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surface = complexity = functionality = interaction

Surfaces and interfaces are the favorite media of evolution. 

Both photosyntetic and biological systems evolve and 

improve by ever increasing their interface area or their

interface/volume ratio.

human brain
green leaf (primary site

of photosynthesis in plants)



God made the bulk; 

surfaces were invented by the devil. 

(Wolfgang Pauli)



current hot topics in surfaces

- Electron dynamics at surfaces (attosecond physics)

- Surface chemistry and heterogeneous catalysis

- 2D materials and topological states

- Surface plasmons and acoustic plasmons

- Surface magnetism and spin dynamics
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Because they help to break (and create new) chemical bonds

N2 Ediss 9.8 eV

NO    Ediss 6.5 eV

O2 Ediss 5.1 eV

H2 Ediss 4.5 eV

Why are we interested in surfaces?

reactant
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Because they help to break (and create new) chemical bonds



chemical industry

car industry

aerospace industry

thermal shielding for the reentry of 

space shuttles (CNES / Aquitaine)

surfaces used as catalysts in many

industrial processes

catalytic converters reduce toxic 

emissions by promoting reactions at 

catalytic surfaces

Heterogeneous catalysis in industry
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✓ World production: ~150 million tons / year. 

✓ Price: ~500US$ / ton.

✓ As fertilizer, ammonia is responsible for

sustaining one third of Earth’s population.

✓ Consumption of 1% world-generated energy

breaking nitrogen: 

ammonia synthesis and chemical industry

Synthesis of ammonia: 

3H2(g) + N2(g) ↔ 2NH3(g) 
catalyzed by Fe surfaces
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Gas/solid interfaces

static properties (equilibrium)

- adsorption sites and energies

- chemical bonding

- induced reconstructions

- self-assembling

experimental techniques: 

- LEED, STM, PE, etc.

dynamical properties 

- reaction rates 

(adsorption, recombination, …)

- diffusion

- induced desorption

- energy and charge exchange

experimental techniques: 

- molecular beams, TPD, etc.

dissociative 

adsorption

molecular

adsorption

desorption 
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Our Goal

is to accurately describe 

the dynamics of elementary

physico-chemical processes

(thermal and hyperthermal, 

reactive and non-reactive) 

taking place at surfaces. 
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Atoms and small molecules at surfaces: Molecular dynamics

Molecular Dynamics 
is a computer simulation technique

in which the time evolution of a set of interacting atoms

is followed by integrating the

(classical or quantum) equations ruling the problem. 
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1.- Ab-initio molecular dynamics (AIMD), with forces calculated on-the-fly. 

2.- Building a potential energy surface (PES) and performing molecular dynamics on it:

✓ PES based on 103-104 ab-initio (DFT) points. 

✓ adiabatic approximation

✓ frozen surface

Classical trajectory calculations: 

Monte Carlo sampling of initial conditions 

Q
Ei



Atoms and small molecules at surfaces: Molecular dynamics
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DFT-based description of the 

dynamics of elementary reactive processes at surfaces

Details of the surface electronic structure can largely 

change the reactivity: dissociation of N2 on W surfaces

Alducin et al., PRL 97, 056102 (2006) 

Alducin et al., JCP 125, 144705 (2006)

Martin-Gondre et al., JCP 142, 074704 (2015)

Surface strain improves adsorption 

but hampers dissociation

I. Goikoetxea et al., PRL 113, 066103 (2014)

I. Goikoetxea et al., PCCP 17, 19432 (2015) 
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non-adiabatic effects: electron-hole pair excitations

chemicurrents
vibrational promotion

of electron transfer

Exposure (ML)

Gergen et al., Science 294, 2521 (2001)

Hagemann et al., PRL 104 028301 (2010) 

Huang et al., Science 290, 111 (2000) 

White et al., Nature 433, 503 (2005)

Nahler et al., Science 321, 1191 (2008)

