 
contrast by Laser-excited PEEM in photoemission threshold [1]. By this technique it has been 
demonstrated that the surface domain structure of ferroelectric BaTiO3(100) persists above the 
bulk critical temperatures [2]. Whereas these PEEM studies exploit the workfunction contrast 
between different ferroelectric domains, one additionally demands for investigation of multiferroic 
materials access to the ferromagnetic and/or antiferromagnetic domain structure. 
 
Here we present the domain imaging at multiferroic BiFeO3(001) surfaces by Laser-excited PEEM. 
BiFeO3 is one of the very rare single-phase magnetoelectric multiferroics and shows ferroelectric 
and antiferromagnetic behavior at room temperature with a complicated domain structure. By their 
different photoemission yields PEEM discriminates two different ferroelectric domain types of 
BiFeO3. Furthermore, the photoemission yield depends differently on the light polarization as 
shown in Fig. 1 for different domains. This is used for a linear-dichroism and circular-dichroism 
threshold imaging in contrast to the known magnetic XPEEM which requires synchrotron radiation. 
Based on workfunction contrast as well as on linear and circular dichroism we are able to 
discriminate 8 different multiferroic domains.  
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. PEEM photoemission yield of two different BiFeO3(001) domains as function of the linear 
light polarization. The sum, the difference and the asymmetry of the photoemission yield are display 
from top to bottom. Right panel: Linear dichroism contrast of the BiFeO3(001) surface for a photon 
energy of 4.3 eV and 150 µm field-of-view. 
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We present two examples of ferroelectric domain order studied by full field electron 
spectromicroscopy. Standard electrical characterization of ultra-thin films is impossible due to the 
high leakage current in the tunnel regime. However, surface charge and hence FE polarization can 
be estimated from the electrostatic surface potential and the work function measured in low energy 
electron microscopy (LEEM) and energy filtered photoelectron emission microscopy (PEEM), 
respectively. There is a critical film thickness in BiFeO3 below which the film polarization drops 
to zero despite constant tetragonality. The results are interpreted using first principles based 
effective Hamiltonian calculations suggesting the formation of stripe domains in ultra-thin films. 
The second example presents a study of a micron scale region in BaTiO3(001). Spatially resolved 
reciprocal space images of the electron dispersion relations in the first Brillouin zone is obtained [3] 
and compared with first principles calculations, confirming the in-plane polarization. It is possible 
to switch the polarization direction using the electron beam of the LEEM. Until now, domain 
switching has been accomplished using electrical or chemical potentials, or mechanical or 
temperature gradients. Here we show reversible switching using e-beam induced charge. These 
examples demonstrate that the combination of real and reciprocal space imaging of ferroelectric 
surfaces using full field electron spectromicroscopy is a powerful new tool for unraveling the 
electronic structure underpinning ferroelectric order. 
 

       
 
Figure 1. (left) work function map of oppositely polarized FE domains in a 70 nm BiFeO3 film. (center) 
in-plane electron beam induced domain switching in BaTiO3(001) showing the characteristic advance 
of needle like cones across 90° domain walls. (right) model of e-beam induced switching. 
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Multiferroic nanostructures could represent one of the roads towards a revolution in storage 
technology. The physical limits imposed on both the timescale and size of the storage elements 
have already been touched in some mainstream applications like magnetic recording and random 
access memory. One possibility to circumvent these restrictions is to go to emergent technologies 
unifying one or several information-carrying properties of the underlying systems, like spin- and 
charge-degrees of freedom [1]. In this way, multilevel logical elements become possible, boasting 
storage-capacity by possibly an order of magnitude. At the same time the enhanced control of the 
information state via cross-interactions between different degrees of freedom leads to new ways to 
manipulate the information state, possibly under maximum energy-efficiency. In this work, we 
investigated the possibility to use ferroelectric PbTiO3 (PTO) layers to manipulate the charge and 
spin-degrees of freedom in magnetic La0.7Sr0.3MnO3 nanostructures (LSMO). By X-PEEM we 
found evidence for a correlation between the valence state of the LSMO and the polarization state 
of the ferroelectric PTO. The interaction is mutual and can be used for electrical manipulation of 
the magnetization state of LSMO. 
 
