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AC 1.0 

 

Zirconia in hydrocarbon activation 
 

For excellent performance of sulfated zirconia as a low temperature alkane 
isomerization catalyst the tetragonal zirconia phase is essential1. We found that 
promoters such as Fe or Mn, which enhance the activity by 1–2 orders of magnitude, 
form a solid solution with tetragonal zirconia2. Our investigations further show that only 
a structurally labile fraction of the tetragonal material is catalytically active3 and that the 
activity depends strongly on the calcination parameters4. All these observations point 
towards a strong influence of the geometric and electronic structure of the zirconia 
support, and a possible role of defect sites. We thus seek to (i) influence the support 
properties and the abundance of defects through doping with promoters and variation of 
the calcination and activation conditions, (ii) develop suitable methods to analyze for 
defects, and (iii) ultimately find relations between defect sites and catalytic performance 
(Poster AC 1.1). 

Alkane isomerization catalysts such as chlorided alumina, mordenite and anion-
modified zirconia require Pt doping and addition of H2 to the feed to stabilize 
performance5,6. The role of the H2/Pt combination is discussed controversially, proposed 
are (i) coke prevention by hydrogenation of unsaturated species5, (ii) facilitation of 
dehydrogenation, isomerization via alkenes and re-hydrogenation6, (iii) formation of 
additional acid sites7. As a first step, we are studying the reasons for deactivation, more 
specifically we are seeking to identify stable surface species, which may block active 
sites, using sorption methods and in situ diffuse reflectance IR, NEXAFS, and diffuse 
reflectance UV–vis–NIR spectroscopies. Comparison of sulfated zirconia with zeolitic 
catalysts will reveal which species are specific for a particular catalyst and which are 
generic products of acid-catalyzed hydrocarbon conversion. Furthermore, we seek to 
understand how addition of a few percent Pt to the catalyst and H2 to the feed can 
prevent the formation of deposits on the entire catalyst surface. We are also developing 
procedures for oxidative regeneration (Poster AC 1.2). 
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AC 1.1 

*Anorganisch Chemisches Institut, TU München, Lichtenbergstraße 4, 85747 Garching 

Variation, analysis and reactivity of defect sites in 
sulfated zirconia catalysts 

J. Kröhnert, O. Storcheva, K. Köhler*, N. Giliard, C. Chan Thaw, 
F.C. Jentoft, R. Schlögl 

Following our previous results on the vivid solid state chemistry of zirconia and its 
importance for the catalytic performance, we are now seeking to vary and analyze the 
geometric structure and the electronic properties in a more detailed manner. While 
structural investigations are ongoing, we present here the first results from in situ EPR 
and UV–vis spectroscopy. 

Promotion with Ga was conducted via an incipient wetness procedure using a mortar 
mill to reduce reproducibility problems due to manual preparation steps. Ga was found 
to be a less effective promoter than Mn or Fe, but has the advantage that it does not 
produce interfering signals in EPR or UV–vis spectra. SZ and Ga-promoted SZ 
qualitatively yielded the same EPR results but a better signal-to-noise ratio was 
obtained for the promoted material, indicating that only the number of paramagnetic 
sites varied. 

SZ catalysts need to be activated prior to their usage for isomerization. To clean the 
surface from possible hydrocarbon contaminants, activation was always started and 
sometimes also completed in oxidative atmosphere. Variations included switching to 
inert gas at the holding temperature of 723 K and during cooling to the reaction 
temperature. After activation a signal indicative of F+ centers (g=2.004) is observed by 
EPR, which is much larger when the sample is last heated under inert gas conditions. 
These electrons trapped in vacancies are located at the surface and do not form on 
unsulfated zirconia. EPR spectra show only traces of Zr3+ (g=1.979) in the calcined and 
sometimes also in the activated catalysts. UV–vis spectra after activation exhibit an 
additional absorption band centered around 415 nm, which is particularly pronounced 
after treatment in inert gas and thus a further indication of vacant states. 

In situ EPR measurements were conducted during pentane (1 kPa) isomerization at 323 
K. Upon exposure to n-pentane, several new signals appear in the spectra, which are 
identified as superoxide O2

- species formed from traces of O2 also introduced in the 
apparatus. Only after reaction with pentane did the sample produce O2

- upon contact 
with O2; like the F+ centers the superoxide ions are surface species. Small 
concentrations of O2 in the feed are known to lead to a higher initial activity of the 
catalyst but also to more rapid deactivation1, hence O2

- are most likely no spectator 
species. Due to overlapping signals, the concentration of F+ centers is difficult to follow 
during reaction  

Our data show that activated sulfated zirconia catalysts feature surface defects and are 
capable of single electron transfer under mild conditions. Future experiment will have 
to reveal the role of such sites and processes for catalytic transformations. 

References 
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AC 1.2 

 

Formation of stable surface species during alkane conversion 
 

C. Chan Thaw, G. Tzolova-Müller, R. Lloyd, S. Wrabetz, J. Kröhnert, K. Chakarova, 
F.C. Jentoft, R. Schlögl 

 

The interaction of alkanes with sulfated zirconia (SZ) powders and nanocrystalline thin 
films was investigated under non-reactive and under reactive conditions to assess the 
adsorption process and to identify stable surface species. 

Microcalorimetry and IR experiments on powders and photoelectron spectroscopy 
measurements on nanocrystalline films at 313 K and lower temperatures consistently 
demonstrate that the majority of butane molecules is adsorbed weakly (about 45−60 
kJ/mol) and reversibly on the OH groups of SZ. 

Investigation of SZ samples after reactive conversion of butane reveals the presence of 
stable carbonaceous deposits. Carbon K edge NEXAFS spectra recorded after 
contacting nanocrystalline films with butane at 481 K feature a transition characteristic 
of π* resonances from unsaturated hydrocarbon species. After catalysis at 373 K and 5 
kPa n-butane UV−vis spectra recorded in situ on powders exhibit bands at 300, 380 and 
450 nm, which have been previously assigned to mono-, di- and trienic allylic cations1. 
Consistently, in situ DRIFT spectra show a band at 1493 cm-1, which can be attributed 
to υ(CCC) of allylic species2. In addition, saturated hydrocarbons are present, and NIR 
spectra evidence the formation of molecularly adsorbed water. 

To identify which species are responsible for deactivation, their temporal evolution was 
followed and contrasted with the catalytic performance. At 373 K and 5 kPa, the 
reaction profile is characterized by a rapid decline of activity in the first 2 h followed by 
a slow decline over many hours, indicating more than one deactivation mechanism. 
Water forms only initially and attains a stable surface concentration within a few hours. 
This behavior is consistent with the initiation of the isomerization reaction via oxidative 
dehydrogenation. One possibility is that water, which acts as a poison for Lewis acid 
sites, contributes to the initial rapid loss in activity. The concentration of the 
carbonaceous species increases almost linearly with time. With some catalysts (Mn-
promoted SZ) and with certain gas compositions, no bands are observed although 
deactivation progresses. Vice versa, accumulation of unsaturated hydrocarbon species 
also occurs at low activity. The stable hydrocarbon species, which were often held 
responsible for deactivation1, thus accumulate in a process disjointed from the catalytic 
reaction. At high concentrations, such species can of course block active sites. 

Isomerization over H-mordenite was run at 573 K and 10 kPa n-butane. Bands at 295, 
330, 395 and 450 nm evolve, indicating similar hydrocarbon species as on the surface of 
SZ. Deactivation and deposit formation is suppressed in the presence of Pt and H2. Both 
types of catalysts, SZ and zeolitic, can be fully regenerated through oxidative treatment. 
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Vanadia in selective oxidation 
 

Vanadium oxides and vanadium-phosphorus oxide (VPO) systems are extensively used 
as catalysts in selective oxidation of hydrocarbons. The synthesis of maleic anhydride 
from n-butane over VPO is as yet the only industrial application of alkane selective 
oxidation and is based on the presence of vanadyl pyrophosphate (VPP). Besides that, 
vanadium-containing catalysts are of considerable scientific and industrial interest due 
to their importance for the direct synthesis of acrylic acid as well as (oxidative) 
dehydrogenation of small alkanes. 

Alumina supported vanadia catalysts were investigated for the selective 
dehydrogenation of n-butane using high-pressure in situ XPS and NEXAFS. In situ XPS 
provided several insights into the nature of vanadium species under reaction conditions. 
Independently of loading, the major vanadium species present on the catalysts under 0.5 
mbar oxygen and 673 K was V5+. However, introduction of n-butane resulted in a 
reduction of vanadium. In the case of catalysts where deactivation and carbon 
deposition were observed, the oxidation state of vanadium tended towards V3+. Carbon 
NEXAFS was able to distinguish differences in the deposited carbon depending on the 
initial vanadium loading and the conditions the carbon was laid down during reaction. 
These results support the suggested mechanism of butane dehydrogenation over 
alumina supported vanadia catalysts, i.e. dehydrogenation, cyclisation, polymerisation, 
followed by further cyclisation and condensation to form 1D and 2D polyaromatic coke 
(Poster 2.1). 

Due to the structural complexity of vanadium oxides and VPO systems, fundamental 
catalysis research requires the use of model catalysts with uniform structure but full 
catalytic function. Besides vanadia nanoparticles and vanadia supported by carbon 
nanotubes (see Carbon project) especially model catalysts based on mesoporous silica 
SBA-15 were prepared using controlled grafting/ion-exchange. The resulting vanadia 
catalysts showed high selectivities in methanol and propane selective oxidation. As 
water is omnipresent in partial oxidation and also often added to the feed to improve the 
catalytic performance, the influence of water on the structure and dispersion of vanadia 
was studied in detail using IR and combined Raman, UV-Vis and X-ray photoelectron 
spectroscopy (XPS). Transmission IR spectroscopy employing NO as probe molecule 
gives evidence for the presence of mostly polymeric vanadia species even at low 
loadings (0.7 V/nm2). Also, by exploiting the potential of XPS to differentiate and 
quantify vanadia species of different dispersion, changes in the structure and dispersion 
of highly dispersed vanadia during the interaction with water were directly correlated 
for the first time (Poster 2.2). 
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Dehydrogenation of n-butane over VxOy/alumina catalysts: an insight 
into surface species and the nature of deposited carbon  

 
E. M. Vass, D. Teschner, M. Hävecker, S. Zafeiratos, P. Schnörch,  

A. Knop-Gericke, R. Schlögl 

Dehydrogenation of light hydrocarbons is a commercially interesting process as it 
converts alkanes to their more valuable unsaturated form for use in industry. The 
catalysts for this process are normally composed of platinum or chromia supported on 
alumina.  However vanadia-based catalysts are active for dehydrogenation and 
oxidative dehydrogenation of light alkanes [1, 2]. Dehydrogenation of n-butane is an 
endothermic process; hence the products are favoured by high reaction temperature and 
low pressure. Unfortunately the conditions also favour the formation of side-products 
and coke, which is a major cause of deactivation of dehydrogenation catalysts. The 
carbon can be removed by regeneration of the catalyst under an oxidising atmosphere. 

This project forms part of an international group within a diverse range of disciplines, 
who aim to combine their techniques to gain a greater understanding of selective 
catalytic reactions. Our contribution to this study is to apply the techniques of high 
pressure in-situ x-ray photoelectron spectroscopy (XPS) and near edge absorption fine 
structure (NEXAFS) to investigate catalysts under reaction conditions. In addition, we 
will investigate the nature of the carbon deposited on the samples during and post-
reaction.  Hence the aim is to gain a greater understanding of the nature of the carbon 
and what changes can be made to reduce the effects of this deactivation. 

Several catalysts with loadings ranging from 1-8% V/alumina were examined under 
reaction conditions of 0.4 mbar n-butane (T = 723 K). Under reaction conditions, 
changes in the vanadium oxidation state and presence of surface carbon were observed. 
A correlation was drawn between the composition of carbon on the surface and the 
steady decrease in activity as observed from the falling production of butene/butadiene.   

In addition, the nature of carbon deposited on catalysts after reaction at 1 bar pressure 
was investigated. The carbon K-edge NEXAFS was sensitive to differences in the 
nature of the coke formed.  The spectrum of the 1% V/alumina post-reaction catalyst 
contained a shoulder similar to that of styrene, which is in agreement with literature 
which suggests that the carbon is similar to that of polyaromatic compounds such as 
polystyrene [3]. Post-reaction, yet still active catalysts were found to contain a more 
graphitised form of coke. 

In conclusion, high-pressure XPS and NEXAFS proved to be highly valuable, 
complementary techniques during the investigation of n-butane (oxidative) 
dehydrogenation over VxOy/alumina catalysts. 

 
References 
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Influence of water on the structure and dispersion of silica SBA-15 
supported vanadia model catalysts studied by multi in situ 

spectroscopy  

 

C. Hess, R. Herbert, U. Wild, R. Schlögl 

 

The synthesis, structure and reactivity behavior of silica SBA-15 supported vanadium 
oxide model catalysts for propane partial oxidation has been studied. Using a novel 
synthesis approach based on controlled grafting/ion exchange, highly dispersed 
vanadium oxide can be deposited homogeneously within the pores of mesoporous SBA-
15 [1]. The reactivity behavior of the synthesized vanadia catalysts was tested in the 
selective oxidation of propane to acrylic acid in the presence of 30% water steam. At 
400°C, a high selectivity of 84% (at 8% conversion) for acrylic acid formation was 
observed demonstrating that our model can successfully mimic active sites of more 
complex mixed metal oxide catalysts such as Mo-V-Te-Nb oxides [2]. 

To gain a deeper understanding of the role of steam on the selective oxidation of 
propane, the influence of water on the structure and dispersion of highly dispersed 
vanadia was investigated. A new multiple in situ spectroscopic experiment was set up, 
which for the first time combines Raman, UV-Vis and X-ray photoelectron 
spectroscopy (XPS) [3]. The UV-Vis and XP spectra show that the fully hydrated 
vanadia catalyst is slightly reduced but consists mainly of V5+ species. The 
corresponding Raman spectra are in excellent agreement with those of the water 
containing V2O5 gel V2O5 · 1.2H2O, which consists of polymerized pyramidal VO5 units 
similar as in V2O5. Upon catalyst dehydration a highly dispersed V5+ species is formed, 
which consists of tetrahedrally coordinated vanadium with significantly smaller 
ensemble size (XPS). Therefore, it was shown for the first time that changes in the 
structure and dispersion of highly dispersed vanadia during the interaction with water 
are correlated [3]. Additional IR experiments using NO as probe molecule give 
evidence for the presence of mostly polymerized (at least dimeric) vanadia in the 
dehydrated state even at low V loadings (0.7 V/nm2) [4]. As an application of our new 
setup vanadyl Raman cross-sections of structurally different vanadia species were 
correlated using the corresponding XPS V2p features [5]. 

Our results demonstrate the importance of SBA-15 supported vanadia model catalysts 
for a detailed understanding of the structure and functioning of vanadia catalysts. The 
potential of a multi in situ spectroscopic approach, which combines X-ray photoelectron 
spectroscopy with optical methods, is demonstrated for the first time. 
References 
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Molybdenum oxide based catalysts in C3 selective oxidation 

Molybdenum oxide is an essential component of multi-metal oxide catalysts applied in 
selective oxidation of C3 hydrocarbons and oxygenates. Examples are the industrially 
performed oxidation of propylene to acrolein over promoted bismuth molybdates and 
the oxidation of acrolein to acrylic acid over promoted MoVW oxide catalysts. 
MoVTeNb oxides convert propane directly into acrylic acid with high selectivity. 
Supported molybdenum oxide and various metal molybdates have been studied in 
oxidative dehydrogenation of propane and direct oxidation of propane to acrolein, 
respectively. 

The exceptional performance of MoVTeNbOx catalysts in the selective oxidation of 
propane to acrylic acid is attributed to the presence of an orthorhombic bronze-like 
phase, called M1. Even though heterogeneous catalysis occurs at the gas-solid interface, 
the nature of active sites formed under reaction conditions on the catalyst surface is 
governed by the underlying structure. Particularly in the case of multi-metal oxides, a 
high degree of long-range order is most likely required to achieve high selectivity and 
stability in propane oxidation. Our efforts have been focussed on the synthesis of phase-
pure M1 in order to investigate its functionality. Studies on the effect of different 
synthesis parameters on structural, morphological, and catalytic properties of 
MoVTeNbOx catalysts are presented on poster 3.1. 

The M1 phase has a certain degree of flexibility with respect to elemental composition. 
Under reaction conditions, the chemical potential of the reacting gas influences the 
electronic structure of surface atoms and may disrupt structural arrangements in the 
terminating layer of the oxide crystals by chemical reactions. In a concerted approach, 
well defined crystalline single-phase MoVTeNbOx catalysts (M1 structure) and highly 
crystalline phase-pure MoV(W) oxides, composed of the tetragonal Mo5O14-type phase, 
have been investigated to elucidate the bulk and surface properties under conditions of 
C3 selective oxidation. Considerable dynamics of surface composition and electronic 
structure depending on the gas feed composition, particularly in the presence of steam, 
along with structural stability of the bulk, has been observed. The results are 
summarized on poster 3.2. 
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* Combinatorial Research Center (COMBICAT), University Malaya, Kuala Lumpur, Malaysia 

 

Synthesis and investigation of single-phase M1 MoVTeNbOx catalysts 
A. Celaya Sanfiz, T.W. Hansen, F. Girgsdies, R.E. Jentoft, E. Rödel, O. Timpe, 

A. Sakthivel, M.H. Looi*, S.B.A. Hamid*,A. Trunschke, R. Schlögl 

Multi metal oxides based on molybdenum, vanadium, tellurium, and niobium have been 
reported to achieve outstanding performance in selective oxidation of propane [1]. 
These mixed oxides mainly consist of two orthorhombic phases called “M1” and “M2”. 
Although correlations between phase composition and catalytic properties have been 
discussed controversially, propane activation and high selectivity towards acrylic acid 
are generally attributed to the presence of the orthorhombic M1 phase [2,3]. In the 
present work, hydrothermal synthesis of MoVTeNb oxides has been studied by Raman 
spectroscopy, X-ray diffraction, electron microscopy, and X-ray absorption to identify 
the parameters that control phase composition and morphology of the resulting 
crystalline oxides. The catalysts have been tested in oxidation of propane to acrylic 
acid. The crystal morphology of phase-pure M1 catalysts has been analyzed with the 
objective of elucidating whether the exposure of the {001} crystal plane of M1 
correlates with the catalytic performance. Hydrothermal synthesis has been performed 
using ammonium heptamolybdate, telluric acid, vanadyl sulfate and ammonium 
niobium oxalate as starting materials. Precipitation occurs already after mixing the 
aqueous metal salt solutions. The metals are quite inhomogeneously distributed in the 
initial reaction mixture. There is no obvious correlation between the abundance of 
certain molecular species and the final phase composition. Complete rearrangement of 
molecular building blocks under hydrothermal conditions is essential. The appearance 
of peaks due to octamolybdate or supramolecular metal oxide clusters in the XRD 
patterns of hydrothermally prepared precursors indicates that phase mixtures will be 
formed. Optimized synthesis conditions with respect to temperature and time result in 
the formation of nano-structured M1 precursors possessing long-range order in [001] 
direction. Subsequent heat treatment at 873-923 K in inert gas establishes the typical 
needle-like crystal morphology of M1. Anisotropic growth of the {001} plane is 
reflected in an increased mean diameter of the needles in materials activated at higher 
temperature. In contradiction to phase cooperation concepts [4], the catalytic activity 
normalized to the total surface area of hydrothermally prepared MoVTeNb oxides 
increases with increasing M1 content. For phase-pure M1 catalysts that show different 
specific surface areas and, consequently, have different catalytic activities, the average 
specific surface area of the {001} plane has been determined based on shape analysis of 
the crystals using SEM images. No evident correlation between the specific surface area 
of the {001} plane and the catalytic performance was obtained supporting the concept 
that active surface arrangements are established under reaction conditions. 
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Surface dynamics of crystalline Mo-based oxides under conditions of 
selective oxidation of C3 hydrocarbons 

P. Schnörch, D. Teschner, A. Knop-Gericke, E. Rödel, T. Ressler, T.W. Hansen, 
A. Celaya Sanfiz, O.Timpe, F. Girgsdies, A. Trunschke, R. Schlögl 

Much attention has been paid to MoVTe(Sb)Nb mixed oxide catalysts developed by 
Mitsubishi Chemicals [1], which show high performance in propane oxidation to acrylic 
acid. The catalytic activity is attributed to the so-called M1 phase. (Mo,V)5O14 and 
(Mo,V,W)5O14 systems, which are active in selective oxidation of propylene and 
acrolein, contain the structurally related Mo5O14-type phase. A common feature of the 
two structures is the pentagonal bi-pyramidal MO7 unit. The aim of this study was to 
investigate the response of the catalyst surface to the reactants under conditions of C3 
oxidation. For that purpose, highly crystalline phase-pure MoV0.23Te0.28Nb0.38Ox (M1 
structure), (Mo0.68V0.23W0.09)5O14 and (Mo0.91V0.09)5O14 (Mo5O14-type structure) 
catalysts have been prepared by hydrothermal synthesis or spray-drying of aqueous 
metal salt solutions, respectively, followed by adapted heat treatment procedures. The 
phase purity of the final materials has been confirmed by XRD analysis. The lattice 
constants of the M1 catalyst differ slightly from the published refinement [2], indicating 
a differing site occupancy. EXAFS analysis revealed that Nb is mainly located in MO7 
units, but occupies octahedral positions as well. The metal site occupancy in the 
Mo5O14-type structure is random in (Mo0.91V0.09)5O14. Tungsten in 
(Mo0.68V0.23W0.09)5O14 prefers the MO7 unit and neighbouring octahedral sites, whereas 
V is situated mainly in corner-linked octahedrons. The site preference of tungsten may 
account for its structure stabilizing effect in (Mo,V,W)5O14 under oxidizing conditions 
and the structure directing effect during reoxidation of (Mo,V,W)O2 [3]. 

Independent of the exposed facet, the surface of the M1 crystals is completely 
terminated by a structurally disordered layer that contains the metals as shown by 
HRTEM and EELS [4]. A beam damage effect has been excluded by varying the 
exposure time. Extrapolation to 0 seconds irradiation time results in a thickness of the 
layer of 0.7 nm, which is in the range of the information depth of in-situ spectroscopic 
techniques, like X-ray absorption (NEXAFS) and X-ray photoelectron spectroscopy 
(XPS). In situ experiments in the presence of 0.5-0.6 mbar of the reaction mixtures have 
been performed at the synchrotron source BESSY II. The reaction products have been 
detected by mass spectrometry. Under conditions of oxygenate formation, considerable 
enrichment of tellurium has been observed on the surface of M1 that is further increased 
in the presence of steam. This phenomenon is reversible. Enrichment of vanadium has 
been observed with the (Mo,V)5O14 and (Mo,V,W)5O14 oxides to different extents. 
Similarities in the features of the valence band spectra of the three oxides imply a 
similar nature of the active arrangements on the surface of the catalysts. 
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Copper in C1 chemistry  
 

Copper based catalysts are widely applied in e.g. the synthesis of methanol from syngas 
and the water gas shift reaction. The capability of copper in C1 chemistry is versatile 
and includes also steam reforming and selective oxidation of methanol. The industrially 
employed Cu/ZnO/(Al2O3) system for methanol synthesis has been intensively studied 
in the past, but due to the complexity of these “real” catalysts, insight into the nature of 
the active sites still remains limited. Understanding the “real” structure of the catalyst 
and its relation to catalytic activity is highly desirable, and might serve as a key for 
knowledge-based catalyst design.  

The department’s approach to these challenges is to use “real” catalysts rather than 
often oversimplified model systems as starting point for investigations, which aim at the 
identification of relevant features for high catalytic performance by detailed 
characterisation of active catalysts. As a result, the microstructure of the copper 
particles in Cu/ZnO/Al2O3 catalysts, e.g. lattice strain and defect density, could be 
identified as a parameter to influence the methanol synthesis activity.  

Simultaneously, expertise in catalyst synthesis is further developed in order to 
understand the influence of preparation parameters on the properties of the precursors 
and on the “real” structure of the resulting final catalyst. Here, work is focused on the 
co-precipitation of mixed Cu,Zn,(Al) hydroxycarbonates and their decomposition 
during calcination.  

Addition of CO2 to the calcination gas atmosphere was shown to significantly reduce 
the CO production during methanol steam reforming over Cu/ZnO catalysts. This 
improvement of selectivity was accompanied by a higher residual carbonate content 
after calcination and also by some microstructural changes of the Cu phase after 
reduction as was observed by in situ XAS (AC 4.1). 

In another project we focus on novel support materials of copper based catalysts for the 
methanol steam reforming reaction. This reaction enables the use of methanol as a 
hydrogen source for future fuel cell applications. Previously, very promising results 
were obtained for copper particles supported on zirconia/ceria. Studies were now 
extended to zirconium oxid-nitrides as support materials. The partial substitution of 
oxygen by nitrogen introduces oxygen vacancies, alters the electronic structure of the 
support and also influences the catalytic properties of the material (AC 4.2). 

The issues touched on are mostly addressed in collaboration with Südchemie AG, 
(Bruckmühl), Ruhr-Universität Bochum, NanoC Sdn. Bhd. (Kuala Lumpur) and Lurgi 
AG (Frankfurt/Main) in a current joint research project funded by the Bundes-
ministerium für Bildung und Forschung (BMBF project No. 01RI0529), and in 
cooperation with the Technical University of Berlin and the University of Moldova. 
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Impact of the gas phase composition during calcination on structural 
and catalytic characteristics of Cu/ZnO catalysts 

 

P. Kurr, A. Furche, I. Kasatkin, M. Behrens, A. Trunschke, T. Ressler*, R. Schlögl 

 

Introduction 

The calcination of appropriate (CuZn)- hydroxycarbonates to the mixed oxides is a 
crucial step in catalyst preparation. Conventionally, calcination is performed in the 
presence of oxygen. Here, we report on the impact of different gas phase compositions 
by varying the partial pressure of CO2 during calcination on the catalytic performance 
of the derived Cu/ZnO catalysts in Methanol Steam Reforming (MSR) reaction. 
Comprehensive structural characterization was examined by temperature programmed 
reduction (TPR), thermal analysis (TG/MS), electron microscopy (TEM), in situ X-ray 
diffraction (XRD), and in situ X-ray absorption spectroscopy (XAS). 

 

Results 

Bulk structural analysis by XRD revealed that independent of the gas phase 
composition applied during calcination, (CuZn)- hydroxycarbonates were transformed 
into the bivalent oxides. Complementary analysis by XAS at the Cu K edge evinced a 
cumulative incorporation of carbonates during calcination in the CuO lattice with 
increasing CO2 partial pressure. XAS also revealed an increase in structural disorder in 
the reduced Cu/ZnO catalyst. The increased disorder is accompanied by a rise in the 
abundance of residual carbonates in the active catalyst as it was examined by TG/MS 
analysis. Highest structural disorder in the Cu lattice as well as the highest content of 
residual carbonates has been obtained for the sample which was calcined in a 1:1 
mixture of O2 and CO2. Kinetic analysis of the reduction behaviour also revealed an 
easier reduction of that sample as it was deduced by the lowest activation energy as well 
as a high reduction rate.  

Due to similar Cu surface areas of the derived Cu/ZnO catalysts, no improvement of the 
catalytic activity in Methanol Steam Reforming could be achieved by varying the partial 
pressure of CO2 during calcination. However, the selectivity to CO has been 
considerably decreased employing CO2 as calcination gas. Highest selectivity’s have 
been achieved by calcination in a 1:1 mixture of O2 and CO2 indicating an improvement 
of the quality of the active sites in MSR. The sample conventionally calcined in 
synthetic air yielded in a considerably high selectivity to CO.  

These results demonstrate the potential employing CO2 in addition to O2 during 
calcination of Cu/ZnO catalysts to improve the catalytic behaviour for Methanol Steam 
Reforming. 
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Catalysts for methanol steam reforming: Cu on zirconium oxynitride 
 

A. Dennstedt, N. Frenzel* , A. Trunschke, M. Behrens, R. Schlögl, M. Lerch*  
and T. Ressler* 

 

For mobile fuel cells hydrogen is obtained by steam reforming of methanol (MSR) 
performed with Cu containing catalysts. Cu supported on ZrO2 showed an improved 
performance compared to a commercial Cu/ZnO/Al2O3 catalyst.1 Modifying the cation 
lattice of ZrO2 e.g. by substitution with Ce varies the properties of these catalysts. In 
this work we modified the anion lattice of ZrO2 by incorporation of nitrogen and 
characterized the bulk structure of the resulting catalysts and studied in situ under MSR 
conditions. 

