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Photoinduced Dynamics at Surfaces



Why Surface Photochemistry ?

- Photochemical reactions at

dust particles in our atmosphere

- Interstellar chemical reactions

Chemical reactions at surfaces under influence of light

- Heterogeneous photocatalysis

(light acting as reagent)



Photocatalysis: Titanium dioxide (TiO )2

self-cleaning
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coating

anti-bacterial
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Photocatalysis: Titanium dioxide (TiO )2

self-cleaning
surfaces

anti-fog
coating

anti-bacterial
coating

goal: micrscopic understanding of
photochemical elementary processes on surfaces

by: reduction of intrinsic complexity of phenomenon under study



Ab initio simulations of photochemistry on surfaces
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Challenge:

understanding of

1) surface photochemistry

2) surface spectroscopy

Large scale application:

high dimensional quantum dynamics

on ab initio potential energy surfaces

Ab initio simulations of photochemistry on surfaces

hv





Rempi-ExperimentPhotodesorption: NO/NiO(100)
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Cluster ModelsCluster ModelsPhotodesorption: NO/NiO(100)

NMgONi

Z

X

Ground state: CASSCF/CASPT-2
Excited state: CASSCF/CI

theta

phi

NiO Mg5 13
18+ Ni O Mg2 8 18

24+

Point charge field not shown









Photodesorption: NO/NiO(100) Ground state
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Photodesorption: NO/NiO(100) Excited state
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Photodesorption: NO/NiO(100) Excited state
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NO -like intermediate
-

surface distance Z

- Electrostatic forces
dominate topology

- strong coupling of
Z, X, and Θ
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Photodesorption: NO/NiO(100) Excited state

FC
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CASSCF/CI

Cluster
O2p/Ni3d

NO
2 *π

e-

NO -like intermediate
-

surface distance Z

Ab initio potential energy surfaces:
prerequisite for subsequent
quantum wave packet dynamics

- Electrostatic forces
dominate topology

- strong coupling of
Z, X, and Θ



Quantum Dynamics Desorption Mechanism
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Parallelization

Supercomputer HLRB II (2007)

Processor clock: 1.6 GHz
Total number of cores: 9728
Total peak perf.: 62,3 TFlop/s
Total main memory: 39 TB
Total disk space: 600 TB
Total weight: 103 tons
Total electrical power: 1100 kVA



Parallelization

Supercomputer HLRB II (2007)

Processor clock: 1.6 GHz
Total number of cores: 9728
Total peak perf.: 62,3 TFlop/s
Total main memory: 39 TB
Total disk space: 600 TB
Total weight: 103 tons
Total electrical power: 1100 kVA

K. Zuse Z3 (1941)

Processor clock
: 3 Flop/s

Total main memory: 176 Byte

: 5,33 Hz
Total peak perf.

Factor: 10
13



Speedup Analysis

Nf,global

NZ,global

NX,global

NX,local

NZ,local

Nf,local
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� Study of 20 years on a
1 processor workstation
takes two weeks on
512 processors
(10 DVR-basis functions)
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Photodesorption: NO/NiO(100) Dynamics
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Photodesorption: NO/NiO(100) Dynamics
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Photodesorption: NO/NiO(100) Dynamics
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New desorption mechanism: Anti-Antoniewicz



ResultsPhotodesorption: NO/NiO(100)
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ResultsPhotodesorption: NO/NiO(100)
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Experiment and TheoryExperiment and TheoryPhotodesorption: CO/NiO(100)

Experiment [1],[2]

[1] J.-T. Hoeft et al. Phys. Rev. Lett. , 8 (2001)
[2]

87
R. Wichtendahl et al. Surf. Sci. , 90 (1999)423

- TPD/Photoelectron diffraction
- Linear adsorption geometry
- Adsorption energy: 0.3 eV
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R =(2.07 ± 0.02)C-Ni Å

R =1.15( 0.10)C-O ± Å
�=(12 12)
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Experiment and TheoryExperiment and TheoryPhotodesorption: CO/NiO(100)

