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description of reactive molecule-surface scattering(I1) 
 

10:40h-11:25h Hrvoje Petek: Multi-dimensional multi-photoemission at 

metal surfaces: Excitations and polaritons (I2) 
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Session 2:  Femtochemistry 

Chair: Heike Arnolds 
 

11:50h–12:35h Martin Wölf: Ultrafast dynamics of electronic structure 
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12:35h–13:00h Abderrazzak Douhal: Confined femtochemistry of C30 

within chemical and biological nanocavites: trapped charge transfer, 

twisting motion and specific interaction (O1) 
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adsorbates from first principles(O2) 
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15:00h-15:45h Rainer Beck: Quantum state-resolved gas/surface 
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within semiconductor subsurfaces (O3) 
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comparison with experimental measurements (O5) 
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Adsorption on Palladium (I8) 
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Chair: Hrvoje Petek 
 

15:00h –15:45h Karina Morgenstern: Influence of defects on phonons, 

Electronic structure, and diffusion (I9) 
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excitation (O7) 
 

16:10h–16:35h Emiko Kazuma: Isomerization mechanism for a single 

azobenzene derivative(O8) 
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Chair: Hermann Nienhaus 

 

17:00h – 17:45h Régis Gengler:  Revealing the ultrafast process behind the 

photoreduction of graphene oxide (I10) 
 

17:45h – 18:10h Juan de la Figuera: Surface evolution of magnetite(001) 

(O9) 
 

 

18:10h–18:35h Stefania Pagliara: Interface states and image potential 

states at the graphen/metal interface (O10) 
 

 

21:00h –24:00h Dinner 
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09:30h–11:00 Posters and coffee 
 

Session 8: Atom-surface interactions 

Chair: H. Fabio Busnengo 
 

11:00h – 11:45h Rocco Martinazo: Adsorption, clustering and reaction of 

Hydrogen atoms on graphene (I11) 
 

11:45h–12:10h Amand Lucas: Quantum ricochets of Ne+ ions on 

LiF(001) surface (O11) 
 

12:10h–12:55h Pascal Larregaray: Theoretical description of the 

abstraction dynamics of nitrogen and hydrogen from Tungsten surfaces 

(I12) 
 

12:55h–13:20h Amjad Al Taleb: Phonon dynamics of graphene on 

Ru(0001) (O12) 
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Session 9: Femtochemistry 

Chair: Karina Morgenstern 
 

15:00h–15:45h Heike Arnolds: Can we control non-adiabatic coupling 

between electrons and vibrations? (I13) 
 

15:45h–16:10h Henrik Öberg: Probing the transition state region in 

catalytic CO oxidation on Ru (O14) 
 

 

 



 

 

16:10h–16:35h Simon Rittmeyer: Quo vadis electronic friction? Assessing 

vibrational lifetimes of diatomics beyond the independent atoms 

approximation (O15) 
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17:00h–17:45h: Harald Oberhofer: Quantitative computational water 
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INVITED AND ORALS 



Towards a chemically accurate description of reactive molecule-surface 

scattering. 

 

Geert-Jan Kroes 

Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 2300 

RA Leiden, The Netherlands 

 

Achieving chemical accuracy in the theoretical description of reactive scattering at metal 

surfaces requires a chemically accurate description of the molecule-metal surface 

interaction and the dynamics of the involved molecule(s), and may additionally require 

an accurate description of surface phonons and electron-hole pair excitation. We have 

recently shown that a chemically accurate description of the molecule-surface interaction 

is possible with a novel implementation of specific reaction parameter density functional 

theory (SRP-DFT) for the H2 + Cu(111) system. Progress with the quest for chemical 

accuracy for reaction of molecules on metal surfaces will be reported for three systems. 

First, for H2 + Cu(111) a reanalysis of the associative desorption experiments performed 

on D2 + Cu(111) [1] yields effective barrier heights that agree to within chemical 

accuracy with dynamics results obtained with the SRP-DFT PES [2]. Preliminary 

calculations using the Quantum Monte Carlo (QMC) method reproduce the SRP-DFT 

barrier height for this system with chemical accuracy. Second, an improved description of 

reactive scattering in the early barrier system H2 + Ru(0001) is obtained with SRP 

density functionals incorporating a description of the van der Waals interaction [3]. 

Third, we report results of AIMD calculations on the reaction of CHD3 on Pt(111). The 

PBE functional underestimates the barrier height for this system by 0.1 eV [4]. Progress 

made with obtaining a more accurate functional for this system will be reported at the 

meeting.  

 

References.  

 

[1] H. A. Michelsen, C. T. Rettner, D. J. Auerbach, and R. N. Zare, J.Chem.Phys. 98, 

8294 (1993). 

[2] F. Nattino, A. Genova, M. Guijt, A. S. Muzas, C. Díaz, D. J. Auerbach, and G. J. 

Kroes, J.Chem.Phys. 141, 124705 (2014). 

[3] M. Wijzenbroek and G. J. Kroes, J.Chem.Phys. 140, 084702 (2014). 

[4] F. Nattino, H. Ueta, H. Chadwick, M. E. van Reijzen, R. D. Beck, B. Jackson, M. 

C. van Hemert, and G. J. Kroes, J.Phys.Chem.Lett. 5, 1294 (2014). 

 



Multi-‐dimensional	  multi-‐photon	  photoemission	  at	  metal	  surfaces:	  
Excitons	  and	  polaritons	  

	  
Hrvoje	  Petek	  

	  

1Department	  of	  Physics	  and	  Astronomy,	  University	  of	  Pittsburgh,	  Pittsburgh,	  PA	  15260	  
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We	   study	   the	   interaction	   of	   light	  with	   noble	  metal	   surfaces	   by	  multi-‐dimensional	  
multi-‐photon	  photoemission	  (mPP)	  under	  high-‐density	  femtosecond	  laser	  excitation	  
with	  photon	  energies	  in	  the	  range	  of	  1.3-‐4.8	  eV.	  By	  employing	  single	  color,	  broadly	  
tunable	   <15	   fs	   pulse	   excitation	   and	   energy	   vs.	  momentum	  photoelectron	   imaging,	  
we	   map	   out	   the	   multiple	   excitation	   pathways	   involving	   one	   and	   multiphoton	  
resonant	   transitions	   among	   the	   bulk	   sp-‐	   and	  d-‐bands,	   as	  well	   as	   surface	   Shockley	  
(SS)	  and	  image	  potential	  (IP)	  states,	  which	  dominate	  the	  mPP	  processes.	  We	  identify	  
features	  in	  the	  mPP	  spectra,	  which	  cannot	  be	  attributed	  to	  single	  particle	  excitations	  
among	   the	  well-‐known	   bands	   of	   Cu	   and	   Ag.	   In	   the	   case	   of	   Ag(111)	  we	   identify	   a	  
nondispersive	  feature	  in	  the	  near	  resonant	  two-‐photon	  SS-‐IP	  state	  transition,	  which	  
dominates	  in	  3PP	  spectra.	  We	  perform	  interferometric	  time-‐resolved	  photoemission	  
measurements	   in	   order	   to	   obtain	   3D	   (E,	   k,	   t)	   3PP	   spectra,	   which	   identify	   the	  
coherent	   pathways	   and	   coherence	   timescales	   for	   mPP	   via	   the	   transient	   exciton	  
resonance.	  Surprisingly,	  the	  3D	  spectroscopy	  reveals	  persistence	  of	  a	  coherent	  state	  
on	   ~50	   fs	   time	   scale	   within	   the	   Drude	   continuum	   of	   silver,	   which	   cannot	   be	  
explained	   by	   trivial	   models	   for	   mPP	   within	   the	   optical	   Bloch	   equation	   model.	  
Instead,	  the	  resonance	  appears	  at	  the	  consequence	  of	  the	  slow	  many-‐body	  screening	  
of	  Coulomb	  potential	  of	  the	  surface	  state	  hole	  upon	  excitation	  of	  an	  electron	  near	  the	  
two-‐photon	   SS-‐IP	   resonance.1	   Investigating	   the	   same	   transitions	   in	   the	   Cu(111)	  
surface	   we	   see	   no	   evidence	   of	   transient	   exciton	   features.	   Rather,	   at	   excitation	  
wavelengths	   approaching	   the	   d-‐	   to	   sp-‐band	   threshold	   we	   see	   a	   multiplication	   of	  
spectroscopic	  bands	   in	  mPP	  spectra.	  We	  attribute	  this	  phenomenon	  to	  building	  up	  
of	  a	  polaritonic	  polarization	  field	  associated	  with	  the	  slowly	  dephasing	  d-‐	  to	  sp-‐band	  
transition.	   Our	   analysis	   shows	   that	   in	   addition	   to	   the	   external	   field,	   the	   local	  
polaritonic	  field	  drives	  the	  mPP	  process.	  Detailed	  analysis	  of	  the	  3D	  spectra	  identifies	  
new	  correlated	  optical	  excitation	  pathways	  with	  surprisingly	  slow	  dephasing	  rates.	  
	  
1	   Cui,	  X.	  et	  al.	  Transient	  excitons	  at	  metal	  surfaces.	  Nat	  Phys	  10,	  505	  (2014).	  
	  
	  
	  



Ultrafast dynamics of electronic structure changes in photoinduced 
processes at surfaces 

 
Martin Wolf 

Fritz Haber Institute of the MPG, Dept. of Physical Chemistry, 14195 Berlin, Germany 
 

 

The combination of inorganic semiconductors with organic molecules to hybrid 
systems promises superior functionality of the interface compared to optoelectronic 
properties of the single materials. We have investigated the electron dynamics of the 
ZnO(10-10) surface and the influence of hydrogen and several organic molecules on 
the electronic structure using time-resolved two-photon-photoemission (2PPE) 
spectroscopy. We directly monitor the hot electron relaxation in the ZnO conduction 
band and the formation of surface excitons within a few ps, which decay mediated a 
thermal activated process on a 100 ps timescale [1]. Hydrogen termination leads to 
the formation a metallic ZnO surface, whereas e.g. pyridine adsorption leads to work 
function reduction up to 2.9 eV, which be useful for controlling energy level alignment 
at inorganic/organic interfaces. 

Furthermore, we have investigated the mechanism of the photoinduced insulator-to-
metal transition in VO2 using trARPES and transient optical reflectivity measurements 
and find a quasi-instantaneous band gap collapse upon photoexcitation. This 
ultrafast metallization occurs even faster than hot carrier relaxation and thus also 
before significant lattice rearrangement has occurred suggesting that the collapse of 
the gap is independent of the changes of the crystal lattice structure.  

Finally I will give a brief update on recent time-resolved experiments of surface 
reactions at the X-ray free electron laser LCLS: Femtosecond laser induced excites 
motions of CO and O on a Ru(0001) surface allowing the reactants to collide and, 
with a transient close to a picosecond (ps), new electronic states appear in the O K-
edge spectrum. Density functional theory calculations indicate that these result from 
changes in the adsorption site and bond-formation between CO and O with a 
distribution of OC—O bond lengths close to the transition state [3].  
 