Both yttrium-stabilized zirconia (YSZ) and commercial ZrO2 were used to prepare 
zirconium oxynitrides (i.e. NYSZ (2.2 wt% N) and NSZ (7.0 wt% N)). CuO was 
supported on these materials by impregnation with either a Cu citrate solution (NYSZ-A 
and NSZ-A) or a Cu nitrate solution (NYSZ-B). Calcination was performed at 250°C. 
X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), transmission electron 
microscopy (TEM) and infrared spectroscopy (IR) were used to characterize the 
resulting materials. In situ XRD and in situ XAS was combined with mass spectrometry 
for studies during calcination, reduction and MSR. 

After drying, Gerhardtite was detected in NYSZ-B by XRD, IR, and XAS as major Cu 
phase. Conversely, no crystalline Cu phase was detected by XRD in dried NYSZ-A. 
XRD and TEM studies on the calcined samples yielded large CuO needles in NYSZ-B. 
Only small Cu2O and CuO particles were detected in NYSZ-A. Under MSR conditions 
the differently prepared catalysts exhibited a distinctly different phase evolution. 
Detailed analysis of the XANES region revealed the evolution of Cu und Cu2O during 
thermal treatment in methanol and water. The resulting catalysts exhibited a varying 
amount of Cu2O. The larger amount of Cu2O found in NYSZ-A appears to be correlated 
to the superior catalytic performance of this material. Furthermore, the catalysts were 
compared to a Cu/ZrO2 catalyst prepared under identical conditions. The implications of 
the incorporation of nitrogen onto the metal-support interactions and the catalytic 
performance will be discussed.  

Copper supported on zirconium oxynitrides is active and selective for the steam 
reforming of methanol. Both preparation method of the copper phase and nitrogen 
incorporation into the anion sublattice of ZrO2 exhibit a pronounced effect on structure 
and activity of the catalysts. 
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Pd in model reactions 
 

Pd is one of the most important hydrogenation catalysts used in industry and studied in 
fundamental research. Its uses include the removal of acetylene from ethylene 
feedstock. In addition, dispersed palladium metal is an important catalyst for 
hydrocarbon (in particular methane) combustion. Palladium-containing supported 
catalysts are also frequently used in selective oxidation of hydrocarbons, for example of 
ethylene to acetaldehyde or acetic acid and of ethylene plus acetic acid to vinyl acetate. 
For these processes, the catalytic importance of carbon residing in the subsurface region 
of a highly reduced state of the catalyst has already been recognized.  
 
In this project the formation of Pd-C phases was investigated in selective 
hydrogenation- and oxidation reactions. The dissolved C has a strong influence on the 
selectivity of the reactions. A metastable Pd-C layer was observed in Pd catalysts under 
selective hydrogenation conditions, favoring the production of pentene, whereas this 
layer was formed to a much lower extent under total hydrogenation conditions. The 
formation of a similar layer was observed under selective oxidation reactions to form 
CO out of ethylene. At temperatures above 680 K the layer decomposed and CO2 
formation increased.       
 
Poster 5.1 summarizes results obtained on the characterization of hydrogenation 
reactions. The formation of the Pd-C phase was shown to be a general phenomenon in 
the selective hydrogenation of alkynes, whereas the dissolved carbon could not be 
observed under total hydrogenation reaction conditions of alkynes. It is absent in a gas 
feed of alkene as well. A similar modification of the Pd catalyst can be achieved by 
several other metals. Intermetallic compounds have been prepared and characterized in 
the selective hydrogenation of acetylene.  
   
Poster 5.2 shows results on oxidation reactions on Pd catalysts. The oxidation of 
Pd(111) was characterized by in situ XPS to identify the involved oxygen species. The 
ethylene oxidation over Pd(111) is characterized by carbon-containing surface species . 
The diffusion of carbon into the palladium bulk started at 480 K, leading to the 
appearance of an electronically altered, dissolved carbon phase, which extended over 
several layers in the near-surface region and was stable up to ~650 K. This 
spectroscopic trend was clearly related to a pronounced shift of the catalytic selectivity 
towards CO.  
   Methane oxidation was studied in a reaction mixture CH4:O2=1:5, p=0.33mbar. 
During heating the reaction rate exhibited an activity maximum at 650 K. At this 
temperature the formation of PdO seeds nucleated from a Pd5O4 2D surface oxide was 
observed. A pronounced kinetic hysteresis, which was assigned to the spectroscopically 
observed difference in the surface oxidation state, was found. 
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Pd in selective hydrogenation 
 

D. Teschner, E. M. Vass, M. Hävecker, S. Zafeiratos, P. Schnörch, J. Borsodi3, A. 
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Palladium is one of the most widely applied metals in catalytic processes both in 
homogeneous and heterogeneous systems. In either case selectivity is a major concern 
to make industrial processes economically feasible. Palladium particles are able to add 
one hydrogen molecule to both alkenes and alkynes, hence the question may arise how 
the catalyst prohibits total hydrogenation of alkynes and multiple unsaturated 
hydrocarbons. Most of the explanations offered for this question consider the presence 
of a carbonaceous overlayer on the palladium surface. From high-pressure XPS, in-situ 
Tapered Element Oscillating Microbalance (TEOM) and HRTEM experiments we 
concluded that in the selective hydrogenation of 1-pentyne the active surface consists of 
a Pd-C surface phase. Carbon embedded in the palladium lattice inhibited the 
emergence of bulk-dissolved hydrogen to the surface, which is reactive but unselective. 
Further, we examined palladium samples under different alkene and alkyne 
environments and generalized our observations: Pd-C formation was found to be a 
general process in any selective alkyne hydrogenation reaction we studied, while it was 
always absent with alkene feed. The latest high-pressure XPS experiments indicated 
that the Pd-C surface phase could not build up in alkyne hydrogenation; under which 
conditions hydrogenation was unselective (i.e. the corresponding alkane was formed.) 
Therefore, a definitive link between hydrogenation activity/selectivity and the 
incorporation of carbon or hydrogen in the near-surface region was established.  

Carbon, as catalyst modifier can be elegantly substituted by other metals as in 
intermetallic compounds, IMCs. These compounds (e.g. PdGa, Pd3Ga7, Pd15Cu85, 
PdZn), prepared by melting the corresponding elements under argon atmosphere, 
possess well-ordered crystal structures with Pd atoms solely coordinating to the second 
metal atoms in the first shell. Analysis of the chemical bonding by quantum chemical 
calculation of the electron localization function (ELF) reveals pronounced covalent 
bonding in the structures. The IMCs were further characterized by FT-IR and in situ 
XPS. The adsorption of CO on the PdGa at room temperature results in the appearance 
of only one linear Pd–CO band (2047 cm-1), which was shifted to lower wavenumbers 
compared to the respective CO on-top species formed on metallic palladium (2100-2080 
cm–1). This is a clear indication for the modification of the Pd electronic states by 
covalent bonding in the intermetallic compound. The absence of bands due to bridged 
carbonyls in the observed spectra and the fact that the observed band is not coverage 
dependent indicated that the active sites in PdGa are really isolated. XPS experiments 
on IMCs, in vacuo as well as during C2H2 hydrogenation revealed a high stability of the 
surface. However, their electronic structure was strongly modified (relative to Pd 
metal), as judged by the 0.5-1.2 eV core level shift of Pd 3d and the loss of the highest-
lying 4d orbitals due to covalency. The superior catalytic properties of these materials 
in the semi-hydrogenation of C2H2 (in excess C2H4) are related to the uniformity of 
catalytic sites (isolated Pd atoms) and the inability to form detrimental hydride phases;  
and are, thus, the result of a rational catalyst synthesis.     
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Palladium oxidation and catalytic activity of different palladium oxide 
phases towards CH4 andC2H4 

D. Zemlyanov1,3, H. Gabasch2, B.Klötzer2, D. Teschner, M. Hävecker, E. Vass, S. Zafeiratos, P. 
Schnörch, Z. Hlavathy, A. Knop-Gericke, Robert Schlögl 

Palladium is considered as the best catalyst for the catalytic combustion of methane, 
which is an environmentally benign process for power generation with low NOx 
emissions and to remove residual methane from the emission gases of methane-powered 
vehicles1. Dispersed palladium metal is an important catalyst for hydrocarbon 
combustion, and palladium containing catalysts are frequently used in the selective 
oxidation of hydrocarbons, e.g. of ethene to acetaldehyde or to acetic acid2. Catalytic 
reactions are carried out under conditions varying from low temperature, where PdO is 
the thermodynamically stable phase, to high temperature, where Pd metal is the stable 
phase. Therefore, the oxidation of metallic Pd is critical for the understanding of 
catalysis on palladium.  
      The oxidation of the Pd(111) surface was studied by in situ XPS during heating and 
cooling in 0.4 mbar O2 

3. The in situ XPS data were complemented by ex situ TPD 
results. A number of oxygen species and oxidation states of palladium were observed in 
situ and ex situ. At 430 K, the Pd(111) surface was covered by the Pd5O4 2D oxide and 
by a supersaturated Oads layer which transformed into the Pd5O4 phase upon heating and 
disappeared completely at approximately 470 K. Additionally, small clusters of PdO, 
PdO seeds, were formed. Above 655 K, the bulk PdO phase appeared and this phase 
decomposed completely at 815 K. Decomposition of the bulk oxide was followed by 
oxygen dissolution in the near-surface region and in the bulk. Surprisingly, the bulk 
PdO phase did not form during cooling in 0.4 mbar O2, but only the Pd5O4 phase 
appeared below 745 K, probably due to kinetic limitations of PdO formation because at 
high temperature the rate of PdO seed formation is comparable with the rate of 
decomposition. The activity of the different oxygen species on the Pd(111) surface was 
investigated in different oxidation reactions. 
We studied the partial oxidation of ethene and the total oxidation of methane on 
polycrystalline Pd and on the well-defined Pd(111) and Pd(110) single crystals. The 
interaction with carbon from ethene decomposition induces the formation of a Pd-C 
phase even in the presence of oxygen4. In-situ XPS revealed a detailed picture of the 
modification of the surface under close-to-real conditions in the oxidation of methane 
and ethene at pressures up to 1 mbar. In ethene oxidation, the most active state is a 
highly reduced Pd surface with a surface-near PdxCy phase, while methane oxidation is 
favoured on the Pd5O4 surface-oxide covered surface, which acts as a precursor for 
formation of active bulk PdO seeds. The observed hysteresis effects are clearly related 
to the suppressed formation of the particular active phases during the cooling cycle.  
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Carbon in heterogeneous catalysis  
 
In the last report period, the project Carbon in Heterogeneous Catalysis is conducted, 
partly in the frame work of EU-project CANAPE and in the Project House of MPG 
EnerChem, in the following three directions: i) synthesis and functionalization of 
carbon nanotubes for catalysis, ii) nanocarbons as catalyst for gas phase reactions; iii) 
carbon as catalyst support. The tested reactions are the oxidative dehydrogenation of 
ethyl benzene to styrene and the activation of light alkane/alkene molecules. 
 
We have used commercially available CNTs and CNTs immobilized on activated 
carbon produced in our laboratory as catalysts for the kinetic analysis of oxidative 
dehydrogenation of ethyl benzene to styrene and its scale-up with long-term testing, and 
for the activation of light alkane/alkene molecules over CNTs. The results are 
summarised in Poster AC 6.1. 
 
We have used the unique properties of CNTs as catalyst support to produce 
nanostructured metal oxides. The prepared MoOx/CNTs exhibit unusual activity in 
selective oxidation of n-butane, a reaction for which Mo-oxide is reported to be 
inactive. VOx/CNTs present also promising performance in selective oxidation of 
propane. The results are presented in Poster AC 6.2. 
 
The Department is member of the MPG-Project House EnerChem. In very tight 
cooperation with other three Max-Planck Institute, we have focused on the ammonia 
decomposition for hydrogen production, novel carbon nanostructure as electrode 
materials for Li batteries and structural characterization of novel carbon materials. The 
results are presented in Poster AC Enerchem. 
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Carbon-catalyzed oxidative dehydrogenation reactions  
J. Zhang, X. Liu, J.J. Delgado, J. Mizera, B. Kubias, D.S. Su, R. Schlögl  

In the last two years, the work on metal-free catalysis as part of the carbon project in the 
framework of the EU-project CANAPE, has been focused on kinetic analysis of 
oxidative dehydrogenation (ODH) of ethyl benzene to styrene and its scale-up with 
long-term testing, and on the activation of light alkane/alkene molecules over CNTs. 
Commercially available CNTs and CNTs immobilized on activated carbon produced in 
our laboratory have been used as catalysts. 

Kinetic and mechanistic investigations have revealed that the ODH reaction over CNTs 
is basically coordinated by surface oxygen functional groups. The kinetics of ODH over 
nanocarbon suggests that the reaction follows a dual-site Langmuir-Hinshelwood model 
including dissociative adsorption of oxygen molecules and non-competitive adsorption 
between ethyl benzene and O2 molecules. The overall reaction rate is kinetically 
controlled by C–H bond breaking. Reaction pathway and nature of active sites are the 
same over both sp2– and sp3–hybridized carbons, indicating that the subsurface structure 
of carbon is not essential for nanocarbon catalysts. Our experimental findings on 
nanocarbons completely differ from the existing theories over traditional metal oxides, 
in which lattice oxygen species is one of the most active phases.  

Long-term stability of nanocarbon-catalysis was also studied in a scale-up reactor. 10 g 
commercial CNTs continuously produced 50~60 ml of liquid styrene per day at 360oC, 
which is around 300°C lower than the typical temperature in industrial DH processes. 
The productivity is comparable to that of the current industrial catalyst from Süd 
Chemie. Long term test also reveals that only ordered nanocarbon could robustly 
catalyze styrene synthesis via ODH of ethyl benzene. On the contrary, conventional 
activated carbons burn out due to long-range disorder. However, the microstructure of 
nanocarbons remains, even after long-term ODH reaction and no evidence of 
deterioration could be observed. HRTEM and TPO/TG tests show that the used 
nanotubes and nanodiamond catalysts are clean and free of coke.  

For activation of light molecules, we study for the first time the performance of 
nanocarbon for the synthesis of butadiene from 1-butene, or directly from butane. For 
butadiene synthesis from butane, the yield over raw CNTs is as low as 1.3%. After acid 
functionalization, surface functional groups are generated and the butadiene yield 
increases to 5% and the C4 selectivity increases more than 3-fold. By introducing 2% 
P2O5, we have improved the butadiene yield from 1.3% to 8.8% while suppressing the 
yield of CO2 from 88% to 30%. At the same time, the CO yield increased from 2% to 
13.5%, indicating a higher utilization of carbonaceous feedstock. The P-promoted 
CNTs are superiorly selective and active than activated carbon and 5% FePO4/carbon 
catalysts. CNTs could also stably catalyze conversion of 1-butene to butadiene. A 
butadiene yield as high as 55% with a selectivity of 68% could be achieved at 400°C.  
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MoxOy and VxOy supported on carbon nanotubes: promising catalysts 
for alkane selective oxidation  

J.-P. Tessonnier, D. Wang, C. Hess, T.W. Hansen, A. Trunschke, D.S. Su, R. Schlögl  

Selective oxidation of light hydrocarbon represents one of the most important and most 
studied fields in catalysis. However, the mechanism of selective oxidation reaction is 
still not fully established. Thus, an increasing number of groups study model catalysts 
such as VxOy deposited on conventional supports like silica, alumina or titania to 
approach a better understanding. Carbon nanotubes (CNTs) have not been used as 
catalyst support for this topic so far. However, they present very interesting properties 
for this type of catalytic reactions which could yield to highly active, innovative 
catalysts: high thermal conductivity, good electronic conductivity, tunable surface 
chemistry, absence of bulk oxygen. The purpose of the present work is to profit from 
these particular properties to design a new class of catalysts for selective oxidation of 
non-activated hydrocarbons, i.e. alkanes, and to investigate them extensively by TEM 
and other complementary techniques for a fundamental understanding of the 
molybdenum and vanadium-based catalysts in alkane slective oxidation. 

CNTs (Baytubes from Bayer Material Science, Germany and Applied Science Inc., 
USA) were functionalized using a nitric acid treatment. Molybdenum oxide and 
vanadium oxide were deposited on their surface using respectively a modified 
deposition-precipitation method and an incipient wetness impregnation. After drying 
and calcination, the catalysts were characterized by XRD, Raman, XPS, TPR/TDS and 
TEM/EELS, and tested for selective oxidation of n-butane to maleic anhydride and 
oxidative dehydrogenation of propane to propylene. The catalytic tests were typically 
performed at temperatures between 300 and 400°C with a total flow of 10 ml.min-1. A 
small reactor has been specially designed for these experiments. It allows to test small 
amounts of catalyst (ca. 30 μg) directly deposited onto a gold TEM grid. A full 
characterization by TEM of all catalysts, before and after reaction, without exposure to 
air, is thus possible.  

Characterizations shows that well dispersed MoxOy and VxOy species are deposited on 
the CNTs. The morphology of these species, i.e. 1D chain, 2D layer or 3D nanoparticle, 
can be controlled by changing the metal loading. At low loading, elemental mapping in 
STEM reveals that Mo and V species are homogeneously covering both inner and outer 
surface of the CNTs. XPS and TDS show that the Mo and V are actually anchored on 
the CNTs surface via oxygen-containing functional groups created during the oxidation 
with HNO3. MoxOy/CNTs is active for the selective oxidation of n-butane to maleic 
anhydride. It is worth noting that CNTs and the physical mixture of MoO3 with CNTs 
exhibit no significant catalytic activity. TEM investigation clearly indicates that the 
catalyst is stable under reaction conditions, i.e. no burning of the carbon support and no 
sintering of the molybdenum oxide could be observed. Similar results were obtained 
from VxOy/CNTs. These results are relevant for the discussion about the requisite of 
bulk oxides, with their reservoir of lattice oxygen, for selective oxidation reactions and 
reveal that nanostructuring metal oxides could produce new catalyst. 
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MPG-Project House: Nano-chemical Concept for sustainable Energy 
Conversion (EnerChem) 

D.S. Su, J. Zhang, J.-O. Müller, X. Liu, J.-P. Tessonnier, R. Schlögl 
 
The Department of Inorganic Chemistry is member of the Project House Enerchem of 
the Max-Planck Society. This poster summarizes the main activities of the Department 
in Enerchem in tight cooperation with three other Max-Planck Institutes. 
1. Ammonia as energy carrier 
Liquid NH3 is regarded as a promising carrier for H2 due to its unique advantages over 
other liquid fuels, i.e. well-established infrastructure for NH3 storage and transportation, 
high gravimetric H content (17 wt%), and production of inherently COx-free H2. We 
focus on NH3 decomposition using commercially available CNTs which are highly 
active for this reaction. Commercial CNTs contain transition metals in a highly 
dispersed state. Fe, Co, and Ni are typical active metals for catalyzing the growth of 
CNTs. The as-synthesized CNTs can be used as catalysts without any additional 
chemical pretreatment. The catalytic performance is comparable with or higher than that 
of commercial catalysts for NH3 decomposition. Our research has also focused on 
bimetallic nanoparticles (Fe, Co, Ni, Mo) supported on CNTs, which have proved to be 
a promising and cheap substitute for Ru. CNT-supported metal nitrides or alloys were 
tested and showed a high stability as catalysts for NH3 decomposition. Introduction of 
Fe in a Co/CNT catalytic system makes the performance more stable, even under severe 
conditions, i.e. high temperature and high space velocity.  
2. Novel carbon nanostructure as electrode materials for Li batteries 
Application of conventional CNTs or CNFs as anode materials in lithium batteries is 
significantly limited by either low reversible capacity or deactivation during the long-
term cycling. We have developed convenient and effective ways of modifying 
commercial CNTs into high-performance storage mediums for lithium batteries. CNT- 
encapsulated CNFs and carbon tube-in-tube materials have been synthesized as anode 
materials. The resulting novel carbon hybrid materials serve as stable anode catalyst in 
lithium batteries and show an excellent stability during 120 charge/discharge cycles, in 
which the reversible capacity remains at about 410 mA h g-1. As a denser material than 
empty CNTs, the new carbon nanostructures could also be used as a high-performance 
electrode material in supercapacitors. 
3. Structural characterization of novel carbon materials 
In this part of works, surface and bulk-sensitive methods including high-resolution 
electron microscopy and electron energy-loss spectroscopy are used to characterize 
mesophase pitch, coal synthesized by hydro-thermal treatment of biomass, carbon 
nitride, and other new kinds of mesoporous carbon materials. All these materials are 
current research objects in EnerChem as novel materials for energy conversion and 
energy storage. 
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Identification of methyl radicals as reaction intermediates in the 
catalytic partial oxidation of methane  

 

M. Geske, K. Pelzer, R. Horn, F.C. Jentoft, R. Schlögl 

 

There is little understanding of mechanistic details of the catalytic partial oxidation 
(CPO) of methane. Identifying not only products but also intermediates can give 
information on possible homogeneous and heterogeneous reaction pathways. Radicals 
are thought to be key intermediates [1]. Our goal was to identify reactive species during 
the high temperature process of methane conversion. 

A gas mixture of 600 ml/min CH4, 500 ml/min O2 and 200 ml/min He (C/O = 0.6) is fed 
to a Pt tube coupled with a molecular beam mass spectrometry interface [2]. After 
ignition during resistive heating at about 600 °C, the reaction can be run autothermally 
or, with extra heating, at maximum temperatures of about 1300 °C. A quadrupole mass 
spectrometer (QMS) (millisecond timescale) allows identifying the molecular beam 
constituents arising from the reaction zone by their mass numbers and their ionization- 
and appearance potentials. The final product composition is analyzed by on line GC. 

Once the reaction ignites, methane is mainly converted to partial and total oxidation 
products CO, H2, CO2, and H2O. Due to reactor and catalyst geometries and the flow 
conditions, CH4 and O2 conversions are incomplete as long as the reaction proceeds 
only on the wall surface (at 1120°C). Upon further heating, a gas phase reaction sets in, 
as indicated by (i) formation of a hot zone (1280°C) in the reactor, (ii) detection of new 
species extracted from the reaction zone, and (iii) change of composition of the effluent 
stream. The additional species are identified as methyl radicals, characterized by an 
ionization energy of 9.81 eV. Radical concentrations were estimated using ionization 
cross sections from NIST [3] and species of known concentrations and similar mass 
(max. difference 10 wt%). The increase from 336 ppm at 1180 °C to 4300 ppm at 1280 
°C indicates the gas phase reaction start between these temperatures. GC analysis of the 
product stream reveals nearly complete consumption of oxygen and strong increase in 
hydrogen production between 1180 and 1280 °C. A significant increase in formation of 
formation of C2 compounds is observed concomitantly with the increase in CH3 radical 
concentration. 

The partial oxidation of methane can proceed as a mere surface reaction, but also as 
coupled homogeneous-heterogeneous reaction. Our data are consistent with the 
formation of C2 species in the gas phase through combination of methyl radicals, which 
for the first time have been detected in situ during such a reaction.  
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New insights into propene epoxidation over silver catalyst 
 

S. Zafeiratos, M. Hävecker, D. Teschner, E. Vass, P. Schnörch, A. Knop-Gericke,  

R. Schlögl 

 
The epoxidation of alkenes is an extremely important class of catalytic reactions in the 
chemical industry. The silver-catalyzed, epoxidation of ethene using molecular oxygen 
is one of the most successful examples of heterogeneous catalysis [1]. However, when 
silver is used for the epoxidation of alkenes containing allylic (C-H) hydrogen atoms, 
like propene, the epoxide selectivity is very low. This has been attributed to the high 
reactivity of the allylic bond compare to the C=C bond, although limited information 
exists about the adsorbed oxygen species participating in each reaction [2]. 
Investigations of silver surface under working propene epoxidation conditions are 
needed to get such information. Due to the low adsorption enthalpy, alkene epoxidation 
is impossible to study under UHV conditions. Recent development of a photoelectron 
spectroscopy apparatus at the department of Inorganic Chemistry (AC-FHI), which is 
able to operate in the mbar pressure range, allows monitoring of the chemical status of 
the surface under working catalytic conditions. 
Various unsupported silver catalysts, obtained from different suppliers, were examined 
by in situ photoelectron spectroscopy performed at the FHI’s experimental setup, at 
BESSY II storage ring. The work focused on the surface characterization of the catalyst 
under propene epoxidation reaction conditions using molecular oxygen (ca. 470-520 K, 
0.5 mbar). In addition the effect of chlorine promoter was investigated in situ by 
ethylene chloride co-feeding in the reaction mixture. The results show that under 
reaction conditions two different forms of chemisorbed atomic oxygen exist on the 
surface. The first species has strong nucleophilic character (Onucl) , it is embedded into 
silver substrate and it is characterised by formation of ionic silver species. The second 
oxygen species has more electrophilic character (Oelectr), do not induce ionic silver 
species formation and it is located onto silver atoms. Valence band spectra using 
enhanced surface sensitivity showed that the O 2p orbitals of these two oxygen species 
are also different. Comparison of mass spectrometry and photoelectron spectroscopy 
results did not show any correlation between the abundance of oxygen species and 
catalytic activity. However, it was found that the selectivity of the catalyst to propene 
epoxide depends critically on the binding energy of the Oelectr, which in turn it is 
influenced by the presence of the Onucl species. Chlorine co-adsorption on silver acts 
alike as Onucl species, inducing similar binding energy shifts on Oelectr. Using the above 
information the role of oxygen and chlorine to the catalyst selectivity is described. Next 
step would be to rationally manipulate silver catalyst using this knowledge, in order to 
control product selectivity. 
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High-resolution TEM and DFT study of the surface and sub-surface 
structure of Ag particles  

D. S. Su, T. Jacob*, T. W. Hansen, D. Wang, R. Schlögl 

Knowledge about the surface and sub-surface structure of a working catalyst is essential 
for understanding the reaction mechanism and for the rational design of catalysts. 
However, most studies of surface structure is only performed on model catalyst systems 
with well-defined structure by means of surface science methods using STM, LEED, 
vibrational spectroscopy etc.. Transmission electron microscopy (TEM) has been 
widely used in catalysis research to study the morphology and structure of industrial 
catalysts and the size distribution of catalytic particles. In principle, high-resolution 
TEM (lattice fringe imaging) can provide details about the internal micro- and 
nanostructure of industrial catalysts on the atomic scale, but cannot clearly image 
surfaces of the catalysts due to the spherical aberrations of the objective lens. Recently, 
spherical aberration correction techniques applied in TEMs have been well-developed 
and commercialized. Cs-corrected TEM provides higher resolution than the non-
corrected counterparts. Most importantly, delocalization effects are corrected so that 
artifact-free imaging of the perimeter of a sample is possible.  

In this work, we present the study of the surface and sub-surface structure of silver-
based catalyst using a Cs-corrected TEM working in profile-imaging mode in 
conjunction with DFT calculations. Silver is found to be active for many reactions, e.g. 
hydrogenation of un-saturated aldehydes, partial oxidation of methanol to 
formaldehyde, and oxidative coupling of methane to ethane and ethylene. A 200 kV 
TEM (FEI Tecnai F20ST) equipped with a CEOS image Cs corrector was used for the 
study. The Cs corrector reduces the spherical aberration from 1.2mm to typically a few 
μm. The magnification of the system was calibrated on a standard gold sample. The Ag 
particles are aligned with the [110] zone axis parallel to the incident electron beam to 
work in profile imaging mode. All DFT calculations have been performed with 
SeqQuest, a periodic DFT-program using localized basis sets (“double zeta plus 
polarization”-level) represented by a linear combination of Gaussian functions and 
standard (non-local) norm-conserving pseudopotentials with a nonlinear core 
correction. As exchange–correlation functional we used the PBE Generalized Gradient 
Approximation (GGA).  