NO on Cs/Au(111)

electron emission as

a function of initial

vibrational state

energy dissipation

in hyperthermal

atom scattering

Bünermann et al., Science 350, 1346 (2015)

Janke et al., JCP 143, 124708 (2015)

Yield of scattered atoms for

H on Au(111) and

H on Xe/Au(111)
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description of electronic excitations by a friction coefficient 

classical equations of motion

mi(d
2ri/dt2)=-dV(ri,rj)/d(ri) – h(ri)(dri/dt)

for each atom “i” in the molecule

friction

coefficient

adiabatic

force:

6D DFT PES

friction coefficient: 

local density friction approximation (LDFA)

 

 

n(z)

z

n0

bulk metal

n0

h=n0kFstr(kF)

effective medium: 

FEG with electronic density n0
Juaristi et al., PRL 100, 116102 (2008)

Fermi 

level
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energy dissipation channels: phonon excitation

Generalized Langevin

Oscillator (GLO) model

- S. A. Adelman 

J. of Chem. Phys. 71, 4471 (1979). 

- John C. Tully

J. of Chem. Phys. 73, 1975 (1980).

- H. F. Busnengo, M. A. Di Césare, W. Dong, and A. Salin

Phys. Rev. B 72, 125411 (2005) 

➢ Surface motion is described in terms of a single 

3D harmonic oscillator with a 3x3 frequency 

matrix. 

➢ Coupling between the molecule and the surface 

phonons is described by a space rigid shift of the 

6D PES. 

➢ Dissipation and thermal fluctuations are 

included with the help of a ghost 3D oscillator, 

subject to damping and random forces. 
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Electron and phonon excitations in chemisorption and 

scattering at surfaces 

Juaristi et al., PRL 100, 116102  (2008)

Martin-Gondre et al., PRL 108, 096101 (2012)

Nattino et al., JCP 144, 244708 (2016)

Non-adiabatic effects / energy transfer in gas/surface dynamics: 

electronic friction, phonon excitation

Energy dissipation in hot atom diffusion and 

recombination at surfaces

Blanco-Rey et al., JPCL 4, 3704 (2013)

Blanco-Rey et al., PRL 112, 103203 (2014)

Petuya et al., JPCC 119, 15325 (2015) 
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When Classical Trajectories Get to Quantum Accuracy:

the Scattering of H2 on Pd(111)
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Summary:

➢ DFT-based molecular dynamics are accurate tools to describe, 

predict, (and understand!) the dynamics of atoms and small 

molecules on surfaces. 

➢ Dynamical processes are quite sensitive to small changes in 

the electronic and structural details of the surface. Unexpected 

effects going beyond general trends are often found. 

➢ Current challenge is the accurate inclusion of non-adiabatic and 

dissipation effects in the dynamics. Excitation of electrons 

and/or phonons can significantly affect the final output.
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merci beaucoup!



nitrogen chemistry

binding energy ~  9.8 eV

one of the strongest in Nature!

the nitrogen molecule is

extremely difficult to break…

but releases an enormous amount of energy

when formed

N2 Ediss 9.8 eV

NO    Ediss 6.5 eV

O2 Ediss 5.1 eV

H2 Ediss 4.5 eV
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Calculation of the Potential Energy Surface (PES)

• adiabatic approximation

• frozen surface approximation  6D PES: V(X, Y, Z, r, q, j)

• extended set of DFT energy values, V(X, Y, Z, r, q, j )

• interpolation of the DFT data: Corrugation reducing procedure (CRP)

[Busnengo et al., JCP 112, 7641 (2000)]
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In principle, for a given set of nuclei (R) and electrons (r), one

should solve the full Schrödinger equation: 

We can use, however, the Born-Oppenheimer approximation: the

large difference between the electronic mass and the nuclear 

mass allows us to separate the electronic and nuclear problem. 

It is an adiabatic approximation: the electronic wave function depends

parametrically on the position of the nuclei because the motion of the

nuclei is much slower than the electronic time scales in the system. 