[1] J.C. Deinert, D. Wegkamp, M. Meyer, C. Richter, M. Wolf, and J. Stähler,  

Ultrafast exciton formation at the ZnO(10-10) surface, 
Phys. Rev. Lett. 113, 057602 (2014) 

[2] D. Wegkamp, M. Herzog, L. Xian, M. Gatti, P. Cudazzo, C. L. McGahan, R. E. Marvel, R. F. 
Haglund, Jr., A. Rubio, M. Wolf and J. Stähler, Instantaneous band gap collapse in photoexcited 
monoclinic VO2 by photocarrier doping, 
arXiv: 1408.3209, Phys. Rev. Lett. (in press 2014) 

[3] H. Öström et al., Probing the Transition State Region in Catalytic CO Oxidation on Ru  
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Confined femtochemistry of C30 within chemical and 

biological nanocavites: trapped charge transfer, 

twisting motion and specific interactions  

 
C. Martin, B. Cohen and A. Douhal 
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Castilla-La Mancha, 45071 Toledo, Spain. 
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Recently, we have reported on femtochemistry of electron and proton transfer within 

chemical and biological cavities and channels [1-5]. In this talk, I will show results of 

studying the ultrafast intramolecular charge transfer (ICT) and twisting motion of 

Coumarin 30 in solutions and caged within cyclodextrins /CDs), and human serum 

albumin (HAS) protein [5]. The fs-experiments reveal significant changes in the 

dynamics upon encapsulation by DM- -CD and HSA. The change is explained in terms 

of how water molecules modulate the ICT event and how the restriction of the 

environment modifies the torsional process. For C30 within the HSA protein the 

intermolecular interactions with the amino acid residues is revealed, giving rise to a 

complex photodynamical behaviour due to hydrophobic, H-bonding, electrostatic and 

polar nature of the heterogeneous environment inside the protein. The protein 

confinement does not allow the occurrence of twisting motion in the trapped C30, and 

we observed a very fast (less than 100 fs) and slower (~ 13 ps) ICT processes. The 

results can be applied to design better coumarin-based fluorescent labels for biological 

applications.  

 

Keywords: Intramolecular Charge Transfer, Confinement, Femtosecond, 

Photodynamics, Binding, Hydrophobicity. 
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Multiphoton k-resolved photoemission from gold surface states with 800-nm
femtosecond laser pulses

Fausto Sirotti1, Nathan Beaulieu1, Azzedine Bendounan1, Mathieu G. Silly1, Christian
Chauvet1, Gregory Malinowski2, Guido Fratesi  3,4,5, Valérie Véniard5,6, and Giovanni

Onida3,5

1Synchrotron SOLEIL, L'Orme des Merisiers, Saint-Aubin, 91192 Gif-sur-Yvette, France
2Laboratoire de Physique des Solides, Université Paris-Sud, CNRS UMR 8502

3Dipartimento di Fisica, Università degli Studi di Milano, Milano, Italy
4CNISM and Dipartimento di Scienza dei Materiali, Università di Milano-Bicocca, Via Cozzi 55,

20125 Milano, Italy
5European Theoretical Spectroscopy Facility (ETSF)

6Laboratoire des Solides Irradiés, École Polytechnique, CNRS-CEA/DSM, 91128 Palaiseau,
France

We measure direct multiphoton photoemission of the Au(111) surface state with 800-nm laser
pulses. We observe the parabolic dispersion in the angular distribution of photoelectrons having
absorbed between four and seven photons. The k  dispersion we measure can be explained in∥
terms of Shockley-state replicas, with a nascent hot electrons distribution at k  above the Fermi∥
level.  Moderate laser power densities,  of  the order of 100GW/cm2, resulted in large electron
yields, indicating the importance of multiphoton excitations to define the electronic and magnetic
properties of matter in the first hundred femtoseconds after laser excitation [Phys. Rev. B 2014,
90, 035401].



Quantum State-Resolved Gas/Surface Reactivity: Probing the Role of Vibration in 
Dissociative Chemisorption 
 
Rainer D. Beck, P.M. Hundt, M.E. Van Reijzen, H.J. Chadwick 
Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland. 
E-mail : Rainer.Beck@epfl.ch 

 

 
 We present recent results from our laboratory on quantum state resolved reactivity measurements 

for the dissociative chemisorption of methane and water and their deuterated isotopologues on Ni and 
Pt surfaces1-5. Both dissociation reactions play an important role in the steam reforming process used 
to convert methane and water into a mixture of hydrogen and carbon monoxide by heterogeneous 
catalysis. Using state-selective reactant preparation by infrared pumping in a molecular beam, we 
prepare the surface incident methane and water molecules in specific ro-vibrational quantum states 
and measure the state-resolved reactivity on a single crystal surface using surface analytical techniques 
such Auger electron spectroscopy, King & Wells beam reflectivity, and reflection absorption infrared 
spectroscopy of the surface bound reaction products. The results of our measurements provide 
evidence for mode- and bond-specificity as well as steric effects, which shows that direct 
chemisorption reactions of both methane and water cannot be described by statistical rate theory but 
require dynamical treatments including all internal vibrational and rotational degrees of freedom of the 
dissociating molecule. The detailed reactivity data obtained in our measurements serves as stringent 
test for the development of a predictive understanding of these industrially important gas/surface using 
first principles theory1, 4-6. 
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Hydrogen-induced Nanotunnel Opening within Semiconductor Subsurface 
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One of the key steps in nanoscience/nanotechnology is our ability to engineer low 
dimensional nano-objects, such as quantum dots, nanowires, 2D atomic layers or 3D 
nano-porous systems. Here, we report the 1st evidence of nanotunnels opening [1]. 
Such an effect is induced by selective adsorbate interaction at surfaces having intrinsic 
compressive stress, and demonstrated for Hydrogen/Deuterium (H/D) atoms reacting at 
the sub-surface region of a wide band-gap semiconductor, silicon carbide. This finding is 
established combining ab-initio computations, vibrational spectroscopy, and synchrotron 
radiation-based photoemission. H/D-induced sub-surface Si atoms puckering marks the 
critical step in nanotunnel opening. Depending on H/D coverage, nanotunnels are either 
metallic or semiconducting. Dangling bonds generated inside the nanotunnel offer a 
promising template to capture atoms or molecules. These features open nano-tailoring 
capabilities toward advanced applications in electronic, chemistry, storage, sensors or 
biotechnology. It impacts important issues such as e.g. tunneling nano-junctions that are 
of central importance in electronics/spintronics applications. Understanding/controlling 
such a mechanism opens routes toward semiconductor surface/interface 

functionalization. 
 
[1] P. Soukiassian, E. Wimmer, E. Celasco, C. Giallombardo, S. Bonanni, L. Vattuone, L. Savio, A. 

Tejeda, M. Silly, M. D’angelo, F. Sirotti, M. Rocca 

Hydrogen-induced Nanotunnel Opening within Semiconductor Subsurface, 

Nature Com. 4: 2800, 21 November (2013) 

 

 



CLASSICAL TRAJECTORY STUDY OF  

METHANE REACTIVE STICKING ON Pt(111), Ni(111), and Ir(111) 
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ABSTRACT: In this talk we will present recent results of quasi-classical trajectory (QCT) 

calculations based on reaction-specific reactive force fields (RFFs) built from Density Functional 

Theory (DFT) total energy data. First, we will illustrate the possibilities of Tersoff-like RFFs to 

provide an accurate representation of high dimensional molecule-surface potential energy 

surfaces (PES), through the comparison of RFF- and DFT-total energies for methane interacting 

with Pt(111), Ni(111), and Ir(111). Then, we will present QCT results, by focusing on the role of 

the PES corrugation and anisotropy, ioptopic effects and vibrational-mode- and bond-selectivity 

for deuterated isotopologues of methane, effects of surface relaxation and surface temperature. 

Finally, we will briefly discus advantages and limitations of RFF-based QCT calculations as well 

as perspectives, in the light of the comparison with available experimental data. 

 

 



Nonadiabatic Effects in Gas-Surface Interactions:  
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ABSTRACT: 

 

The pertubation of the electronic system during gas-metal interactions can cause significant 

electronic excitations with lifetimes on the femtosecond timescale [1]. Such non-adiabatic 

processes occur when electronic states are injected below the Fermi level such rapidly that the 

occupation of the states by resonant charge transfer is delayed. According to Zener’s criterion [2] 

this happens more likely in cases of fast nuclear motion and of low coupling between gas particle 

and metal states. Experimental evidence of chemically induced electronic excitations is gained by 

detecting exoelectron emission into the vacuum, surface chemiluminescence and internal hot hole 

or hot electron chemicurrents. The latter method uses thin-film electronic devices with internal 

potential barriers as high-pass energy filters. Metal-semiconductor (Schottky) diodes are the most 

prominent examples for sensitive detectors of both, hot charge carriers and chemiluminescence 

photons. Independent measurements of the phenomena uncover the various excitation 

mechanisms. An empty state below the Fermi level may inject a hot hole into the band of 

occupied electronic metal states or can be filled after Auger relaxation leading to an excited 

electron in the metal surface. For the oxidation of metals these two fundamental processes can be 

experimentally distinguished. The chemicurrent method can be applied to demonstrate quantum 

size effects in surface reactions, e.g., for the oxidation of Mg epilayers and to study kinetically 

initiated electronic excitations as shown for the currently-discussed oxidation of Al surfaces. The 

interaction of chlorine with potassium will be presented as an example for a strong 

chemiluminescence reaction. By use of K/Ag/Si-multilayer Schottky diodes the coupling between 

emitted photons and Ag surface plasmons leads to an enhanced photocurrent in the device at a 

typical Ag film thickness of around 50 nm.  

 

 

References: 
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Energy dissipation during the adsorption of gas species on metal surfaces
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An important issue in the study of gas-surface reactive processes is determining how the energy
released during the dissociative and molecular adsorption of the incoming species is dissipated into
the surface and, specifically, which mechanisms contribute to such energy dissipation: electron-hole
(e-h) pair excitations, energy exchange with the lattice, both?

In a recent publication [1], we show using ab-initio molecular dynamics with electronic friction
(AIMDEF), which is based on the local density friction approach (LDFA) [2], that the relaxation
of the transient hot H atoms formed during dissociation of H2 on Pd(100) is dominated by the
electronic mechanism. In particular, we find that dissipation into e-h pairs is five times faster than
dissipation into the lattice atoms. Given that this is primarily a consequence of the long time the H
atoms have to spend in Pd(100) regions of high electronic density before being finally accommo-
dated into the adsorption well, the question that emerges is how the dissipation mechanisms and,
specifically, the competition between e-h pairs and phonons will depend on two important factors:
(i) the depth of the adsorption well and (ii) the mass ratio between the gas species and the surface
atom.

In order to explore this issue, we have also investigated with AIMDEF the adsorption of heavier
projectiles with quite different adsorption energies: N on Ag(111), which is characterized by an
adsorption energy of the order of 2 eV and N2 on Fe(110), which has adsorption wells with energies
ranging between 0.2-0.5 eV. Our preliminary simulations show that despite energy dissipation is
initially dominated by energy exchange with the lattice atoms in both systems, the contribution of
e-h pair excitations is still crucial during the accommodation stage that occurs at longer times.

[1] M. Blanco-Rey, J.I. Juaristi, R. Dı́ez Muiño, H.F. Busnengo, G.J. Kroes, and M. Alducin, Phys.
Rev. Lett. 112, 103203 (2014).

[2] J.I. Juaristi, M. Alducin, R. Dı́ez Muiño, H. F. Busnengo, and A. Salin, Phys. Rev. Lett. 100,
116102 (1995).