a) 

 
 

 

b) 

 
Figure 1. a) sample structure: PLD-grown layer stack with Nb:STO substrate and dot array deposited 
by stencil-mask. A continuous PTO layer on top forms a self-organizing polarity-pattern with up and 
down polarized areas. b) PEEM and PFM contrast of the dot sample. The PTO polarization manifests in 
the Ti L-edge fine structure. 
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We have investigated the initial growth of Bi on Ni(111) using Low Energy Electron Microscopy 
(LEEM) and Selected Area Low Energy Electron Diffraction (μLEED). Bismuth 1) has a tendency 
for allotropism, probably related to its low Young’s modulus, 2) it forms several ordered alloys 
with Ni and 3) with Bi being a neighbor of Pb in the periodic system, one may find evidence for 
quantum size effects in ultrathin Bi layers. Indeed, we obtain ample evidence that Bi/Ni(111) is 
feature rich system, even at a fixed substrate temperature of 474 K. 
 
We find first that the deposition of Bi leads to the formation of a surface alloy with a (√3x√3)-
R30° structure at a Bi-coverage of 1/3. Continued Bi deposition leads to the formation of an 
incommensurate wetting layer with a continuously decreasing lattice parameter, finally ending in a 
(7x7) structure. From the variation of step positions at the buried interface, nicely accessible with 
LEEM, we conclude that the dealloying of the root3 phase is incomplete and that the (7x7) wetting 
layer in fact spans two layers with a small, but finite bismuth content in the lower layer. Upon 
further Bi deposition elongated, 3-4 layers high nanowires emerge, with a (5x2) structure and a 
width of 50-100 nm. Further deposition of Bi leads to a sequence of different structures: first 
(3x3)-patches develop with a thickness of three atomic layers, followed by patches with a (3 -1 1 2) 
matrix structure and a thickness of five atomic layers. This accurate height assignment is uniquely 
enabled by the analysis of LEEM-IV data. 
 
For Bi/Ni(111) the results are fully consistent with a quantum size effect driven thin film 
morphology: the different film structures and their thicknesses fit with integer numbers of nodes in 
the Fermi wave function, even for the seven layers thick (7x7) structure obtained at a lower 
temperature of 422 K. Tensor LEED calculations of the interlayer spacing of the different 
structures are consistent with this assignment. The influence of the structure and morphology on 
electronic properties of various materials is well known. The interaction between electronic and 
crystal structure should be reciprocal. Bi/Ni(111) provides a nice and we think first illustration: 
electronic properties, in particular quantum size effects (QSE’s), actually drive the structure of the 
thin metal films. 
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We have developed a self-consistent description of low-energy electron reflectivity (LEER) 
spectra, yielding results that compare well with experimental data that we have obtained for 
graphene on SiC and on Cu substrates. Our approach utilizes the wavefunctions of a thin slab of 
material obtained from the Vienna Ab-initio Simulation Package (VASP), a well known 
parameter-free density-functional method for obtaining self-consistent electronic structure. For 
free-standing graphene we obtain the reflectivity curves shown in Fig. 1(a), for slabs consisting of 
1 – 6 graphene layers. For an n-layer graphene slab, we find 1n  minima in the spectra. This 
result is consistent with experimental data for graphene on various surfaces, so long as the 
graphene layer closest to (i.e. bonded to) the substrate is included in the n-layer count. Our result is, 
however, inconsistent with the prior interpretation of these curves put forward by Hibino et al. [1]. 
Those workers proposed a tight-binding model in which, for n-layers of graphene, the LEER 
spectra would contain n-minima, with each minimum corresponding to a particular standing wave 
having peaks localized on the graphene layers. We find, rather, that the wavefunctions for the 
relevant scattering states are localized in between the graphene layers, not on them. Prior 
computations employing a conventional multi-scattering formalism were also found to be 
inadequate to explain the graphene LEER spectra [2], presumably because such computations do 
not provide a fully self-consistent description of the electronic structure. We have also made 
explicit computations for graphene on substrates, with the electronic structure of the substrate also 
described by VASP and the wavefunctions for the graphene on the substrate then matched to those 
of the bulk material. Results are 
shown in Fig. 1(b) for graphene 
on Cu(111), compared to 
experimental results in Fig. 1(c). 
Here again, we find, for n-layers 
of graphene that 1n  distinct 
minima are found in the spectra, 
although an additional, shallow 
minimum is seen for single- and 
bilayer graphene at about 3.5 eV, 
associated with the space between 
the graphene and the Cu substrate. 
Our method can predict LEER 
spectra for thin layers of any 
material on any substrate, so long 
wavefunctions of the system are 
available. Additional examples 
will be provided for graphene on 
other metal substrates and for 
stacking faults associated with 
graphene on SiC.  