Using the Cs-corrected TEM, the outermost surface topography of an industrial catalyst 
can be studied at atomic scale. The surface features such as terraces, kinks, and edges 
can be clearly imaged. No reconstruction of Ag surface was observed. However, high-
resolution TEM images reveal an expansion of the surface atoms toward vacuum, which 
can be explained by DFT calculations as the presence of sub-surface oxygen. This result 
is of high relevance for the understanding of the reaction mechanism using Ag-based 
catalysts [1].  
References 
Dangsheng Su, Timo Jacob, Thomas W. Hansen, Di Wang, Robert Schlögl, Bert 
Freitag, Stephan Kujawa, to be published 
 
*: Department of Theory, Fritz Haber Institut der MPG



    AC-TH 2  

 

 

An experimental investigation of nanostructured carbon materials for 
oxidative dehydrogenation of ethylbenzene 

 

D.S. Su, J. M. Carlsson*, D. Rosenthal, J. Zhang, S. Abourous, J. Mizera,  J. Delgado, 
W. Ranke, M. Scheffler* and R. Schlögl 

Experiments have shown that nanostructured carbon materials have the ability to 
catalyze oxidative dehydrogenation (ODH) of ethylbenzene to produce styrene. 
However, the nature of the active site for this metal-free catalytic reaction is still under 
discussion. This is due to the limited knowledge about the atomic structure of the 
carbon materials under the reaction condition on one side, and due to the lack of the 
reliable kinetic data of the reaction on the other side. The cooperation of the AC and TH 
department is aimed to get a fundamental understanding of the reaction mechanism 
experimentally and theoretically.  

We have performed kinetic experiments and analysis on sp2 and sp3 carbons. Parts of 
the results are presented in Poster AC.6.1. Similar kinetic parameters are obtained on all 
the studied nanocarbons implying the same reaction mechanism. In situ spectroscopic 
experiments are performed to correlate the functional groups with the catalytic 
performance. Single-walled CNTs are used in the reaction as a model catalyst for DFT 
calculation and for the determination of defect structure in high-resolution TEM. We 
found that single-walled CNTs exhibit very promising performance in this reaction. In 
addition, we have used carbon with well-defined structure, i.e., highly oriented pyrolytic 
graphite (HOPG) in a micro-flow reactor to determine the active site for the ODH 
reactions. Scanning tunnelling microscopy and atomic force microscopy investigations 
revealed that the surface of freshly cleaved HOPG was atomically smooth both before 
and after reaction. The sputtered sample has exhibited a nanometer size surface 
roughness. The activation energy for the ODH reaction is similar for cleaved and 
sputtered samples, indicating the same nature of the active site. 

The DFT calculations, which are presented in more detail in Poster TH 7, show that 
vacancies in a graphene sheet significantly enhance the O2 dissociation compared to the 
defect free basal plane. The co-feeding of oxygen during the ODH reaction would then 
form a variety of functional O-groups connected to the vacancies. These O-groups show 
a large variation in activity ranging from the C-O-C (ether type), where the 
dehydrogenation step is strongly endothermic to the C=O (carbonyl), where it is just 
slightly endothermic. The combination of experiments and calculations indicates that 
the oxidized vacancies constitute the active sites for the ODH reaction, but that the 
activity depends on the local population of the different functional O-groups. 
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Pd-C surface phase as an essential parameter of  

selective alkyne hydrogenation 
 
D. Teschner1*, E. M. Vass1, M. Hävecker1, S. Zafeiratos1, P. Schnörch1, H. Sauer1, A. 
Knop-Gericke1, R. Schlögl1, A. S. Canning2, J. J. Gamman2, S. D. Jackson2, J. 
McGregor3, L. F. Gladden3, M. Chamam4, A. Wootsch4,  
 

Palladium is one of the most widely applied metals in catalytic processes both in 
homogeneous and heterogeneous systems. In either case selectivity is a major concern 
to make industrial processes economically feasible. Palladium particles are able to add 
one hydrogen molecule to both alkenes and alkynes, hence the question may arise how 
the catalyst prohibits total hydrogenation of alkynes and multiple unsaturated 
hydrocarbon. Most of the explanations offered for this question consider the presence of 
carbonaceous overlayer on the palladium surface.  

We studied the hydrogenation of 1-pentyne over various palladium catalysts under 
different conditions. In line with the literature data on alkyne hydrogenation, 1-pentyne 
hydrogenation on palladium catalysts is characterized by two significantly different 
regimes: at high pressures (and) with high hydrogen excess pentane is by far the main 
product. At lower pressures or/and with lower H2/C5 ratios, hydrogenation is much 
slower, but almost totally selective to 1-pentene. Pulse hydrogenation, in-situ TEOM, 
in-situ XPS and HRTEM reveals that this turn of selectivity is related to an especial 
carbon retention. It is unequivocally established that carbon dissolves into the palladium 
lattice (mainly in the near-surface region) and a palladium-carbon surface phase (PdC) 
builds up in the early stage of the reaction. This, and not the clean palladium surface, is 
the active phase in the regime of selective hydrogenation of alkynes on a typical 
catalyst. The formation of Pd-C is strongly suppressed at high p(H2), at which condition 
hydrogenation is non-selective. We propose that the role of dissolved carbon and the 
Pd-C surface phase is to exclude bulk dissolved hydrogen participating to the reaction. 
The genesis of the active surface includes the total fragmentation of significant amount 
of reactant molecules. 

Further experiments with C2/C3/C5 alkynes and alkenes indicate that Pd-C formation 
is a general process during selective triple bond hydrogenation, but it does not build up 
from any of the corresponding alkenes, making the hydrogenation sites different for 
alkynes and alkenes. 
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Planar vanadium oxide and powdered silica supported vanadia model 
catalysts: methanol adsorption and reactivity towards formaldehyde 

 

D. Göbke, S. Guimond, R. Herbert, S. Kaya, Y. Romanyshyn, M. Sturm, C. Hess, H. 
Kuhlenbeck, S. Shaikhutdinov, H.-J. Freund, R. Schlögl 

 

Abstract 

Methanol (MeOH) adsorption and reactivity towards formaldehyde (FA) of different 
vanadium oxide systems ranging from single crystalline films and vanadia clusters 
supported on well ordered thin silica films to powdered SBA-15 supported vanadia have 
been studied in the CP and AC department using a variety of experimental methods. 
The results demonstrate a good convergence between the model systems of different 
levels, thus aiding in bridging the so called “material gap” and improving our 
understanding of the reaction mechanism of alcohol oxidation reactions. 

Results 

Thin well ordered V2O3(0001) layers are terminated by vanadyl (V=O) groups under 
typical UHV conditions and it could be shown that fully V=O terminated films are 
inactive with respect to the MeOH->FA conversion under low pressure conditions. If 
part of the V=O groups is removed by electron irradiation, methanol adsorption leads to 
the formation of methoxy groups which are transformed to FA above 470 K. Also 
methane and water form. Removal of only a relatively small part of the V=O groups 
leads to a surface fully covered with methoxy groups and to the highest amount of FA 
formed. The V=O groups are removed from the surface in the course of this reaction. A 
fully V=O terminated surface is inactive also in the case of V2O5(001) layers. As soon 
as part of the V=O groups is removed, reactivity of the surface for MeOH->FA 
conversion sets in. Here the amount of produced FA is much smaller and it is shown 
that mainly single defects are active for the reaction. 

Vanadium oxide particles were prepared by reactive V deposition onto well-ordered 
silica films precovered with ice. MeOH adsorption on the vanadia clusters revealed that 
neither a V- nor a V=O terminated surface is active for FA production. However, a 
surface comprising both V- and V=O sites is found to be active in a good agreement 
with the results discussed above for the thin vanadia films. 

High surface area silica SBA-15 supported vanadia model catalysts (V/SBA-15) were 
prepared by controlled grafting/ion exchange allowing for the homogeneous deposition 
of highly dispersed vanadia within the pores of SBA-15. IR experiments using NO as 
probe molecule give evidence for the presence of mostly polymerized (at least dimeric) 
vanadia in the dehydrated state. V/SBA-15 samples are highly selective in MeOH 
oxidation to FA with selectivity values range between 96% (300°C, conversion <8%) 
and 83% (400ºC, conversion 87%). Combined Raman and XPS characterization before 
and after reaction indicates that dispersed vanadia partly agglomerates into larger 
aggregates during methanol oxidation. The presence of methoxy (Raman, XPS) is 
associated with a pronounced redshift (~8 cm-1) and intensity decrease of the V=O 
stretch vibration. 
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Vanadia Surfaces: V2O5(001) Single Crystal, Monolayer Films and 
Supported Vanadia Clusters 

S. Kaya, R.-P. Blum, A. Uhl, Y.-N. Sun, J. Weissenrieder, D. Stacchiola, S. 
Shaikhutdinov, H.-J. Freund 

Introduction 
The combined information from surface science studies of different level vanadia 
systems such as single crystals, thin films and supported clusters (e.g. see review1) is 
important for understanding of catalytic mechanisms over vanadia based catalysts. In 
this work, we have studied  the surfaces of V2O5(001), ultra-thin films grown on metal 
substrates and silica supported vanadia clusters. 
Results 
Restructuring of the V2O5(001) surface was monitored by scanning tunneling 
microscopy and spectroscopy (STM/STS) at elevated temperatures. In situ band gap 
mapping of the crystal surface revealed a reversible metal-to-insulator transition at 350-
400 K, which occurs inhomogeneously across the surface and expands preferentially in 
the direction of the vanadyl (V=O) double rows of V2O5(001). Supported by DFT and 
Monte-Carlo simulations2, the results are rationalized on the basis of the anisotropic 
growth of vanadyl oxygen vacancies and a concomitant metal-to-insulator transition at 
the surface. Heating to elevated temperatures leads to irreversible surface reduction 
which proceeds sequentially as V2O5(001)→V6O13(001)→V2O3(0001), as observed by 
high-resolution STM3. 
Ultrathin vanadia films were grown by V deposition on a Cu3Au(100) single crystal in 
oxygen ambient. On a clean substrate, so called s-V2O3 monolayer films1 were 
observed. In contrast, oxygen implantation of the substrate prior to the V deposition 
leads to the films with a V2O5 stoichiometry, with no vanadyl species exposed on the 
surface as confirmed by infrared spectroscopy. Based on STM and IRAS results, the 
model of corner sharing [VO4] tetrahedra has been suggested, which needs to be further 
checked by DFT. 
Vanadium oxide particles were prepared by V reactive deposition onto ice precovered 
well-ordered silica thin films4. The STM, XPS, IRAS and temperature programmed 
desorption results show that the ice behaves as an oxidative agent that favors vanadium 
oxidation up to V4+, and as a buffer layer that precludes strong interaction of the V ad-
atoms with the silica film. Vacuum annealing at 550 K leads to the total dehydration 
and partial reduction of the particles to V2O3, which expose the V-terminated surface. 
Subsequent re-oxidation in O2 irreversibly transforms the surface to the V=O terminated 
one, i.e. the same as for the reactive deposition onto the clean silica surface. The results 
suggest that the structure of supported vanadia catalysts is determined by a calcination 
step and should be considered under low oxygen pressure conditions as vanadium 
sesquioxide nanoparticles with the V=O terminated surface. 
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Nano-silica: From 1D-structures to Stoichiometric sub-nm Films 

D. Stacchiola, M. Baron, S. Kaya, J.-L. Lu, J. Weissenrieder, S. Shaikhutdinov,          
H.-J. Freund 

Introduction 
Thin films of silica are interesting for a variety of applications that range from 
insulating layers in integrated circuits to supports for metal nanoparticles in sensors and 
catalysts. The Poster provides a summary of our recent studies on preparation and 
structure of silica thin films and related nano-materials. 
Results 
Atomically flat, crystalline SiO2 films can be grown on a Mo(112) single crystal using 
reactive Si deposition onto the O/Mo surface followed by vacuum annealing at ~1200 
K. Scanning tunneling microscopy (STM), infrared reflection absorption spectroscopy 
(IRAS), X-ray photoelectron spectroscopy (XPS) data and density functional theory 
(DFT) calculations1 showed that the film consists of a two dimensional network 
(monolayer) of corner sharing [SiO4] tetrahedra, with one oxygen of each tetrahedra 
binding to the Mo atoms of the Mo(112) surface2,3.High temperature annealing of the 
silica film in oxygen or using mildly pre-oxidized Mo substrates before Si deposition 
leads to the films, containing additional oxygen atoms adsorbed directly onto the 
Mo(112) surface, referred to as “O-rich” films in contrast to the “O-poor” films formed 
in UHV. The presence of the “extra”-oxygen atoms in the structure, as predicted by 
DFT, has been confirmed by XPS and IRAS studies4. At sub-monolayer silica coverage, 
formation of one-dimensional silica stripes of 0.5 nm in width has been observed. The 
structure has been assigned to paired rows of corner sharing [SiO4] tetrahedra 
chemisorbed on a Mo substrate5. Combined experimental and theoretical results 
allowed us to build a phase diagram for 1D- and 2D- silica structures formed on 
Mo(112)4. 
Following this approach, well-ordered aluminosilicate films have been synthesized for 
the first time by Si and Al co-deposition onto O/Mo(112). The atomic structure has 
been determined by combination of high-resolution experimental results and DFT. At 
low Al:Si ratio, the structure is formed by Al replacing the Si atoms in the silica film 
and consists of a two-dimensional layer of corner sharing [SiO4] and [AlO3] units6.  
In attempts to grow multiplayer well-ordered silica films, a new method to grow sub-
nm, stoichiometric SiO2 films has been developed. Although the films do not show 
diffraction patterns, the 0.6-0.9 nm-thick silica films exhibit characteristics observed for 
>2.0 nm-thick films, grown on conventional Si substrates. These results may also have 
strong implications on the further miniaturization of the metal oxide semiconductor gate 
technology.  
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Introduction 

Highly dispersed gold has recently received much attention owing to unique catalytic 
properties of Au nanoparticles, e.g. in low temperature CO oxidation, water gas-shift 
reaction, etc. Gold supported on various oxides (such as Al2O3, FeO, Fe3O4, Fe2O3) and 
carbon thin films have previously been studied in our laboratories1-3. In this Poster we 
extend our studies to the Au/ceria system as one of the most active and 
“multifunctional” gold catalysts reported in the literature. In particular, we focused on 
the morphological changes of the model catalysts under elevated pressures. 

Results 

The ceria films were grown on a Ru(0001) substrate. By modifying the recipe suggested 
in the literature, the preparation conditions were determined for the growth of nm-thick, 
well-ordered CeO2(111) films covering the entire surface4. The morphology of the films 
was studied by scanning tunnelling microscopy (STM) in combination with low-energy 
electron diffraction and Auger electron spectroscopy. 

Gold preferentially nucleates on point defects, assigned to oxygen vacancies present on 
the terraces of fully oxidized films only to a low density. The nucleation expands to the 
terrace step edges, providing a large variety of low-coordinated sites. Only at high 
coverage, the Au particles grow homogeneously on the CeO2(111) terraces. 

The morphology of Au particles has been further examined by STM in situ at elevated 
(up to 20 mbar) pressures of O2, CO, and CO + O2 at 300 K. The particles are found to 
be stable in O2 ambient up to 10 mbar, meanwhile gold sintering happens at CO 
pressures above ~ 1 mbar. Sintering of the Au particles, which mainly proceeds along 
the step edges of the CeO2(111) support, is observed in CO + O2 (1:1) mixture at much 
lower pressure (~10-3 mbar), thus indicating that the structural stability of the Au/ceria 
catalysts is intimately connected with its reactivity in the CO oxidation reaction5. 

These results are in line with the those observed for the Au particles deposited on ultra-
thin FeO(111) films6. The Au particles were found to be quite stable in O2 and H2 
environments at pressures up to 2 mbar. However, in CO and CO+O2 atmospheres, 
destabilization of Au particles located at the step edges occurred leading to the 
formation of mobile Au species which migrate across the oxide surface.  
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Introduction 

The presence of defect sites on MgO films results in the creation of new active sites in 
catalysis that are involved in catalytic activity of adsorbed metal particles [1]. Since 
adsorption processes are directed by the surface potential that spatially varies for 
different adsorption sites, we are interested in its mapping on the local scale over 
regular and defect sites (colour centres, kinks). Furthermore, the potentials mapped over 
adsorbates provide additional information how the local environment influences the 
adsorption properties and particle reactivity. 

Over the last two years MgO(001) films deposited on Ag(001) were investigated by 
low-temperature scanning tunneling microscopy (STM) and spectroscopy (STS) [2]. 
Different defect induced energy levels in the band gap of MgO were observed [3] and 
also the adsorption properties of single gold and palladium atoms were examined [4].  

Results 

For the first time we have now performed site specific atomically resolved dynamic 
force microscopy (DFM) and dynamic force spectroscopy (DFS) measurements on the 
same model system. A prerequisite for mapping the potential of atomic features is the 
atomic resolution, which is possible with our newly established set-up [5]. The 
microscope can be operated in a dual STM and DFM mode in ultrahigh vacuum at low 
temperature to ensure defined imaging condition, high stability and drift reduction. The 
operation mode from which the local potentials with respect to the tip can be calculated 
is called DFS or z-spectroscopy meaning frequency shift vs. distance curves.  

DFM is a promising local imaging technique which recently showed the possibility of 
chemical identification of single surface atoms by spectroscopy [6]. However, better 
understanding of the mechanism of surface processes requires further developments in 
the DFM technique. Crucial elements for a higher sensitivity and resolution are the 
force sensor and the electronics. Thus the optimization of these elements is carefully 
studied.  
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Introduction 

Dynamic force microscopy (DFM), in particular in the frequency modulation mode, has 
demonstrated to produce atomically resolved images on oxides, and other insulating 
surfaces (MgO, TiO2, CaF2, etc.). Despite the success, such high resolution is by no 
means a standard result and on complex surfaces of thin film and bulk insulators still 
very rare. 

Results 

Our new microscope setup allows for dual mode scanning tunnelling and dynamic force 
microscopy measurements and is operated in ultrahigh vacuum at low temperature (4.5 
K) [1-3]. Following a steady improvement of the DFM channel (frequency modulation 
mode) atomically resolved DFM images of both parallelogram shaped unit meshes 
(10.55Å x 17.88Å, 88.7°) of the ultrathin Alumina film grown on NiAl(110) have been 
obtained. Resolving such large and complex unit meshes is not only the acid test for the 
resolution capability of our machine, but also a useful confirmation of the currently 
accepted model for the films atomic structure [4]. Identification of all atomic positions 
is possible in real space without application of any reciprocal or Fourier-space 
techniques. This has not been presented before.   

Similar work is currently performed on the surface of the hydrodesulphurisation catalyst 
Ni2P. This system is fairly new to surface science and only very few high resolution 
microscopy results are available [5]. Here an (0001) cut single crystal has been studied 
with STM. Resulting images show an interesting hexagonal superlattice with 
characteristic defects and anti-phase domain boundaries. DFM work on this system is 
on the way. It is worth to be mentioned that the different coordination of the two species 
might shed light on the ongoing question of the origin of atomic contrast in force 
microscopy. The work on this crystal is done in collaboration with Prof. Asakura’s 
group at Hokkaido University in Japan. 
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Introduction 

It was recently shown that the site-directed spin labeling (SDSL) can be used to 
characterize proteins adsorbed to planar surfaces. In this respect the orientation of the 
molecules as well as conformational changes on the level of the back bone fold have 
been characterized.  The aim of the current projects is twofold: the first part aims at 
developing the methodology further. In particular, efforts are being made to improve 
our understanding of the observed EPR line shapes. The second part involves the 
characterization of the structure and dynamics of proteins adsorbed on well defined 
model surfaces. Within these projects T4 Lysozyme (T4L) a globular protein of 
approximately 19 kDa molecular weight is used as a model protein with respect to the 
abovementioned aspects.   

 

Results 
The current analysis of EPR line shapes in the slow motional regime suffers from a lack 
of direct microscopic interpretation of the model used to describe the dynamics of the 
spin label. To overcome this limitation a combination of molecular dynamics and 
Brownian dynamics simulations were carried out to calculate the EPR line shape and 
gain molecular insight into the molecular dynamics involved. The results of the 
simulations are in line with crystallographic findings and corroborate the assumptions 
made in the analysis presented previously. Additional experimental efforts along this 
line are made by measuring angular dependent EPR spectra of T4L single crystals of 
known orientation. These spectra provide better spectral resolution to correlate 
molecular dynamics with EPR line shapes. In terms of the application of SDSL to 
structure and dynamics of adsorbed proteins we could show that dipole-dipole 
interaction of two spin labels can be used not only to determine the distance between 
the two residues, but also to extract information on the orientation of the interspin 
vector. Furthermore the origin for the orientation of T4L on zwitterionic lipid bilayers 
was investigated combing coverage dependent measurements with the characterization 
of specific fusion proteins proving a well defined spacing between T4L adsorption sites.  
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Introduction 

The use of bimetallic particles has proven to be a suitable method to tune the properties 
of metallic deposits not only with respect to heterogeneous catalysis but also for other 
applications such as materials for magnetic storage devices. In view of the complexity 
of real catalysts, model systems using metal particles supported on well ordered thin 
oxide films of appropriate thickness, which allow investigations with the rigor of 
modern surface science while grasping essential aspects of the complexity of real 
systems, have proven to give valuable insight into the details of geometric and 
electronic structure, as well as adsorption and reaction properties. In this contribution 
small bimetallic Pd-Fe particles supported on a well ordered alumina film grown on 
NiAl(110) were characterized in terms of morphology, growth mode and surface 
composition using a combination of STM, TPD, IRAS, XPS and in-situ ferromagnetic 
resonance spectroscopy (FMR). In addition, catalytic tests of these systems regarding 
the hydrogenation of 1,3-butadiene where performed.  

 

Results  

The properties of these systems depend not only on the overall composition and size of 
the particles, but also on the distribution of the constituents within the clusters. For the 
model systems prepared under ultrahigh vacuum conditions these properties can be 
tuned by variation of the preparation conditions. Fe subsequently deposited onto Pd 
particles nucleates preferentially on top of Pd particles and to a smaller extent between 
them. TPD and IRAS show that very large amounts of Fe are required to suppress the 
presence of Pd on the surface in line with the expected tendency of Pd to segregate to 
the surface. For the reversed deposition order IRAS and TPD indicate the formation of a 
Pd shell on top of Fe particles at 300K. However, FMR and XPS suggest that 
intermixing of Pd and Fe occurs to some extent. The catalytic behavior of these systems 
was tested using the hydrogenation of 1,3-butadien at ambient pressure conditions (5 
mbar 1-3-butadien, 10 mbar H2, 985 mbar Ar, 373 K). Deposition of Fe on top of Pd 
particles reduces the activity towards the hydrogenation of 1,3-butadien and increases 
the production of the total hydrogenation product butane as compared to the pure Pd 
particles in line with expectation. A reversal of the deposition order resulting in the 
formation of a Pd shell on top of Fe particles shows a somewhat reduced activity, but an 
improved selectivity towards the formation of singly unsaturated butenes. 
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Introduction 

In recent years it was shown that ESR spectroscopy can be used as a versatile tool to 
characterize para- as well as ferromagnetic species on well defined surfaces. The 
systems range from adsorbed paramagnetic atoms in ultrahigh vacuum (UHV) to 
proteins under physiological conditions. These investigations were done at a frequency 
of 9 GHz (X-Band). At this frequency the interpretation of the spectra is often limited 
by resolution as well as absolute sensitivity (approximately 1011 spins/G (30 K)). In 
addition, the relaxation properties of the species in combination with deadtime issues of 
the resonators prevent the application of pulse spectroscopic techniques. In order to 
address these issues a commercial a high field ESR spectrometer operating at 94 GHz is 
adapted to an UHV apparatus. 

 

Results  

The main challenge in adapting the high field ESR spectrometer to UHV conditions is 
the design of an appropriate resonator. We decided to use a Fabry-Perot resonator with 
one concave and one planar mirror. The use of a monomodal resonator in the 3 mm 
wavelength regime is excluded because of the expected sample size and the vacuum 
requirements to be fulfilled. The planar mirror is identical with the single crystal under 
investigation. In order to characterize the well defined surfaces under UHV conditions 
an appropriate seal between the microwave bridge operating at ambient pressures and 
the sample being in UHV had to be found. In the present set-up the sample is sealed by 
a 0.1 mm thick quartz window separating the UHV chamber from a fine vacuum 
compartment containing the concave mirror which is connected to microwave bridge of 
the EPR spectrometer. 

This poster will focus on the technical realization of the high field ESR spectrometer working 
under UHV conditions and presenting first test measurements. These test measurements show 
that the setup has the sensitivity and stability to detect paramagnetic species in the submonolayer 
coverage. In addition, the overall design of the machine which includes a scanning tunneling 
microscope (STM), the possibility to perform infrared reflection absorption spectroscopy (IRAS), 
and standard UHV spectroscopic techniques such as thermal programmed desorption (TPD), low 
energy electron diffraction (LEED), and Auger spectroscopy will be discussed. 
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Introduction 

Self-organization on the nanometer scale provides a powerful means to produce 
assemblies of identical objects with well-defined properties. Self-organization can be 
initiated by material deposition onto surfaces that offer an ordered array of binding 
sites. Such template structures can be fabricated by (i) cutting a crystal along a high-
index plane to produce a regular step pattern or (ii) by growing epitaxial films that 
develop a misfit-induced relaxation network. Oxide templates are of particular interest, 
as they are usually chemically inert and preserve the intrinsic properties of the ad-
material. The experiments described here aim for a preparation of patterned oxide 
surfaces using two routes: (i) growth of thin alumina films on a vicinal NiAl surface and 
(ii) preparation of FeO layers on Pt(111), where extended super-structures develop due 
to spatial variations in the oxide-support interaction. 

 

Results 

 (i) The morphology of vicinal NiAl(16,14,1) dramatically changes after exposure 
to 1200 L O2 and annealing to 1100 K, as observed in LEED and STM. The regular 
sequence of small (110) terraces is replaced by large, triangular planes, whose mean 
size increases by a factor of 4-5 with respect to the bare support. The terrace size after 
oxidation agrees well with the average domain size of alumina films on flat NiAl(110). 
This correspondence suggests that restructuring of the stepped NiAl surface is 
thermodynamically favored as long as the energy gain for growing step-free oxide 
patches outweighs the costs to enlarge the domains against the misfit-induced lattice 
strain. From the two oxide domains observed on NiAl(110), one grows preferentially on 
the (16,14,1) surface. For this domain type, the formation of energetically unfavorable 
domain boundaries becomes unnecessary, as steps of the vicinal NiAl are able to absorb 
the distortion energy in the film. As a result, oxide domain boundaries completely 
vanish in alumina films on stepped NiAl, although they are the dominant structural 
defect on NiAl(110). 

(ii) The FeO film on Pt(111) has a polar nature, where the stacking of Feδ+  and Oδ− 
planes leads to a macroscopic surface dipole. The dipole strength varies within the 
surface unit cell, because the Fe binding site gradually moves from hollow and top sites 
on Pt(111). These modulations affect not only the local work function of the film, but 
also its adsorption behavior, giving rise to self-organization effects for adatoms and 
molecules on the FeO bi-layer. For thicker films, the surface reconstructs and forms 
large unit cells with complex atom arrangements. The surface reorganization is driven 
by the tendency of polar films to minimize their surface dipole, as verified by probing 
the local surface potential of differently reconstructed areas with tunneling 
spectroscopy.  
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Introduction 

The optical properties of MgO are prototypical for a large class of wide band-gap 
insulators. They are characterized by the radiative decay of coupled electron-hole pairs 
(excitons) that are trapped at structural imperfections of the oxide lattice due to a local 
reduction of the Madelung potential. From the energy of photons that are released in an 
excitonic decay, information on the nature of the involved trapping center can be 
obtained. The assignment of emission bands in optical spectra to a specific trapping site 
in the MgO surface relies largely on theoretical modeling to calculate the expected 
photon energies. Identification of distinct emission centers in the MgO surface on a 
purely experimental base could not be achieved so far, because it requires an optical 
technique with sub-nanometer spatial resolution. Here, photon emission spectroscopy 
with an STM has been employed to study the optical characteristics of thin MgO films 
grown on Mo(001). The technique exploits the possibility to locally stimulate MgO 
excitons via electron injection from the STM tip. 

 

Results 

As a result of the 5% lattice mismatch with the support, MgO films on Mo(001) show a 
complex relaxation behavior as a function of film thickness. The first two oxide layers 
form a square-shaped coincidence lattice with the support that breaks into a pattern of 
tilted oxide planes (mosaics) with increasing thickness. A Stranski-Krastanov growth 
mode prevails for thicker films, resulting in the formation of large rectangular oxide 
islands separated by grooves. Electro-luminescence spectra from MgO films of up to 50 
ML thickness have been obtained for electron excitation energies ranging from 4-100 
eV. In the high bias regime, pronounced emission peaks are observed at 3.1 and 4.4 eV, 
which are attributed to radiative exciton decays involving three- and fourfold 
coordinated anion sites in the MgO surface, respectively. This emission is efficiently 
blocked by small amounts of Au dosed onto the oxide film. Apparently, the Au 
nucleation takes place at the optically active MgO sites, which can now be localized via 
the position of the Au particles in STM images. At low excitation bias, the photon 
response originates from radiative electron decays between field-emission resonances 
located in front of the MgO surface. The resulting emission cross-section sensitively 
depends on excitation bias and oxide thickness, which relates to shifts of the resonance 
energies due to a work function decrease with increasing layer thickness. Mapping the 
local optical response therefore provides a measure of the work function distribution 
across the oxide film. 