An accurate and full-dimensional potential energy surface for H / Au(111)
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We have constructed a full-dimensional potential energy surface for a H-atom at Au(111) by fit-
ting DFT energies to Nørskov’s Effective Medium Theory [1] expression. Our procedure provides
an accurate treatment for displacements of Au atoms and compares well to DFT energies obtained
from ab initio molecular dynamics [2]. In our molecular dynamics simulations, we include the in-
teraction of the H-atom to electron hole pairs by means of local density friction approximation, and
observe strong contribution due to non-adiabatic effects. A comparison to experiment shows very
good agreement.

[1] K. W. Jacobsen, Surface Science, 1996, 366, 394–402.
[2] S. M. Janke, Z. Phys. Chem., 2013, 227, 1467–1490.



Atomic-scale processes in surface diffusion: expectations and exceptions. 

W. Allison 
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ABSTRACT: 

Theoretical expectations for the thermal behaviour of atoms and molecules at surfaces are well 

established [1].  We expect an isolated particle to move in a well-defined energy landscape subject 

to excitations with a white-noise character so that the particles vibrate about an equilibrium position 

with occasional hops to new sites.  As the density of diffusing particles increases we expect pairwise 

forces to become increasingly important.  Finally, we expect the dynamics to be dominated by 

classical mechanics as we are dealing with the motion of heavy particles. 

The Helium Spin echo (HeSE) experiment allows aspects of the dynamics to be interrogated in the 

case of both atomic and molecular adsorbates provided the motion takes place in strict thermal 

equilibrium (i.e. the coverage of the adsorbates does not change in time)[2].  The timescale of the 

observation goes from sub-picosecond to greater than one nanosecond, and the distance scales 

extend to the sub-atomic range. 

In the talk I will discuss a variety of systems.  In some, the theoretical expectations are met but my 

main aim is to describe new experimental data where there are clear exceptions to the established 

“rules”.  Specific examples include rare gas adsorption (Xe/Ni(111)) and water dynamics on graphene 

(H2O/C/Ni(111)). 

[1] T Ala-Nissila, R Ferrando and SC Ying, Advances in Physics (2002) 51 949 

 R Martínez-Casado, JL Vega, AS Sanz, and S. Miret-Artés, Phys. Rev. Lett. (2007) 98, 216102 

[2] AP Jardine, G Alexandrowicz, H Hedgeland, W Allison and J Ellis, PCCP. (2009), 11, 3355 

 B J Lechner, H Hedgeland, et al, Angew. Chem. Int. Ed. (2013) 52 5085 
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The formation of polymer films on various surfaces as metals, glasses or even other polymers, 
can modify the initial properties of the substrate. These modifications can be used to prepare 
brand new materials with likely applications in the highly ambitious fields of electronics and 
catalysis. In recent years the field of surface preparation techniques has grown due to the success 
of film deposition on anodes [1-3]. However, these new materials have presented several 
drawbacks; For instance, films were not completely coated since for many cases the chemical 
stability was rather poor. Thus, several theoretical studies have been presented with the aim of 
shading some light on those not fully understood processes of metal coating [4-6]. 
We present a theoretical study on the adsorption of Acrylonitrile on Cu(100) surface and Cu(100) 
previously covered with NaCl monolayers. We have used the Density Functional Theory (DFT) 
including van der Waals dispersion forces via a DFT-D2 scheme. A thorough Ab initio and static 
DFT study is presented. Thus, we have analyzed adsorption energies and geometries, electronic 
structure and charge transfer between the molecule and the surface. From the dynamic point of 
view, several trajectories at different temperatures and conditions have been studied for each 
system, in order to get an accurate description of the stability of the adsorbate when adsorbed on 
the surface. 
The studied systems present a weak interaction between the substrate and the adsorbate as well as 
other striking and interesting properties that will be discussed in our presentation.  
 
[1] Michael D. Irwin, D. Bruce Buchholz, Alexander W. Hains, Robert P. H. Chang, PNAS 105, 8, 2783-2787 (2008) 
[2] H. Kim ,J.S. Horwitz, W.H. Kim, A.J. Mäkinen, Z.H. Kafafi, D.B. Chrisey, Thin Solid Films, 420, 539-543 (2002) 
[3] J. P. Maranchia,*, A. F. Heppb and P. N. Kumta Solid State Lett. 6, 9, A198-A201 (2003) 
[4] V.M. Geskin, R. Lazzaroni, M. Mertens, and R. JérômeJ.Chem.Phys 105, 8 3278 (1996) 
[5] C. Fredriksson, R. Lazzaroni, J.L. Brédas, M. Mertens, R. Jérôme, Chem. Phys. Lett. 258, 3-4, 356-362 (1996)  
[6] Christophe Bureau, Mireille Defranceschi, Joseph Delhalle, Guy Deniau, Jean Tanguy, Gérard Lecayon, Surface 
Science 311, 3, 349-359 (1994) 



Supersonic Beam Studies of Water Adsorption on Palladium 
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Adsorption of water on metals continues to fascinate the surface science community, but 

remarkably few supersonic molecular beam studies have been undertaken to explore the 

dynamics of water sticking. Here, we report one such study, focusing upon the adsorption of 

water on Pd{100}, in which we identify both a low-energy precursor-mediated sticking 

mechanism and a high-energy direct sticking mechanism. The dependence of sticking 

probability upon the internal energy of the water molecules is also explored, as too is the 

reactivity of incoming water molecules towards pre-adsorbed oxygen. 



Influence of defects on phonons, electronic structure, and 
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Surface chemistry depends crucially on the local environment of the participating 

molecules. It is thus of utmost importance to understand the influence of defects on 

both the electronic and the phononic structure as seen locally by the molecules. 

Inelastic spectroscopy performed by a low-temperature scanning tunneling 

microscope gives information about the influence of surface defects onto the local 

phonon spectra. Local variations in the spectra are confirmed to theoretical 

calculations. The same method also reveals an inelastic scattering of surface state 

electrons at adsorbed molecules. Elastic scattering of these surface state electrons 

leads to a long-range interaction between molecules and influences their diffusion. 

By a combination of femtosecond laser excitation with a low temperature scanning 

tunneling microscope we find for both, thermal and laser-driven diffusion an 

oscillatory energy dependence on distance. Surprisingly, the phase is inverted, i.e. 

at distances at which thermal diffusion is most difficult, it is easiest for laser-driven 

diffusion and vice versa. Reasons for this difference and the consequence of all local 

variations onto surface reactions will be discussed. 

 



Lateral switching of a CO by vibrational excitation 
 

Hyun Jin Yang1,2, Maki Kawai2, Yousoo Kim1 
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Inelastic electron tunneling (IET) process at an isolated molecule confined in the tunnel 
junction of a scanning tunneling microscope (STM) provides an effective pathway to excite 
molecular vibration leading to a variety of dynamic behaviors of the target molecule, such as 
lateral hopping, rotation, desorption and even chemical reaction.  

Here we demonstrate a novel type of vibrationally-induced lateral switching of a CO molecule 
in a local c(4x2)-CO structure on the Pt(111)[1], which is clearly different from the lateral 
hopping of a CO on Pd(110)[2] or switching of a molecular rotor[3]. It is well known that CO on 
Pt(111) has two available adsorption sites, ontop and bridge sites, which reveal different 
adsorption energy and vibrational properties such as mode frequency and coupling, with respect 
to the adsorption site. We reported that the overlayer structures according to the surface coverage 
(Fig.1(a)), focusing on the appearance of bridge CO at the center of c(4×2) unit and the 
contribution of bridge CO to the intermolecular interaction[4]. The bridge CO shows a bridge-to-
top (b-t) switching inside the c(4×2) unit, and quantified action spectrum [5] of the b-t transition 
by STM as shown in Fig.1 (b). While ontop CO never moves by vibrational excitation with 
tunneling electrons, bridge CO hops to adjacent ontop position by injecting tunneling electrons at 
a certain bias voltage corresponding to the CO internal stretch mode. Moreover, energy applied to 
an ontop CO triggers b-t switching of adjacent bridge CO molecules, implying the ontop-bridge 
inter-adsorbate interaction. The expected potential energy surface, mechanism of b-t hopping, and 
the contribution of inter-adsorbate to the lateral switching will be discussed. 

 Fig. 1: (a) STM images revealing the evolution of superstructures of CO on Pt(111) according to surface coverage. (b) 
An action spectrum and a current trace for CO switching in a local c(4x2) unit. Inset: an STM image showing CO switching. 
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Azobenzene is one of the most attractive candidates for molecular switches based on cis -trans 

isomerization.  The mechanism of cis-trans isomerization has still been a controversial issue.  The 

proposed isomerization reaction pathways are (1) the CNN bending (inversion) and (2) the 

CNNC torsion (rotation) (Fig. 1).
1-3

  For the purpose of investigating which pathway is reasonable, 

we used an original azobenzene derivative which would result in different conformational 

isomers depending on the reaction pathways.  We synthesized 4-isopropoxy-3'-

methoxyazobenzene (IMA) and visualized the isomerization reaction of a single IMA molecule 

on a Ag(111) induced by injecting tunneling electrons from the tip of a scanning tunneling 

microscope (Low temperature STM, Omicron, ~3.0×10
-11

 Torr).   

 

Fig. 1  Two kinds of isomerization pathways for azobenzene derivative.  (1) Inversion and (2) Rotation. 

 

The IMA molecules right after deposited on Ag(111) have two stable cis structures (cis-A and B) 

and reversible isomerization between cis- and trans-IMA was achieved by injecting tunneling 

electrons (Fig. 2).  Conformational changes between cis-A and B were induced at lower bias 

around 0.42 eV (cis-A→B) and 0.48 eV (cis-B→A).  On 

the other hand, isomerization from cis- to trans-IMA 

occurred at around 1.5 eV.  The isomerization from cis-

B based on the inversion or rotation pathway, but on the 

other hand, from cis-A was based on only inversion due 

to steric hindrance between the two functional groups.  

Similarly, trans-A reverted to cis-A based on inversion 

and trans-B reverted to cis-B based on rotation.  These 

indicate the isomerization mechanism is different 

depending on the initial structure of the molecules. 

 
【References】1) H. Rau, E Lüddecke, J. Am. Chem. Soc. 1982, 104, 

1616.  2) J. Henzl, et. al, Angew. Chem. Int. Ed. 2006, 45, 603.  3) 

B.-Y. Choi, et. al, Phys. Rev. Lett. 2006, 96, 156106. 

 
Fig. 2  Typical STM images of four different 

IMA isomers.  All possible reaction pathways 

for IMA isomers.   
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Effective techniques to reduce graphene oxide are in demand owing to the multitude of potential 

applications of this two-dimensional material. A very promising green method to do so is by 

exposure to ultraviolet irradiation. Unfortunately, the dynamics behind this reduction remain 

unclear. Here will be presented a series of transient absorption experiments performed in an effort 

to develop and understand this process on a fundamental level. An ultrafast photoinduced chain 

reaction is observed to be responsible for the graphene oxide reduction. The reaction is initiated 

using a femtosecond ultraviolet pulse that photoionizes the solvent, liberating solvated electrons, 

which trigger the reduction. The present study [1] reaches the fundamental time scale of the 

ultraviolet photoreduction in solution, which is revealed to be in the picosecond regime.  

 

At the end of the communication a brief presentation of the development and first results of an 

ultrafast electron diffraction setup build at the Zernike Institute for Advanced Materials will be 

made.  
 