Good agreement between theory and experiment

Ni

O
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C

R =2.152C-Ni Å

4.176 Å

R =1.143C-O Å

- CASSCF/CASPT-2 and CCSD(T)
- Linear adsorption geometry

- Adsorption energy: 0.24 eV

TheoryExperiment [1],[2]

[1] J.-T. Hoeft et al. Phys. Rev. Lett. , 8 (2001)
[2]

87
R. Wichtendahl et al. Surf. Sci. , 90 (1999)423
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Experiment and TheoryExperiment and TheoryPhotodesorption: CO/NiO(100)

Agreement: theory and experiment

Ni

O

Mg

C

R =2.152C-Ni Å

4.176 Å

R =1.143C-O Å

- CASSCF/CASPT-2 and CCSD(T)
- Linear adsorption geometry

- Adsorption energy: 0.24 eV

Theory

Monomodal distributions
B. Redlich et al,
Chem. Phys. Lett. , 110 (2006)420

Laser Desorption Experiment



MechansimPhotodesorption: CO/NiO(100)

73

CO-internal-(5 2 )-excitation� �→
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CO-internal-(5 2 )-excitation� �→
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[1] E. S. Nielson, P. JØrgensen und J. Odderhede, J. Chem. Phys. , 6238 (1980).73
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MechansimPhotodesorption: CO/NiO(100)
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a1 (1.51) a1 (0.49) b1 (1.00)

e (0.50) e (0.50)

CO-NiO Mg : CASSCF(4,5)/CASPT-25 13

18+
Active molecular orbitals



a1 (1.51) a1 (0.49) b1 (1.00)

e (0.50) e (0.50)

CO-NiO Mg : CASSCF(4,5)/CASPT-25 13

18+
Active molecular orbitals

CASSCF CASPT2

6.88 6.18

6.13 4.54

5.90 4.34

Excitation energy / eV

State

ã
5
E

Ã
3
E

ã E
1

CAS(4,5)

Excellent agreement with
experiment (4.66 eV)



Excitation MechanismExcitation MechanismPhotodesorption: CO/NiO(100)
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Excitation MechanismExcitation MechanismPhotodesorption: CO/NiO(100)
E

n
e
rg

y
/
e
V

-15

-10

-5

0

5

3dz
2

���

3dx
2
-y

2

3dx
2
-y

2

���

a) in gas phase

a -state
3�

CO b) / NiO Mg /PCF

A E-state
5 13

18+

~ 3

CO c) NiO Mg /PCF5 13

18+

5 3d�� z
2

5�

5 3d�� z
2



Excitation MechanismExcitation MechanismPhotodesorption: CO/NiO(100)
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New mechanism!

NO-NiO and CO-Cr O

electrostatic forces

only!

2 3

Formation of

covalent C-Ni-bond

reduces excitation energy

by 1.6 eV!



CO-NiO Mg : CASPT-25 13
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3D-Potential Energy Surfaces3D-Potential Energy SurfacesSystem: CO/NiO(100)

Ground State Excited State



ResultsPhotodesorption: CO/NiO(100)
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ResultsPhotodesorption: CO/NiO(100)
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- Resonance lifetime 4-12 fs

- Good agreement with experiment

- 1D-calculations sufficient

- Antoniewicz mechanism due to
covalent Ni-C bond in excited state

- CO(5 2 ) excited state� �→
�

Results:
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Surrogate Hamiltonian Method Introduction

representative bath modes
are included in the description:

�

� Separation of the total system Hamiltonian:

� description of the bath: TLSimplicit

Reference: R. Baer and R. Kosloff, J.Chem.Phys. , 8862 (1997)106

�

�

well-suited for ultrafast events

controllable approximation

� enormous numerical effort

Gains Costs



Surrogate Hamiltonian Method NO/NiO(100): system
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Surrogate Hamiltonian Method
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energy of the bath dipoles

parameter for the nearest-neighbour-

interaction of the bath dipoles

� Bath parameters:

������

�����

creation-

annhilation-
} operators for the th TLSi-

from EELS or CI-calculations

NO/NiO(100): bath

}



Surrogate Hamiltonian Method Excited state dynamics