CP 11  

Single Adatom Adsorption on Oxide Surfaces:  
Au and Pd on SiO2 and V2O3 Thin Films 

V. Simic-Milosevic, S. Ulrich, N. Nilius, H.-J. Freund 
 

Introduction 

The adsorption of metal adatoms on oxide supports deviates strongly from the well-
known behavior on metal and semiconductor surfaces. The difference results from the 
presence of poorly screened structural defects in oxide crystals, acting as nucleation 
centers for adatoms and metal particles. In the special case of thin oxide films, complex 
surface reconstructions and interactions with the metal support contribute to the in-
homogeneity of the energy landscape for adsorption. Employing low-temperature STM 
and STS, we have analyzed the adsorption characteristics of single Pd and Au adatoms 
on two rather different oxide surfaces. The first case concerns a SiO2 layer grown on 
Mo(112) as a typical example for a wide-gap insulator. The second system is a thick 
V2O3 film on Au(111), which belongs to the class of Mott insulators and exhibits a 
metal to insulator transition at low temperatures. 

 

Results 

The SiO2 film is built from hexagonally arranged SiO4 tetrahedrons that are anchored to 
the Mo support via oxygen atoms. According to DFT calculations, the opening in the 
Si-O rings is large enough to embed a single Pd atom, while the slightly larger Au 
species cannot penetrate. This prediction has now been verified experimentally: Pd 
adatoms vanish inside the Si-O hexagons without significantly altering the surrounding 
oxide structure. Enhanced contrast in conductance images taken at positive bias 
indicates, however, a strong electronic modification of the oxide due to the inserted 
metal atom. Gold atoms, on the other hand, do not bind to the network of SiO4 
tetrahedrons and are dominantly found along dislocation lines and steps between defect-
free oxide domains. 

The electronic structure of V2O3 films is dominated by a correlation band gap of 200-
700 meV that opens below the Mott transition. The gap size depends sensitively on the 
preparation conditions of the oxide film, but also varies by ±100 meV between different 
regions on the surface. Gap modulations are attributed to slight changes in the oxide 
stoichiometry, introduced by different concentrations of V vacancies / interstitials in the 
oxide lattice. Adsorption of single Au atoms preferentially takes place at those surface 
locations, where the correlation band gap is small and a high density of V 3d states is 
available for bond formation. The adatom distribution is therefore determined by the 
bulk electronic structure of the oxide underneath. Surface defects (here vacancies in the 
terminating V=O layer) are not identified as preferential Au adsorption sites. In rare 
cases of Au attachment to a missing V=O group in the surface, a new, defect-induced 
electronic state appears in the band gap, manifesting the modified electronic 
environment experienced by the single adatom. 
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Introduction  

Metal nanoparticles offer unique playgrounds for surface photochemistry in which one 
can tune both optical and photocatalytic properties by controlling the size and 
morphology [1]. In particular, the excitation of the Mie plasmon of noble metal 
nanoparticles may lead to a large enhancement of the surface electric field and thus 
increase photoreaction yields dramatically. We focus on the photodesorption of NO and 
Xe adsorbed on silver nanoparticles (AgNPs) deposited on thin alumina films on a 
NiAl(110) substrate which exhibit a plasmon resonance at 3.6 eV. 

 

Results 

The adsorption states of NO and Xe were characterized by temperature programmed 
desorption (TPD). By dosing 0.5-nm thick Ag NPs (~8 nm in diameter) with NO at 75 
K, a monolayer of NO dimers was formed. A Xe monolayer on AgNPs desorbing at ~72 
K was formed by dosing Xe at 40 K and annealing to 61 K. Photoinduced desorption 
(PID) of adsorbates irradiated with 2.3 – 4.7 eV photons from nanosecond lasers was 
observed by mass-selected time-of-flight (MS-TOF) measurements to obtain 
translational energy distributions, and by the decay of the PID signal for 
photodesorption cross sections. 

A large increase of the photodesorption cross section of NO (by a factor of 13 compared 
to NO on Ag(111)) was observed at 3.5 eV in p-polarization. This is interpreted as due 
to the field enhancement by the (1,0) mode of the Mie plasmon, observed at ~3.6 eV by 
Photon-STM and 2PPE [2]. The TOF spectra, i.e., the photodesorption dynamics, were 
not changed significantly from those on Ag(111) by plasmon excitation, however. 

An anomalous behavior of PID of Xe was observed at the plasmon resonance, i.e., when 
irradiated with 3.5 eV in p-polarization. Even at low laser fluences where thermal 
heating is negligible (~1 mJ/cm2), nonthermal desorption of Xe was observed (~50 
meV). The most striking feature was that the PID signal occurs erratically, with a herd 
of bursts with intermittent inactive periods. These findings are discussed in terms of 
desorption by plasmon-induced Pauli repulsion and of plasmonic coupling between 
AgNPs [3]. 
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Introduction 

The study of metal adsorption on MgO thin films has recently gained attention since 
DFT calculations have shown that charged Au atoms and clusters are stabilized on the 
defect-free surface of supported MgO films that are only a few monolayers thick. This 
effect is related on the one hand to the work function reduction of the metal substrate by 
the MgO film, and on the other hand to the higher electron affinity of Au as compared 
to other metals, e.g. Pd or Ag.1,2 Here, we report on a comparative low-temperature 
scanning tunneling microscopy study on the properties of single Au and Pd atoms on 
the surface of thin MgO films, the formation of clusters by annealing, and, in the case of 
Pd, the possibility to create smallest clusters by adatom manipulation. 

Results 

Single crystalline MgO films with a thickness of 3 and 8 layers, respectively, were 
grown on Ag(001) as substrate. Subsequently, metal atoms (Au and Pd) were deposited 
at a substrate temperature of 5-10 K. While Pd atoms were found to nucleate in a 
random fashion, an ordered superstructure was observed for Au on the surface of the 
thin MgO films. The nucleation behaviour has been analyzed in terms of pair distance 
distributions, which clearly show the difference between the two metals. Whereas Pd 
remains neutral even on a 3 ML thin MgO film, the ordered superstructure formed by 
the Au atoms can be explained by the repulsive interaction between charged Au atoms, 
as proposed by calculations. This result has been further verified by analyzing the 
geometry of the metal clusters formed after annealing to elevated temperature. Due to 
enhanced charge accumulation at the interface between Au and MgO, the Au clusters 
stay two-dimensional on 3 ML thin MgO films. This effect vanishes as the film 
thickness is increased. Consequently, the Au clusters are three-dimensional on 8 ML 
thin MgO films, as expected for a bulk MgO(001) surface. In contrast, the geometry of 
Pd clusters is the same on both MgO films. These results suggest that the MgO layer 
thickness could be used as a parameter to tune the electronic and geometrical properties 
of Au atoms and clusters. 

Pd dimers and trimers could be successfully assembled from single Pd adatoms by 
manipulation with the STM tip. Comparison with DFT calculations shows that these 
smallest Pd clusters exhibit geometrical and electronic properties similar to those 
calculated for the respective equilibrium structures of the clusters adsorbed on the 
regular sites of the MgO surface.   

References 
1. D. Ricci, A. Bongiorno, G. Pacchioni, U. Landman, Phys. Rev. Lett. 97, 036106 
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PM-IRAS II – Set-up and First Experiments   
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Introduction 

Polarization-modulation infrared reflection absorption spectroscopy (PM-IRAS) is a 
method of choice for the in-situ investigation of molecular vibrations on well-defined 
model catalyst surfaces under high pressure conditions. It combines the benefits of 
FTIR spectroscopy with the possibility to monitor selectively the surface and gas-phase 
contributions of molecular vibrations, which allows for a characterization of surface 
species under reaction conditions on the one hand, and to deduce kinetic information 
about catalytic reactions by analyzing time-dependent changes of the gas-phase 
composition, on the other.  

 

Results 

The PM-IRAS II set-up presented here combines two interconnected chambers: a UHV 
preparation chamber and a UHV-high pressure chamber. The vacuum isolation between 
those two chambers during high-pressure experiments is maintained by an internal seal 
(spring-loaded teflon rings and sample manipulator). The UHV chamber is equipped 
with standard UHV parts for sample cleaning and preparation (sample heating, LEED, 
metal evaporator) as well as with spectroscopic characterization tools (TDS, XPS). 
Attached to the high-pressure chamber is the PM-IRAS unit consisting of a Bruker IFS 
66v FTIR spectrometer, a polarizer, a photoelastic modulator with a ZnSe crystal as 
optical element for polarization modulation, and an external detection system with 
signal processing electronics.  

The successful installation of the PM-IRAS II machine has been tested using CO 
adsorption on a Pd(111) single crystal surface, from UHV up to the mbar range, as a 
reference system. Further experiments aiming at the elucidation of the influence of 
surface species formed by the interaction of reactant gases such as CO, H2O or NO with 
oxide surfaces under high pressure conditions on the surface chemistry of the oxide, and 
subsequently, on the catalytic activity of oxide-supported metal catalysts, are in 
preparation and first results will be presented. 
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Stability of Metal Clusters on Thin Oxide Films – SFG and TDS 
Studies  

A. Aumer, F. Höbel, M. Sterrer, H.-J. Freund 

 

Introduction 
Surface vibrational sum frequency generation (SFG) spectroscopy using CO as a probe 
molecule combined with TDS analysis was used to study the growth and thermal 
stability of metal clusters on the following systems: Pd and Au clusters on a 10 nm thick 
Fe3O4/Pt(111) film, and Au clusters on thin MgO/Ag(001) films of varying thickness. 

 

Results 
The SFG spectra of CO adsorbed on stabilized Pd particles with a nominal thickness of 
6 Å and 3 Å, respectively, give characteristic CO resonances for on-top and bridge-
bonded CO, comparable to IRAS results. However, CO adsorption on as-prepared Pd 
particles that have subsequently been annealed to various temperatures show 
remarkable differences. Whereas for 6 Å Pd particles primarily on-top CO is detected 
for annealing temperatures up to 600 K, both bridge and on-top species are present on 
the 3 Å Pd particles. Furthermore, for the 3 Å particles a phase change in the SFG 
signal occurs between 300 and 400 K. This may directly be related to the different 
morphology of the Pd particles after deposition and the stronger sintering of 3 Å 
particles as compared to the 6 Å particles, underlining the importance of the 
stabilization of Pd particles in order to obtain reproducible results. Gold clusters of 
different size (0.25 Å- 6 Å) are also subject to sintering as revealed by both SFG and 
TDS results after several annealing steps. 

Apart from Fe3O4, we have also used MgO thin films as a substrate to study the 
adsorption properties of CO on gold clusters using SFG. Our SFG results for 1 Å gold 
deposited at 90 K on MgO films of 20 ML, 10 ML, 7ML, and 4 ML thickness, 
respectively, indicate the presence of two CO adsorption states, with one associated to 
CO adsorbed on three-dimensional Au clusters and the other one due to CO adsorption 
on small or flat Au aggregates. The latter is responsible for the activity of Au/MgO in 
low-temperature CO oxidation. The relative intensities of the corresponding SFG 
signals change in favor of the second adsorption state with decreasing MgO layer 
thickness, confirming the results of earlier STM experiments, where two-dimensional 
Au islands were found to be more stable on thin MgO films.1  
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Olefin Conversions on Supported Pd Model Catalyst: Molecular 
Origins of Selectivity Towards Isomerization and Hydrogenation 

B. Brandt, J.-H. Fischer, W. Ludwig, S. Schauermann, H.-J. Freund. 
 
Introduction 
Understanding the mechanisms governing the selectivity in alkene conversions, such as 
hydrogenation and isomerization, is an important goal in catalysis research and 
significant for many industrial processes. It has been recently shown that whereas 
alkene hydrogenation does not occur on the Pd single crystals under low-pressure 
conditions, it proceeds efficiently on Pd nanoparticles, presumably because of the 
formation of weakly bound subsurface hydrogen species [1]. There are, however, a 
number of unresolved issues. Specifically, it has been determined that these reactions do 
not take place on clean metal surfaces, but rather on metals covered by the 
carbonaceous deposits that result from an early decomposition of the reactants. The 
exact role that those strongly adsorbed species play in the catalytic mechanism is still 
not known. 
Results 
In this study we present results on cis- and trans-2-butene conversions with deuterium 
over Pd model catalysts supported on Fe3O4 oxide film. To explore the role of the 
strongly bonded carbonaceous species in the reaction kinetics, we perform isothermal 
molecular beam experiments combined with TPD measurements, both on the clean and 
carbon-precovered catalysts. Three different reaction pathways have been identified for 
this reaction system: dehydrogenation, cis-trans isomerization accompanied by H-D 
exchange as well as hydrogenation with formation of butane. On the initially clean 
surface all those competing reaction pathways were found to proceed. However, 
accumulation of the spacious partly dehydrogenated hydrocarbon species at low 
temperatures (190 – 210 K) results in fast contamination of the metal particles and the 
vanishing catalytic activity towards isomerization and hydrogenation. At temperatures 
exceeding 250 K, dehydrogenation occurs more readily enabling a sustained catalytic 
activity towards isomerization/H-D exchange over a long period of time. However, no 
persisting catalytic activity for the competing hydrogenation has been observed on the 
initially clean surfaces. Carbon deposition on the Pd particles changes the catalytic 
behavior of this system dramatically. The presence of strongly adsorbed carbonaceous 
species induces the sustained catalytic activity for hydrogenation of 2-butenes, so that 
both isomerization and hydrogenation can proceed on the carbon-modified surfaces. 
The rate of hydrogenation was found to be limited by the amount of hydrogen atoms in 
a specific weakly bound state available in the system as determined from the transient 
kinetic behavior of the reaction. Performing TPD measurement for hydrogen desorption 
from the clean and carbon-modified Pd particles, we were able to prove that co-
adsorbed carbon considerably increases the relative abundance of weakly bound 
subsurface hydrogen atoms, thus inducing hydrogenation and governing selectivity of 
2-butene conversions. 
Reference 
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The Role of Metal-Support Interaction in Surface Reactions: 
Methanol Decomposition on Pd/Fe3O4 and Pd/Al2O3 Model Catalysts 

J.-H. Fischer, B. Brandt, W. Ludwig, S. Schauermann, H-J. Freund 

 

Introduction 

The presence of the chemically active oxide support may result in substantial changes in 
the reactivity of a catalytic system as compared to one based on an inert oxide. In 
particular, the support can participate in the surface reactions, providing active surface 
species for the further elementary reaction steps on the metal particles. The coupling of 
the reactions taking place on the support and the metal clusters might considerably 
influence the reaction mechanisms, overall activity, and the selectivity towards different 
reaction pathways. Specific cases are scarce, however, in which a molecular–level 
understanding of metal–support interaction has been achieved. 

In the present study we explore the role of metal-support interaction for two well-
defined Pd model catalysts based on chemically active Fe3O4/Pt(111) and inert 
Al2O3/NiAl(110) thin oxide films. We compare methanol adsorption and dissociation, 
which proceed via two main competing reaction pathways, on these two catalysts by 
applying a combination of molecular beam methods, time-resolved infrared reflection 
absorption spectroscopy and TPD. 

Results 

Catalytic activity of the Pd/Fe3O4 catalyst with respect to methanol decomposition 
shows pronounced differences as compared to the Pd/Al2O3 system: whereas methanol 
adsorbs molecularly on the inert Al2O3 film, it undergoes decomposition on a 
chemically active Fe3O4 support. The formation of two types of methoxy surface 
species has been observed on the pristine Fe3O4 film by IRAS along with the desorption 
of small amounts of formaldehyde detected by TPD. These methoxy groups exhibit 
exceptionally high thermal stability – up to 500 K – on the pristine Fe3O4 film, thus 
allowing the film to act as a reservoir for active surface species participating in the 
further reaction steps at the catalytically relevant temperatures. We have observed 
spectroscopically that in the presence of Pd particles the support-related methoxy 
species spill over from the Fe3O4 film to the metal clusters. Dissociation of the support-
related methoxy groups involving C-O bond scission on Pd/Fe3O4 catalyst results in a 
considerably higher rate of carbon accumulation compared to Pd particles supported on 
a chemically inert Al2O3 film. We attribute the higher rate of carbon formation to the 
increasing effective flux of methoxy groups to metal particles due to spillover from the 
Fe3O4 film. Partial oxidation of Pd particles leading to the formation of interface Pd 
oxides [1] was found to hamper the spillover of methoxy species through the support-
metal boundary and suppress the rate of carbon formation on the metal particles. 

Reference 1. T. Schalow, M. Laurin, B. Brandt, S. Schauermann, S. Guimond, 
H. Kuhlenbeck, D.E. Starr, Sh.K. Shaikhutdinov, J. Libuda, H.-J. Freund, Angew. 
Chem. Int. Ed., 44, 7601 (2005). 
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V2O3(0001)/Au(111):  
Surface Structure and Methanol Oxidation Studies 
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Introduction 

Vanadium oxides are catalytically active for a number of reactions, most of them 
involving the transfer of oxygen atoms which may be related to the richness of the 
oxygen-vanadium phase diagram. While catalysts are usually prepared from V2O5 it is 
not obvious that under reaction conditions the vanadium atoms are still in a 5+ 
oxidation state, i.e. here also lower oxidation states may play a role. As an example for 
a vanadium oxide with a reduced oxidation state V2O3 was studied as a well ordered 
thin (0001)-oriented layer on Au(111). Such layers may be grown via a well-established 
procedure involving evaporation of vanadium onto Au(111) in an oxygen atmosphere. 
These layers are terminated by vanadyl groups after preparation. Via electron 
irradiation the oxygen atoms of the vanadyl groups may be removed leading to a highly 
reactive surface exhibiting vanadium atoms to the vacuum. 

The structure of vanadyl and vanadium terminated V2O3(0001) layers was investigated 
with STM and IV-LEED employing a LEED system equipped with a channelplate in 
order to minimize electron beam damage. Studies of the reactivity of these surfaces with 
respect to methanol->formaldehyde conversion were performed with STM, IRAS, TDS, 
XPS, and NEXAFS. 

 

Results 

With Tensor LEED calculations the location of the vanadyl groups (on the vanadyl 
terminated surface) and the vanadium atoms (on the vanadium terminated surface) 
could be determined, yielding a structure in the surface region similar to the bulk 
structure, but with significantly modified interlayer distances. In the case of the vanadyl 
terminated surface the lateral position of the vanadyl groups on the surface is identical 
to the position of the vanadium atoms on the vanadium terminated surface, but with 
different interlayer distances in the surface region. 

Methanol adsorption onto V2O3(0001) was studied for different degrees of surface 
reduction, ranging from full vanadyl termination to full vanadium termination. While 
for a vanadyl terminated surface only molecular adsorption and desorption could be 
found, full or partial reduction leads to the formation of formaldehyde together with 
methane and water. CO or CO2 desorption which would indicate combustion of 
methanol could not be detected. The activity for formaldehyde formation is highest for 
weakly reduced surfaces which exhibit a high density of surface vanadyl groups. In the 
course of the formaldehyde production reaction the oxygen atoms of the vanadyl groups 
are removed from the surface. 
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V2O5(001)/Au(111):  
Reduction, Thermal Stability, and Methanol Oxidation 

J. M. Sturm, D. Göbke, S. Guimond, H. Kuhlenbeck, H.-J. Freund 

 

Introduction 

Vanadium pentoxide thin films (thickness 20–60 Å) were studied as model catalysts for 
partial oxidation of methanol to formaldehyde. Oxidation of metallic vanadium 
deposited on Au(111) at an elevated pressure of 50 mbar O2 resulted in the growth of 
V2O5(001) crystallites with a very low density of defects. Closed surfaces of V2O5 
crystallites can be obtained by multiple cycles of V deposition and oxidation. The 
thermal stability, the reduction, and the adsorption of methanol were studied with STM, 
XPS, and TDS 

 

Results 

The thermal stability was investigated with TDS. Up to 770 K the films are stable under 
UHV conditions, whereas annealing to higher temperature leads to oxygen loss and 
sublimation of VOx species. Desorption peaks at 860 K and 880 K can be attributed to 
evaporation of the film and its interface layer on the Au substrate, respectively. 
Annealing of films where the surface was reduced by electron bombardment leads to 
migration of oxygen to the surface. After several reduction/anneal cycles STM 
measurements show large areas of well ordered V6O13, whereas deeper layers are 
reduced to V2O3 according to angle-resolved XPS. 

Fully oxidized V2O5 films were shown to be inactive for formaldehyde production. TDS 
of methanol on reduced V2O5 resulted in formaldehyde desorption at ~500 K, 
depending on reduction state. STM measurements after reduction and methanol 
adsorption show preferential adsorption of methoxy species on sites where one oxygen 
of a vanadyl double pair is removed, whereas defects where both oxygen atoms are 
missing are not reactive. However, not all possible reaction sites are covered with 
methoxy species after desorption of a methanol multilayer adsorbed at 100 K. This can 
be attributed to recombination of methoxy with OH groups, leading to methanol 
desorption. Only room temperature exposure with doses larger than 200 L resulted in an 
almost complete coverage of the available adsorption sites. 
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Introduction 

Scanned-energy mode photoelectron diffraction (PhD) is a novel synchrotron-radiation-
based method to determine quantitatively the local structure at surfaces in an element-
specific and chemical-state-specific fashion. The focus of the FHI-based component of 
this collaborative programme is on transition metal oxide surfaces, and particularly 
TiO2(110) and  ultra-thin epitaxial films of V2O3 on Pd(111). The group also continues 
to exploit this method to investigate the structure of increasingly complex small 
molecules through a Warwick-led initiative, the most notable recent success being the 
nucleotide base, thymine, adsorbed on Cu(110)1.  

Results 

In the case of V2O3(0001) a key question is the structure of the clean surface; current 
understanding is based only on theoretical calculations and STM image evaluation. 
While the PhD technique is more naturally suited to studies of adsorbate structures than 
of clean surfaces, this method has been applied to the clean, as-prepared, V2O3(0001) 
surface but also to the TiO2(110) surface. In principle, this latter surface structure is 
well-known, and so provides a valuable test of the methodology, although the sign and 
magnitude of the relaxation of the bridging O atoms has been the subject of recent 
controversy. The PhD analysis for this surface2 yields relaxation parameter values in 
good agreement with recent results (including those for the bridging O atoms) giving 
some confidence in the method. For the V2O3(0001) surface3 the results clearly favour 
the 'half-metal' termination with a strongly relaxed outermost layer, as found in 
theoretical calculations conducted by the group of Klaus Hermann. However, the PhD 
results prove inconclusive regarding the presence or absence of surface vanadyl (V=O) 
species as favoured by theory. Most recently we have also completed an analysis of O 
1s PhD from surface hydroxyl species formed both by water dissociation and by 
exposure of the surface to atomic hydrogen on this surface. The results show clearly 
that the OH species do not occupy the V atop sites associated with the O atoms of the 
surface vanadyl species, and indeed both the PhD data and the coverage indicate that 
hydroxylation of the outermost complete O layer of the substrate in involved. 
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Abstract 

Methanol (MeOH) adsorption and reactivity towards formaldehyde (FA) of different 
vanadium oxide systems ranging from single crystalline films and vanadia clusters 
supported on well ordered thin silica films to powdered SBA-15 supported vanadia have 
been studied in the CP and AC department using a variety of experimental methods. 
The results demonstrate a good convergence between the model systems of different 
levels, thus aiding in bridging the so called “material gap” and improving our 
understanding of the reaction mechanism of alcohol oxidation reactions. 

Results 

Thin well ordered V2O3(0001) layers are terminated by vanadyl (V=O) groups under 
typical UHV conditions and it could be shown that fully V=O terminated films are 
inactive with respect to the MeOH->FA conversion under low pressure conditions. If 
part of the V=O groups is removed by electron irradiation, methanol adsorption leads to 
the formation of methoxy groups which are transformed to FA above 470 K. Also 
methane and water form. Removal of only a relatively small part of the V=O groups 
leads to a surface fully covered with methoxy groups and to the highest amount of FA 
formed. The V=O groups are removed from the surface in the course of this reaction. A 
fully V=O terminated surface is inactive also in the case of V2O5(001) layers. As soon 
as part of the V=O groups is removed, reactivity of the surface for MeOH->FA 
conversion sets in. Here the amount of produced FA is much smaller and it is shown 
that mainly single defects are active for the reaction. 

Vanadium oxide particles were prepared by reactive V deposition onto well-ordered 
silica films precovered with ice. MeOH adsorption on the vanadia clusters revealed that 
neither a V- nor a V=O terminated surface is active for FA production. However, a 
surface comprising both V- and V=O sites is found to be active in a good agreement 
with the results discussed above for the thin vanadia films. 

High surface area silica SBA-15 supported vanadia model catalysts (V/SBA-15) were 
prepared by controlled grafting/ion exchange allowing for the homogeneous deposition 
of highly dispersed vanadia within the pores of SBA-15. IR experiments using NO as 
probe molecule give evidence for the presence of mostly polymerized (at least dimeric) 
vanadia in the dehydrated state. V/SBA-15 samples are highly selective in MeOH 
oxidation to FA with selectivity values range between 96% (300°C, conversion <8%) 
and 83% (400ºC, conversion 87%). Combined Raman and XPS characterization before 
and after reaction indicates that dispersed vanadia partly agglomerates into larger 
aggregates during methanol oxidation. The presence of methoxy (Raman, XPS) is 
associated with a pronounced redshift (~8 cm-1) and intensity decrease of the V=O 
stretch vibration. 
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Aminoacids, peptides and proteins in the gas phase 
 

Undine Erlekam, Marcin Frankowski, Peter Kupser, Frauke Bierau,  
Gerard Meijer, and Gert von Helden  

 

To understand the structure and dynamics of biological molecules in their native 
environments, it is often imperative to first understand these properties for the isolated 
systems in the gas phase. There, one can measure the intrinsic properties and it is indeed 
frequently observed that they differ considerably from those observed when the 
molecule is in solution, embedded in a solid or deposited on surfaces [1]. The reasons 
for those differences are found in the various bonding, electrostatic and dispersion 
interactions to the environment, which can – and will – affect the properties of the 
molecules. Nonetheless, gas-phase studies can be used to deduce subtle structural 
parameters of relevant biological systems. It is frequently observed that even small 
systems, such as isolated amino-acids in the gas phase, have complex potential energy 
surfaces with many local minima that often are simultaneously populated. For larger 
species, it is of interest, how secondary structural motifs like α-helices, β-sheets or 
various turn-structures develop. A powerful technique to investigate the structures of 
gas-phase biomolecules is infrared (IR) spectroscopy [2].  

As an example for the complex dynamics of a small system, the amino acid 
phenylalanine is investigated both, in vacuo and in silico. For six of its conformers, the 
mid and far-IR spectra are measured. The experimental spectra are compared to 
theoretical spectra. A simple model to describe the observed conformer abundances 
based on quasi-equilibria near the barriers is presented and appears to describe the 
experimental observations reasonably well. 

Infrared spectroscopy is also one of the key techniques to determine the conformational 
structures of peptides and protein molecules in solution. In infrared experiments, 
vibrational modes that are sensitive to the higher order structure, such as the C=O 
stretching modes (amide I) and the N-H bending modes (amide II), are used to obtain 
detailed structural information for small peptides or to obtain a global picture of the 
conformation for proteins.  

For peptides and proteins in solution, α-helices and β-sheets are the most occurring 
secondary structural motifs. In the gas phase, several experiments point to the presence 
of α-helices, β-sheets however are so far unobserved. Here, it is shown in how far cyclic 
peptides can serve as model systems for β-sheets in the gas phase. The test peptide is 
Gramicidin-S, a naturally occurring ten-aminoacid cyclic peptide and the gas phase 
experimental IR spectra of this peptide are compared to theoretical predictions. 
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Structure and dynamics of the benzene dimer 
 
 

Undine Erlekam, Marcin Frankowski, Gert von Helden, and Gerard Meijer  

The benzene dimer can serve as a prototypical system to investigate dispersive intra- 
and intermolecular forces and it has attracted attention of both, experimentalists and 
theoreticians. We have investigated the vibrational properties of the complex in its 
electronic ground state via mass-selective infrared ion-dip spectroscopy. The benzene 
dimer forms in a supersonic expansion and is internally cooled. Ions are produced via 
resonance enhanced two-color photoionization and detected in a time of flight mass 
spectrometer. A few ns before UV excitation and ionization, the molecular beam is 
interrogated by pulsed IR radiation that is tuned in the range of 3000-3150 cm-1. When 
the IR photons are resonant with an optically allowed vibrational transition, ground 
state population is depleted and a reduction in ion signal is observed. IR ion-dip spectra 
are obtained by measuring the ion yield, while scanning the frequency of the IR laser. 