[1] Nature Communications 4, Article number:2560 doi:10.1038/ncomms3560 

 

 

 

 



Surface evolution of magnetite (001)

Juan de la Figuera  1
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ABSTRACT: Magnetite  is  the  ultimate  functional  material:  ferrimagnetic  with  a  high  Curie
temperature, a half-metal conductor, multiferroic at low temperatures and with a metal-insulator
transition  known  for  the  last  century.  It  finds  use  in  applications  as  diverse  as  catalysis,
information storage and manipulation, or soil decontamination. The magnetite (001) surface has
been  well  studied,  and  after  a  recent  LEED  IV study,  we  finally  know its  detailed  atomic
structure. In this work, we employ low energy electron microscopy and diffraction to characterize
its  (001)  surface  between  room  temperature  and  high  temperature.  Upon  increasing  the
temperature the surface first undergoes an order-disorder transition of the reconstruction shown at
room temperature  [1].  That  transition  can  be  modeled  by a  hard-ball  model,  giving  specific
predictions of the energy required to create the lowest energy excitation, and suggesting that the
surface should became reduced upon crossing the transition. At higher temperatures, exposure to
oxygen makes the surface grow. The growth is characterized in real time and real space as a
function  of  time,  temperature  and  pressure.  It  is  due  to  the  local  oxidation  of  magnetite  to
hematite  and  the  simultaneous  growth  of  magnetite  on  the  surface  of  the  crystal  in
macroscopically  separated  regions  [2,3].  The  surface  growth  is  followed  in  detail  by  the
characterization in real time of dislocation spirals whose shape will be shown to depend on both
the anisotropy of steps on magnetite (001) as well as on kinetic limitations.

[1] N.C. Bartelt et al., Phys. Rev. B 88 (2013) 235436
[2] S. Nie et al., J. Amer. Chem. Soc.135 (2013) 10091
[3] K.F. McCarty et al., J. Phys. Chem C 118 (2014) 19768

Figure: LEEM images of the (001) surface of magnetite, showing a magnetite mound 
around a dislocation, under different temperature and oxygen pressures. They all show 
the same area and have a field of view of 20 µm.  
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The interaction of graphene overlayers with metallic surfaces have become the focus of worldwide 

research since the extraordinary properties of the single layer graphene [1]. 

A very sensitive microscopic probe of the Gr-metal coupling is represented by Image Potential States. 

These unoccupied states being characterized by a large spatial expansion into the vacuum of the 

associated wavefunctions depend sensitively on the Gr-metal interaction. 

Image states comparable to those of the clean metal surface were observed both in weakly (Gr/Ir) and 

strongly (Gr/Ru) interacting systems. In the former, the image state appears essentially unchanged by 

the presence of graphene [2]. Due to a strong corrugation of the graphene layer, the strongly interacting 

graphene/Ru interface shows two series of image potential states [3].  

Herein, by means of angle-resolved non-linear photoemission, we discuss two additional systems: the 

weakly interacting Gr/Cu(111) and the strongly interacting Gr/Ni(111). 

Comparing non-linear, angle-resolved photoemission data on graphene/Cu(111) with those obtained 

from a single layer graphene grown on polycrystalline copper, we provide evidence for the existence of 

an interface state at the Gr/Cu(111) which strongly hybridizes with the first IPS. Moreover, as 

confirmed by calculations based on a one-dimensional model potential, this hybridization results in two 

states with a significant amplitude probability in the correspondence of Gr/metal well. 

From the study of the Gr/Ni(111) interface, two occupied and two unoccupied surface states appear. 

One of the unoccupied state has been ascribed to the n=1 image potential state, the other to an interface 

states. In contrast with the Gr/Cu(111), in this system the bulk origin of the interface state can be 

clearly identified by ab initio calculation. 

 
[1] Batzill, Surf. Sci. Reports 67, 83 (2012). 

[2] D. Niesner et al., Phys. Rev. B 85, 081402 (2012); 

[3] N. Armbrust et al., Phys. Rev. Lett. 108, 056801 (2012); 



Adsorption, clustering and reaction of Hydrogen atoms on graphene

Rocco Martinazzo1,

1Dept. of Chemistry, Università degli Studi di Milano, v. Golgi 19, 20133, Milano, Italy

The interaction of atomic hydrogen with graphitic substrates and the detailed mechanisms behind
the formation of H2 molecules on such substrates have attracted much attention in the last decade
because of their possible relevance in a number of fields, from interstellar chemistry to nuclear
fusion and graphene technology. In this contribution I will focus on the behaviour of hydrogen
atoms chemisorbed on graphitic substrates (and their reaction to form H2), emphasizing the unique
consequences that adsorption of H atoms has on the electronic structure of graphene.
First, I will briefly discuss adsorption of single H atoms on free-standing and supported graphene,
the so-called preferential sticking in multiple adsorption and cluster formation. Secondly, I will
focus on the Eley-Rideal reaction between a chemisorbed H and a gas-phase H atom, and present
results of reduced-dimensional quantum wavepacket studies covering a wide energy range, as well
as of a detailed ab initio molecular dynamics investigation including lattice motion and competing
dimer formation processes. Finally, I will present our recent progress in studying the (activated)
hydrogen sticking process in the chemisorbed regime. I will show in particular how classical (or
ab initio) molecular dynamics can be employed to define a system-bath model which can be solved
with multi-configuration time-dependent Hartree methods to investigate vibrational relaxation and
sticking dynamics in a non-Markovian, fully quantum dynamical setting.
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A new mechanism is proposed for the capture, multiple bouncing and final escape of a fast ion (keV) 

impinging on the surface of a polarizable material at grazing incidence. Capture and escape are 

effected by elastic quantum diffraction consisting in the exchange of a parallel surface wave vector 

between the ion parallel momentum and the surface periodic potential. Diffraction-assisted capture 

becomes possible for glancing angles smaller than a critical value (of order 1°) related to the ion de 

Broglie wavelength and to the average electronic image potential at the distance from the surface 

where diffraction takes place. The ion can fall into a selected image capture state, ricochet one or 

several times before being released by the time reverse diffraction process. The capture, ricochet and 

escape are accompanied by a large, periodic energy loss of several tens of eV caused by the coherent 

emission of many hundreds of quanta of Fuchs-Kliewer optical surface phonons characteristic of the 

polar material. An analytical calculation of the energy loss spectrum, based on the proposed diffraction 

process and using a model ion-phonon coupling developed earlier[1], is presented which fully explains 

the experimental skipping spectrum of Villette et al [2] for 1 keV Ne
+
 ions ricocheting several times 

on a LiF (001) surface. 

 

[1] A.A. Lucas, M. Sunjic and G. Benedek, J. Phys.: Condens. Matter 25, 355009 (2013). 
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ABSTRACT: Quasi-classical trajectory simulations have been intensively used, in the past few 

years, to rationalize the dynamics of recombination of N2 and H2 from W(100) and W(110), 

resulting from the abstraction of a chemisorbed atom by an impinging one from the gas-phase. 

These simulations, relying on density-functional-theory based potential energy surfaces, have 

shed light on the collision mechanisms leading to Eley-Rideal abstractions. Such ultrafast 

processes, in which the chemisorbed species is taken away from the surface upon single collision 

of the impinging atom, will be first described, focusing on the significant role of surface. Recent 

efforts towards the understanding of the Hot-Atom processes, in which the impinging atom may 

diffuse at hyperthermal energies on the surface before reaction, will be then presented for 

recombination of H2 from W(110). 
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The phonon dynamics of epitaxial graphene on Ru(0001) has been investigated by means of high-

resolution Helium Atom Scattering (HAS). The graphene layer was prepared in UHV by cracking of 

C2H4 at high temperatures. The He-diffraction spectra are consistent with the Moire periodicity already 

observed with STM [1], and with a relative small value of the total corrugation amplitude. The time of 

flight data reveal the existence of five modes: the S1 and S6 modes, already observed on graphite 

(001) [2], a Rayleigh wave, a quasi dispersionless mode at 4 meV attributed to the Moire 

superstructure and a new acoustical mode. Surprisingly, the Rayleigh mode observed for 

graphene/Ru(0001) is almost identical to the one measured on clean Ru(0001). The new acoustical 

mode cannot be assigned to the S7 shear mode, since it is forbidden in the scattering geometry used. A 

possible origin may be an electronic mechanism, since HAS can in principle be sensitive to low-

energy surface collective excitations like acoustic plasmons [3]. 
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Can we control non-adiabatic coupling between electrons and vibrations? 

Heike Arnolds 

Surface Science Research Centre, University of Liverpool, Oxford Road, L69 3BX 

 

Some classic concepts in surface reactivity have been successfully translated to surface 

femtochemistry: adsorbates on step sites couple more strongly to hot electrons than adsorbates on 

terrace sites due to a higher adsorbate-projected density of states at the Fermi level, as shown for CO 

and NO on platinum (Backus, Bonn); NO exhibits faster coupling to hot electrons than CO on iridium 

since its unoccupied states are closer to the Fermi level (Arnolds); the number of vibrational states 

participating in the hot-electron induced reaction strongly influences the reaction rate (Schiøtz); 

adsorbates with higher desorption energy couple more strongly to hot electrons (Camillone).  

Here we revisit the model system of CO on copper and demonstrate that non-adiabaticity can be 

controlled through adsorbate-adsorbate interactions by the relatively simple means of changing 

adsorbate coverage. We identify the frustrated rotation as the responsible mode and we argue that the 

underlying reason is a combination of adsorbate density-of-states and shape of the potential energy 

surface.  
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One of the key steps in nanoscience/nanotechnology is our ability to engineer low 
dimensional nano-objects, such as quantum dots, nanowires, 2D atomic layers or 3D 
nano-porous systems. Here, we report the 1st evidence of nanotunnels opening [1]. 
Such an effect is induced by selective adsorbate interaction at surfaces having intrinsic 
compressive stress, and demonstrated for Hydrogen/Deuterium (H/D) atoms reacting at 
the sub-surface region of a wide band-gap semiconductor, silicon carbide. This finding is 
established combining ab-initio computations, vibrational spectroscopy, and synchrotron 
radiation-based photoemission. H/D-induced sub-surface Si atoms puckering marks the 
critical step in nanotunnel opening. Depending on H/D coverage, nanotunnels are either 
metallic or semiconducting. Dangling bonds generated inside the nanotunnel offer a 
promising template to capture atoms or molecules. These features open nano-tailoring 
capabilities toward advanced applications in electronic, chemistry, storage, sensors or 
biotechnology. It impacts important issues such as e.g. tunneling nano-junctions that are 
of central importance in electronics/spintronics applications. Understanding/controlling 
such a mechanism opens routes toward semiconductor surface/interface 

functionalization. 
 
[1] P. Soukiassian, E. Wimmer, E. Celasco, C. Giallombardo, S. Bonanni, L. Vattuone, L. Savio, A. 