Figure 1. (a) and (b) Theoretical LEER spectra for (a) free-
standing graphene and (b) graphene on Cu. The n values refer 
to the number of graphene layers. Simulations with various 
vacuum widths are shown by different colored symbols.  
(c) Experimental results for graphene on Cu, shifted down in 
energy by 1.5 eV to match the theory.  
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Ferromagnetic semiconductors, such as (Ga,Mn)As and (In,Mn)As, shows a carrier-induced 
ferromagnetism, and thus their magnetic properties are carrier-concentration dependent [1]. These 
materials offer a number of opportunities to observe novel spin-related phenomena and to 
demonstrate new schemes of device operation [2]. I will discuss about the control of magnetism of 
(Ga,Mn)As by the application of electric field E that changes the hole concentration p. Particular 
focus will be given on E control of the Curie temperature TC and magnetic anisotropy. The p 
dependence of TC and magnetic moments can be described by the adapted p-d Zener model taking 
into account the nonuniform distribution of holes [3, 4]. The E dependent magnetic anisotropy is 
expected to provide a new scheme of magnetization direction control [5, 6]. Therefore, the studies 
on (Ga,Mn)As triggered extensive studies on E effects in a variety of ferromagnetic materials. The 
recent topics on E effects on ferromagnetic metals, such as CoFeB, will be also presented [7-9]. If 
time allows I will touch upon the ferromagnetism of transition-metal doped wide gap materials, 
which may not be related to carrier-induced mechanism [10]. 
 
I acknowledge fruitful collaboration with H. Ohno and T. Dietl. The work was supported in part by 
the FIRST program of JSPS.  
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One of graphene's promises is to be relevant for spintronic applications. While the influence of a 
magnet on graphene is under intense investigation by many groups less attention is given to the 
influence of graphene on a magnet. 
 
Graphene on Cobalt on Ir(111) can be prepared in a three step process: First, defect rich graphene 
is grown by the pyrolytic decomposition of ethylene (C2H4) on Ir(111) at 600°C. Second, Cobalt is 
deposited at room temperature and as a third step it is intercalated by annealing to 300°C. 
 
With spin polarized low energy electron microscopy (SPLEEM) we studied the thickness 
dependent spin reorientation transition on this system and compare with Co/Ir(111) without 
graphene. Monitoring the spin orientation in three dimensions while increasing the film thickness 
by one ML at a time, we find that the presence of graphene on the film at least doubles the 
thickness at which the spin reorientation from out-of-plane to in-plane occurs from 6ML Co to 
transition to 12ML-13ML at 300°C and to between 15ML and 20ML at room temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  SPLEEM asymmetry images of graphene/Co/Ir(111), FOV 14µm. Domains are exclusively 
magnetized out of plane for 8LM and Co thickness, for 16ML a faint in plane contribution is 
measurable and a 20 ML thick film the magnetization is almost exclusively magnetized out of plane. 
Also note the varying domain sizes for in plane and out of plane domains. 
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The Fourier optics approach that was developed to evaluate the image formation in LEEM has 
been adapted to explore the contrast in LEEM image of MnAs stripes [1], as well as its evolution 
as a function of positive and negative defocus. MnAs ridge-groove structure being responsible for 
these stripes is recognized to have a height difference. The intensity profiles extracted from the 
LEEM images of three periods of stripes as a function of position for minus defocus are shown in 
Fig.1a. Between each pair of adjacent stripes there is a strong bright dark contrast with a weaker 
contrast on top of it that looks like fringes. The contrast which describes the relative intensity 
difference between bright and dark areas drops continuously as the absolute value of the defocus 
decrease, for both positive and minus defocus. In order to examine the source of the duplex 
contrast that appears on this periodically varying surface of one dimensional MnAs ridge-groove 
structure, the Fourier optics calculation was employed by treating that structure as a standard phase 
object with the phase varying correspondingly. The intensity distribution across the ridge-groove 
under minus defocus condition exported from the theoretical calculation is thereby shown in 
Fig.1b, where the smearing effect of the detector has been considered properly [2], in addition to 
the previous Fourier optics model. By comparing these two figures, we can directly see that the 
main features from the experimental observations were reproduced nicely. 
 400nm (b)(a)  
 