When measuring IR spectra of (C6H6)(C6D6), depending on the UV excitation 
wavelength, two different IR spectra can be measured that are consistent with two non-
equivalent, non-interconverting benzene molecules in the dimer, such as for example in 
a T-shaped structure [1]. One of the two molecules is in a site of low symmetry, which 
leads to the IR activation of fundamental modes that are IR forbidden by symmetry in 
the monomer such that all four fundamental C-H stretch modes of benzene are observed 
in its spectrum [2]. Among them is the ν13 B1u C-H stretch fundamental mode of the 
benzene monomer. Surprisingly, although the benzene molecule serves as a prime 
example for the vibrational properties of molecules for almost a century already, no 
firm experimental value existed for this mode of benzene so far. From our experiments, 
we have deduced a first experimental value of 3015 cm-1.  

Interesting effects can be observed when measuring the abundance of the two different 
conformational structures of the mixed benzene dimer (C6H6)(C6D6) for various 
molecular beam carrier gases [3]. The two T-shaped isomers have a subtle zero-point 
energy difference of only a few cm-1, and a transition state barrier of about 64 cm-1. 
Nevertheless, depending on the carrier gas, the lowest energy conformer can exclusively 
be prepared in the molecular beam. Low-energy two-body collisions of the benzene-
dimers with the carrier gas atoms are concluded to be responsible for this. A generally 
applicable model, emphasizing the role of cold collisions in the conversion of 
conformational structures in molecular beam experiments, is proposed for this [3]. 
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Vibrational spectroscopy of gas-phase transition metal clusters 
 

Philipp Grüne, André Fielicke, and Gerard Meijer 
 

Small particles often differ considerably in their properties from the bulk material. This 
has triggered a large interest in the study of matter on the nano-scale, but the basic 
determination of the structure of nano-materials on an atomic scale can be exceedingly 
difficult. Even when this atomic composition is known, as for isolated gas-phase 
nanoparticles or clusters, the determination of their geometric structures is still very 
challenging. However, knowing the atomic arrangements of gas-phase clusters is one of 
the crucial ingredients needed to understand their physical and chemical properties. We 
perform infrared multiple photon dissociation (IR-MPD) spectroscopy, using the intense 
and tunable radiation of FELIX, and record vibrational spectra of gas-phase metal 
clusters and of their complexes with small molecules, to obtain the required structural 
information. 
Far-infrared spectra of bare transition metal clusters are obtained upon IR-MPD of their 
complexes with argon atoms. In these complexes the argon atoms are expected to have 
a minor influence on the structure, and they merely serve as “spectator” atoms, enabling 
the recording of the spectrum. The experimental spectra are compared with calculated 
spectra of a variety of low lying isomers, as obtained from density-functional theory 
(DFT) calculations. We have investigated clusters of vanadium, niobium, and tantalum, 
in the size range of 3 to 20 atoms. For these three elements, clusters of a given size 
show remarkable similarities in their vibrational spectra, indicating similar geometric 
structures. In contrast, the vibrational spectra of clusters of the group 9 elements cobalt 
and rhodium point towards different structures, which is still to be confirmed by theory. 
Mixed metal clusters are intriguing since they offer the possibility to tailor desired 
structural and electronic properties. Together with the group of Peter Lievens (KU 
Leuven, Belgium) we have investigated the influence of transition metal doping on the 
structures of silicon clusters [1]. In collaboration with Frank de Groot and Bert 
Weckhuysen (Univ. Utrecht, The Netherlands) we have studied the interaction of 
hydrogen with small transition metal clusters. IR spectroscopy in the range of the M-H 
stretch and deformation modes in combination with DFT calculations reveal 
dissociative chemisorption of hydrogen on most metal clusters and allow for 
identification of the H-binding sites. For co-adsorbed CO molecules a clear influence of 
the hydrogen on the strength of the internal C-O bond is found. For vanadium clusters 
covered with hydrogen this becomes manifest in a cluster size dependent changeover 
from dissociative to non-dissociative CO adsorption [2]. On cobalt clusters, the bonding 
of CO can be controlled by coadsorption of molecular hydrogen [2]. 
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Electronic and vibrational spectroscopy of gas-phase  
transition metal cluster complexes  

 

André Fielicke, Philipp Grüne, Jonathan T. Lyon, Patrick Blitstein, Andreas 
Osterwalder, and Gerard Meijer 

 

Metal clusters, or strongly bound clusters in general, are often regarded as model 
systems for the surfaces of bulk materials. Obviously, this comparison has its 
limitations since in a cluster that contains typically less than 100 atoms, all or a 
dominant fraction of the atoms are located on the surface and the number of volume 
atoms is low. As a result, the coordination of metal atoms in a cluster can be very 
different compared to the coordination of atoms within an extended metal surface and 
will usually be lower and less symmetric. Nevertheless, there exist striking parallels in 
the bonding of chemisorbed molecules to an extended metal surface and to metal 
clusters. We focus on the experimental characterization of the electronic and geometric 
structures of gas-phase transition metal clusters and their complexes with small 
molecules like, for instance, hydrocarbons. 

We have constructed a new molecular beam machine for the spectroscopy of metal 
cluster complexes in the gas phase. The machine contains a modular cluster source for 
the production of cold cluster rare-gas complexes and for the investigation of reactions 
of metal clusters under thermal conditions. Mass analysis is performed using a time-of-
flight mass spectrometer that is designed to allow mass selection with a resolution 
m/Δm of more than 1500. There is no fundamental upper mass limit in this 
spectrometer, which is essential for mass-selective characterization of cluster complexes 
of heavy 4d and 5d metals. 

To obtain information on the electronic structure of the clusters and on the changes 
thereof induced by bonding of ligands, anion photoelectron spectroscopy can be 
performed. For this purpose, the mass spectrometer is coupled to a velocity map 
imaging photoelectron spectrometer. In a second stage the experimental setup is 
planned to be extended to a high resolution tandem mass spectrometer, to perform IR 
photo-dissociation spectroscopy on mass selected cluster complexes. Here we will make 
use of either one of the available table-top IR laser systems, or of the solid para-
hydrogen Raman shifter. Initial tests, in which 532 nm radiation is converted into red 
light via stimulated backward Raman scattering in the para-hydrogen crystals, have 
yield high conversion efficiencies and promise efficient conversion also in the mid-IR. 

First experiments will be performed on the platinum-group metal clusters and in 
particular on ruthenium clusters. Notwithstanding the interesting catalytic properties of 
ruthenium, so far no experimental information exists on the spectroscopic properties or 
on the gas phase chemistry of Ru clusters. 
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Mass-selective vibrational spectroscopy of gas-phase cluster ions 
 

Knut R. Asmis, Daniel Goebbert, and Gerard Meijer 
 

The vibrational spectroscopy of gas phase cluster ions remains a very challenging 
research area due to the combination of low number densities attainable in the gas phase 
and a lack of commercially available intense and widely tunable infrared light sources. 
Here we describe a new instrument, which allows performing spectroscopic 
experiments on mass-selected cluster ions, collisionally cooled to a well defined 
temperature. With this instrument, we have recently measured (i) infrared multiple 
photon dissociation (IRMPD) spectra using radiation from the free electron laser FELIX 
as well as (ii) single photon IR vibrational predissociation (IRVPD) spectra using a 
commercial OPO laser system. Highlights of our measurements at FELIX (using 
another instrument) during the last two years are also presented. 
The new tandem mass spectrometer consists of a flexible source region, a gas-filled ion 
guide to collimate the ion beam, a quadrupole mass filter (1-2000 amu with unit mass 
resolution), a temperature controllable ring electrode ion trap (9-320 K) and a time-of-
flight mass spectrometer. Mass-selected ions are stored in the ion trap and cooled close 
to the ambient temperature by collisions with a buffer gas. The ions are either irradiated 
inside the ion trap or extracted from the trap and then irradiated and finally mass-
analyzed using the TOF spectrometer. Tailored and quickly switchable (within 1 μs) 
DC voltages, superimposed on the “trapping” 2 MHz RF voltage, are applied to the 6-
stage ion trap to optimize the extraction efficiency into the orthogonal TOF 
spectrometer. 
Using the radiation from the free electron laser FELIX we studied the stepwise 
hydration of the sulfate dianion SO4

2- as well as of the electron [1]. These studies yield 
an unprecedented view on how individual water molecules arrange around a charged 
species, a single water molecule at a time. In the protonated ammonia dimer, the 
ammonia analog of the famous Zundel cation H5O2

+, we identified the infrared 
signature of the shared proton at 380 cm-1, which is dramatically red-shifted from the 
free N-H stretch (3340 cm-1) [2]. Our studies on metal oxide clusters yielded the first 
IRMPD spectra of mixed metal oxide clusters (TixVyOz

- and AlxVyOz
+), revealed 

unexpected structures of AlxOy
+ clusters, and included the spectroscopic 

characterization of the reaction intermediates and products of the methane activation by 
V4O10

+ [3]. 
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Deceleration and trapping of OH and CO (a3Π) molecules 
 

Joop J. Gilijamse, Steven Hoekstra,  Markus Metsälä, Sebastiaan Y.T. van de 
Meerakker, and Gerard Meijer 

 
A few years ago, a new generation molecular beam deceleration and trapping machine 
has become available in our lab. In this machine we have been able to study the 
operation characteristics of a Stark decelerator in great detail, and we have investigated, 
for instance, the influence of the coupling of the transverse and longitudinal motion on 
the transverse stability in a decelerator [1]. In the Stark deceleration and trap loading 
process, the high voltages that are applied both to the deceleration electrodes and to the 
trap electrodes, need to be switched on and off many times. We have optimized this 
whole timing sequence using evolutionary strategies, yielding an improvement in the 
number of trapped molecules of about 40% [2]. A new quadrupole trap has been 
designed that allows a more efficient coupling of the slow beam of OH radicals that 
emerges from the decelerator into the trap. We are currently able to routinely trap OH 
radicals at a density of 107 – 108 mol/cm3, at a temperature below 50 mK, and with a 
1/e trap lifetime of several seconds. The main limitations for the trap lifetime are 
collisions with background gas and optical pumping by blackbody radiation. The 
importance of both processes has been experimentally verified by comparing the trap 
loss for OH and OD radicals. It has been shown that optical pumping due to blackbody 
radiation is a major limitation for the room-temperature trapping of a large class of 
polar molecules [3].  

The long observation time afforded by a trap can be exploited to directly measure the 
radiative lifetime of excited rovibrational or electronic states of a molecule with high 
precision. We first used this approach to measure the infrared radiative lifetime of 
vibrationally excited OH radicals, and we have more recently used this to measure the 
radiative lifetimes of CO molecules in the electronically excited, metastable a3Π state. 
CO molecules in this state can only decay to the X1Σ+ electronic ground state, and this 
spin-forbidden transition is weakly allowed because of spin-orbit mixing of the a3Π 
state with 1Π states. The latter process makes the lifetime of the a3Π state strongly 
quantum state dependent, and these quantum-state specific lifetimes have been 
determined. 
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Crossed beam scattering experiments using Stark decelerated beams 
 

Ludwig Scharfenberg, Joop J. Gilijamse, Steven Hoekstra, 
Sebastiaan Y.T. van de Meerakker, and Gerard Meijer 

 

Stark decelerator beam machines hold great promise in molecular beam scattering 
experiments. In these machines, state-selected beams of molecules, with a computer 
controlled velocity and with a very narrow velocity distribution can be produced. These 
beams are thereby ideally suited to perform inelastic or reactive scattering experiments 
as a function of the continuously variable collision energy. Studies of this kind have 
thus far been performed by crossing molecular beams under a variable angle. With 
decelerated beams, these experiments can be performed with a largely improved energy 
resolution and in a fixed experimental geometry. In particular, scattering can be studied 
at low collision energies, which is experimentally an almost unexplored territory.  

 

Recently, we have performed a proof-of-principle experiment to test the feasibility of 
this approach [1]. We formed a molecular beam of OH radicals with a tunable absolute 
velocity between 30 m/s and 700 m/s, and scattered the OH radicals with a pure beam 
of Xe atoms. The relative inelastic cross sections for scattering of the OH radicals with 
Xe atoms were measured as a function of the collision energy in the range of 50 to 400 
cm-1. A special feature of this experiment was that we could vary the collision energy 
over the energetic thresholds for scattering into excited rotational states of OH. The 
energy resolution in this experiment was almost exclusively limited by the velocity 
distribution in the Xe beam, but this will significantly improve when two Stark 
decelerated beams are made to interact. 

 

We are currently constructing a new scattering apparatus consisting of two Stark 
decelerator molecular beam machines, oriented orthogonally to give a 90 degrees beam 
crossing angle. With this machine we will be able to study molecule-molecule collisions 
at a collision energy between 1 cm-1 and 500 cm-1 with an overall energy resolution of 
about 1 cm-1. This should allow us to study scattering resonances that are predicted at 
low collision energies and to measure the threshold behavior for inelastic scattering in 
much better detail. Collisions between (different combinations of) OH, NH3, CO, NH, 
H2CO, and SO2 molecules will be studied. In these experiments, not only the well 
defined and variable collision energy promises thrilling perspectives. It will also be the 
first experiment of its kind where molecular collisions are studied in which both 
collision partners are completely state-selected prior to the collision, and where both 
species are state selectively detected after the collision. 
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A molecular synchrotron 
 

Cynthia E. Heiner, Hendrick L. Bethlem, David Carty, and Gerard Meijer 

 

Many of the tools for manipulating the motion of neutral atoms and molecules take their 
inspiration from techniques developed for charged particles. Traps for atoms – akin to 
the Paul trap for ions – have paved the way for many exciting experiments. 
Surprisingly, little attention has been paid to developing a neutral particle analogue of a 
synchrotron – arguably, the most celebrated tool of the charged-particle physicist. Here, 
we present a synchrotron for neutral polar molecules [1].  

A simple storage ring for molecules in low-field seeking states can be devised by 
bending a long hexapole focuser into a torus. In such a ring, a stored packet of 
molecules is confined along the transverse direction but is free in the longitudinal 
direction of the ring. Upon making successive roundtrips, the packet will gradually 
spread until it fills the entire ring. To counteract this spreading, a force needs to be 
generated along the direction of motion of the molecules in the ring. Our prototype 
molecular synchrotron consists of two hexapole rings bent into a circle with a small gap 
between the two halves. By appropriately switching the voltages applied to the 
electrodes as the molecules pass through the gaps, a force is generated that can be used 
to bunch the molecules. Even after completing 40 round trips, corresponding to a total 
flight distance in the ring of over 30 meter, we are able to keep one – or multiple – 
packet(s) of molecules at milliKelvin temperatures in a compact bunch of ca. 3 mm [1].  

The introduction of gaps has major consequences for the particles’ trajectories in the 
ring. For certain velocities, the disturbances caused by the gaps coherently add up, 
meaning that all trajectories become unstable and particles with those velocities will be 
lost. We have performed an experimental study of these resonances and show how they 
can be avoided by appropriately changing the voltages applied to the ring. Using this 
scheme, we are able to continuously scan the velocity of the stored molecules from 60 
m/s to 90 m/s.  

One of the most obvious future applications is to use the ring as a neutral molecule 
collider. A stored packet of molecules revolving around the ring will meet counter-
propagating packets. By storing many packets over an extended time, the sensitivity for 
detecting collisions increases by orders of magnitude. We are constructing a 
synchrotron consisting of 40 segments, designed to simultaneously store 20 packets of 
molecules flying clockwise and counter-clockwise; details of the design will be 
presented. In this synchrotron, a packet having completed 100 round trips will have had 
4000 encounters. As the velocity of the beam is tuneable, the collision cross-section can 
be measured as a function of beam energy, and resonances in the collision complex can 
be recorded – a low-energy molecular-physics experiment as the ultimate replica of 
high-energy nuclear physics experiments. 
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Guiding and decelerating polar molecules above a microstructured 
electrode array 

 

Samuel Meek, Hendrick L. Bethlem, Horst Conrad, and Gerard Meijer 

 

The feasibility of manipulating polar molecules by means of inhomogeneous electric 
fields has been successfully demonstrated by various devices, such as Stark 
decelerators, electrostatic traps and storage rings.  While previous electrode 
configurations at the mm scale require potential differences of tens of kV at the 
electrodes, similar fields can be produced between 10 µm-sized electrodes using 
potentials of hundreds of volts.  It is possible to create two-dimensional electric field 
minima above a periodic electrode array by superimposing two oppositely directed 
dipolar fields generated from pairs of neighbour and next neighbour electrodes. 
Applying well-defined potentials to periodic groups of six electrodes produces a series 
of field minima with a spacing three times that of the electrodes. Application of 
harmonic waveform potentials causes the minima to move smoothly along the array 
without changing their distance above the electrodes. Making the waveforms time 
dependent, their frequency determines the velocity of the minima parallel to the array 
surface, such allowing for guiding molecules captured in the minima or decelerating 
them continuously by reducing the frequency, i.e. the velocity, along the array. 
Trajectory calculations of the various cases demonstrate the applicability of the concept. 

We have designed and had manufactured a 50 mm long array of gold electrodes on a 
glass substrate featuring 1254 electrodes (4 mm long, 30 µm apart, 10 µm wide), 
mounted on a home made high precision manipulator. Limiting slits about 100 µm 
above the structure at the beginning and the end of the array help restrict the molecules 
transmitted to those which can be captured by the minima about 20 µm above the 
surface.   

The experiments have been performed using a pulsed beam of laser-prepared metastable 
CO (a3Π1, v=0, J=1) molecules. The CO molecules have a radiative lifetime of 2.6 ms 
and can thus be detected via direct fluorescence. Because they also have 6 eV of 
internal energy, the molecules can also produce Auger electrons, which are then 
detected using a microchannel plate (MCP). Time-of-Flight (TOF) measurements have 
been performed using a gold surface and collecting the emitted electrons with an MCP.  
Imaging experiments have also been performed by detecting the electrons produced by 
CO* directly on an MCP/phosphor screen combination.    

First measurements were performed by connecting the microstructure to produce a 
simple dipole field above the chip and using this to deflect a beam of CO* at grazing 
incidence (up to 1.5°). Angle and voltage-dependent deflection measurements are 
presented on the poster. The TOF spectra, also shown at the poster, clearly demonstrate 
the guiding of CO* molecules at specific velocities in the initial molecular beam 
distribution. According to the frequency of the harmonic waveform, the peaks of the 
guided molecules arrive earlier or later, just as expected. First results of decelerating the 
CO* molecules by linearly decreasing the frequency of the waveforms, i.e. velocity of 
the minima, are also presented. 
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Grating diffraction of atoms and molecules 
 

Bum Suk Zhao, Gerard Meijer, and Wieland Schöllkopf 
 

The project on matter-wave diffraction from micro- and nanoscale gratings is based on a 
molecular beam apparatus that was built at the MPI in Göttingen (dept. of Prof. J. Peter 
Toennies) where it was used for investigating small helium clusters by diffraction from 
a 100 nm period transmission grating. Since the reinstallation of this apparatus at the 
FHI in 2006, we have started to pursue new matter-wave diffraction experiments taking 
advantage of the apparatus’s outstanding angular resolution of 50 μrad [1]. 
 (a) Diffraction of polar molecules from a reflection diffraction grating. In this 
experiment we have used a cw molecular beam of CH3F, seeded in argon, which 
impinges on a reflection grating under grazing incidence (grazing angle ~10 mrad). The 
reflection grating consists of a dc electric field formed above the surface of an electrode 
array, micro-structured on a glass substrate. The electrodes in the double-comb like 
structure have a width of 10 μm and are separated by 30 μm. By connecting every 
second electrode to ground and putting every other second electrode on a voltage (~100 
V) an electric field is formed above the surface. The field strength decays exponentially 
along the surface-normal direction, and it is corrugated along the direction parallel to 
the surface and perpendicular to the electrodes. This field acts as a mirror for polar 
molecules in low-field seeking levels, and, due to the field corrugation, there should 
also be diffraction rendering the molecule-optical mirror into a reflection diffraction 
grating for polar molecules. In the experiment we have observed a sharp reflection peak 
on top of a broader pedestal. We attribute the sharp peak to coherent specular reflection 
and the pedestal to diffuse scattering, which has obscured, so far, possible diffraction 
peaks. In the future we plan to use microstructures with periodicities of 4 μm 
corresponding to ten times larger diffraction angles, making it easier to observe 
reflection diffraction peaks. Reflection diffraction gratings for polar molecules have 
potential application as coherent beam splitters in molecular matter-wave 
interferometers.  
(b) Coherent reflection of helium atoms from a 100 nm period grating. In another 
experiment we investigated the reflection of ground-state helium atoms from a 100 nm 
period silicon-nitride grating at grazing incidence. This experiment was motivated by 
the 2-orders-of-magnitude increase in quantum-reflection probability that Shimizu’s 
group in Japan observed when they replaced a flat surface with a micro-structured 
surface. We have observed a sharp coherent reflection peak at incidence angles of about 
10 mrad. This is remarkable, because the surfaces of the silicon-nitride grating bars are 
not atomically smooth crystal surfaces but exhibit a finite microscopic roughness. We 
plan to further investigate the physics of the coherent reflection with special emphasis 
on the question whether it is quantum reflection at the attractive branch of the surface 
potential. Experimental investigations of quantum reflection can potentially reveal more 
information about the long-range attractive atom-surface interaction, including the 
expected transition from a Van der Waals z-3 to a z-4 dependence of the retarded 
interaction at sufficiently large distance z from the surface. 
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Alternate gradient focusing for the deceleration  
and conformer selection of large molecules 

 
Kirstin Wohlfart, Frank Filsinger, Fabian Grätz, Jochen Küpper, and Gerard Meijer 

 
 

Polar molecules in low-field seeking states are routinely decelerated in our laboratory 
using a Stark decelerator. For molecules in high-field-seeking states, however, 
transverse focusing is more problematic and dynamic focusing has to be used for phase-
stable operation of the beamline. Our group has performed initial proof-of-principle 
experiments on the alternate gradient (AG) deceleration of diatomic molecules in high-
field seeking states, and a detailed study on the optimum electrode geometry for AG 
focusing has been made [1].  

We have set up a dedicated molecular beam machine with a modular AG decelerator. 
Molecules are detected at the exit of the AG decelerator via laser induced fluorescence, 
using a frequency-stabilized continuous wave UV laser system. With the initial AG 
decelerator, consisting out of 27 deceleration stages, we have decelerated OH radicals 
both in their low-field and high-field seeking Λ-doublet components of the rovibronic 
ground state; the use of an AG decelerator – in which one has independent control over 
the focusing properties and the deceleration properties – for molecules in low-field 
seeking states had actually not been demonstrated before. Decelerating OH radicals in 
the high-field seeking state is especially relevant as this is the absolute ground state of 
the molecule. For this state, we could also study the effects of level crossings on the 
deceleration efficiency.  

The same experimental setup has been used to decelerate benzonitrile molecules in 
different rotational states, including the absolute ground state, removing up to 30 % of 
the kinetic energy from the molecules. We will extend the decelerator with another 
2x27 deceleration stages, which will allow for the deceleration of benzonitrile and other 
(bio-) molecules to low velocities.  

Related both to these deceleration experiments and to the conformer specific 
experiments performed in our department (Undine Erlekam and Gert von Helden), we 
have jointly set up a novel quadrupole dynamic-focusing device, which allows for the 
conformer selection of large molecules. As the electric dipole moments (μ) – and 
thereby the Stark effects – of individual conformers of molecules are generally 
different, these conformers will feel different transverse forces while moving through 
the quadrupole. By using the appropriate switching frequency individual conformers 
can be guided by the device, providing m/μ-selection similar to the m/q-selection of 
charged particles in a quadrupole mass-filter. Using the current setup we have 
demonstrated the operation principle of this selector on the cis- and trans-conformers of 
3-aminophenol.  
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Trapping of ground-state molecules 
 

Melanie Schnell, Jacqueline van Veldhoven, Peter Lützow, Moritz Kirste,  
Hendrick L. Bethlem, and Gerard Meijer 

 
For many applications of cold molecules, confining the molecules in a trap is essential. 
A special interest lies in the trapping of molecules in high-field seeking states, since the 
ground-state of any molecule and basically all states of heavy molecules are high-field 
seeking. Moreover, further cooling of the trapped molecules via evaporative or 
sympathetic cooling is probably only possible when the molecules are trapped in their 
absolute ground-state, as only in this state inelastic collisions can be avoided. 

Molecules in high-field seeking states can be trapped in a maximum of an 
electromagnetic field. As the generation of a three-dimensional maximum of a static 
electric field in free space is fundamentally impossible, we generate a saddle point of 
the electric field instead. By switching between complementary saddle point 
configurations, the electric field alternately exerts a focusing and a defocusing force on 
the molecules along each direction. At the right AC switching frequency, the overall 
effect is focusing, and confinement in three dimensions can thus be obtained. We 
developed such AC electric traps for molecules in high-field seeking states – the 
equivalent of Paul traps for charged particles. 

Three different AC trap geometries for molecules in high-field seeking states are 
possible: A cylindrically symmetric [1], a linear [2] and a 3-phase trap. We here report 
on the trapping of ground-state ammonia molecules using two types of these AC traps 
and present, along with the principles of AC trapping, their different properties. Special 
emphasis is placed on the stability of these traps, and on trap losses due to resonances.  

Complementary to the project on AC electric field trapping, we have developed a 
microwave setup, which can be used to guide, decelerate and trap molecules in high-
field seeking states. Here, the molecule’s motion is manipulated by a near-resonant 
standing wave microwave field in an open Fabry-Pérot type resonator. The force 
exerted on a polar molecule in this field is determined by the molecular dipole moment, 
by the detuning of the cavity frequency from the molecular resonance frequency and by 
the strength of the microwave field. Using fast microwave switches, the microwave 
field inside the resonator can be switched on and off on a μs time scale, which is 
necessary and sufficient for guiding and deceleration. 

In our experimental approach, we load slow packets of 14NH3 molecules exiting a Stark 
decelerator into the microwave resonator through a central hole in one of the two cavity 
reflectors. Once the decelerated packet enters the cavity, it can be decelerated further by 
applying appropriately timed pulses of microwave radiation. By keeping the 
microwaves turned on when the molecules are in the center of one standing wave 
maximum, the molecules can subsequently be trapped.  
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An analytic model of the Stark deceleration process and 
directional states of asymmetric-top molecules  

induced by combined electric and radiative fields 
 
 

Koos Gubbels, Marko Härtelt, Gerard Meijer, and Bretislav Friedrich  
 
 
Stark deceleration relies on time-dependent inhomogeneous electric fields which 
repetitively exert a decelerating force on polar molecules. Fourier analysis reveals that 
such fields consist of a superposition of partial waves with well-defined phase 
velocities. Molecules whose velocities come close to the phase velocity of a given wave 
get a ride from that wave. For a square-wave temporal dependence of the Stark field, the 
phase velocities of the waves are found to be odd-fraction multiples of a fundamental 
phase velocity λ/τ with λ and τ the spatial and temporal periods of the field. We studied 
explicitly the dynamics due to any of the waves as well as due to their mutual 
perturbations. We first solved the equations of motion for the case of single-wave 
interactions and exploited their isomorphism with those of a biased pendulum. Next we 
analyzed the perturbations of the single-wave dynamics by other waves and found that 
these have no net effect on the phase stability of the acceleration or deceleration 
process. Finally, we found that a packet of molecules can also ride a wave which results 
from an interference of adjacent waves. In this case, small phase stability areas form 
around phase velocities that are even-fraction multiples of the fundamental velocity. A 
detailed comparison with classical trajectory simulations and with experiment 
demonstrated that the analytic “wave model” encompasses all the longitudinal physics 
encountered in a Stark decelerator [1]. 