Tejeda, M. Silly, M. D’angelo, F. Sirotti, M. Rocca 
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Quo vadis electronic friction? Assessing vibrational lifetimes of diatomics beyond the
independent atoms approximation

Simon P. Rittmeyer1, Karsten Reuter1, J. Iñaki Juaristi2, and Jörg Meyer3

1 Chair for Theoretical Chemistry, Technische Universität München, Garching, Germany
2 Departamento and Centro de Fı́sica de Materiales (CSIC-UPV/EHU), San Sebastián, Spain

3 Leiden Institute of Chemistry, Leiden University, Leiden, The Netherlands

The quest for a both accurate and numerically efficient first-principles-based treatment of electron-
ically non-adiabatic adsorbate dynamics on metal surfaces is still ongoing. A promising candidate
is the concept of electronic friction within the local density friction approximation (LDFA). The
latter has so far been applied to describe the nuclear dynamics of “real” adsorption problems either
on interpolated high-dimensional potential energy surfaces (PES) from first principles [1], or even
directly in ab initio molecular dynamics simulations [2].
The numerical efficiency of LDFA-based friction coefficients stems from an intrinsic decomposition
and mapping of the interacting system to independent atoms that are embedded in a homogeneous
electronic density. Concomitantly, this inherent simplicity has also raised concerns about the accu-
racy of this theory. It has been heavily criticized not to capture subtle changes in the electronic struc-
ture of molecules interacting with metal surfaces, resulting in a wrong description of non-adiabatic
energy losses in gas-surface dynamics [3]. Measurements of vibrational lifetimes on metal surfaces
have been invoked as accurate “key observables” a non-adiabatic theory is challenged to reproduce
[4].
In order to clarify this picture, we apply the LDFA to the non-adiabatic damping of adsorbate vi-
brations on transition metal surfaces and discuss it by comparing the results to other theoretical
approaches as well as experimental data. Moreover, in an attempt to take both molecular effects and
surface mobility into account, we introduce a simple and computationally very efficient strategy to
extend the LDFA beyond the hitherto inherent independent-atoms and frozen-surface approxima-
tion. Within this extension we achieve very good agreement between both LDFA and calculations
actually resolving the electronic structure [5], as well as experiments. Lastly, the importance of
non-adiabatically-induced adsorbate mode-coupling is scrutinized and discussed as compared to
anharmonic contributions from the underlying Born-Oppenheimer PES.

References

[1] J. I. Juaristi et al., Phys. Rev. Lett. 100, 116102, (2008).
[2] M. Blanco-Rey et al., Phys. Rev. Lett. 112, 103203, (2014).
[3] A. C. Luntz et al. Phys. Rev. Lett. 102, 109601, (2009).
[4] P. Saalfrank, Chem. Rev. 106, 4116, (2006).
[5] M. Forsblom and M. Persson, J. Chem. Phys. 127, 154303, (2007).



Quantitative computational water splitting:

beyond proton-coupled electron transfer

Harald Oberhofer, Daniel Berger, Markus Sinstein, Stefan Ringe,

and Karsten Reuter

In recent years, quantitative theoretical understanding of the important
(photo-)electro-catalytic water oxidation reaction has become possible through
thermodynamic approaches, such as the highly successful computational hydro-
gen electrode method by Nørskov and Rossmeisl.[1] At the heart of this scheme
lies–due to physical as well technical considerations–the assumption that every
oxidation step proceeds via proton-coupled electron transfer (PCET). Using a
version of this approach modified for co-catalyst/catalyst screening [2] we show
that this is not necessarily the case. Indeed, regarding only PCET can lead to
an underestimation of the viability of certain catalyst/co-catalyst combinations.

In going beyond PCET calculations one needs to be able to compare relative
energies of charged surface intermediates, which typically suffer from a vast finite
size effect in periodic supercell calculations. To avoid this we implemented a
number of embedding techniques, both on the side of the surface via solid-
state QM/MM [3] and with regards to the solvent effect via implicit solvation
techniques, into the all-electron DFT and beyond code FHI-AIMS.[4]
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INVESTIGATING THE SURFACE STRUCTURE OF AMORPHOUS SOLID
WATER VIA SELECTIVE INFRARED IRRADIATION OF THE OH

STRETCHING MODES.

J. A. Noble1, C. Martin1, H. J. Fraser2, P. Roubin1, and S. Coussan.1
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Amorphous solid water (ASW) is ubiquitous in the cold interstellar medium, where ASW-coated
dust grains provide a catalytic surface for solid phase chemistry.1 Laboratory experiments have
shown that the ice surface adsorbs small molecules such as CO, N2 or CH4 at OH groups dangling
from the surface.2−4 Both the bare ASW surface and molecule-coated surfaces exhibit characteristic
absorption bands in the infrared, ascribed to these “dangling OH” groups (Figure 1). Such absorp-
tion features have, however, yet to be positively identified in interstellar spectra.5

Figure 1: Selective IR irradiation
of ASW surface molecules.

Our study presents completely new insights concerning
the behaviour of ASW upon selective infrared irradia-
tion of its dangling modes.6−7 When irradiated, the sur-
face H2O molecules reorganise, predominantly forming a
monomer-like mode on the ice surface (Figure 1). The re-
sults suggest that all dangling modes share one common
channel of vibrational relaxation; the ice remains amor-
phous but with a reduced range of binding sites, and thus
an altered catalytic capacity. The reorganisation of the
water surface upon selective irradiation of the dangling
modes could help to explain why their absorption features
have not yet been observed in interstellar spectra; wa-
ter molecules are displaced from the surface layer, form-
ing a monomer-like structure which can then react or des-
orb.

1. Williams, D. A. & Taylor, S. D.,Q. J. R. Astron. Soc.1996, 37, 565
2. Buch, V. & Devlin, J. P.,J. Chem. Phys.1991, 94, 4091
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4. Manca, C.et al., Chem. Phys. Lett.2000, 330, 21
5. Keane, J. V.et al., Astron. Astrophys.2001, 375, 43
6. Noble, J. A.et al., J. Phys. Chem. Lett.2014, 5, 826
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Self-assembled monolayer of Fe(II)-coordinated DCNQI molecules on Ag(111)
surface
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Nazario Martı́n2, José M. Gallego3, Roberto Otero1, Rodolfo Miranda1, Fernando

Martı́n1,2,4

1Universidad Autónoma de Madrid, 28049 Madrid, Spain
2Universidad Complutense de Madrid, 28040 Madrid, Spain
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ABSTRACT: One- (1D) and two-dimensional (2D) coordination polymers and networks at surfaces
are of great interest owing to their promising applications in catalysis, solid sensors, electronics and
magnetism. We has studied 1D nanorods of zinc porphyrin coordinated with oxygenated ligands
on metal surfaces using a combined STM, XPS and first-principles method. Recently, well ordered
2D networks were produced by self-assembly of DCNQI molecules through coordination with iron
atoms on Ag(111) surface.
Here we present a computational study of this system using first-principles calculations. Our cal-
culations show that the DCNQI is chemisorbed on Ag(111) with the central ring remaining flat and
the CN group inclined to the surface. This implies the strong bonding between nitrogen and silver,
similar to the adsorptions of DCNQI[1] and TCNQ on Cu(100). The DCNQI molecules (with cis
conformation) self-assemble into a stable 2D network through intermolecular hydrogen bonds, in
agreement with the observed STM images. After the deposition of Fe atoms, a new 2D network
is formed with each Fe atom coordinated to four molecules. According to Bader’s analysis of the
electron density, each DCNQI possesses two negative charges, with one electron transferred from
Fe and the other from the surface, consistent with the XPS spectra of Fe 2p and N 1s core levels. We
have also modeled the ferromagnetic, antiferromagnetic and ferrimagnetic phases for the coordina-
tion network. All these phases are degenerate in energy, indicating the weak interaction between Fe
atoms in the network due to the long distance (> 10 Å). The calculated total magnetic moment per
cell is 2.2 µB, with 1.8 µB on each Fe atom and 0.4 µB on each molecule. These results suggest
an oxidation state of +2 for Fe in the network. The low spin state of Fe is the consequence of the
crystal field splitting of irons d-orbitals as CN− group is a strong field ligand.
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F.; Gallego, J. M.; Otero, R. and Miranda, R. J. Phys. Chem. C, in revision.
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Diffraction of atoms and light molecules under fast grazing incidence conditions has 

emerged as a very useful tool to study surface properties and decoherence phenomena
[1]

.  

In order to complement the intense experimental effort done on this subject during the last 

decade, we have performed a theoretical study on the dynamics of H2-LiF(001) system,  

aiming to understand the asymmetry observed in the experimental diffraction spectra of 

H2 along the <110> LiF(001) low-Miller index direction, which is not observed for the 

<100> one. And, to analize, among other effects, the role of the structure factor. To 

perform this study, we have worked within the Born-Oppenheimer static surface 

approximation, using an accurate potential energy surface
[2]

. To validate the accuracy of 

the chosen theoretical tools
[3,4] 

we have compared our results for H and H2 scattering from 

Li(001) with available 

experimental ones.  
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Figure1: Diffraction patterns of H scattered from LiF(001) surface along <100> direction with an initial 

energy of 0.8 keV under an incident angle of 1.48º .(a) Theoretical results ; (b)  data from experiments
[1]

.  



Surface Segregation during the Growth of Mixed Oxides by Reactive Molecular
Beam Epitaxy

Laura   Martin1, Lucia Aballe2, Michael Foerster2, Juan de la Figuera1
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ABSTRACT: Oxides on metals have attracted interest among others due to their applications in
catalysis . In particular ultrathin FeO films and islands on metals have been found to catalyze a
variety of reactions such as the CO oxidation. This has led to a renewed interest in the growth and
characterization of such films. By means of low-energy electron microscopy we have observed in
real-time  iron  oxide  growth  in  reactive  molecular  beam epitaxy on  Ru(0001)  single  crystal
substrates. We have previously reported the initial stages of iron oxide growth and in particular
the ability to change the growth mode from monolayer to bilayer as a function of oxygen pressure
[1], the different oxides grown at later stages [2,3], and their oxidation behavior [4]. In this work,
we have started to study how the growth proceeds in real-space and real-time for mixed iron-
cobalt oxides. In particular we report on the initial stages of Fe/Co monoxide growth, were a
novel self-segregation process into Co-rich and Fe-rich islands takes place at a particular growth
stage, as confirmed by X-ray PhotoEmission Electron Microscopy.

[1] I. Palacio et al., J. Phys. Cond. Matt. 25, (2013) 484001
[2] B. Santos et al., J. Phys. Cond. Matt. 21 (2009) 314011
[3] M. Monti et al., Phys. Rev. B 85 (2012) 020404
[4] M. Monti et al., J. Phys. Chem. C 116 (2012) 11539

Figure: low-energy electron microscopy showing 
bilayer oxide islands. Islands with different Co/Fe 
content appear with different contrast. The field of 
view is 5 µm.



Dispersion forces effects on the He and Ne diffraction from metallic surfaces
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Motivated  by  recent  experimental  studies  about  Ne,  He  and  Ar  diffraction  from  a
Ru(0001) surface [1], where the last two cases display anticorrugating effects, i.e. corrugation
inversion, and by the possibility of using vdW (van der Waals) DFT (density functional theory)
functionals which allow one to simulate accurately the mentioned experiments, we have studied
these systems from a theoretical point of view, aiming  to determine the role of van der Waals
interactions on the anticorrugation phenomena observed in the mentioned diffraction processes.
To achieve this task, we built the 3D PESs (potential energy surfaces) based on DFT calculations
performed by means of the Vienna ab initio simulation package (VASP) [2]. 

We  tested  different  vdW
functionals  during  these
calculations  in  order  to  simulate
the dispersion forces. Finally,  the
diffraction  spectra  are  being
computed using both classical and
quantum  dynamics  simulations.
Although  diffraction  is  a  'pure'
quantum  phenomenon,  and
quantum  dynamics  is,  in
principle,  unavoidable  to  study
our  system,  a  classical  analysis
based  on  parallel  momentum
binning  [3]  has  already revealed
as a very useful tool to mimic and
analyze  diffraction  spectra  [4,5].
First results will be shown during
the workshop.

