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Molecular devices
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STS-Results
Complex surfaces: Cs chains on GaAs (110)

Complex molecules: protein structure
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Theory-aided design of new materials

Graphene

SiC
Fε
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The outline

• Density Functional Theory: fundamentals

• Implementation: Kohn-Sham method and approximations

• DFT extensions: time-dependent theory and excited states
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Density Functional Theory

The 1998 Nobel Prize in quantum chemistry 
to Walter Kohn and John A. Pople
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Hohenberg-Kohn Theorems

)()(),...,()().(),...,( 11 rrrrrrrr vnandnstategroundForn NN ⇒Ψ⇒⇒Ψ

Any observable is a functional of density

Minimum principle and energy functional

][][ˆˆ][][ 0 nEEandnVWTnnE
extext vextv ≤Ψ++Ψ=

Universal functional

][ˆˆ][][ nWTnnF Ψ+Ψ=



8

Homogeneous electron gas

Density n=N/V=const
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Coulomb energy of a homogeneous electron gas

Exchange-correlation hole
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Thomas-Fermi equation
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Thomas-Fermi screening

• No energy quantization
• No sharp size of atoms
• No molecules (e.g. H2)
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Kohn-Sham method: non-interacting particles
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Kohn-Sham functional for interacting particles
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Kohn-Sham potential
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Local Density Approximation (LDA)
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LDA may give wrong ground state: 

Wigner crystal

Coulomb interaction energy

kinetic energy S
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Lattice constant of GaAs

Calculation of a crystal structure
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Total energy of ions and electrons

Exp
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Ab-initio molecular dynamics
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NNENEE ε≈−−=∆ )1()(is the one-particle excitation energy ifNε

Electron energy levels
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However the xc potential           may change with 

electron number: LDA may give the wrong band gap 
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Kohn Sham and the “true” band structure: Si
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Light absorption spectrum: Si
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Time dependent density functional theory
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Time-dependent Kohn-Sham equations

Adiabatic time-dependent xc-potential
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Laser-stimulated desorption
E
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Time dependent processes on electron’s time scale

The time scale: s
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Laser excitation of a molecule

Probability to find same-spin electron close to reference electron
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Laser excitation of acetylen (Gross et al)
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Summary

• DFT allows calculations for about 200 atoms

• Atomic structure, molecular dynamics

• Excited states can be calculated

• Time-dependent theory: quantum dynamics on femto/atto-

second timescale

• Strong electron correlations, superconductivity, etc

• Quantum transport (e.g. through molecules)

Prediction of materials (complex molecules, solids, surfaces,

nanostructures…) and their properties