Until recently, the available techniques to orient the molecular axis, hexapole focusing 
and pendular orientation, had to rely on special properties of particular polar molecules. 
Recently, we proposed a general technique for orienting molecules, amenable to a wide 
variety of species and applications. The orientation arises from the combined action of a 
static electric field and a nonresonant radiative field: while the laser field creates quasi-
degenerate tunneling doublets whose members have opposite parities, the electrostatic 
field couples the states within a doublet via the permanent electric dipole interaction 
and so creates oriented states of indefinite parity. Thus, often a very weak static electric 
field can convert second-order alignment by a laser into a strong first-order orientation. 
The combined-field effect occurs for any polar molecule, as only an anisotropic 
polarizability, along with a permanent dipole moment, is required. This is always 
available in polar molecules. Here we generalize the treatment to comprise both 
symmetric and asymmetric tops. 
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Towards sympathetic cooling of cold molecules by Rb atoms – 
trapping Rb atoms in an AC electric trap 

 
 

Sophie Schlunk, Adela Marian, Peter Geng, Wieland Schöllkopf, and Gerard Meijer 
 

 
Cooling molecules is considerably more difficult than cooling atoms, mainly because 
laser cooling – the work-horse in the field of cold atoms – has not yet been 
demonstrated for molecules, due to their complex multi-level structure. Cooling a 
molecular gas by forced evaporation or by sympathetic cooling with atoms has not yet 
been demonstrated at sub-mK temperatures either. For efficient sympathetic cooling of 
molecules with atoms, a sufficiently large ratio (≥ 200) of elastic to inelastic collision 
rates is needed; inelastic collisions can spoil the thermalization process between the 
two species, leading to loss of atoms and/or molecules. Trap loss of molecules can be 
avoided when these are stored in their absolute ground state, as can, for instance, be 
done in an AC electric trap.  

In this project we aim to cool a cloud of polar molecules in an AC trap via elastic 
collisions with magnetically trapped Rb atoms. Over the last two years we have 
completed the ultracold atom apparatus. It includes a thermal Rb atomic beam source, a 
Zeeman slower, a magneto-optical trap, a magnetic trap, and an AC electric trap. In the 
magnetic trap we routinely confine 5 x 108 Rb atoms at temperatures in the range of 
100 μK. The magnetically trapped atoms are further cooled by forced evaporation, and 
mechanically transported over 40 cm into another UHV chamber, where the AC 
electric trap is located.  

In first experiments, we used this setup to demonstrate AC trapping of Rb atoms 
instead. We have observed trapping of about 105 Rb atoms in the 1 mm3 large and 
several μΚ deep trap with a lifetime of approximately 5 seconds. Stable trapping has 
been observed in a narrow range of switching frequencies around 60 Hz. Absorption 
imaging of the cloud of trapped atoms at different phases of the AC switching cycle has 
been used to directly visualize the dynamics of the confinement [1]. 

We are currently setting up a molecular beam machine that will be connected to this 
ultracold atom apparatus. In a first step, we will study the interaction of a pulsed beam 
of state-selected CO molecules with the ultracold cloud of magnetically trapped Rb 
atoms. The next step will be to replace the thermal molecular beam with a beam slowed 
by a Stark decelerator (NH3, CO*, OH, NH are all feasible) to investigate elastic and 
inelastic cross sections in cold atom-molecule collisions. For the system with the most 
favourable ratio of elastic to inelastic cross sections, we will then study sympathetic 
cooling by overlaying the magnetically trapped ultracold Rb cloud with a cloud of polar 
molecules confined in the AC electric trap.  
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Buffer gas loading and magnetic trapping of atoms and molecules 
 

Michael Stoll, Joost M. Bakker, Gerard Meijer, and Achim Peters* 

 

Buffer gas loading of molecules into a cryogenic He-filled cell and subsequent magnetic 
trapping of the thermalized molecules has been proven to be a powerful method for the 
production of samples of trapped cold molecules; the largest samples and number 
densities of trapped molecules that have been obtained thus far have been produced via 
this method [1]. The method is rather generally applicable to paramagnetic species, 
atoms as well as molecules. For atoms, this intrinsic universality has been demonstrated 
in experiments studying a variety of rare-earth atoms, magnetically trapped at mK 
temperatures [2]. 

We have set up a buffer gas loading and magnetic trapping project in our laboratory to 
be able to directly compare the performance of this method to that of Stark deceleration 
and AC/DC electric field trapping of molecules. Our present set-up uses a 
superconducting quadrupole magnet in combination with a 3He-4He dilution 
refrigerator. From the various methods available for introducing atoms and molecules 
into the buffer gas cell, we have focused for now on laser ablation of a solid precursor 
material. We have demonstrated the performance of the system by trapping large 
samples of atomic chromium with densities exceeding 1012 atoms per cm3 at a 
temperature of 350 mK and trap lifetimes > 20 seconds [3]. 

Although in principle a great variety of paramagnetic molecules offer the potential for 
magnetic trapping, technical constraints as well as intrinsic molecular properties in 
praxis limit the selection of candidate species. In particular, large Zeeman relaxation 
(inelastic) cross sections with the cryogenic helium buffer gas seem to severely curtail 
the universality of the method. Based on theoretical estimates for the inelastic collision 
rates [3], we chose CrH and MnH as promising species and proceeded to trapping 
experiments after first investigating the relevant spectroscopic properties in the presence 
of magnetic fields [4]. While the limiting effect of inelastic collisions is clearly 
apparent, we succeeded in “trapping” both molecules, with 1/e lifetimes of 160 ms for 
CrH and 135 ms for MnH (preliminary results). Combined with already demonstrated 
methods for rapid extraction of the buffer gas, this should allow for the preparation of 
thermally isolated samples with then much longer lifetimes. Current experiments aim at 
the precise determination of the relevant collisional cross sections.      
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Production of cold neutral molecules via photodetachment of 
electrostatically decelerated negative ions 

 
 

Andreas Osterwalder, Thomas Middelmann, and Gerard Meijer  

 
This project aims at the development and application of a new technique for the 
production of cold neutral molecules for studies of low temperature chemistry. The 
goal is to prepare neutral molecules of atmospheric and astrochemical relevance at 
temperatures below 1 K, where many fundamentally important effects in chemical 
reaction dynamics become observable. 

Methods like, for instance, buffer gas-cooling, Stark-deceleration, or photoassociation 
of ultracold atoms allow one to routinely produce a variety of molecules at 
temperatures in the milli- and micro-Kelvin regime, and they have been used for the 
study of many fundamentally important physical effects. But the constraints posed by 
these techniques on the molecules reduce their general applicability in the study of low-
temperature chemical dynamics. A different approach is chosen here that shall 
overcome some of these limitations, aiming, however, at a somewhat higher 
temperature range: the production of cold molecules via photodetachment of 
electrostatically decelerated negative ions. 

This technique has several distinct advantages over existing methods: (i) Many 
molecules (ranging from simple diatomics to complex systems like clusters or bio-
molecules) bind an electron and can thus be decelerated by this technique. (ii) The 
deceleration can be coupled with a mass spectrometer to selectively decelerate ions of a 
single mass. (iii) The anion-kinetic energy of often less than 1 eV can very easily be 
removed in a single deceleration stage. (iv) The photodetachment wavelength can be 
selected to predominantly produce the molecule in the ground state or - also of great 
interest for reaction studies - in an excited state. (v) Since the neutral is only produced 
at the end of the procedure the technique can also be used for unstable or reactive 
systems that get stabilized or passivated by the extra electron. (vi) Ion deceleration and 
photodetachment can be performed inside a magnetic trap that confines the cold 
neutrals; this would be a very promising approach for the accumulation of molecules in 
a trap which to date has not been achieved with any of the existing methods. 

The poster shows the current status of our proof-of-principle experiment where the 
atomic iodide anion is used. A pulsed beam of I- is injected into the stack of five 
deceleration electrodes. They form an Einzel lens and produce the deceleration field 
that resembles the stepped field inside the extraction region of a Wiley-McLaren time-
of-flight mass spectrometer. The shape of the field is crucial to achieve a phase-space 
rotation of the anion packet for a minimum velocity spread at the point of 
photodetachment. A pulsed dye laser is then used to remove the extra electron and 
obtain the translationally cold neutral iodine atoms. 
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Symmetry and interference effects in the photoionization 
of diatomic molecules and fullerenes 

 

Axel Reinköster, Sanja Korica, Markus Braune, Rainer Hentges, Burkhard Langer*, 
Ralph Püttner#, Daniel Rolles, Jens Viefhaus, and Uwe Becker 

 

Symmetry, exhibited most pronounced by homonuclear diatomic molecules, gives rise 
to phase-coupled photoelectron emission from each one of two inversion-symmetric 
points. These so-called molecular “double slits” cause an oscillatory behavior with 
alternating photoelectron intensities for the gerade and ungerade combinations of the 
molecular states of all homonuclear diatomic molecules, as predicted by Cohen and 
Fano [1]. The same is true for the fullerenes with one major difference: here, the 
photoionization of the valence orbitals displays this behavior more pronounced than 
shown by the photoemission of core electrons whereas in homonuclear diatomic mole-
cules it is the opposite. 

The electronic structure of fullerenes and a particular group of clusters is well described 
by delocalized electrons in a box-like potential, the so-called Jellium potential. This 
spherical potential gives rise to very specific photoionization behavior known as oscilla-
tory behavior of the partial photoionization cross sections [2]. These oscillations are 
basically due to the periodicity of the solutions of the Schrödinger equation of box-like 
potentials. One may interpret these solutions as standing waves in the cluster or fuller-
ene. 

The similarity in the photoionization behavior with diatomic molecules will be shown 
by comparing the photoelectron emission behavior of the 1s electrons of H2 and N2 [3] 
in the molecule frame. In addition, it will also be shown that the formation of shape 
resonance-like features in the partial photoionization cross sections is based on the exis-
tence of standing waves at de Broglie wave lengths of  λ = 4 times the bond lengths of 
the molecule or the diameter of the cluster. This would give rise to a resonance feature 
in C60 at approximately Ekin = 0.2 eV, an energy where a resonance has indeed been 
observed in low energy electron scattering. Furthermore, in the case of H2 and for 
wavelengths longer than 4 times the bond length, asymmetries in the yield of forward 
and backward emitted H+ ions have been discovered. Related asymmetries in the 
photoelectron angular distribution in the frame of the molecules have recently been 
observed and theoretically interpreted [4]. 

 
References 

1. H. D. Cohen and U. Fano, Phys. Rev. 150, 30 (1966) 
2. S. Korica, D. Rolles, A. Reinköster, B. Langer, J. Viefhaus, S. Cvejanovic, and U. 

Becker, Phys. Rev. A 71, 013203 (2005) 
3. D. Rolles et al., Nature 437, 711 (2005) 
4. F. Martin et al., Science 315, 629 (2007) 

 
* Max-Born-Institut für Nichtlineare Optik und Kurzzeitspektroskopie, Berlin 
# Freie Universität Berlin, Institut für Experimentalphysik, Berlin 



MP 18

Photoelectron spectroscopy of rare gas atoms  
following multi-photon ionization by FEL radiation 

 
Markus Braune, Axel Reinköster, Jens Viefhaus*, Bernd Lohmann#, and Uwe Becker 

Angle resolved photoelectron spectroscopy of neutral atoms and molecules in the gas 
phase is widely used for investigation of the electronic structure of matter. However, for 
ionized targets only very few studies using this method have been reported so far due to 
the low target densities that can be achieved with conventional methods. High photon 
densities for dilute targets and multi-photon ionization are available since the VUV free 
electron laser FLASH in Hamburg started operation in 2006. The intense radiation of 
FLASH allows the creation of ionic targets of high density which are further ionized 
within the duration of a single light pulse of about 30fs. This opens the door for detailed 
spectroscopic studies of the various subsequent ionization stages of gaseous matter. Our 
experiments and results demonstrate that the highly differential spectroscopic technique 
is capable to reveal the differences and the interplay between sequential and 
simultaneous excitation in multi-photon processes. Numerous calculations regarding the 
signatures of these processes have been published ever since first user FEL experiments 
became conceivable (see e.g. [1]). 

In our recent experiments at FLASH on rare gas atoms the intensity of simultaneous 
multi-photon ionization was lower than the intensity of single-photon ionization of 
neutral atoms by two orders of magnitude. On the other hand, the photoelectron 
intensity of sequential twofold ionization was of the same order of magnitude as single- 
photon ionization. The signal strength dependences on FEL intensity of the observed 1-, 
2-, and 3-photon processes reflect in general the number of photons involved in the 
respective processes, but it turned out that the strong saturation of the primary single 
ionisation of the target plays a significant role for the following ionization steps. The 
comparison of measured signal intensities with first calculations based on a simple 
model gave rise to the identification of a resonant enhancement in the case of 
simultaneous 2-photon ionization leading to the 2p2 1D final state of neon. Several 
excited states of 1D configuration of Ne+ [2] may serve as a resonant intermediate ionic 
state which would turn this simultaneous 2hν-process into a sequential 2hν-ionisation.  

The photoelectron angular distribution of ionization processes involving more than one 
photon should differ from a distribution of a dipole transition with momentum transfer 
of Δl=1 being governed by the well-known β-distribution (a 2nd order Legendre 
polynomial and the β-parameter). In our data, very pronounced higher order 
contributions can also be found in the case of a sequential 2-step 1-photon ionisation, 
most probably due to strong alignment of the final ionic state caused by a coherent 
ionization of the two fine structure sub-levels of the Ne 2p sub-shell. 
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Graphene’s intriguing electronic structure 
 

Taisuke Ohta, Aaron Bostwick*, Thomas Seyller#, Eli Rotenberg*, and Karsten Horn 

 
Graphene, a single sheet of sp2-bonded carbon atoms arranged in a honeycomb lattice, 
is the building block of carbon structures such as graphite and carbon nanotubes. 
Graphene has been the topic of theoretical studies for many years, but no experimental 
studies were available since no methods were known for the isolation of single 
graphene sheets. This changed in 2004/5 when Geim and coworkers reported [1] novel 
transport properties of single layer graphene, such as an unusual quantum Hall effect, 
high mobilities even at room temperature, ballistic carrier transport over micrometer 
distances, to name a few. A flurry of activities has ensued, and the presence of “Dirac 
Fermion” charge carriers with zero effective mass has been verified. The electronic 
bands of graphene, which were predicted to exhibit a linear dispersion near the Fermi 
level, are thus of great interest. We have examined the electronic structure of single and 
few layer graphene using valence level photo-emission. One important aspect of the 
studies concerned the preparation and identification of single graphene layers. These 
were grown by annealing a silicon-terminated silicon carbide (0001) surface, to the 
point that the top silicon layer(s) evaporate. This leaves behind a well-ordered epitaxial 
layer of graphene, electronically decoupled from the substrate. The fact that silicon 
carbide has a large fundamental band gap permits an undisturbed view of the band of 
graphene in the region from EF to 2 eV binding energy. 
Graphene is a prototype system for the study of the transition from 2D to a bulk 
material, by adding consecutive layers and recording the evolution of 3D bands. With 
each additional layer, interactions cause new bands to appear, and these can be 
modelled in tight binding calculations, permitting access to characteristics such as 
interlayer coupling and the on-site Coulomb potential [2]. In the bilayer, the influence 
of doping on the arrangement of bands reveals a “switching functionality” based on the 
inequivalence of the two layers with different amount of charge deposited [3]. The 
monolayer spectrum shows the linearity of the bands near the band crossing point 
(“Dirac point”) at the Brillouin zone boundary; it also reveals, however, that the bands 
are distorted by many-body processes such as electron-phonon, electron-electron, and 
electron plasmon coupling [4]. From momentum distribution curves the imaginary part 
of the spectral function can be obtained, and through a Kramers-Kronig transformation 
the complete spectral function can be recovered. Our data thus provide a comprehensive 
description of the electronic structure of this intriguing material.  
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Surface-induced handedness and conformational “switching” in 
adsorbed layers 

 
Philipp Schmidt-Weber, Thorsten Kampen, Arantzazu Mascaraque*, Rocio Cortez*, Jan-

Hugo Dil, Ralph Püttner+, Christine Kolczewski, Klaus Hermann, and Karsten Horn 

 
Chiral structures in adsorbed layers present an exciting and challenging field of study, 
from a fundamental as well as applications-oriented (enantiomer-selective catalysis in 
drug manufacturing) point of view. Molecules that are achiral in the gas phase may 
acquire a chiral character through the loss of symmetry elements, which has a strong 
influence on their arrangement in long-range ordered structures. We have studied 
several chiral and achiral molecules, among them stilbene and its derivates, using STM, 
LEED and photoemission with the aim of identifying such ordering processes. 
Moreover, we have studied the cis-trans conversion in stilbene using uv light, with the 
aim to detect molecular “switching” on surfaces. Dicarboxy-stilbene loses its carboxyl 
hydrogen atom when adsorbed on Cu(110), and acquires a handedness on the surfaces 
which is readily seen in STM images. The two enantiomers then arrange in different 
long-range ordered structures (“herringbone” and “weave” patterns), which themselves 
possess a handedness, i.e. they exist in a dextro- and laevo-form. Using STM images in 
which both the substrate and the adsorbate are imaged with atomic resolution, we were 
able to identify two distinct types of adsorption sites as basic building blocks of the 
long-range structures. One of these (the “weave” pattern) is enantiomerically pure, 
while the other (“herringbone”) is a racemic structure. The fact that the latter is the 
thermodynamically stable one can be understood from general thermodynamic 
principles. 

Stilbene is ideally suited for studies of conformational switching because of its simple 
structure. In order to provide the basis for a distinction of the cis- and trans- 
conformation, we have performed gas phase NEXAFS studies. From these we conclude 
that both conformations can be distinguished by characteristic π*- and σ*-resonance 
features, an important observation that is also supported through calculations. Applying 
these findings to the investigation of stilbene in the adsorbed phase, we are able to 
distinguish cis- and trans-stilbene in adsorption on Cu(110) and Si(100), from subtle 
differences in the π* resonance and other σ∗-related features; this is a much more 
demanding experiment since the interaction with the substrate induced additional 
changes in the spectra. Conformational switching was then studied by exposing 
adsorbed stilbene to uv light in the in the 250 – 400 nm wavelength range. While no 
changes in the NEXAFS spectrum were observed for stilbene on Si(100), clear 
variations in the π* resonance, indicating a partial transformation from cis- to trans-
stilbene, were found on Cu(110). This process is not reversible, however, such that the 
switching functionality in the systems studied here appears to be a one-way process.  
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Nonlinear relaxation phenomena in elastic networks  
and dynamical organization of single-molecule protein machines 

 

Y. Togashi*, A. S. Mikhailov 

Introduction  

A machine is a mechanical device that performs ordered internal motions which are 
robust against external perturbations. In single-molecule nanoscale machines, energy is 
supplied in discrete portions, through individual reaction events. Therefore, their cycles 
consist of the processes of conformational relaxation that follow after energetic excita-
tions. For a robust machine operation, special molecular relaxation dynamics is 
required.  

The involved conformational motions are on the scale of milliseconds or longer and 
cannot therefore be reproduced by complete molecular dynamics simulations. Within 
the last decade, approximate reduced descriptions1,2 using elastic network models of 
proteins have been developed. The attention was however focused on the linear 
dynamics of such elastic networks characterized in terms of their normal vibrational 
modes. Ligand-induced conformational changes in machine proteins are known3,4 to 
agree with the patterns of atomic displacements in their slowest vibrational modes.  

  

Results  

Analyzing nonlinear relaxation dynamics in numerical simulations of elastic networks 
corresponding to two classical motor proteins (myosin and F1-ATPase), we have found5 
that they respond by well defined internal mechanical motions to various initial 
deformations and that these motions are robust against external perturbations. As we 
have further shown, such behavior is not characteristic for random elastic networks. 
Real proteins with the architectures allowing robust machine operation have emerged 
through a natural biological evolution. In a model study5, we have demonstrated that 
artificial elastic network architectures possessing machine-like properties can indeed be 
designed by running an evolutionary optimization process. An example of an artificial 
elastic network that operates as a cyclic machine powered by ligand binding has been 
thus constructed. 

These investigations have been supported by the Japanese Society for Promotion of 
Science through a fellowship for research abroad. 
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Nonequilibrium pattern formation in chiral Langmuir monolayers 
 

O. Rudzick, T. Shibata*, A. S. Mikhailov 

 

Introduction  

Langmuir monomolecular layers formed by amphiphilic molecules at liquid-air 
interfaces and containing a fraction of chiral molecules are considered. These 
monolayers can be brought out of thermal equilibrium by applying a gradient of small 
molecules (e.g., water) across the interface, resulting in a leakage flow. In the 
experiments1 by Tabe and Yokoyama, the monolayers were placed at an interface 
between glycerol and air. The transmembrane flow of water molecules could be 
controlled in these experiments by varying the water content in glycerol and the air 
humidity. The presence of a flow resulted in orientational oscillations accompanied by 
complex self-organized wave patterns. In previous models2,3 with orientational elastic 
coupling between the molecules and assuming pinning of the orientation at the 
boundaries, it was possible to theoretically reproduce only the simplest wave patterns 
observed.  

  

Results  

In our approach4,5, both orientational elastic coupling between the molecules and splay 
coupling between the orientation field and the concentration field of chiral molecules 
are taken into account. The model has also been extended6 to take into account local 
variations of the tilt of chiral molecules. Both analytical and numerical investigations 
have been performed. The constructed theory provides a description for complex wave 
patterns, such as spontaneously emerging target patterns, multiple rotating spiral waves 
and spatially modulated stationary phases. Thus, much better agreement with the 
behavior observed in the experiments could be achieved. Reproduction of topological 
orientational defects leading to the formation of defect chains has been predicted.  

This research has been supported by Deutsche Forschungsgemeinschaft (DFG) through 
the Sonderforschungsbereich (SFB 555) “Complex Nonlinear Processes”. 
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Deterministic and Stochastic Modelling of a Surface Reaction 
 

M. Eiswirth, C. Reichert*, J. Starke**, G.Ertl 

 

Introduction  

On a microscopic level, surface reactions are of stochastic nature. Nevertheless pattern 
formation on catalytic surfaces at low pressure can be understood and modelled in terms 
of deterministic reaction-diffusion equations because of the relatively large diffusion 
length which causes the dynamics to effectively average over a large number of 
adsorption sites. For higher pressures the diffusion length decreases and stochastic 
effects can come into play. 

  

Results  

A unified stochastic model for CO oxidation on low-index plane Pt surfaces has been 
constructed which in the limit of large numbers reproduces the well-established mean 
field limit applicable for large diffusion lengths. The model was extended to include 
thermokinetic effects. Spontaneous nucleation, pulse formation and propagation failure 
observed experimentally at intermediate pressure were successfully modelled. While the 
nucleation turned out to be of stochastic nature, the subsequent dynamics essentially 
follows the deterministic path (due to long-range coupling by temperature effects). 
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Discrete Dynamics by Order Theory Applied to Foam Decay 
 

S. Sauerbrei, P. Plath, M. Eiswirth, E.-C. Haß* 

 

Introduction  

Experimentally, beer foam created by ultrasound degassing does not decay following a 
simple exponential law. Two processes influence the foam decay and the corresponding 
decay function: drainage and bubble rearrangement. The temporal decrease of foam 
volume is described by a an exponential law of the form V(t) = V0 exp(b t +c t 2.5). The 
first term b t characterises the drainage which predominates at the beginning. The 
second term c t 2.5 represents the subsequent rearrangement. During the rearrangement 
phase the bubbles develop a kind of closest packing of spheres of different sizes which 
corresponds to the Apollonian package. This unstable structure formation develops 
before polyhedron structures are formed. 

As the decay function does not obey a simple exponential law the dynamics of the 
bubble size distributions do not obey an ordinary diffusion process (that means a 
continuously decreasing statistical order until the equal distribution is reached). The 
dynamics of the bubble size distributions shows a complex behaviour: a partially 
increasing statistical order or so-called statistically incomparable bubble size 
distributions can be considered. 

 

Results 

Different order theories like classical and weak majorization and its order preserving 
functions (e.g. Shannon entropy) have been applied to foam decay. An approach to a 
characterisation of the observed complex dynamics is given by partition diagrams, their 
lattices and permutations. Bubble size distributions are comparable to partition 
diagrams and the lattices of the diagrams describe an ordinary diffusion process. An 
extension of the diagram lattices which describe a restricted ordinary diffusion process 
is given by taking into account the permutations of the diagrams. The resulting highly 
complex and partially ordered structures describe a diffusion process without 
constraints, which characterises the dynamics of open systems like beer foam decay. 
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Approaching single-molecule sensitivity 
with tip-enhanced Raman spectroscopy 

 

K, F. Domke, D. Zhang, B. Pettinger 

 

Introduction  

Spectroscopic single-molecule (SM) studies help to gain a deeper understanding of 
chemical and physical properties of individual molecules. As the number of intrinsically 
fluorescent molecules is limited, tip-enhanced Raman spectroscopy (TERS) has the 
potential of becoming a convincing alternative to commonly employed fluorescence 
spectroscopy. At comparable photon count rates, it provides detailed information about 
structure and environment of label-free species adsorbed at atomically smooth single-
crystal substrates. In addition to the chemical fingerprint of the sample, scanning 
tunneling microscope (STM) images can be obtained simultaneously from the same 
nanometer-sized sample. 

 Results  

To study the sensitivity of this technique, TER spectra of the dye malachite green 
isothiocyanate adsorbed at a Au(111) substrate in combination with the STM images of 
the probed surface region were analyzed1. Taking into account a TERS area of 300 nm2 
and the different absorption properties of monolayer and SM surface coverage, 
respectively, we can deduce the number of scattering dye molecules from the 
corresponding Raman band intensities. With scattering intensities of around 780 cts/s 
per dye molecule, it was shown that the SM level can be reached with TERS. In order to 
determine the detection limit for nonresonant species, picomolar quantities of adenine 
adsorbed at Au(111) were probed. We find approximately a 130 times lower Raman 
enhancement and detection limit, which is attributed to the absence of a resonance 
contribution to the overall enhancement2. 

Working with smallest sample amounts exposed to extremely high fields, the danger of 
sample degradation is inherent. Although it may appear trivial to distinguish a SM 
vibrational fingerprint from spectral features resulting from carbonaceous 
decomposition products, it is easy to confuse these two sources of “spectral blinking”3,4. 
The comparison of SM TER spectra to normal Raman (gas phase, solution) ensemble 
spectra helps to develop TERS into a reliable and convincing SM tool. In our case, the 
vibrational fingerprint of the dye adsorbed at a Au(111) single crystal allows 
straightforward identification of the molecule also at the SM level. 
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A high-resolution microscope  
based on tip-enhanced optical processes in UHV 

 

J. Steidtner, B. Pettinger 

 

Introduction  

In recent years tip-enhanced Raman spectroscopy (TERS) has proven to be a feasible 
tool for the local investigation of surfaces on a nanometer scale, in some cases with 
single molecule sensitivity 1. In TERS a sharp metallic needle, that simultaneously 
serves as the tip of a scanning probe microscope (SPM), acts as an external, yet very 
efficient amplifier of the Raman signal, fluorescence and other optical processes. 

So far TERS was restricted to experiments in the gas phase and under atmospheric 
pressure, which entails some disadvantages as e. g. the possible contamination of the tip 
and the sample. In contrast, the application of TERS in ultrahigh vacuum (UHV) 
implicates the option to also investigate reactive samples under controlled conditions. 
Furthermore, the increased stability of the SPM in UHV is beneficial for the 
microscopic application of TERS because it provides an improved correlation between 
spectral and topographical information. In order to apply TERS in UHV, a number of 
technical difficulties had to be overcome like minimization of its size, coupling of SPM 
and Raman optics and its straightforward alignment. 

 

Results  

Here we present a novel microscope based on a high-numerical parabolic mirror for 
focusing the laser to a minimum size spot and collecting the scattered light. The SPM 
and the essential optical components are combined on a rigid platform, which is 
mounted in an UHV system. Optical fibers connect this setup with remote laser and 
spectrograph. The Raman optics is designed in such a way, that its components have to 
be only adjusted once outside the vacuum system. Then focusing the laser onto the tip 
apex and maximizing the scattered intensity is achieved by a five-axis alignment of the 
parabolic mirror by piezo-motors. 

