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Langevin dynamics 1: PESs
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O2 on Ag(111)
molecular scattering  
(time-of-flight) 
→ suggested interpretation: 

double well in 1D

reaction coordinate
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physisorption

chemisorption

experiments 
A. Kleyn et al.

high energy loss 

corrugated PES 
(→ binary collisions)

low energy loss 

flat PES 
(pǁ-conservation)

A. Raukema, R. J. Dirksen, and A. W. Kleyn,  
J. Chem. Phys. 103 (1995) 6217.
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O2 on Ag(111)
vdW-tail absent 
→ no physisortion 

nevertheless(!) 
accurately reproducing 

✔ very low  
sticking probability 
S0(Ei < 1.0 eV) < 10-7 

I. Goikoetxea, J. Beltran, JM et al. 
New J. Phys. 14, 013050 (2012). 

✔ scattering 

I. Goikoetxea, JM et al.  
Phys. Rev. Lett. 112, 156101 (2014).

high energy loss 

corrugated PES 
(→ binary collisions)

low energy loss 

flat PES 
(pǁ-conservation)
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adiabatic 
DFT-PBE 

6D+GLO
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N2 on Ru(0001): HD-NNP
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N2 on Ru(0001): fully mobile surface
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K. Shakouri, J. Behler, JM, and G.-J. Kroes,  
J. Phys. Chem. Lett. 8, 2131 (2017)  

J. Phys. Chem. C (2018) DOI: 10.1021/acs.jpcc.8b06729

Reaction probability

Electronic and mechanical coupling

Phonons



Langevin dynamics 2: EF
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potential energy surfaces (PESs)



Beyond Born-Oppenheimer
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Experimental evidence 
Non-adiabatic vibrational 

damping on metal surfaces

E

reaction coordinate

Dynamics not only on 
ground state PES



Orbital Dependent Friction
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• Electron phonon couplings

• Fermi’s golden rule-like expression

• no “chemically intuitive” functionial form
• NN fit(s) of 21 functions of 6 variables
• positive definiteness  
→ Cholesky decomposition

• challenge: symmetry inherent to  
tensor transformations  
intertwines tensor elements

R. Maurer et al., Phys. Rev. B 94, 115432 (2016) & references therein



H2 on Cu(111): fingerprint observables
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P. Spiering and JM 
J. Phys. Chem. Lett. 9, 1803 (2018).

LDFA: scalar friction  
obtained from atoms-in-jellium modell 
(“local-density friction approximation”)

ODF-iso: scalar friction 
obtained from “isotropicalization” 
of ODF tensor



Summary & Conclusions
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• PES construction based on NNs: 
• specific coordinates for particular application domains  

(and further developments, e.g. PIP-NN) 

• some of-the-shelf implementations are nowadays  
available for “high-dimensional” schemes 

• O2 on Ag(111):  
• >107 trajectories allow to study reactive and scattering events 

• simple picture (“physisorption+chemisorption wells”) disputed 

• N2 on Ru(0001): 
• motion of surface atoms included → insights into phonons! 

• NN-fits for electronic friction tensors have allowed to predict “fingerprints” for 

competing models  
(first application: H2 on Cu(111))
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CO@NaCl(100) (1)

The Sommerfeld  
ground-wave limit  

for an adsorbed  
molecule at a surface 
L. Chen, J. A. Lau, D. Schwarzer,  

J. Meyer, V. B. Verma, A. M. Wodtke 

DOI: 10.1126/science.aav4278
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CO@NaCl(100) (2) - “State changes”

• Pooling 

• Dissipation
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CO@NaCl(100) (3) - Phonons
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CO@NaCl(100) (4) - Lifetimes
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CO@NaCl(100) (5) - Theories…