 
 
 
 
 
 
 
Figure 1. The intensity profiles (in arbitrary unit) across three periods of MnAs ridge-groove structure 
with different value of minus defocus, (a) extracted from the experimental images as shown on top, and 
(b) exported from the model calculation, respectively.  
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Magnetic nanoparticles show a variety of novel magnetic phenomena when compared to the 
respective bulk materials, mostly due to the effect of the surface and interface on the magnetic 
interactions and to critical magnetic length scales such as domain wall width and exchange length. 
For instance the size may determine whether a particle is in a single domain state or whether it will 
show a non-collinear spin structure [1]. The search for ever smaller nanomagnets being switchable 
between two states (bistability) at room temperature and sizes which are technologically relevant is 
a growing area of research due to their potential for applications in fields such as information 
storage media, biology and medicine. It is therefore important to further develop methods which 
give insight in the magnetic anisotropy energy and the magnetic reversal of individual 
nanomagnets [2].  
 
We have used photoemission electron microscopy (PEEM) together with x-ray magnetic circular 
dichroism (XMCD) to investigate the size-dependent magnetic properties of Fe nanoparticles. The 
ability to study magnetization curves of individual particles enables us to probe variations in the 
magnetic anisotropy energy and the magnetic reversal of nanoparticles with similar size, cf. Fig. 1. 
Below a size of about 13 nm we find the onset of thermally induced instability of the particle 
magnetization (superparamagnetism) at room temperature. We show that angular dependent 
observations of the fluctuations of the magnetization are a sensitive probe of the magnetic 
anisotropy landscape of the particles. 
 

 
 
Figure 1. a) Elemental contrast image of an ensemble of iron particles obtained at the Fe L3 edge. b) 
Magnetic contrast image revealing an almost random orientation of the magnetic moments. c) Magnetic 
contrast of the particle highlighted in b) as a function of the applied magnetic field. 
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In the literature, recent examples of spontaneous motion of droplets have been provided, especially 
for liquid droplets on solid surfaces [1-6]. In particular it has been shown that a chemical reaction 
between a nanoparticle and its underlying substrate can modify locally the interface free energy. 
The induced asymmetry of the solid/liquid contact can generate a self-propulsion [2]. From a 
fundamental respect, the motion of a reactive triple-line and its interaction with a time-evolving 
substrate surface is of high interest.  

 
Here we report on the motion of solid state 3D Si nanoparticles onto SiO2 substrate. The Si 
nanoparticles are obtained by dewetting of a thin Si film (20nm thick) onto an amorphous SiO2 
layer [7,8] when annealed at high temperature (T> 750°C). Increasing the temperature in the range 
950-1100°C we have measured in situ and in real time, by Low Energy Electron Microscopy 
(LEEM), the motion of Si nanoparticles. This process is concomitant with the chemical reaction 
Si(3D)  + SiO2(substrate) → 2 SiO(g) resulting in a progressive shrinking of the nanoparticles [9] and 
consumption of the SiO2 substrate. Following the centre of mass of each nanoparticle we put in 
evidence that the motion in the small timescale limit is random whereas at late time nanoparticles 
get trapped inside the hole formed in the SiO2 substrate induced the chemical reaction. At the very 
end the Si nanoparticles have completely disappeared giving rise to a conic hole into the SiO2 layer 
[9]. 