First experimental results with solid state samples and dye adsorbates on single 
crystalline gold samples are very promising. For the latter case, the approach of the 
STM tip boosts the Raman scattering signal from a small region with a diameter of only 
a few nanometers to a 4000-fold level of the signal obtained from the much larger focal 
region in absence of the tip, which is by far superior to the 40-fold increase reported by 
Stöckle et al. 2. 
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Controlling Spatiotemporal Pattern Formation in the  
Oscillatory Catalytic CO Oxidation on Pt(110) 

 
P. Sanchez Bodega, P. Kaira, C. Beta, D. Krefting, 

D. Bauer, B. Mirwald-Schulz, C. Punckt, H. H. Rotermund 
 

CO-oxidation on Pt(110) is one of the most prominent examples of established 
laboratory experiments used to study pattern formation in two-dimensional reaction 
diffusion systems. In recent years, research interests have shifted from analyzing and 
understanding spontaneously emerging spatiotemporal patterns to actively influencing 
and manipulating the formation of structures in nonlinear dynamical systems [1]. 
Periodic forcing of such systems can be observed in phenomena as diverse as the human 
heartbeat, circadian rhythm, or tidal currents, and can often be understood in terms of 
periodical forcing of nonlinear oscillators. Depending on amplitude and frequency of 
the external force, oscillators may become entrained to the external stimulus and phase 
locked domains may develop [1-2]. The oscillatory CO oxidation reaction can be 
externally forced by periodic variations of the partial pressures of reactants in the 
chamber.  
Besides global control also local addressing of system dynamics can be implemented. 
By means of focused laser light, the kinetic parameters of the reaction can be changed 
in a confined region via localized heating of the catalytic surface [3]. The combination 
of local control with fixed inert boundaries [4-5] or global periodic forcing allows for 
observation and manipulation of new patterns and leads to deeper understanding of the 
underlying nonlinear phenomena. 
We introduce a new experimental setup that allows for the first time to impose high 
forcing frequencies to our system. We present the results of forcing the turbulent CO 
oxidation system at two and three times of its natural frequency. Phase locked 
dynamics, formation of clusters, and even homogeneous oscillations arise. Using a 
newly constructed reflection anisotropy microscope (RAM), we observe the nucleation 
and propagation of so-called 2π phase kinks in the periodically forced oscillatory CO-
oxidation system under 1:1 entrainment. These phase kinks are boundaries between 
adjacent oscillating clusters on the catalytic surface and behave similar to pulses in 
excitable media. They have been predicted in theory, but have never been observed in 
the CO-oxidation system. We can initiate and manipulate kinks with focused laser light. 
In the turbulent regime, chaotic patterns are controlled by laser induced pacemakers: 
From the location of the laser spot, a growing target pattern slowly entrains the whole 
system and suppressed turbulence. Tuning of the laser parameters (defocus, intensity) 
leads to the observation of different control regimes. The experimental work was 
accompanied by numerical simulations with the Krischer-Eiswirth-Ertl model. 
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In-situ visualization of electrochemical processes  
at the phase boundary electrode/electrolyte 

 

M. Dornhege, C. Punckt, R. Lynch*, P. Sanchez Bodega, H. H. Rotermund 

 

 

The corrosion of metals has received much interest during the last three centuries not 
only because of its technical relevance, but also because of interesting nonlinear 
phenomena which occur under appropriate conditions. Recently, we showed that, using 
in situ imaging methods, new perception of the processes can be attained [1-2]. The 
system under investigation was pitting corrosion of stainless steel in mild salt water. By 
applying two complementary imaging methods simultaneously, Ellipsomicroscopy for 
Surface Imaging (EMSI) and classical microscopy, we were able to detect an 
interdependence between a long-range weakening of the protective oxide layer and the 
occurrence of individual microscopic pits on the surface, proving that pitting corrosion 
is an autocatalytic critical process. Our research has now been continued and extended 
to the corrosion of aluminium and etching and pore formation of sulphur doped indium 
phosphide. 

The extension of the experiments to aluminum, another metal which is susceptible to 
pitting corrosion, shows the same characteristic interdependence between the formation 
of individual microscopic pits and weakening of the oxide layer in its surrounding. This 
indicates, that pitting corrosion of aluminum and stainless steel can be described by 
similar mechanisms and that the autocatalytic nature of corrosion processes generally 
plays an important role in the corrosion dynamics of metals. 

Besides metals, also semiconductor materials were subject of further investigation: 
During the etching of n-InP in 5-molar KOH solution, the growth of finger-like 
structures was observed. The electrochemical processes on the InP electrode could be 
controlled by light, leading to a patterning of the porous surface phase. Patterning of 
porous semiconductor materials is an important pathway to the production of photonic 
crystals and sensors. 
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TH 1

A Quantum Chemistry Roadmap for Determining the
Strength of the Bond between Salt and Water

Bo Li, Angelos Michaelides∗, and Matthias Scheffler

How strong is the bond between a water molecule and a flat salt surface? This appar-

ently simple question has to date evaded solution. For example, density functional

theory (DFT) adsorption energies for H2O monomers on NaCl(001) range from ∼0.2

to ∼0.7 eV, depending on the exchange-correlation (xc) functional employed. More-

over, the solitary experimental estimate for H2O monomer adsorption on this surface

comes, at ∼0.65 eV, with error bars of unknown magnitude and likely corresponds

to adsorption at defect sites [1]. Clearly this situation is not satisfactory and from

the theoretical point of view one must go beyond DFT (and the educated guess of

xc functional it requires). Here, we address this issue with quantum chemistry and

present a prescription for obtaining adsorption energies on insulating surfaces with

“chemical accuracy” (i.e., within 1 kcal/mol or ≈43 meV/H-bond).

The roadmap we develop and validate, for the example of H2O on NaCl(001),

relies on: (i) a separation of the adsorption energy into contributions from Hartree-

Fock (HF) and electron correlation, and (ii) the adsorption on clusters of substrate

atoms embedded in arrays of point charges. First, we show with embedded clusters

of systematically increasing size that the HF contribution to the adsorption energy

converges to the low coverage periodic HF limit, which enables us to obtain the

complete basis set (CBS) limit of the HF adsorption energy on an NaCl slab. Second,

following our previous work [2], we observe that the correlation contribution to the

adsorption energy is localized and converges rapidly with cluster size. Indeed, an

embedded cluster with as few as 5 Na and 5 Cl atoms is sufficient to provide a faithful

description of the correlation contribution to the adsorption energy. This cluster is

small enough to allow the correlation contribution to be determined with second

order Møller-Plesset perturbation theory (MP2) at the CBS limit and, furthermore,

small enough to allow a correction for the difference between MP2 and the quantum

chemical “gold standard”, namely, coupled cluster with single and double excitations

plus a perturbative correction for connected triples (CCSD(T)), to be made.

Finally, what are the value(s) obtained for the adsorption energy? 443 meV at

the MP2(CBS) level and 428 meV with CCSD(T). Thus, the adsorption energy falls

in the center of the range predicted by the local-density approximation (LDA) and

the RPBE generalized-gradient approximation (GGA) DFT xc functionals.

∗ Permanent address: London Centre for Nanotechnology and Department of

Chemistry, University College London, UK.
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[2] B. Li, A. Michaelides, and M. Scheffler, Phys. Rev. Lett. 97, 046802 (2006).
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Adsorbate-Induced Faceting of Ir and Re Surfaces

Payam Kaghazchi, Timo Jacob, and Matthias Scheffler

Since high-index clean metal surfaces generally have lower surface atom densities

and higher surface free energies compared to the close-packed surfaces of the same

metal they can be used as the basis for surface reconstruction and facet forma-

tion experiments. In this context the group of T.E. Madey at Rutgers University

found recently that on Ir(210) and Re(112̄1) surfaces adsorbates are able to induce

the formation of well defined nanostructures after annealing the system to elevated

temperatures [1]. They were able to provide a basis for studying catalytic reactions

on unsupported monometallic nanostructures with controllable size and shape. Us-

ing scanning tunneling microscopy and low-energy electron diffraction it was shown

that an initially planar Ir(210) surface becomes faceted when being covered with

oxygen and annealed to above 600K. The facets that form were characterized as

an array of three-sided pyramidal nanostructures exhibiting (311), (311̄), and (110)

faces. A similar behavior was observed for Re(112̄1), where by adsorption of oxy-

gen pyramid-like facets each having two (011̄0) and (101̄0) faces could be generated

[2]. However, changing the adsorbate to ammonia and heating to 900K led to the

formation of two-sided ridges with (134̄2) and (314̄2) faces.

Using density functional theory calculations with the PBE exchange–correlation

functional and ab initio atomistic thermodynamics, we studied the adsorption of

oxygen and nitrogen on the different surface orientations which are involved in the

nanostructures on Ir(210) and Re(112̄1). Constructing the corresponding (p, T )-

surface phase diagrams, we find that at experimental pressure conditions (pO2
=

5 · 10−10 atm) above 1100K for Ir and above 1200K for Re the planar surfaces are

stable, while lowering the temperature stabilizes the nanofacets found experimen-

tally. This confirms that the adsorbate-induced faceting of these surfaces is indeed a

consequence of the anisotropy in surface free energy. While on Ir(210) most nanoscale

pyramids consist of smooth and unreconstructed planes, some (110) facets show a

stepped double missing-row superstructure, which is stable at higher temperatures

(1000K < T < 1100K). Interestingly, we find that this superstructure only appears

at the faceted surface, but turns out to be unstable on a Ir(110) substrate.

Therefore, by choosing appropriate adsorbate and annealing conditions it is not

only possible to tailor the surface morphology, but also to stabilize new surfaces.

This in turn provides model systems to study structural sensitivity in catalytic re-

actions as well as potential templates to grow nanostructures.

[1] I. Ermanoski, C. Kim, S.P. Kelty, and T.E. Madey, Surf. Sci. 596, 89 (2005).

[2] H. Wang, W. Chen, and T.E. Madey, Phys. Rev. B 74, 205426 (2006).
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Stilbene on Si(100): A Possible Molecular Switch?

Christine Kolczewski, Klaus Hermann, Philipp Schmidt∗, Torsten Kampen∗,

and Karsten Horn∗

The search for novel techniques to produce ultra-miniaturized switching devices in

micro-chip fabrication has led researchers to consider also molecular systems [1]. The

simplest model switch of this type is the stilbene molecule (C6H5-C2H2-C6H5) where

the two phenyl groups can be arranged either on the same or on opposite sides about

the central C=C bridge, yielding cis- and trans-stilbene, respectively. The isomer-

ization of the two species in solution can be triggered by 250-320 nm UV irradiation

[2]. However, for molecular switching to be useful in microelectronics the isomer-

ization has to work on surfaces. Therefore, stilbene adsorbed at the Si(100) surface

has been studied experimentally to find isomerization induced by radiation where

polarization-resolved Near-Edge X-ray Structure (NEXAFS) spectroscopy was used

to distinguish between the two species. The experiments suggest strongly that the

stilbene adsorbate is not accessible for radiation-induced switching, which needs to

be explained.

Therefore, we apply density-functional theory together with surface cluster mod-

els to examine adsorbate-substrate binding and to evaluate polarization-resolved C

1s NEXAFS spectra for the two stilbene isomers adsorbed on Si(100) [3] where

the substrate is modeled by a Si14H28 cluster (hydrogen saturating peripheral Si-Si

bonds). Geometry optimizations of the adsorbate molecules show that both isomers

bind fairly strongly with their central C=C parts coupling with the Si=Si dimers at

the Si(100) surface (π bonding). In addition, their intra-molecular geometries are af-

fected such that the distinction between the cis and trans species is less pronounced.

However, the theoretical NEXAFS spectra in the C 1s to π transition region show

still clear differences between the two adsorbate species which can be used as finger-

prints to interpret the experimental spectra. This is confirmed by the comparison of

the theoretical results with experiment where quite good agreement is obtained.

Based on the calculations the influence of strong adsorbate-substrate binding, de-

termining the intra-molecular geometry of the two stilbene isomers, is found to result

in a steric hindrance which makes transitions between the isomers rather costly and

which may explain the absence of radiation-induced switching of stilbene adsorbed

on Si(100) by a simple geometric effect.

∗ Permanent address: Department of Molecular Physics, Fritz-Haber-Institut.

[1] R.L. Carroll and C.B. Gorman, Angew. Chem. Int. Ed. 41, 4378 (2002).

[2] W. Fuß, C. Kosmidis, W.E. Schmid, and S.A. Trushin, Angew. Chem. Int. Ed. 43,

4178 (2004).

[3] P.M. Schmidt et al., BESSY Highlights, April issue, 18-19 (2007).



TH(IG) 5

Stabilizing a Molecular Switch at Solid Surfaces:
A Density-Functional Theory Study of Azobenzene

at Cu(111), Ag(111), and Au(111)

Erik McNellis, Abbas A. Dehghan Baghi, and Karsten Reuter

In view of the rapidly advancing miniaturization in microelectronics and sensing,

molecules are envisioned as fundamental building blocks in a future “molecular

nanotechnology”. Since controlled switching between defined states is a crucial basic

component for storage and logic, molecules offering this functionality (e.g. through

externally stimulated changes between conformational isomers) attain a central im-

portance. Considering contacting and defined integration into a larger framework,

it is more precisely the molecular function when the molecule is stabilized at a

solid surface that is of key interest. A necessary prerequisite for an atomic-scale

understanding of this function of the adsorbed switch is a detailed structural and

electronic characterization of the stable (or metastable, longlived) molecular states.

For this, we use density-functional theory and study azobenzene (C6H5-N=N-C6H5)

at noble metal surfaces. Azobenzene is a prototypical molecular switch known to

undergo conformational changes between a cis and a more stable trans isomer in

solution. Treating electronic exchange and correlation (xc) at the generalized gradi-

ent approximation (GGA) level, we obtain an essentially zero net binding of both

conformational isomers at Ag(111) and Au(111). This is significantly different at

Cu(111), where the bonding particularly of the cis isomer is strong enough to even

reverse the gas phase energetic order of the two isomers. This energetic order is fur-

thermore largely affected by functional groups attached to the phenyl rings, which

we illustrate for the case of cyano end groups at both isomers. We are able to ratio-

nalize these findings as a competition between covalent bonding of the central azo

(-N=N-) bridge and the functional groups to the substrate on the one side, and the

surface interaction of the two closed-shell phenyl (-C6H5) rings on the other side.

Deficiencies in the description of either of these interactions at the GGA level will

therefore crucially affect the deduced energetic order of the (meta-)stable adsorption

modes. This concerns notably van der Waals contributions to the interaction of the

-C6H5 moiety with the noble metal surface. To obtain a first estimate of the role of

these contributions we focus on benzene as a model for this moiety and employ the

recently introducted local xc correction method [1] to compute the binding at the

Hartree-Fock plus Møller-Plesset perturbation theory (HF-MP2) level.

[1] Q.-M. Hu, K. Reuter, and M. Scheffler, Phys. Rev. Lett. 98, 176103 (2007).
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First-Principles Statistical Mechanics Study of the Stability
of a Sub-Nanometer Thin Surface Oxide in Reactive

Environments: CO Oxidation at Pd(100)

Jutta Rogal, Karsten Reuter, and Matthias Scheffler

The possible formation of oxides or thin oxide films (surface oxides) on late transition

metal surfaces is recently being recognized as an essential ingredient when aiming

at understanding catalytic oxidation reactions under technologically relevant gas

phase conditions. Using the CO oxidation at Pd(100) as example, we investigate the

composition and structure of this model catalyst surface over a wide range of (T, p)-

conditions within a multiscale modeling approach where density-functional theory

is linked to thermodynamics and statistical mechanics. As a first step to account

for the effect of the reactive environment we previously employed first-principles

atomistic thermodynamics and considered the surface to be in a “constrained equi-

librium” with two separate gas phase reservoirs of O2 and CO, and not allowing

that O2 and CO can react [1]. The results show that under the catalytically most

relevant gas phase conditions a thin surface oxide is indeed the most stable “phase”.

However, already for only slightly less oxygen-rich conditions we find CO adlayers to

prevail on the pristine Pd(100) surface, which demands to scrutinize the approxima-

tions underlying the atomistic thermodynamic approach, in particular, the neglect

of kinetic effects due to the ongoing CO2 formation at the catalyst surface.

For this, we develop a first-principles kinetic Monte Carlo (kMC) model and focus

specifically on the stability of the thin surface oxide structure against CO induced

decomposition under steady-state reaction conditions. The simulations confirm that

the surface oxide can be stabilized under gas phase conditions that are relevant for

technological CO oxidation, i.e., partial pressures in the range of atmospheres. For

lower temperatures (T = 300 − 400K) slightly oxygen-rich mixtures are needed,

whereas at elevated temperatures the surface oxide is even stable up to stoichiomet-

ric reactant pressures [2]. This suggests that at least at these higher temperatures

the catalytically most relevant gas phase conditions correspond to a transient situa-

tion where either sub-nanometer thin oxide structures or reactant adlayers are just

stabilized at the surface, such that small changes (or even fluctuations) in the partial

pressures may have profound consequences on the global or local surface composi-

tion and structure. Under steady-state operation possible oscillations between these

two states might then not only drive a spatio-temporal pattern formation, but could

also be key to understand the observable catalytic function.

[1] J. Rogal, K. Reuter, and M. Scheffler, Phys. Rev. B 75, 205433 (2007).

[2] J. Rogal, K. Reuter, and M. Scheffler, Phys. Rev. Lett. 98, 046101 (2007).
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Role of Oxygen in Oxidative Dehydrogenation of
Ethylbenzene on Nanostructured Carbon Materials

Johan M. Carlsson, Felix Hanke, Samer Aburous∗, Dirk Rosenthal∗,

Wolfgang Ranke∗, Dangsheng Su∗, Robert Schlögl∗, and Matthias Scheffler

Nanostructured carbon materials can become efficient catalysts for oxidative dehy-

drogenation (ODH) of ethylbenzene (EB) by co-feeding with oxygen [1], but the

role of oxygen is still unclear. We have combined micro-flow reactor experiments

using highly oriented pyrolytic graphite (HOPG) as catalyst with density functional

theory (DFT) calculations to clarify the oxidation mechanism and to determine the

active site for the ODH reaction. Related work on the ODH reaction is presented in

Posters AC 6.1 and AC-TH 2 at the Department of Inorganic Chemistry.

Scanning electron and atomic force microscopy investigations revealed an atom-

ically smooth surface of freshly cleaved HOPG both before and after an ODH re-

action, while a sample sputtered with argon had a nanometer sized roughness. The

activation energy for the ODH reaction, obtained by an Arrhenius analysis, was

similar in both cases (cleaved and sputtered HOPG). Post-reaction characterization

by temperature programmed desorption (TPD) experiments showed predominantly

CO desorption around 650◦C indicating the presence of O groups in the material.

Our DFT calculations show that O2 dissociation is endothermic on the perfect

graphene basal plane. Individual O atoms adsorb on bridge (epoxy) sites and tend

to cluster into lines on small graphene flakes, but prefer a circular configuration on

an extended graphene sheet. Vacancies and edges on graphene significantly enhance

the O2 dissociation. An ab initio thermodynamics analysis shows that this leads to

the formation of O groups, such as ether (C-O-C) and carbonyl (C=O) that sat-

urate the undercoordinated C atoms. Comparing the binding energies for these O

groups via a Redhead analysis of the desorption temperatures suggests that C=O

groups are the source of CO in the TPD experiments. In addition, our calculations

show that O2 dissociation is more favorable next to a C-O-C group compared to

the basal plane. This forms larger O groups, such as lactones (C-O-C=O) and an-

hydrides (O=C-O-C=O), that have smaller binding energy to desorb as CO2. This

indicates that etching of vacancies is activated by the dissociation of additional O2-

molecules at saturated vacancies. Finally we studied the reactivity of the different O

groups for the dehydrogenation step (DH), where two H atoms are extracted from

the EB and adsorbed on the O groups. The reaction energies for the DH step vary

from strongly endothermic on C-O-C groups to slightly endothermic at C=O groups.

∗ Department of Inorganic Chemistry, Fritz-Haber-Institut.

[1] G. Mestl, N.I. Maksimova, N. Keller, V.V. Roddatis, and R. Schlögl, Angew. Chem.

Int. Ed. 40, 2066 (2001).
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Scrutinizing Concepts in Chemical Kinetics:
Sensitivity Analysis and Mean-Field Approximation

Sebastian Matera, Hakim Meskine, Burcin Temel∗, Horia Metiu∗,

Karsten Reuter, and Matthias Scheffler

Phenomenological kinetics (PK) is widely used in the study of reaction rates in

heterogeneous catalysis and is an important aid in reactor design. Underlying PK

theory are a set of simplifying assumptions: The role of fluctuations is neglected,

correlations between locations of the reactants on the surface are assumed to be

absent, and the reacting mixture is considered to be an ideal solution. Often the

resulting set of PK rate equations is even further simplified, exploiting the preva-

lent perception that there is a single rate-determining step in the reaction cycle.

Since kinetic Monte Carlo (kMC) simulations do not depend on any of these as-

sumptions, we use them as “computer experiments” to scrutinize these frequently

employed concepts in the modeling of chemical kinetics. For a first-principles kMC

model of CO oxidation at RuO2(110) [1] we perform sensitivity analyses to identify

the rate determining steps under different environmental conditions, ranging from

ultra-high vacuum (UHV) to technologically relevant conditions (pressures of sev-

eral atmospheres and elevated temperatures). While helpful under UHV conditions,

this analysis proves to be of little use for catalytically relevant environments. Un-

der these conditions a larger number of elementary processes is found to contribute

equally to the total rate of product formation. We also check on the mean-field ap-

proximation employed in PK by comparing the results of rate equations based on

the same first-principles rate constants to those of the kMC simulations, where the

spatial distribution of the chemicals at the catalyst surface is explicitly considered.

We find the rate equation activities to be in serious error, even failing to correctly

identify the dominant reaction mechanism. This discrepancy between PK and kMC

for the model of CO oxidation used here is surprising since the kMC model con-

tains no lateral interactions that could make the coverage of the reactants spatially

inhomogeneous. Nevertheless, such inhomogeneities are created by the interplay be-

tween the rates of adsorption, desorption, and vacancy creation due to the chemical

reactions.

∗ Permanent address: Department of Chemistry and Biochemistry, University of Cali-

fornia at Santa Barbara, USA.

[1] K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006).

[2] B. Temel, H. Meskine, K. Reuter, M. Scheffler, and H. Metiu, J. Chem. Phys. 126,

204711 (2007).



TH(IG) 9

Reconciling In Situ with Ex Situ Experiments:
First-Principles Kinetic Monte Carlo Simulations of

Temperature Programed Reaction Spectroscopy

Michael Rieger, Jutta Rogal, and Karsten Reuter

Whether or not the microscopic insight gained by surface science type ultrahigh

vacuum (UHV) experiments has much direct relevance for steady state heteroge-

neous catalysis is a topic that is often passionately discussed. An unbiased approach

to this question has to rely on well defined model cases for which extensive data

from both kinds of situations allows to make detailed comparisons and establish a

comprehensive atomic-scale understanding. Over the past years, the CO oxidation

over RuO2(110) has developed into exactly such kind of model system. A wealth of

UHV experimental data and density functional theory (DFT) calculations is com-

plemented by detailed in situ measurements and first-principles kinetic Monte Carlo

(kMC) simulations of the steady state catalytic activity. The picture that is unani-

mously obtained is that of two potentially active oxygen species at the surface, Ocus

and Obr, the much weaker bound (by ∼1.5 eV) cus oxygen is mostly responsible for

the high catalytic activity of this model catalyst.

This consensus has recently been questioned by a set of temperature programed

reaction (TPR) experiments, where the observed nonintuitive dependence of the CO2

yield on the surface coverage was put forward as evidence for an equal activity of

both surface oxygen species [1]. We scrutinize these conclusions with first-principles

kMC simulations of the presented TPR spectra, employing exactly the same setup,

and in particular the same ab initio microscopic parameters, i.e., elementary pro-

cesses (including desorption, diffusion, and reaction events) and process rate con-

stants based on DFT energetics that were previously used to successfully reproduce

the measured steady-state activity of this surface [2]. We obtain a dependence of

the CO2 yield on surface coverage in quantitative agreement with the experimental

data and are able to rationalize it as the result of a coverage dependent interplay of

different possible reaction processes taking place at the surface. The conflicting con-

clusions on the surface oxygen activities arise only out of the Polanyi-Wigner type

mean-field picture employed in the experimental data analysis. We show that this

picture breaks down completely at this oxide surface, which exhibits an essentially

one-dimensional trench structure with severe concomitant diffusion limitations. If

analyzed within the appropriate first-principles statistical mechanics framework the

atomic-scale information provided by the TPR data complies fully with the estab-

lished picture of the function of this model catalyst surface.

[1] S. Wendt, M. Knapp, and H. Over, J. Am. Chem. Soc. 126, 1537 (2004).

[2] K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006).
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Brief Encounters Lead to Marriage: A First Principles
Molecular Dynamics Study of the Water/Salt Interface

Limin Liu, Angelos Michaelides∗, and Matthias Scheffler

Salt dissolution is an important natural phenomenon and common everyday pro-

cess. Indeed, there are few chemical processes that are qualitatively understood by

so many, chemists and non-chemists alike. Nonetheless, the microscopic molecular-

level mechanisms by which salt crystals dissolve remains poorly understood. For

example, how liquid water wets a salt surface and what the mechanisms for the ini-

tial dissolution events are (are anions or cations released first into solution?) remain

unanswered. As the first step toward answering these questions we report a series

of first-principles molecular dynamics and accelerated molecular dynamics studies

of liquid water overlayers on flat and stepped NaCl surfaces.

An analysis of the equilibrium properties of the liquid water adlayers examined

reveals several interesting features. First, an interfacial region within about 3 Å

of the NaCl surface is identified. The density of H2O molecules in this region is

increased by ∼30% compared to bulk water and each H2O molecule in this region

has fewer hydrogen bonds than it has within the interior of the water overlayers

(between zero to three hydrogen bonds at the interface compared with ∼4 in the

interior of the liquid). Second, analysis of the mean square displacement of the

water molecules within the overlayer shows that the interfacial waters diffuse at a

different rate to the other water molecules. Third, the oxygen atoms of H2O prefer to

interact with interfacial Na atoms whereas the hydrogen atoms of H2O prefer to bond

with substate Cl atoms. Of these two types of bonds, the Cl-H bonds have shorter

lifetimes, breaking frequently compared to the Na-O bonds. Fourth, a correlation

between the dipole moment of each water and the number of hydrogen bonds that

the water molecule is involved in has been identified. This relationship holds for the

interfacial water/salt systems and also bulk water systems examined.

During the equilibrium simulations of ∼50 ps, both interfacial Na and Cl atoms

make large excursions from their ideal lattice sites, but at no stage spontaneous

dissolution is observed. To explicitly explore this process we have employed the

metadynamics method [1] which has allowed us to map out, for the first time, the

mechanisms and free energy barriers of the initial stages of NaCl dissolution from

first principles. We find that, although the encounters between the Cl atoms and

the water molecules in the overlayer are short lived, it is the Cl atoms which leave

the substate most readily.

∗ Permanent address: London Centre for Nanotechnology and Department of

Chemistry, University College London, UK.

[1] A. Laio and M. Parrinello, Proc. Natl. Acad. Sci. USA 99, 12562 (2002).
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Interstitial Mn in Si: Half-Metallic Heterostructures
Studied by Density-Functional Theory

Hua Wu∗, Peter Kratzer†, and Matthias Scheffler

Adding magnetic functionality to the most common semiconductor, Si, is still in

its infancy. So far, research on Mn-doped Si has concentrated on substitutional Mn

(Mnsub), in analogy to Mn-doped GaAs and Ge. However, it has long been known

that Mnsub impurities in Si are energetically less stable than interstitial Mn (Mnint).

In this work, we explore the possibility to turn silicon into a magnetic half-metal,

having a metallic density of states only for one spin orientation, by doping it with a

single atomic layer of Mnint (δ-layer). Using density-functional theory (DFT) within

the generalized gradient approximation, we perform all-electron calculations of the

energy and relaxed geometry for Mn in a 16-layer Si(100) supercell.

For our proposed heterostructure consisting of 1/4 layer of Mnint inserted in Si,

we find indeed a large spin magnetic moment of 3 µB per Mn atom, and a half-

metallic Kohn-Sham gap in the spin-majority density of states of about 0.5 eV

[1]. While δ-doping is difficult to realize experimentally, we are able to propose a

viable route of fabricating such a layer: According to our DFT calculations, Mn

occupies preferentially second-layer interstitial sites below the Si(001) surface. For

the 1/4 ML Mn, the atoms form a local c(4 × 2) arrangement, as observed recently

by a combined scanning tunneling microscopy and DFT study [2]. For higher Mnint

concentrations of 1/2 or 1 layer, the δ-doped heterostructures still display a high

spin-polarization of conduction electrons, about 85% and 60%, respectively. With

reduced distance between the Mn impurities, the energy difference between parallel

and antiparallel spin alignment of Mn nearest neighbors increases from 5 to 120

to 570 meV per Mn. Hence, to obtain a heterostructure which is ferromagnetic at

room temperature, experimentalists should seek for a compromise between a high

degree of spin polarization and a high Curie temperature of the layer. All proposed

heterostructures are more stable than a previously proposed δ-layer of Mnsub [3].