Scattering pattern obtained with 
classical dynamics of He over 

Ru(0001) at an incident angle of 
90º with respect to the surface
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558. [3] C. Díaz et al. Journal of Chemical Physics 122 (2005) 154706. [4] D. Farías et al. Physical Review Letters 93 (2004) 246104.
[5] C. Díaz et al. Journal of Physical Chemistry C 116 (2012) 13671



The role of surface-molecule energy exchange on the reactivity of O2 on
CuML/Ru(0001)
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Bimetallic surfaces are becoming very attractive for surface scientists dueto their great practical in-
terest. Very often they present chemical properties significantly different from those of their parent
metals [1-3]. Thus, they can be used, for instance, to enhance selectivity in some catalytic processes,
such as transition metal oxidation ones. To shed some light and get more insight into such processes,
we have studied the dissociative and non-dissociative adsorption of O2 on CuML/Ru(0001). STM
experiments [4] have shown that sticking coefficients for O2 on a monolayer (ML) of Cu adsorbed
on Ru(0001) is almost three order of magnitude larger than those of clean Cu(111). It has been
suggested that this behavior may be due to the presence of a empty surfacestate in the electronic
structure of CuML=1/Ru(0001). On the other hand, subsequence King and Wells (KW) measure-
ments [5] have shown that sticking coefficients for CuML = 1/Ru(0001) are less than an order of
magnitude larger than those of Cu(111), for incidence energies above 0.2 eV. Our theoretical adia-
batic simulations, using accurate six-dimensional potential energy surfaces (PES), reveal that KW
measured sticking coefficients for O2/CuML = 1/Ru(0001) are due to both dissociative adsorption
and molecular adsorption. Our simulations also show that the inclusion of surface atoms motion
is fundamental to reproduce qualitatively the experimental results. Eventually, our first results on
O2/CuML = 2/Ru(0001) show sticking coefficients similar to those obtained by STM measurements.
Our results on this system seem to indicate that a surface state is not the responsible for the decrease
of the sticking coefficients as function of the number of Cu layers, because the surface state isnot
well reproduced in our calculations.
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Modeling of the Dissociative Adsorption of Methane on Ir(111) Based on First
Principles
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ABSTRACT: The dissociative adsorption of methane on metal surfaces is a model system for the
study of gas-surface reactions involving polyatomic molecules. The recent developments of the
experimental techniques allows today,  to perform high-precision measurements of the reactive
properties of these systems under a variety of well-controlled conditions.[1] 
Reaction  specific  Tersoff-like  reactive  force  fields  (RFF)  have  been  recently employed  with
success  in  the  modeling  of  methane  dissociation  on  Ni(111)  and  Pt(111).  Through  classical
trajectory  calculations  its  use  for  Pt(111)  allowed  to  explain  the  high  C-H  bond  selectivity
experimentally achieved for all  the partially deuterated isotopologues of methane by exciting
judiciously chosen particular vibrational modes.[2] In this work, we develop a Tersoff-like RFF
specific  to  describe methane  dissociation on Ir(111).  First,  we have performed an exhaustive
exploration of the potential energy surface (PES) through Density Functional Theory (DFT). The
exploration  consisted  in  the  search  for  transition  states  (TS)  on  different  surface  sites  and
molecular orientations on Ir(111) and many other configurations involving molecular and surface
distortions, and other extracted from Ab-initio molecular dynamics (AIMD) calculations. For the
rigid surface, we have found a lowest energy TS of 0.84 eV, which decreases to 0.66 eV when
surface relaxation is  allowed in line with the significant surface temperature effects observed
experimentally.  Then,  we  have  used  most  of  the  DFT  results  mentioned  above  to  build  a
configuration database that was employed to optimize the parameters defining the RFF by using a
non-linear  least-square  method.  The  developed  RFF  reproduces  well  all  the  DFT  energies
included in the input database, errors being e.g., not larger than ~50 meV for the DFT TSs with
and without allowing surface relaxation. Moreover, the TSs geometries predicted by the RFF are
very close to those predicted by DFT which is certainly necessary for realistic MD simulations in
progress in our group.
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ABSTRACT:  

 

In this study we aim to improve and further investigate the Static Corrugation Model (SCM) for 

the dynamics of the dissociative chemisorption of hydrogen on copper (111)[1]. Previously it was 

found that introducing static corrugation only to model the surface temperature dependency of the 

reaction of hydrogen on copper(111) lead to a consistent surface temperature dependency of the 

reaction compared to experimental data even though the static corrugation introduced was based 

on a simple pair-potential fit of only a few computed DFT results [2]. In this study we computed 

the coupling potential more rigorously, for many more configurations of several surface atoms, 

using exactly the same DFT functional and VASP setup as was used in an AIMD study[3] to 

further investigate the additivity of the modelled coupling potential. Preliminary results show that 

non-additivity of the coupling potential based on rigorous DFT results only is present and the 

success of the SCM is probably due to a fortunate cancellation of errors. With the new DFT data 

we aim to refit the one dimensional pair potential expression of the SCM using different fits for 

each surface layer. We also aim to investigate the effects of the SCM and the surface temperature 

on the rotational inelastic scattering probabilities also experimentally available.  
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Hydrogen dissociation on metal surfaces: the effect of the exchange–correlation
functional

Mark Wijzenbroek, Mark F. Somers and Geert-Jan Kroes
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Leiden, The Netherlands

ABSTRACT: For understanding surface science, having an accurate potential energy surface of
the system is vital. Unfortunately, for calculating such a potential energy surface one is limited
to density functional theory (DFT) due to the high computational cost of more accurate methods.1

Therefore, the use of an approximated exchange-correlation functional is needed. While a lot of
questions about the dissociation of hydrogen on metal surfaces have already been answered by
the use of standard ‘off-the-shelf’ exchange-correlation functionals, little is known about which
functionals work well, and more generally, how well DFT performs for such systems in general. In
this work, various exchange-correlation functionals are assessed for the dissociation of hydrogen on
various metal surfaces. Particular attention is given to functionals which go beyond the generalized
gradient approximation (GGA) but can still be efficiently evaluated (meta-GGAs2 and vdW-DF3).
For hydrogen dissociation on Ru(0001) it seems that the use of vdW-DF functionals is needed in
order to get a proper description of the reaction probability over a range of incidence energies.4
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Theoretical Study Excited Electronic States at Metal Surfaces by Wave-Packed
Dynamics.
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Image-states  are  quantized  electronic  states  which  are  characterized  by a  band gap  near  the
vacuum level at metal surfaces. The coupling of these states (which are localized on the surface)
to the bulk electronic states is the key point to a variety of dynamical processes, as for example
the  desorption  of  adsorbates  induced  by  electronic  excitations  [1].  Experimentally,  the
image-states  properties  (e.g.  binding  energies  and  lifetimes)  have  been  investigated  with
two-photon-photoemission  (2PPE)  and  its  time-resolved  version  (TR-2PPE),  where  the
interaction between the image-states with the laser field constitute the most important point to
understand the mechanisms or underlying factors [2-3]. So, we are interested in the theoretical
description of electrons trapped in an image-state on a metallic surface, when they interact with a
laser field. Therefore, as a first step, we develop a comprehensive software package (WPP) for
quantum wave-packet dynamics with time-dependent potentials, focused to describe these kind of
systems.

In  this  work  we  present  the  actual  state  of  the  program  and  we  introduce  its  capabilities.
Time-dependent Schrödinger equation is solved on a three-dimensional spatial grid by using the
Fourier split operator method, where there should be no crossed terms between momentum and
spatial coordinates in the Hamiltonian ( see for example [4] ). Hamiltonian diagonalisation to find
the eigenvalues and eigenvectors can be made using the Lanczos and imaginary time evolution
algorithms, also filter diagonalisation techniques may be used to find the eigenvalues of a system
from a  wavepacket  propagation.  The  program can  potentially  be  used  to  study problems  as
diverse  as  laser-surface  interactions,  photo-desorption  or  laser  control.  In  particular,  we  are
interested  in  the  above  experiments  (2PPE,  TR-2PPE).  We  present  the  results  for  some
benchmark systems,  in particular, the case of a surface model  potential [5] trying to exercise
control over the electron emission by modulation of the laser field.
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Role of the van der Waals interaction on the dissociative adsorption of N2 on W(110)
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Using ab initio molecular dynamics (AIMD) calculations we investigate the role of the van der
Waals interaction in the dissociative adsorption of N2 on W(110). Hitherto, existing classical dy-
namics calculations performed on six-dimensional potential energy surfaces based on density func-
tional theory (DFT) and semi-local exchange-correlation functionals were unable to fully describe
the dependence of the initial sticking coefficient on the molecular beam incidence conditions as
found in experiments. N2 dissociation on W(110) was shown to be very sensitive not only to close
molecule-surface distances, but also to the large distances region where the van der Waals interac-
tion, not included in semilocal-DFT, should dominate. In this work, we perform a systematic study
on the dissociative adsorption using a selected representation of existing non-local functionals that
include the van der Waals interaction. Starting with a pure static analysis of the potential energy
surfaces, we find that the original vdW-DF [1] and vdW-DF2 [2] functionals provide a rather good
description of the experimental observations regarding the adsorption well and the balance between
desorption and dissociation of the chemisorbed N2. In contrast, the optimized vdW-functionals pro-
posed in Refs. [3, 4] share the limitations of the (semi-local) PW91 potential energy surface for
this system, i.e., an excessively deep adsorption well from which the dissociation path compared
with the desorption one is energetically favored. Unexpectedly, the results of the AIMD performed
at different incidence conditions are not as satisfactory as the preliminary static analysis suggested.
We have to conclude that none of the used vdW-functionals seem to provide altogether an adequate
description of the N2/W(110) interaction at short and large distances.

[1] M. Dion, H. Rydberg, E. Schröder, D. C. Langreth, and B. I. Lundqvist, Phys. Rev. Lett. 92,
246401 (2004).

[2] K. Lee, E. D. Murray, L. Kong, B. I. Lundqvist, and D. C. Langreth, Phys. Rev. B 82, 081101
(2010).
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Surface strain improves molecular adsorption but hampers dissociation for N2 on the
Fe/W(110) surface
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We compare the adsorption dynamics of N2 on the unstrained Fe(110) and on a 10% expanded
Fe monolayer grown on W(110) by performing classical molecular dynamics simulations that use
potential energy surfaces calculated with density functional theory [1]. Our results allow us to un-
derstand the experimental observations of Homann et al. [2] showing that the inertness of Fe(110)
towards N2 adsorption disappears on Fe/W(110). In agreement with the reported ARUPS spec-
tra, we also illustrate why N2 adsorbs vertical to the surface though the hollow-parallel adsorption
well is energetically more favorable. Surprisingly, we also find that while surface strain favors the
molecular adsorption of N2 it seems, on the contrary, to impede the dissociative adsorption. This
unexpected observation of a combined molecular adsorption improvement and dissociative adsorp-
tion reduction highly contrasts with the common notion that associates surface strain with an overall
increase or reduction of all kind of adsorption events. We attribute the present unusual behavior to
the excessive stretching of the Fe monolayer that hampers the efficiency of the N–Fe interaction
in triggering dissociation. Probably, our finding is not specific of N2 on Fe/W(110) as the central
condition of a large tensile stretching can be achieved with many heteroepitaxial surfaces.
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H2 is the most relevant molecule of the universe. It is the most abundant one and is a key 

intermediate for the formation of more complex molecules. Its formation, which occurs on 

surfaces of cosmic dust partly made up of Mg,Fe-containing silicates, is complex as it involves H 

adsorption, diffusion and recombination. Due to its inherent relevance, H2 formation on dust grain 

surfaces can be considered as a paradigm of the astrophysical reactions. This work aims to 

simulate a crucial H diffusion path, which involves the transformation of a physisorbed state into 

a chemisorbed one, by means of a rigorous quantum mechanical treatment based on the climbing-

image nudged elastic band (CI-NEB) method combined with ab initio molecular dynamics 

(AIMD) in order to obtain an accurate description of the jump rate. The H hopping has been 

studied by means of PBE-D2 periodic calculations performed with the CP2K code. The reaction 

has been studied on the (010) surface of forsterite (Mg2SiO4), which is its major cleavage plane 

and the most stable one under dry conditions. At 300K the simulations show a spontaneous 

conversion from the physisorption to the chemisorption state, while at 100K the process does not 

occur, indicating that at this temperature both states remain stable. The calculated energy barrier 

as a result of the CI-NEB procedure was used to calculate the classical and quantum rate 

constants adopting the conventional and harmonic quantum transition state theories, respectively. 

