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DISSIPATIVE PROCESSES AT SURFACES
I O ——
e Spectroscopy e Mode-selective chemistry

J. Chem. Phys., Vol. 115, No. 16. 22 October 2001 Cohen et al. H/S1 (111), Science 312, 1024 (2006)
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Problem: Vibrational energy relaxation and dephasing!




DISSIPATION AND RELAXATION AT SURFACES

e General

Energy relaxation Phase relaxation
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FULL DYNAMICS

e The system-bath Hamiltonian indirect
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e The time-dependent Schrodinger equation
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e Methods
standard, MCTDH (“exact”), TDSCF (approximation)



MULTICONFIGURATION TD HARTREE: MCTDH

e MCTDH wavefunction for distinguishable particles

U(gr, .- qpt) = ) Ag(t) ¥(t)
J

total wavelfunction

k=1 qpFyg

F
v(t) = 1] @5 (g 1)

configurations

e Variational principle = MCTDH equations of motion

Coeflicients:
_0A .
Zha—tj = EL:WJ’HWDAL

Single-particle functions:

ih

5’g0§.'[")

ot

1

(1P () o
k.l ’

Meyer, Manthe, Cederbaum: CPL 165, 73 (1990); JCP 97, 3199 (1992)



MARKOVIAN REDUCED DENSITY MATRICES
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2. Perturbation theory
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ENERGY RELAXATION AND (PURE) DEPHASING

e Lindblad operators for a 2-level system

Energy (and phase) relaxation: Pure dephasing:
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REDUCED DYNAMICS
I

e Open-system density matrix theory

indirect
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e Lindblad form in system eigenstate representation
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THIS TALK

e Vibration-phonon coupling IR
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VIBRATION-PHONON COUPLING
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e System: H:Si(100)



H/Si(100): VIBRATIONAL RELAXATION

e The Si(100)-(2x1) surface

e Si-H stretching mode: Experiment
Guyot-Sionnest (1995)

/ ° o T=300 K: 7,;(H)= 1.2 ns
1 T, e Coupling of Si-H to phonons




H / Si(100): VIBRATIONAL RELAXATION

e A “system-bath” model
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VIBRATIONAL RELAXATION

H /Si(100)

brational state density

Cluster models o Vi

e The “bath”

normal mode analysis (N ;=180)

Bond-order Brenner force field?
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H/Si(100): PERTURBATION THEORY

e The (GGolden Rule of quantum mechanics
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e Lifetimes (T=0) e Decay mechanism:
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NON-PERTURBATIVE RELAXATION H:Si(100)
S

e Solve
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by MCTDH or TDSCF for F=M+2 DOF

e Relaxation of the bending mode: MCTDH and TDSCF
MCTDH (M=50 oscillators)
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e Half-life times T1/2 of (0,1): Colden Rule: 0.94 ps, TDSCF: 0.92 ps

CPL 433, 91 (2006), JPC C 111, 5432 (2007)



IR EXCITATION OF H:Si(100) WITH sin? PULSES

sin? pulse:

e Si-H stretch (1,0)
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TEMPERATURE EFFECTS: A PUZZLE

[ s
e Reduced treatment e Full treatment
Golden Rule (M=534 oscillators) MCTDH (M=20)
Random Phase Thermal Wavefunction Method
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RANDOM PHASE THERMAL WAVEFNCT METHOD

 r—
e The method e Number of realizations K
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IR-PULSE DESORPTION OF H FROM H:Si(100)

e TDSCF model

e (534+2)-dimensional calculation

e Plateau-type laser pulses, field strength Ey, 10 ps long, wy = w, < 0.1D

e Desorption
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VIBRATION-ELECTRON COUPLING
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VIBRATIONAL RELAXATION: Nonadiabatic Coupling

S I
e Problem e Theory!?
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CO/Cu(100): 3-MODE MODEL FOR IR EXCITATION
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OPTIMAL CONTROL IN AN OPEN SYSTEM(1:(2)

I O —
e Liouville-von Neumann equation:
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EXCITING THE r MODE: (0,0,0) — (2,0,0)

N
e 3-state model e OCT field
sin? vs. OCT pulses; full dissipation; T=0 F =68 mJ/cm?
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EXCITING THE r MODE — (1,0,0)

e 3-mode vs. 1-mode e Temperature effects

T=10 K; t;=425 fs T=300 K: t;=425 fs
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VIBRATION-ELECTRON COUPLING
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NO(v = 15) SCATTERING FROM Au(111)
I
e Experiment!
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two-mode density matrix model
with electronic friction

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

e 7-8 vibr. quanta loss on Au (1.5 eV)
e coupling to electron-hole pairs

e Au/Cs surfaces: exoelectron emission
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COUPLED-CHANNEL DENSITY MATRIX METHOD

e The CCDM method!
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unbound Z: grid representation
bound r: eigenstate representation
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RESULTS
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e Vibrational damping e Vibrational relaxation
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SUMMARY, OUTLOOK

S O —
e Methods e Systems
e open-system density matrix theory e HQ@Si(100)
e perturbation theory e CO@QCu(100)
e wavepacket propagation e NOQAu(111)

e quantum chemistry

e optimal control theory

e Applications

e Vibration-phonon coupling
e Vibration-electron coupling
e State-selective vibrational excitation

e Vibrational relaxation during scattering
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