In conclusion, contrary to wide-spread belief, the present study demonstrates that

interstitial Mn can be utilized to tune the magnetic properties of Si and, thus, may

provide a new clue for Si-based spintronics materials.

∗ Present address: Institute of Physics II, University of Cologne, Germany.
† Permanent address: Dept. of Physics, University Duisburg-Essen, Duisburg, Germany.

[1] H. Wu, P. Kratzer, and M. Scheffler, Phys. Rev. Lett. 98, 117202 (2007).

[2] M.R. Krause et al., Phys. Rev. B 75, 205326 (2007).

[3] M.C. Qian et al., Phys. Rev. Lett. 96, 027211 (2006).
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Co2MnSi - A Useful Spintronics Material?

Björn Hülsen, Peter Kratzer∗, and Matthias Scheffler

For magnetic memory devices that exploit the tunneling magneto resistance (TMR)

effect, a ferromagnetic material is required with an electrical conductance that is

strongly dependent on the spin orientation. The full Heusler alloy Co2MnSi is an

interesting candidate material for TMR electrodes because of its high Curie temper-

ature of 985 K and the large gap at the Fermi energy (EF ) in the density of states

for the minority spin found in band structure calculations. However, the experimen-

tal verification of the half-metallicity of Co2MnSi has not yet been achieved, where

atomic disorder, surface or interface effects have been suggested as reasons for this

discrepancy. Here, we use a first-principles approach to address two central issues:

i) The temperature dependence of bulk alloy ordering in the experimentally relevant

regime of 400 – 600◦C is investigated by Monte Carlo (MC) simulations on the ba-

sis of energies from density-functional theory (DFT); ii) The Co2MnSi/MgO(001)

interface used in TMR devices is modeled by means of DFT calculations.

For the MC simulations an accurate, but computationally cheap Hamiltonian

to compute the energy differences of distinct atomic configurations is needed and,

therefore, we construct a cluster expansion (CE) [1] for Co2MnSi. Motivated by

experimental data [2] and DFT results for single atomic defects [3], Co2MnSi is

treated as a pseudo-binary alloy where disorder on the Co and Mn sites is taken into

account. The relevant interactions have been identified with careful cross-validation

checks between fitted and calculated energies. With the CE Hamiltonian new ground

states at several Mn concentrations are predicted. One of them, having a gap at EF

in the minority spin channel, is of possible interest for the TMR devices. The MC

simulations for Mn concentrations close to ideal Co2MnSi show that annealing at

500◦C is sufficient to reach the ordered half-metallic ground state starting from a

random alloy, while largely avoiding entropy-driven disorder.

For the Co2MnSi/MgO(001) interface we investigate different terminations of

Co2MnSi (by Co, Mn or mixed Mn-Si-planes) and different registry with respect to

the substrate (Mg-top, O-top, bridge, and hollow site). Termination by a MnSi plane

in registry with O-top positions is identified as the most stable interface. Moreover,

the consequences of the interface termination for the electronic structure will be

discussed.

∗ Permanent address: Dept. of Physics, University Duisburg-Essen, Duisburg, Germany.
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The Surface Structure of Molybdenum Oxide Resolved by
X-Ray Absorption: Theory Meets Experiment

Matteo Cavalleri, Klaus Hermann, Helmut Kuhlenbeck∗,

and Hans-Joachim Freund∗

The identification of oxygen sites at metal oxide surfaces and the characterization

of their chemical properties is of paramount importance for an understanding of

the catalytic activity of these materials and, thus, for a rational design of efficient

and selective catalysts. Here, polarization-resolved Near-Edge X-Ray Absorption

Fine Structure (NEXAFS) offers a very promising tool for the analysis of oxide-

based catalysts because of its sensitivity to the local chemical environment near the

oxygen sites and to the orientation of oxygen-metal bonds near the surface. However,

atom scale information about binding and local coordination in catalytic systems

by specific spectroscopic fingerprints of all different active sites cannot be obtained

without spectral analysis based on theory.

In this work [1], we show how calculations of atom core excitation spectra,

based on density-functional theory (DFT) together with corresponding polarization-

resolved NEXAFS measurements yield a rather detailed picture of the electronic

structure and binding near oxygen sites at the MoO3(010) surface. Differently coor-

dinated oxygen species at the surface are found to exhibit pronounced differences in

the theoretical spectra concerning calculated energetics, spectral shape, and depen-

dence on photon incidence. The sensitivity of the spectral intensities to the symmetry

of corresponding final state orbitals is a key element that allows one to discriminate

between oxygen of

similar chemical environment, but differing binding orientation with its atom

neighbors in the crystal. This is clearly demonstrated not only for the three differ-

ently coordinated oxygen species of the clean MoO3(010) surface, but also for oxygen

near vacancies at partially reduced MoO3 surfaces. The combination of NEXAFS

spectroscopy and theoretical spectral analysis is also used to validate different struc-

tural models of thin MoO3 layers on the Au(111) metal substrate proposed by pre-

vious periodic DFT studies [2,3].

∗ Department of Chemical Physics, Fritz-Haber-Institut.
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Analysis of the Difference Between All-Electron and
Pseudopotential Based G0W0 Calculations

Xinzheng Li, Ricardo I. Gómez-Abal, Claudia Ambrosch-Draxl∗,

and Matthias Scheffler

In recent years, the GW approach, typically applied as a first order correction to

the Kohn-Sham (KS) eigenvalues (G0W0 approximation), has achieved great success

in describing single-particle excitations in weakly correlated semiconductors and

insulators [1]. For implementation simplicity and computational efficiency, most of

the existing codes are based on the pseudopotential (PP) method, in which the self-

energy is calculated only from the pseudo-valence states. It is well known in DFT

that such a linear treatment of the core-valence exchange-correlation interaction is

not always valid. Although within PP-G0W0 the core-valence interaction can only

be included at the KS level, its reported results usually show a better agreement

with experiment than the all-electron calculations available so far [2-4].

The reasons for this disturbing discrepancy can be traced back to two approxi-

mations underlying PP-G0W0, namely, the exclusion of the core electrons in the cal-

culation of the self-energy (core-valence linearization) and the use of pseudo-valence

wavefunctions (pseudoization). We calculated the G0W0 corrections to the band

gaps for a set of materials (e.g. Si, GaAs, NaCl, AlP, ...) using both all-electron

and PP-G0W0. The all-electron calculations are performed using our recently de-

veloped G0W0 code based on the Wien2k implementation of the FP-(L)APW+lo

method [5]. By removing the core states in the all-electron G0W0 calculation, we

can analyze separately the effects of core-valence linearization and pseudoization.

Our results show that the effect of core-valence linearization alone does not explain

the difference between the results from all-electron and PP-G0W0 calculations. The

effect of pseudoization turns out to be important as well. For materials like Si and

AlP it even is the dominant reason for the (fortuitously) better agreement between

PP-G0W0 calculations and experiments. For GaAs, in which very shallow d states

exist, the core-valence linearization is dominant. To avoid these errors, all-electron

results have to be taken as benchmark in G0W0 calculations.

∗ Permanent address: Material Physics Department, University of Leoben, Austria.
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Controlling Polarization at Insulating Surfaces:
Electron Spectroscopy of Molecules on Thin Epitaxial Films

Christoph Freysoldt, Patrick Rinke∗, and Matthias Scheffler

The spectroscopic characterization of insulators has long been hampered by the fact

that many techniques such as scanning tunneling microscopy or photoelectron spec-

troscopy require electrically conducting samples. Growing ultrathin films on metals

or doped semiconductors offers a simple solution to this problem as electrons can

now tunnel to and from the conducting substrate [1]. However, the direct transfer

of experimental conclusions from these films to surfaces of macroscopic samples re-

lies on two critical assumptions: a) the thickness dependence and b) interactions

with the substrate are negligible for the adsorption and other surface properties. We

have previously shown from a ground state perspective that this is generally not the

case. Monolayer thin silica films on Mo(112), for instance, are no simple analogues

of thicker films or silica surfaces and instead should be regarded as novel systems

in their own rights [2]. Here, we extend the study to include also the spectroscopic

perspective for clean and adsorbate-covered insulator films. We present density func-

tional theory (DFT) and G0W0 quasiparticle energy calculations for NaCl/Ge(100)

as prototypical insulator/semiconductor system and CO as model adsorbate.

The NaCl/Ge(100) system has been studied experimentally with a variety of

techniques, but atomic details of the interface have not been resolved, yet. Using

DFT calculations, we have determined its atomic structure and find good agree-

ment with the few experimental results available. For CO adsorbed on NaCl/Ge, we

predict by means of G0W0 calculations a considerable, substrate-induced reduction

of the CO gap by more than 3 eV compared to the gas phase and 1 eV compared

to NaCl(100). Moreover, the CO gap increases as a function of NaCl film thickness

by 0.1 – 0.2 eV per NaCl layer. The physical origin of this behavior is simple: The

charged excitation in the molecule polarizes the underlying NaCl film and the Ge

substrate – an effect naturally incorporated in the GW self-energy, but not in the

Kohn-Sham band structure with standard, local DFT functionals. By varying the

thickness of the NaCl film the influence of the substrate polarization on the molecule

can be controlled, which would be desirable from a spectroscopic point of view and

could be benefitial for applications in e.g. catalysis. However, a larger film thickness

also comes at the expense of a smaller tunneling current. We expect that the effects

reported here are even more pronounced for the metallic or strongly doped semicon-

ducting substrates used in experiments due to their larger polarizability.

∗ Also at Materials Research Lab, University of California at Santa Barbara, USA.
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Stabilizing Secondary Structures of Polypeptides in Vacuo:
Role of Hydrogen Bond Cooperativity and Termination

Volker Blum, Martin Fuchs, Joel Ireta, Xinguo Ren, Patrick Rinke∗,

and Matthias Scheffler

Hydrogen bonds are critical for the secondary structure stability of peptides and

proteins. However, the strength of a given H-bond depends on the surrounding pep-

tide conformation. For instance, the single H-bond in a short α-helical polypeptide

(Ala)5 is only half as strong as the same bond in an infinite α-helix (Ala)∞. Thus,

an infinite neutral α-helix (Ala)∞ is the most stable helical conformation, whereas

α-helical (Ala)5 is not even metastable in vacuo.

We quantify the role of H-bond cooperativity and termination in finite gas-phase

polypeptides (Ala)n (n=1-20), using density-functional theory in the PBE general-

ized gradient approximation as implemented in the new full potential/all-electron

computer code FHI-aims [1]. We focus on neutral helices (310-, α- or π-), which are

not stable in experiment, and on their alkali ion terminated counterparts, for which

gas phase stability is experimentally suggested [2]. For all three neutral conforma-

tions, we demonstrate H-bond cooperativity, i.e., the H-bond strength increases with

the peptide length as more H-bonds align. While neutral 310 helices are at least lo-

cally stable, neutral α-helices relax to mixed α/310-like configurations. Placing an

alkali ion (Li+, Na+, K+) at the C terminus stabilizes short helices significantly: di-

rectly, since the ion saturates “dangling H-bonds”, i.e., C=O groups without a N-H

partner; indirectly, since adding a helical Ala unit to a short chain is now more favor-

able than in the infinite chain. These ion-capped helices are locally stable both as a

310- and a α-helix. However, their energy difference is small [O(0.1 eV) for n=5– 10]

and depends on details of the termination. Due to the limits of present-day density

functionals and the number of possible metastable conformations, predicting the ex-

act stable conformation (or conformational ensemble) thus remains a challenge. As

to the PBE functional, a detailed analysis of H-bonded linear chains (of HF, HCl,

formamide, and 4-pyridone) shows that it properly describes H-bond cooperativity;

this cannot be expected for dispersion forces whose role still needs to be assessed. We

plan to resolve small conformational energy differences through improved exchange-

correlation treatments, and derive electronic “spectroscopic fingerprints” to connect

theoretically predicted conformations to experiment.

∗ Also at Materials Research Lab, University of California at Santa Barbara, USA.
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How Long-Range Interactions and Hydrogen Bonding
Influence the Conformational Space of Proteins

Joel Ireta and Matthias Scheffler

The relative position of a residue along the protein backbone is typically given in

terms of the torsion angles φ and ψ. The distribution of (φ, ψ) values observed

in structures of protein crystals describe the conformational space of a residue in

protein structures. It is widely accepted that backbone conformations are primarily

determined by interatomic repulsive interactions between nearest-neighbor residues.

Therefore, to investigate these conformations in proteins it is common to calculate

the potential-energy surface (PES) of dipeptides. However, the latter only roughly

reproduces the distribution of (φ, ψ) values. The plausible explanation for the dis-

crepancy is that non-nearest neighbor interactions like intrapeptide hydrogen bonds

(hbs) and long-range electrostatic interactions strongly influence the backbone con-

formations. An accurate assessment of such influence is thus crucial to get a deeper

understanding of the physics governing the protein structure.

Here we investigate the influence of peptide hbs and long-range electrostatic in-

teractions on the conformational space of a residue using finite and infinite alanine

polypeptides and density-functional theory (DFT) together with the GGA-PBE

functional. Employing cylindrical coordinates appears to be more convenient than

the standard (φ, ψ) torsion angles to map the PES of infinite chains. Comparing the

theoretically predicted conformational space and experimentally observed backbone

conformations in a large set of thousands of protein structures resolved by X-ray

crystallography, we find excellent agreement in most of the configurational space,

except for the so-called polyproline II (PPII) region. The analysis of this agreement

and of the discrepancy sheds light on the importance of solvents and van der Waals

interactions, which both are neglected in this theoretical work. Furthermore, we in-

vestigated the origin of twisting in β-sheet conformations. Ideal β-sheets consist of

two or more parallel or antiparallel strands (single peptide chains) that lay on the

same plane and are hydrogen bonded to each other. Actual β-sheet motifs show

an interstrand right-handed twist coupled to an intrastrand left-handed twist. Our

DFT results reveal that these twists are actuated by compression derived from hbs

and repulsive interactions between strands.
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Towards an Exact Treatment of Exchange
and Correlation in Materials: Application to the

“CO Adsorption Puzzle” and Other Systems

Qing-Miao Hu∗, Martin Fuchs, Karsten Reuter, and Matthias Scheffler

Electronic-structure theory is the base for a multiscale modeling of materials prop-

erties and functions. Obviously, if the needed accuracy is lacking at this base, there

is little hope that accurate predictions can be made at any level of modeling that

follows. For polyatomic systems, density-functional theory (DFT) with present-day

exchange-correlation (xc) functionals has proven to be an excellent technique for

calculations at this electronic-structure base. However, it is not as good for cer-

tain types of binding interactions, and notable errors contained in local (LDA) or

semi-local (GGA) DFT functionals include spurious self-interaction or the lack of

van der Waals (dispersion) interactions. Demonstrating that such errors are often

rather short ranged, we present a systematic, nonempirical scheme to locally correct

the LDA or GGA energy of extended systems by analyzing properly chosen clusters

and employing higher-quality quantum chemistry methods [1]. When looking at ap-

propriate energy differences, a smooth and rapid convergence of the calculated xc

correction with cluster size is observed. Particularly, for metallic systems it is only

this xc correction, not the total energy, that is converged at cluster sizes that are

still treatable, e.g. with Møller-Plesset perturbation theory (MP2). The approach is

applicable to bulk systems as well as to defects in the bulk and at surfaces. It is

demonstrated, here, by computing the energetic order of the high-symmetry sites

for the low-coverage adsorption of CO at Cu(111) and Ag(111). The corrections to

potential energy surfaces obtained with LDA or GGA are found to be significant: For

CO diffusion at Ag(111) energy barriers are changed by more than a factor of two,

and for CO at Cu(111) even the topology is altered, reconciling the first-principles

calculations with existing experimental data.

Furthermore, the approach is applied to evaluate the equation of state of Cu

bulk, enabling us to perform MP2 calculations (via systematic extrapolation, start-

ing from the LDA) for an extended system. In contrast to the adsorption systems

we find the hybrid functional B3LYP and MP2 to yield a description of Cu bulk

that is inferior to that achieved at the GGA level. This may not be that surprising,

but at present we also cannot rule out that the MP2 convergence with cluster size is

different to that of the other treatments. We, therefore, use our results as the basis

for a critical discussion of MP2 calculations of extended metallic systems.

∗ Permanent address: Institute of Metal Research, Chinese Academy of Sciences, Shen-

yang, P.R. China.
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Diffusion Monte Carlo Calculations of Non-Covalent Bonds:
Performance for Benzene Dimers and Water Hexamers

Martin Fuchs, Claudia Filippi∗, and Matthias Scheffler

Non-covalent interactions between molecules such as hydrogen bonding and van der

Waals dispersion forces play an eminent role in a wide range of materials. Their

strength determines, for instance, the conformation of large biomolecules and phys-

ical properties of molecular crystals and liquids. Properly including them in first-

principles calculations requires an accurate description of electronic correlations,

which may (for hydrogen bonding) or may not (for dispersion forces) be within

the reach of density-functional theory (DFT) with present exchange-correlation (xc)

functionals (such as GGAs). Benchmarking DFT by correlated wavefunction-based

approaches thus remains important. Diffusion Monte Carlo is in principle one such

powerful approach, yet experience on its performance for non-covalent interactions

is still sparse. In a systematic diffusion Monte Carlo (DMC) study of biomolecular

model systems [1] we have shown that DMC describes the strength of (cooperative)

hydrogen bonds in agreement with converged MP2 calculations, and aromatic (π–π)

stacking in a DNA base pair in agreement with CCSD(T) coupled cluster corrections

beyond the MP2 level.

Here, we assess the performance of DMC on a more demanding energy scale and

examine whether DMC can resolve the small (0 to 2 kcal/mol) energy differences

between isomers of (i) π–π stacked benzene dimers and (ii) hydrogen bonded wa-

ter hexamers. Both systems provide strict tests for improvements over present xc

functionals in DFT. We find that DMC yields the energetic ordering of the iso-

mers in overall agreement with that from CCSD(T) calculations (benzene dimer)

[2], and MP2 calculations for the water hexamer (as discussed in TH20). However,

the absolute DMC binding energies depend significantly on the choice of the one-

electron orbitals (obtained from Hartree-Fock or DFT-B3LYP calculations) used to

construct the determinantal part of the trial wavefunction for DMC. Indeed, the

trial wavefunction determines the accuracy of the fixed-node and localization (of

nonlocal pseudopotentials) approximations and, hence, of the total energy in DMC

calculations. To clarify the role of the one-electron orbitals, we are performing ad-

ditional DMC calculations with different basis sets and orbitals optimized together

with the Jastrow correlation factor [3].

∗ Permanent address: Instituut-Lorentz, Universiteit Leiden, The Netherlands.
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Full-Potential, All-Electron Ab Initio Molecular
Simulations Across All Elements: “FHI-aims”

Volker Blum, Paula Havu, Ville Havu, and Matthias Scheffler

Quantitative predictions based on quantum-mechanical first principles should ide-

ally be possible within one consistent, efficient, and accurate framework, regardless

of element or structure type. Here, we present FHI-aims (“ab initio molecular sim-

ulations”), a new full-potential, all-electron, first-principles computer code [1], and

highlight its central concepts – specifically, the basis set, concepts for relativity, and

scaling. Further important developments include Hartree-Fock based hybrid func-

tionals, MP2 theory, and GW quasiparticle corrections (TH(IG) 23).

FHI-aims is based on numerical atom-centered orbitals u(r)·Ylm(θ, φ). This choice

allows to treat finite and periodic systems on an equal footing, with near-O(N)

scaling through the localization of u(r). By including atomic radial functions in the

basis set the near-nuclear treatment is basically exact. We show how to construct

transferable, element-specific basis sets using symmetric dimers by choosing basis

functions one by one from a large pool of possible shapes u(r) (e.g., free-ion like,

hydrogen-like); and how to choose a cutoff potential shape and range to localize the

basis that maintains both accuracy and efficiency.

For heavy elements, relativistic effects must be accounted for. We compare the

“scaled zero-order regular approximation” (scaled ZORA) [2] to implementations

analogous to pseudopotentials or muffin-tin augmented basis functions, where near-

nuclear (relativistic) and interstitial (non-relativistic) regions are separated. For Au

and Pt dimers, bulk, and simple surfaces, scaled ZORA yields accurate geometries,

and energy differences, e.g. within ∼0.1 eV/atom of LAPW for surface energies. We

highlight the critical importance of proper relativity for the “CO/Pt(111) puzzle”

[3], where the ZORA-predicted adsorption site differed from other methods.

We demonstrate the favorable scaling of FHI-aims for finite and periodic systems:

polyalanine biomolecules, Cu clusters, and Au(100) surface slabs up to the (5×20)

reconstruction. By partitioning the integration grid into localized batches, O(N 1.4)

scaling with system size N is achieved for the critical grid-based operations (Hamil-

tonian integration and charge density update); the Hartree potential scales O(N≤2)

but is not a bottleneck. Parallel scaling is demonstrated up to hundreds of CPU’s.

For very large systems, work on a parallel iterative eigenvalue solver is in progress.

[1] V. Blum and M. Scheffler; R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren,

K. Reuter, P. Rinke, A. Sanfilippo, A. Tkatchenko, The FHI Ab Initio Molecular

Simulations (aims) project, www.fhi-berlin.mpg.de/aims/.

[2] E. van Lenthe, E.J. Baerends, and J.G. Snijders, J. Chem. Phys. 101, 9783 (1994).

[3] P.J. Feibelman et al., J. Phys. Chem. B 105, 4018 (2001).
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Efficiently beyond LDA and GGA: Exact-Exchange, GW,
and MP2 United by Numeric Atom-Centered Orbitals

Xinguo Ren, Andrea Sanfilippo, Patrick Rinke∗, Volker Blum, Karsten Reuter,

and Matthias Scheffler

Density-functional theory (DFT) has contributed significantly to our current atom-

istic understanding of the structural and electronic properties of poly-atomic sys-

tems, but some deficiencies of prevalent local and semilocal exchange-correlation

functionals (LDAs and GGAs) present unnecessary limitations. Most notably these

are the spurious self-interaction, the absence of non-local correlation (van der Waals,

image interactions), and the absence of the derivative discontinuity with respect to

changes in the electron number. To overcome these deficiencies many-body pertur-

bation theory in the bare Coulomb interaction (Hartree-Fock, MP2) is a standard

approach to systematically improve exchange and correlation, whereas the first order

perturbation in the screened Coulomb interaction (Hedin’s GW approximation) has

become the method of choice for calculating quasiparticle excitations. Here we show

how these methods can be integrated into a unified framework using localized basis

sets, which by construction promises to give an efficient, all-electron description.

Our formulation of HF, MP2, and GW is based on the new efficient DFT code

FHI-aims [1], in which numeric atom-centered orbitals (NAOs) are employed as basis

functions. A key feature of our formalism is that intermediate quantities like the po-

larizability, and bare and screened Coulomb potentials are represented by a second,

auxiliary set of atom-centered basis functions. Thanks to the resolution of identity

technique [2], the same auxiliary basis functions enable us to do the HF, hybrid func-

tional, MP2, and GW calculations. As a first application, we have performed GW

calculations for a set of finite systems spanning individual atoms, small molecules

(methane, silane, benzene), small clusters (Nan), and biomolecules (alanine). Our

approach requires only a moderate amount of basis functions, which considerably

increases the efficiency compared to plane-wave approaches. For all our test cases

GW produces ionization potentials in much better agreement with experiment com-

pared to LDA or HF. We also demonstrate the utility of our MP2 approach for small

hydrogen-bonded systems, e.g. the H2O dimer. In MP2 (unlike in DFT!) NAOs are

subject to a basis set superposition error due to near-nuclear correlation – when cor-

recting for this effect, already DFT-quality NAO basis sets yield converged energy

differences in agreement with much larger traditional Gaussian basis sets.

∗ Also at: Materials Research Lab, University of California at Santa Barbara, USA.
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On the Accuracy of First-Principles Lateral Interactions:
Oxygen at Pd(100)

Yongsheng Zhang, Volker Blum, and Karsten Reuter

Lateral interactions between species adsorbed at solid surfaces are crucial micro-

scopic properties that have been the target of surface science studies for a long

time. These interactions govern both the equilibrium as well as the nonequilibrium

ordering behavior of the adsorbates, and thereby influence critically the surface

function in important applications like heterogeneous catalysis. In modern multi-

scale modeling approaches addressing corresponding mesoscopic ensemble effects,

lateral interactions represent also the key quantities that are passed on in the link

between the electronic structure level calculations and statistical simulations based

on coarse-grained lattice-gas Hamiltonians (LGHs). It is the uncertainty contained

in the lateral interactions that propagates to the final multiscale results, and it is

this uncertainty that thus needs to be critically assessed to establish a robust link

with error-control across the scales.

Within this context, we employ the first-principles LGH approach to determine

the lateral interactions between O atoms adsorbed on the Pd(100) surface. With

these interactions we obtain an ordering behavior at low coverage that is in quanti-

tative agreement with experimental data. Uncertainties in the approach arise from

the finite LGH expansion and from the approximate exchange-correlation (xc) func-

tional underlying the employed density functional theory energetics. We carefully

scrutinize these uncertainties and conclude that they affect primarily the on-site en-

ergy, which rationalizes the agreement with the experimental critical temperatures

for the order-disorder transition. We also investigate the validity of the assumption

that the ordering energies can be represented by a sum of pair terms, which is fre-

quently employed to simplify the indirect determination of lateral interactions from

sparse experimental data. Restricting our LGH expansion to just pairwise lateral

interactions, we obtain effective interactions which contain spurious contributions

that are of equal size, if not larger than any of the uncertainties, e.g. due to the

approximate xc functional [1]. Not surprisingly, pairwise interactions determined by

fitting to measured critical temperatures in the low-coverage range do then not pro-

vide any error-control and lead to qualitatively wrong results when employed outside

the fitted range: In the present case, this means critical temperatures that are wrong

by 1000K when only 0.1 monolayer above the coverage range used in the fit.

[1] Y. Zhang, V. Blum, and K. Reuter, Phys. Rev. B 75, 235406 (2007).
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Hot Electron Relaxation at the Si(100) 2× 1 Surface:
Linking Density-Functional and Density-Matrix Theory

Norbert Bücking∗, Peter Kratzer†, Matthias Scheffler, and Andreas Knorr∗

For the properties and performance of nanometer-scale semiconductor devices, car-

rier relaxation dynamics at interfaces or surfaces is becoming increasingly important.

For example, time-resolved two-photon photoemission (2PPE) is used to probe the

time- and energy-resolved electron dynamics on a sub-picosecond scale [1]. The the-

oretical description of carrier dynamics in the time domain, however, has hitherto

been limited to highly idealized systems, using simplified assumptions and empirical

material parameters.

We introduce a new approach to calculate the optical excitation and subsequent

phonon-assisted relaxation dynamics of a population of conduction-band electrons

at semiconductor surfaces. This approach, exemplified by calculations for the Si(100)

2 × 1 surface, proceeds in two steps [2]: First, the atomic and electronic structure

of the surface is calculated using density-functional theory (DFT) with the local-

density approximation. Then the dynamics of excitation and relaxation processes are

computed in a second step by using density-matrix theory. Starting from a Hamil-

tonian in second quantization, including electron-light and electron-phonon interac-

tions, master equations for the population densities are derived. In these equations,

material-specific quantities appear, such as the electronic band energies, the phonon

dispersions, the deformation potentials for the electron-phonon interaction, and the

matrix elements for optical transitions. The matrix elements involving electronic

wave functions and the band energies (apart from a self-energy shift) are evaluated

directly from the DFT calculations in step 1. For the phonon-related quantities a

simplified model with one acoustic and one optical mode is used.

In our calculations for the Si(100) 2×1 surface, electrons are initially excited into

conduction bands. They subsequently relax into the minimum of the unoccupied sur-

face band of Si(100). The population increase at the band bottom is described by

two time scales, a fast pure surface relaxation and a slower bulk relaxation. Their

magnitude is consistent with experimental findings [1]. These results demonstrate

that our approach is a very powerful tool to get insight into relaxation processes

with both atomistic spatial and femtosecond time resolution.
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