Moreover, the final replica images that define the minimum energy path (MEP) were used as 

initial guesses in the execution of a set of constrained ab initio MD simulations in order to 

calculate the classical free-energy barrier for this diffusion path accounting for dynamic effects. 
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We measure direct multiphoton photoemission of the Au(111) surface state with 800-nm laser
pulses. We observe the parabolic dispersion in the angular distribution of photoelectrons having
absorbed between four and seven photons. The k  dispersion we measure can be explained in∥
terms of Shockley-state replicas, with a nascent hot electrons distribution at k  above the Fermi∥
level.  Moderate laser power densities,  of  the order of 100GW/cm2, resulted in large electron
yields, indicating the importance of multiphoton excitations to define the electronic and magnetic
properties of matter in the first hundred femtoseconds after laser excitation [Phys. Rev. B 2014,
90, 035401].
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A remarkable enhancement of atomic diffusion is highlighted by scanning tunneling microscopy
performed on ultrathin metastable  body-centered tetragonal  Co films grown on Fe(001).  The
films follow a nearly perfect layer-by-layer growth mode with a saturation island density strongly
dependent on the layer on which the nucleation occurs, indicating a lowering of the diffusion
barrier.  Density  functional  theory  calculations  reveal  that  this  phenomenon  is  driven  by  the
increasing capability of the film to accommodate large deformations as the thickness approaches
the limit at which a structural transition occurs. These results disclose the possibility of tuning
surface diffusion dynamics and controlling cluster nucleation and self-organization [Phys. Rev.
Lett. 2014, 113, 046102].
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The interaction of nitrogen with metal surfaces has been one of the most popular topics of research
in surface science for the last decades. This is due in part to the industrial importance of ammonia
synthesis, typically obtained from nitrogen and hydrogen catalyzed over iron-based compounds.
The rate limiting step in ammonia synthesis is the adsorption and dissociation of N2 on the catalyst
surface. In Fe surfaces, the reactivity of the process depends on the faces, the Fe(111) and Fe(211)
faces being the most reactive ones.
Although Fe(111) is the most reactive iron face for N2 dissociation, the dynamics of such process
has not been analyzed in detail. In this work we present exhaustive calculations of the interaction
of nitrogen atoms and molecules with the Fe(111) surface. From the calculations we can report a
detailed picture of the rate limiting step of ammonia synthesis which is consistent with the available
experimental observations.
We have performed an extensive set of Density Functional Theory (DFT) spin-polarized calculations
using VASP code. We first study the relaxation of the Fe(111) surface, which was a matter of
controversy in the past. From here, we calculate the interaction energy of nitrogen atoms and
molecules when approaching the Fe(111) surface. Our results show the preferred adsorption paths
and sites for nitrogen adsorption, as well as the adsorption energies. We use the full set of DFT data
and the Corrugation Reducing Procedure to build the multidimensional potential energy surfaces
both of N atoms and N2 molecules on Fe(111). We compare the adsorption reactivity of nitrogen
on Fe(111) and on other Fe faces. We finally discuss the dynamics of the dissociation process and
make the link with the high reactivity properties of the surface.
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Thin films of C60 grown on metal substrates have been widely investigated, due to their poten-
tial applications in organic electronics, such as field effect transistors (FETs) [1, 2], solar cells
[3, 4] and memory devices [5]. These applications exploit the exceptional electronic properties of
the C60/metal interface; in fact, due to the high propensity of C60 to readily accept electrons and
the metallic nature of the substrate, there is significant charge transfer from the substrate to the
molecules [6]. In a monolayer system, in particular, this charge transfer can be regarded as a self-
doping of the C60 monolayer itself. This behaviour has received considerable attention because it
might provide a route to induce superconductivity [7] or metal-insulator transitions without the need
of chemical doping. In this framework, the properties and electronic dynamics of the unoccupied
states at the C60/metal interface have recently become of topical interest. Among these states, par-
ticularly relevant are the Image Potential States (IPS), typical of a metal surface and the Super Atom
Molecular Orbitals (SAMO), due to the spherical potential of the C60 molecular shell.
In this work we investigate the electron dynamics of such states in a single layer of C60 grown
on Ag(100) by means of angle-resolved and time-resolved non-linear photoemission, employing
femtosecond laser pulses as photon source. In particular, we have at first collected the non-linear
spectra of the clean substrate by tuning the laser photon energy in order to highlight the presence of
the hot electrons contribution and of the n=1 image potential state. Subsequently, we have studied
the occupied and unoccupied states of a single layer of C60 on Ag(100). In agreement with previous
experimental results on Cu(111), measurements of parallel dispersion indicate that the n = 1 image
state is localized in the presence of one monolayer of C60 due to the generation of a a surface dipole
lattice. The origin of other unoccupied states is also discussed.
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A catalyst’s performance is largely dictated by the rate of replenishment of its surface active sites. 

This fact has motivated studies on gas-surface reactions that result in molecule recombination and 

desorption, the fast Eley-Rideal (ER) reaction in particular, where a surface adsorbate is directly 

picked up by a gas phase species to conform a molecule. So far, ER processes on metals were 

considered marginal and restricted to light projectiles, such as H and D, where most 

recombination events follow after the slower hot-atom (HA) process. Since ER and HA 

mechanisms are not experimentally distinguishable, simulations are crucial. 

 

Using molecular dynamics and potential energy surfaces (PES) built from ab-initio data, we show 

that hyperthermal gas-phase N atoms can react with N adsorbates on a densely covered Ag(111) 

via ER. Moreover, the efficiency per impinging N atom is remarkably high even at large energies 

(~35% at an incident energy Ei = 7 eV). This finding implies that now fast direct pick-up should 

be seen as a relevant product desorption channel during gas-surface reactions. This high N2 yield 

follows from the relatively long-ranged attractive and barrierless nature of the N-N interaction 

PES on the Ag(111) surface  [1].  

 

The angular energy distribution of the resulting desorbed N2 molecules is in agreement with that 

of related molecular beam experiments [2]. The analysis of the energy partitioning after the 

highly exothermic N-N bond formation shows that about 7 eV contribute to N2 rovibrational 

excitation, and that only <20% of the total available energy is transferred to the surface. The latter 

term is correlated with the N2 translational energy [3]. 
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We have constructed a full-dimensional potential energy surface for a H-atom at Au(111) by fit-
ting DFT energies to Nørskov’s Effective Medium Theory [1] expression. Our procedure provides
an accurate treatment for displacements of Au atoms and compares well to DFT energies obtained
from ab initio molecular dynamics [2]. In our molecular dynamics simulations, we include the in-
teraction of the H-atom to electron hole pairs by means of local density friction approximation, and
observe strong contribution due to non-adiabatic effects. A comparison to experiment shows very
good agreement.
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ABSTRACT:  

 

We present our work on the oxidation of ultrathin, crystalline Mg films in the range of a few to a 

few tens of ML thickness. 

Employing the chemicurrent setup we are able to detect the creation of hot electron-hole pairs 

during the reaction of O2 molecules with crystalline Mg films using Mg:p-Si(111) 7x7 Schottky 

diodes at liquid nitrogen temperatures. For certain well defined monolayer thicknesses we detect 

a strong enhancement of the detected internal emission current by a factor of 2 to 3. We are able 

to show that the dynamics of the reaction does not change for these thicknesses from which we 

infer that those surfaces show in fact an increased initial reactivity, thus faster initial adsorption 

and oxidation rate. 

The enhancement of the oxidation rate is also visible in XPS measurements. The oxide 

component of the Mg 2p is larger for those samples, that also show a strong internal emission 

current. For these film thicknesses the 2
nd

 Mg monolayer is oxidized. This is in contrast to the 

previous experiments, where, at liquid nitrogen temperatures, only the topmost Mg layer reacts 

with oxygen. 

Combining this experiment with previous ones investigating the same reaction, but applying 

different Schottky diodes, we are able to probe the distribution of hot charge carriers for the O2 -> 

Mg reaction. We find that it can be described by a Boltzmann like distribution with an effective 

temperature of ~1600K. 
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Normal incidence scattering of hydrogen atoms off an H-covered tungsten W(110) 
surface is simulated via quasiclassical trajectories. A Density Functional Theory 
(DFT) based multi-adsorbate potential is first developed to account for coverage in 
the abstraction process. Such potential reasonably describes the observed low 
temperature specific surface arrangements. The competition between Hot-Atom 
(HA) and Eley-Rideal (ER) abstractions is studied as a function of collision energy 
and coverage. Cross sections, final energies of the recombination products and 
reaction times are analyzed. At low coverage (θ=0.25 ML) and low collision 
energy (< 2 eV), HA dominates the abstraction, whereas both recombination 
processes are comparable when collision energy increases. At high surface 
coverage, ER dominates the abstraction and the dynamical observables highlight 
the similarity between both processes suggesting that their distinction should be 
disregarded. 
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Despite its progress, state-of-the-art quantitative modeling in the field of gas-surface dynamics still
faces considerable challenges when it comes to faithfully reproducing experimental data. We find
such a discrepancy upon comparing measured sticking curves for O2 on Pd(100) with our first-
principles results. Within the latter approach, we perform molecular dynamics simulations on a
neural network interpolated potential derived from density-functional theory and accounting for all
six molecular degrees of freedom [1]. Excluding the relevance of electronic non-adiabaticity for this
system [2] and suspecting instead as source for the above discrepancy the prevalent frozen surface
approximation (FSA), we extend our model to additionally include surface mobility in the form of a
surface oscillator (SO), and a generalized langevin oscillator (GLO) [3]. While following the same
direct dissociation mechanism, even a simple SO model significantly enhances the system’s reactiv-
ity and already yields remarkable agreement to experiment. Allowing for energy dissipation to the
bulk within the GLO approach reveals the coexisting contribution of a precursor-mediated dissocia-
tion mechanism and the stabilization of molecular species in the associated metastable chemisorbed
state for macroscopic time scales at low surface temperatures (<100 K). Our trajectory calculations
show this precursor state to only become accessible due to the equilibration of the impinging oxygen
molecules, which is delicately mediated by the (adiabatic) energy uptake from the substrate. This
picture is consistent with thermal desorption and electron energy loss spectroscopy [4] as well as
the coverage dependence of sticking at low incidence energies and surface temperatures. We there-
fore underscore the importance of overcoming the FSA for adsorbates heavier than the prototypical
H2, while go on to question rate models implying instantaneous equilibration to statically identified
precursors.
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Obtaining highly accurate potential energy surfaces is still very demanding and one of the 

limiting factors in theoretical surface science. Nowadays density functional theory (DFT) with 

periodic boundary conditions is the most frequently used approach in theoretical surface science. 

