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Surface science

Happy Birthday,
Herr Prof Dr Dr h c mult Ertl

Gerhard Ertl

apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 3 / 37



Oxidation of CO on transition metal surfaces

Ru very bad catalyst at low O2 pressure, excellent at high p(O2)
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(616 citations)
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Ru(0001) under O2 pressure
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Further applications of DFT energetics

kinetic Monte Carlo Oxidation of HCl

apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 8 / 37



Happy Birthday, Herr Prof Dr Dr h c mult Ertl

. . . in 2007:
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Graphene

Some unique properties, huge (technological) interest

No band gap — would be needed in some applications

Opening of gap via confinement
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Graphene nano-ribbon
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GNR: Energetics

apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 13 / 37



apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 14 / 37



apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 15 / 37



GNR: Band structure
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Molecular dynamics

Real-time dynamics of ions according to Newton’s equation of motion:

FI = MI aI

Propagation of ionic positions
I Verlet algorithm, velocity Verlet algorithm
I RI , vI , FI

I Needed: Initial values, forces
I DFT: Evaluation of forces FI

I Time step: δt ≈ 0.5 fs
I Simulation time: tsimulation = Nstep × δt

tsimulation ≈ 100 ps − 1 ns
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Parametrisation of force fields based on DFTb-MD
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Calculation of infra-red, Raman vibrational spectra

Sunday, Prof Krim: Infra-red ∝ D (dipole), Raman ∝ α (polarisability)

Static calculation: D(Rν), α(Rν)

Dynamic simulation: FT[D(t)], FT[α(Rν)]
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Calculation of infra-red, Raman vibrational spectra:
Examples

Static calculation: α(Rν) Dynamic simulation: FT[α(Rν)]
D2O - BLYP-D3 - T =  25 ◦C
D2O - BLYP-D3 - T =  50 ◦C
D2O - BLYP-D3 - T =  75 ◦C
D2O - BLYP-D3 - T = 100 ◦C

0 100 200 300 400 500 600 2100 2200 2300 2400 2500 2600 2700 2800 2900
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Band structure, comparison with ARPES: εE ,k ≈ εKS
ik
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Band structure

εE ,k ≈ εKS
ik

“Band gap problem”: LDA, GGA, ... underestimate band gaps
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Scanning tunnelling microscope: DFT modelling

Tersoff-Hamann model: I (E ) ∝
∫ ε+eVbias

ε |ψε(r)|2 δ(ε− εE ) dε

Bardeen model: Electronic structure of tip included
non-self-consistently
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Scanning tunnelling microscope: DFT modelling
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Scanning tunnelling spectroscopy: DFT modelling

Signal ∝ dI/dV

Tersoff-Hamann model: dI/dV (E ) ≈ |ψE (r)|2 δ(E − εE ) dE

apsi (ENS, UPMC, CNRS) Examples of DFT Sidi-BelAbbès 27 / 37



Orbital overlap: Example pentacene/Cu(110)
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Density difference: Example pentacene/Cu(110)
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Density difference: Example pentacene/Cu(110)
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Orbital overlap: Example pentacene/Cu(110)
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DFT: Other observable quantities

Sum-frequency generation

NMR, EPR: Chemical shifts, g tensors, hyper-fine interactions, . . .

XPS: Core-level binding energies
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Example machines
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DFT in practise — Limitations

DFT is exact . . .
. . . yet

Self-interaction
I Ionisation, affinity energies; level alignment
I Band gaps(?)
I TD-DFT: Wrong asymptotic potential & charge transfer-excitations

Overall accuracy: Reaction barriers etc
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DFT in practise — Limitations

DFT computational load

10-102 (PC), 103-105−6 (HPC) atoms

1 ns
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