 
From the kinetics of the Si nanoparticles motion an effective diffusion coefficient Deff could be 
extracted as function of temperature and nanoparticle size. The first stage of Brownian motion is 
thermally activated with an activation energy Ea=4.1 eV. A clear size-dependent behaviour is also 
put in evidence Deff ~R-1/2. The shrinking of the nanoparticles is analysed assuming a chemical 
reaction rate occurring at the interface with gas expelled at the triple line. These experimental 
results are highlighted by Monte Carlo simulations based on a solid on solid model including 
surface diffusion processes and chemical reaction kinetics. 
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Spontaneous droplet motion on surface has been intensively studied over the years due both to its 
scientific and technological importance. Recently, an intriguing self-motion of Ga droplet is found 
on GaAs(001) surface during Langmuir evaporation, in which the surface is heated in a vacuum 
and evaporates by decomposing into Ga and As [1]. Central to understanding the running Ga 
droplets is the congruent evaporation temperature , near this characteristic temperature, with the 

droplet motion speed increasing both below and above [1]. 
cT

cT
 
Here we show the ability to tune the velocity of Ga droplet motion by using Arsenic flux. When 
the surface is exposed to external As flux, we have demonstrated that one can directly control  

by varying As deposition flux [2]. More interestingly, we found, by fixing As deposition flux, the 
parabolic shape Ga droplet motion velocity-temperature curve shift to the new  (Fig. 1). The 

result provides further information toward the understanding of driven force for the droplet motion 
and open up new way to tune the droplet motion. 

cT

cT

 

 
 
Figure 1. Average velocities of Ga droplet as a function of temperature with and without As flux, 
respectively (Arsenic flux is 4.8×10−6 Torr). 
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We present a low energy electron diffraction (LEED) study of Si(111) performed with a low 
energy electron microscopy (LEEM) instrument. It is well established that Si(111) shows a phase 
transition of its surface reconstruction from (7x7) to ‘(1x1)’ at a temperature of about TC≈1100 K 
[1]. We find that above TC, the LEED pattern of clean Si(111) show clear but weak and broad √3 
LEED spots (see Fig. 1a). The spots weaken and broaden with increasing sample temperature in 
the range of about 1130 K – 1400 K as illustrated by line profiles of the experimental data in Fig. 
1b. The profiles are taken along lines similar to the yellow dashed line in Fig. 1a. In dedicated 
LEED instruments the weak √3 spots are buried in the inelastic background. The beam separator in 
LEEM, however, disperses the inelastic electrons and the √3 signal becomes detectable.  
 
These √3 spots are believed to be caused by a lattice gas of Si atoms on top of the Si(111) surface. 
The lattice gas concentration decreases with increasing sample temperature. We use Monte Carlo 
type simulations to model the lattice gas on a Si(111) surface.  Theoretical LEED patterns of 
different lattice gas concentrations are obtained from the Monte Carlo simulations and are plotted 
in Fig. 1c in units of a perfect ‘(1x1)’ monolayer (ML). The simulations suggest that the lattice gas 
atoms are located at energetically equivalent sites of one type - presumably T4 sites – while next-
nearest neighbors are excluded. Comparison of simulated and experimental LEED data yields 
insight into lattice gas energetics. 
 

 
 
Figure 1. (a) Low energy electron diffraction pattern of Si(111) just above TC, colored for clarity. The 
(0,0) spot is visible at the bottom. Two distinct but weak and broad spots are visible at the center 
surrounded by bright integer spots. Profile plots of experimental data taken along the yellow dashed 
line in (a) are shown in (b) for sample temperatures from 1169 – 1407 K. (c) Theoretical LEED pattern 
of different lattice gas concentrations in units of a perfect ‘(1x1)’ monolayer (ML) obtained from 
Monte Carlo type simulations. 
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