However, the exact form of the exchange correlation functional is unknown and no systematic 

strategy of improving the results obtained in DFT calculations has been investigated. So far, only 

conventional quantum chemistry provides a well-defined hierarchy of methods for the systematic 

treatment of electron correlation effects. 

The disadvantage of using high accurate post-Hartree-Fock methods like Moller-Plesset 

perturbation theory [1] or the coupled-cluster method [2] is the high computational cost of these 

methods. For example the CCSD method scales very bad with the size of the system. In order to 

decrease the size of the system, the method of increments was introduced by Stoll [3,4,5] to 

calculate the correlation energy on an accurate level of theory.  

 

In this study, the method of local increments is used in connection with an embedded cluster 

approach and wave function based quantum chemical ab initio methods [6] to describe the 

adsorption of small single molecules on the rutile(110) and MgO(001) surfaces. The obtained 

adsorption energies are in good agreement with the conventional calculated energies.   
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ABSTRACT: The melting behavior of CoNPdN (N=10-40) nanoalloys on MgO(001) surface have 

been investigated by canonical molecular dynamics simulations.  Metal- metal interactions are 

modeled by  Gupta empirical potential and metal-oxide interactions are modeled by an analytic 

function fitted to first-principle calculations. The global optimization searches are performed by 

means of the basin hopping algorithm. The melting temperatures of CoNPdN (N=10-40) 

nanoalloys have been obtained on MgO(001) surface. 

 

 



Low temperature interactions and dynamics of adsorbed CO2 on water ice
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Water and carbon dioxide are two of the most dominant species in the icy mantles of interstellar dust
grains where they are often observed in a segregated form: in distinct pockets or layers in the ice1.
To investigate the nature of such separation, kinetic models require a thorough understanding of the
solid-phase interactions between the species. At this moment, however, experimental and theoretical
studies have not given a definite answer, especially regarding the question whether the H2O-CO2
interactions are stronger or weaker than those between CO2 molecules in these low temperature
environments, i.e., whether CO2 wets on a water ice surface or not.
Here, we present a computational study into the dynamics and adsorption properties of CO2 on
amorphous and crystalline water surfaces using a recently developed H2O-CO2 interaction potential
based on ab-initio CCSD(T) calculations on the gas phase complex2.
At the lowest adsorbate coverage we used the adaptive kinetic Monte Carlo method3 to obtain
the surface binding sites and to simulate the surface diffusion of CO2 on the basal plane of two
forms of hexagonal ice4. Substrates with higher coverages were studied using molecular dynamics
simulations of the ballistic deposition of CO2 layers on both amorphous and crystalline water ices.
Following a recent experimental claim of CO2 being a non-wetting molecule on amorphous water
ices5, we pay specific attention to this aspect. Contrary to the experiment, we do not find evidence
for CO2 island formation on any type of water ice substrate.
To address the accuracy of the interaction potential, additional optPBE-vdW DFT calculations were
performed to verify the binding sites on the crystalline water ice surface and to assess the importance
of induced electrostatic interactions using the Maximally Localized Wannier Function approach.
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We have constructed the first full six-dimensional potential energy surface (PES) for O2 on the
frozen Ag(110) surface that has a quality of density functional theory (DFT) results. We used the
corrugation reducing procedure to interpolate a large number of spin polarized DFT energies result-
ing in a high quality PES. Our PES reproduces essential features known from other DFT calculations
for O2 on Ag(110) such as the lack of entrance energy barriers for molecular adsorption, the exis-
tence of four molecular adsorption wells, and the existence of barriers to dissociation. The lowest
barrier for dissociation of 0.36 eV from vacuum level is found in a hollow site with the molecule
parallel to the surface. This barrier is lower than the ≈ 1.1 eV barriers found in the other flat silver
surfaces, in line with the measured much higher reactivity of the (110) surface. Importantly, the
constructed continuous PES provides fast evaluation of energy (and forces) for arbitrary molecular
configuration, thus making possible to evaluate a large number of trajectories. Having this tool we
study the dissociative dynamics of O2 on Ag(110) by performing classical (and quasi-classical) tra-
jectory calculations. Classical dynamics calculations show that at normal incidence conditions no
significant dissociation occurs below an initial energy of 0.9 eV (0.6 eV in quasi-classical calcula-
tion). This result is an indication of a very reduced configurational space leading to dissociation and
also explains why direct dissociation has not experimentally been observed at low incidence ener-
gies. Our calculations also show that for non-normal incidence, most of the dissociation takes place
close to the long bridge site, that presents a barrier of 0.7 eV , resulting in still lower dissociation
probabilities. We have also analyzed the effect of vibrational energy and we have observed that it is
very efficient promoting dissociation.
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Electronic Friction Models for Hot Atoms Dynamics Ab Initio Simulations Beyond
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To illustrate the importance of the energy transfer to the electronic system in the gas/surface
interaction we studied the dynamics of hot H atoms on Pd(100) and N atoms on Ag(111). This
was done by using ab initio molecular dynamics that incorporates a friction force to account for the
energy losses caused by excitations of electron-hole (e-h) pairs (AIMDEF) [1]. This friction force
is calculated on-the-fly within the local density friction approximation (LDFA) [2] that requires
the knowledge at each integration step of the bare surface electron density. The latter becomes a
complicated task when one is interested in allowing the surface atoms movement. Thus, to overcome
this problem, we made three kinds of approximations, which were then compared among themselves
and with non-friction calculations. First, one that uses the frozen surface electron density as done
in [1]. We also applied two more methods, based in LDFA, that account for the changes in the
density caused by surface atom displacements on-the-fly. The results of our simulations show the
mutual game of the e-h pairs and phonon excitations for the mentioned systems and for each of
the approximations. For the case of transient hot H atoms on Pd(100), originated from dissociative
adsorption of H2, the excitation of e-h pairs is the main channel for energy dissipation (see Fig.1a).
For the other case of N atoms on Ag(111), it is shown that the e-h pairs and phonon excitations are
of the same order of importance (see Fig.1b). Also, in both systems, when it comes to the energy
loss, the three approximations provide similar results.

[1] M. Blanco-Rey et al., Phys. Rev. Lett. 112, 103203 (2014)

[2] J. I. Juaristi et al., Phys. Rev. Lett. 100, 116102 (2008)
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Ab initio photocatalysis on titanium dioxide

Hendrik Spieker1, Thorsten Klüner1
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Due to its high photocatalytic activity, titanium dioxide is already of significant interest for a man-
ifold of applications. On the contrary, the fundamental mechanisms of the underlying surface pho-
tochemistry are not yet entirely satisfactory understood. In this study, the most fundamental non-
adiabatic surface reaction of a carbonmonoxide molecule on rutile(100) – which is photodesorption
– is studied in terms of a model system. Making use of an embedded cluster approach to simulate
the rutile(110)-surface, BSSE-corrected three-dimensional potential energy surfaces for the ground
state and relevant excited states of the CO molecule are calculated on a post Hartree-Fock level of
theory. The latter serve as the potentials for quantum dynamical studies, which unveil a quantum
state resolved and up to this point completely unknown desorption mechanism in consequence of a
vertical laser excitation of the CO molecule.
This model system is subsequently extended to a much more complex photoreaction, which is pho-
tocatalytic water splitting on the rutile(110)-surface. The underlying process features (among other
fundamental steps) the adsorption of a water molecule, electron-hole-pair generation in the sub-
strate, photoexcitation of the adsorbate, homolytic dissociation of one HO-bond and eventually the
formation of two HO-radicals on the surface or photodesorption of the fragments. Technically, the
simulation of the latter intrinsically requires a multiconfigurational quantum chemical approach. In
addition, investigating all geometric degrees of freedom of only one water molecule on the surface
demands the calculation and interpretation of complex nine-dimensional potential energy surfaces.
Preliminary results of these calculations for the electronic ground state and relevant excited states
are presented in the current study.
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 ABSTRACT:  Accurate computation of the interaction of a molecule with a metal surface is
essential for understanding and improving heterogeneous catalysis and hydrogen storage. When a
light molecule like H2 approaches a metal surface at least four different processes can take place:
diffractive  scattering,  vibrationally  inelastic  scattering,  rotationally  inelastic  scattering  and
dissociative chemisorption.  A major difficulty in modeling molecule-metal surface reaction is to
calculate reaction barriers for these systems with chemical accuracy (1 kcal/mol ~ 4.2 kJ/mol).
Recently  a  novel  implementation  of  the  Specific  Reaction  Parameter  (SRP)  [1]  approach to
Density Functional Theory (DFT) was proposed for molecule-metal surface reactions [2, 3], in
which the accuracy of the barrier height  could be achieved at the GGA level. The SRP functional
was taken as  a  weighted average of  two GGA functionals  often used  for  the  description  of
molecule-surface reactions. Therefore, the error in other observable such as diffractive scattering
should  be  much  smaller  than  those  which  would  be  obtained  with  other  well-known  DFT
functionals.   
In this present work we aim to develop a SRP functional for the weakly activated H2 + Pt(111) 
system. We present dynamics calculations on the dissociation of H2 and D2 on Pt(111) using a 
SRP-DFT potential energy surface. Single point DFT calculations have been performed using the 
Vienna ab initio Simulation Package (VASP) computer software. Reaction probabilities 
computed with the quasi-classical trajectory (QCT) method are compared with experimentally 
measured values for D2 on Pt(111) [4]. Our dynamical calculations treat the motion of H2 (D2) in 
all six degrees of freedom.  Moreover, after fitting the SRP functional to molecular beam 
experiments, the quality of the functional can be tested by comparison to recent detailed data on 
diffractive scattering of H2 from Pt(111) [5]  and to data on rotationally inelastic scattering of HD 
from Pt(111) [6].
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In cold astrophysical environments, some molecules are observed in the gas phase whereas they 

should have been depleted, frozen on dust grains. In order to solve this problem, astrochemists have 

proposed that a fraction of molecules synthesized on the surface of dust grains could desorb just after 

their formation.1,2 Recently the chemical desorption process has been demonstrated experimentally,3 but 

the key parameters at play have not yet been fully understood. We propose a new procedure 

to analyze the ratio of di-oxygen and ozone synthesized after O atoms adsorption on oxidized 

graphite.4 We demonstrate that the chemical desorption efficiency of the two reaction paths (O+O 

and O+O2) is different by one order of magnitude. We show the importance of the surface coverage: 

for the O+O reaction, the chemical desorption efficiency is close to 80% at zero coverage and tends 

to zero at one monolayer coverage. The coverage dependence of O+O chemical desorption is proved 

by varying the amount of pre-adsorbed N2 on the substrate from 0 to 1.5 ML.5 Finally, we discuss 

the relevance of the different physical parameters that could play a role in the chemical desorption 

process: binding energy, enthalpy of formation, and energy transfer from the new molecule to the 

surface or to other adsorbates. 
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