Y(r,R) = y(r;R) c(R)

HY(r,R) = EY(r,R) 
^

electrons nuclei

Born-Oppenheimer approximation
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W(110)

T=800K

normal incidence
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dissociative adsorption of N2 on W(100) and on W(110)

why the difference in 

the N2 dissociation rate 

at low energies between 

the (100) and (110) 

faces of W?
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Alducin et al., PRL 97, 056102 (2006); JCP 125, 144705 (2006)

Nattino et al., JCP 144, 244708 (2016)



Reactivity can drastically change with atomic-level modifications

steps

strain

defects & vacancies

M. Gsell et al. Science 280 717-720 (1998)
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• Ts=1200K

• Trot <5K (J=0)

• Normal incidence

and detection

Experimental conditions

Experimental data by 

Hanisco et al.

J.Vac.Sci.Technol. A 11 ,1907 (1993)

adiabatic

electronic friction

phonons

phonons + friction

Phonon excitations

are responsible for most

of the energy transfer 

observed experimentally

Martin-Gondre et al., Phys. Rev. Lett. 108, 096101 (2012)

Martin-Gondre et al., Comp. and Theoret. Chemistry 990, 126 (2012) 

Energy loss of reflected molecules: N2 on W(110)

Ei=0.5eV

Ei=0.75eV
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Theoretical model: hot H atom dynamics

Ab initio H atom dynamics with ehp excitations (LDFA) 

friction forceadiabatic force

LDFA package implemented in VASP

Technical details

• 5-layers slab and (2x2) surface cell

• Non spin polarized calculation

• PW91 xc-functional

Hot H dynamics after dissociative adsorption of H2 on Pd(100)
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Ab-initio Molecular Dynamics with Electronic Friction (AIMDEF)

Hot H dynamics after dissociative adsorption of H2 on Pd(100)

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

Ei(H2)=0.5eV

Frozen Surface

Non-Frozen Surface

Frozen Surface

Non-Frozen Surface

Ei(H2)=1.0eV

150 fs after dissociating, the H kinetic 

energy is reduced to half-the initial value 

Hot atom thermalization is dominated by 

e-h pair excitations
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N2/Fe(110) N2/Fe/W(110)

150 meV 50 meV

Surface strain improves molecular adsorption of N2 on Fe/W(110)

I. Goikoetxea et al., Phys. Rev. Lett. 113, 066103 (2014)

I. Goikoetxea et al., Phys. Chem. Chem. Phys. 17, 19432 (2015)
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non-adiabatic effects: electron-hole pair excitations

chemicurrents
vibrational promotion

of electron transfer

Exposure (ML)

Gergen et al., Science 294, 2521 (2001)

Hagemann et al., PRL 104 028301 (2010) 

Huang et al., Science 290, 111 (2000) 

White et al., Nature 433, 503 (2005)

Nahler et al., Science 321, 1191 (2008)

NO on Cs/Au(111)

electron emission as

a function of initial

vibrational state

energy dissipation

in hyperthermal

atom scattering

Bünermann et al., Science 350, 1346 (2015)

Janke et al., JCP 143, 124708 (2015)

Yield of scattered atoms for

H on Au(111) and

H on Xe/Au(111)
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description of electronic excitations by a friction coefficient

classical equations of motion

mi(d
2ri/dt2)=-dV(ri,rj)/d(ri) – h(ri)(dri/dt)

for each atom “i” in the molecule

friction 

coefficient

adiabatic

force:

DFT

friction coefficient: 

local density friction approximation (LDFA)

 

 

n(z)

z

n0

bulk metal

n0

h=n0kFstr(kF)

effective medium: 

FEG with electronic density n0

- damping of adsorbate vibrations: 

Persson and Hellsing, PRL49, 662 (1982)

- dynamics of atomic adsorption

Trail, Bird, et al., JCP119, 4539 (2003)

- dissociation dynamics (low dimensions)
Luntz et al., JCP 123, 074704 (2005)

previously used for:

Juaristi et al., PRL 100, 116102 (2008)

Fermi 

level
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