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Density Functional Theory in a NutshellDensity Functional Theory in a Nutshell

Self-consistency
Approximations:
e.g.: LDA, GGA, ...
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Cohesive Energy of Molecular CrystalsCohesive Energy of Molecular Crystals
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Van der Waals Density FunctionalVan der Waals Density Functional

Dion et al, Phys. Rev. Lett. 92, 246401 (2004).

Exchange-Correlation Energy

Nonlocal Correlation Energy
leading to van-der-Waals interaction
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Cohesive Energy of Molecular CrystalsCohesive Energy of Molecular Crystals

Nabok, Puschnig, Ambrosch-Draxl, Phys. Rev. B 77, 245316 (2008).
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Surface Energies of Molecular CrystalsSurface Energies of Molecular Crystals

Nabok et al. Phys. Rev. B 77, 245316 (2008); Ambrosch-Draxl et al., New J. Phys. 11, 125010 (2009).
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Thiophene / Cu(110)Thiophene / Cu(110)

Thiophene@Cu(110): Sony et al., Phys. Rev. Lett. 99, 176401 (2007).

PTCDA@Cu,Ag,Au(111): Romaner et al., New. J. Phys. 11, 053010 (2009).
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Ab-initio vdW-Density Functional
Theory

Efficient Implementations

Applications

Roman-Perez et al. Phys. Rev. Lett. 103, 096102 (2009).
Vydrov et al., J. Chem. Phys. 132, 164113 (2010).
Lazic et al. Comp. Phys. Commun. 181, 371 – 379 (2010).
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… huge number …

Brief Review see e.g.:
Langreth et al., J. Phys.: CM 21, 084203 (2009)
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Dion et al, Phys. Rev. Lett. 92, 246401 (2004).

Ab-initio vdW-DF Semi-Empirical Correction

Grimme, J. Comput. Chem., 25, 1463 (2004).
Grimme, J. Comput. Chem., 27, 1787 (2006).
Tkatchenko et al. PRL 102, 073005 (2009).

Ruiz et al. PRL 108, 146103  (2012):

PTCDA / Coinage-Metal(111)-Surfaces
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Island Growth on Amorphous Mica Island Growth on Amorphous Mica 

• Amorphous Mica (ion 
bombarded)

• Observation of islands consisting 
of standing p-6P

• What is the critical cluster size?

• Transistion from lying-to-
standing p-6P?

Potocar et al., PRB 83, 075423 (2011). 
→ talk by A. Winkler, Tue 10:20-10:40

AFM-image

10 x 10 µm²
T = 300 K
θ = 0.32 ML
F = 0.02 ML/min
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p-6P / p-6P(001) p-6P / p-6P(001) 

p-6P(001) as model
substrate with weak 
Interactions

Adsorption geometry:

top view side view
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p-6P / p-6P(001) p-6P / p-6P(001) 

p-6P(001) as model
substrate with weak 
Interactions

Adsorption geometry:

top view side view

b
Diffusion path:

Energy landscape

Peter Puschnig, JVC-14 / EVC-12, Dubrovnik, June 4th-8th 2012 Slide 11



Lying vs. Standing p-6PLying vs. Standing p-6P

E
binding

 = En
cluster 

/ n − E
lying molecule
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DLA ALA
critical cluster size i*



Terraced MoundsTerraced Mounds
2.

6 
nm

AFM image: Sexiphenyl grown on a disordered mica surface
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Ehrlich-Schwoebel Barrier (ESB)Ehrlich-Schwoebel Barrier (ESB)

Interlayer jump rateDiffusion on a terrace
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Sexiphenyl on MicaSexiphenyl on Mica

AFM image: Film thickness = 30 nm 2nd layer nucleation rate

residence time

(deposition time)2

=

Ehrlich-Schwoebel Barrier = 0.67 eV
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Step-Edge BarrierStep-Edge Barrier
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Step-Edge BarrierStep-Edge Barrier
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G. Hlawacek et al., Science 321, 108 (2008).



Step-Edge BarrierStep-Edge Barrier
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Photoemission SpectroscopyPhotoemission Spectroscopy
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Photoemission IntensityPhotoemission Intensity

One Step Model
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Photoemission IntensityPhotoemission Intensity

molecular orbital

One Step Model
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Photoemission IntensityPhotoemission Intensity

[Feibelman and Eastman, Phys. Rev. B 10, 4932 (1974).]

Approximation: final state = plane wave

Fourier Transform of Initial State Orbital

plane wave  ei k r

One Step Model

molecular orbital
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Comparison with DFTComparison with DFT

Molecular Orbital in Real Space

Calculation of
the Fourier Transform
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Toroidal Electron Energy AnalyzerToroidal Electron Energy Analyzer

The Toroidal Electron Spectrometer for Angle-
Resolved Photoelectron Spectroscopy with 
Synchrotron Radiation at BESSY II
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Sexiphenyl Monolayer on Cu(110)Sexiphenyl Monolayer on Cu(110)
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2D-Momentum Maps2D-Momentum Maps
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2D-Momentum Maps2D-Momentum Maps
TheoryARPES

HOMO

Filled
LUMO

Puschnig et al., 
Science 326, 702 (2009).
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Reconstruction of OrbitalsReconstruction of Orbitals

ARPES

IFT



Reconstruction of OrbitalsReconstruction of Orbitals

HOMO

Filled
LUMO

Puschnig et al., 
Science 326, 702 (2009).
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2. Van der Waals Forces: Surface / Adsorption Energies

3. Step-Edge Barrier in Organic Thin Film Growth

4. Orbital Densities from Angle-Resolved Photoemission

5. Dissecting Orbitals: Tomography in Fourier Space



ARPES of PTCDA / Ag(110)ARPES of PTCDA / Ag(110)

Glöckler et al,
Surf. Sci. 405, 1-20 (1998).STM
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Identifying OrbitalsIdentifying Orbitals

Self-interaction
corrected 
functional
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HOMO and Filled LUMOHOMO and Filled LUMO

Puschnig et al. PRB 84, 235427 (2011),  Ziroff et al., PRL 104, 233004 (2010).

M1=
FLUMO

M2=
HOMO
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What is the nature of M3?What is the nature of M3?

M2=
HOMO

M1=
FLUMO

?
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ARPES Data-CubeARPES Data-Cube
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ππ-„Bands“ of PTCDA-„Bands“ of PTCDA
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What is the Origin of M3?What is the Origin of M3?

E C F
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What is the Origin of M3?What is the Origin of M3?

E C F

Puschnig et al. PRB 84, 235427 (2011),  see also: Dauth et al., PRL 107, 193002 (2011).
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Projected DOS from ARPES!Projected DOS from ARPES!
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Identification of OrbitalsIdentification of Orbitals
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STM

               Mixed
Monolayers

PTCDA

CuPc

ARPES Tomography



ConclusionConclusion
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Van der Waals Interactions within DFT
Organic / organic works fine; organic / metal interactions more problematic
Nabok et al., PRB 77, 245316 (2008).
Sony et al., PRL. 99, 176401 (2007).
Romaner et al., NJP 11, 053010 (2009).

Island Growth and Step-Edge Barriers
Critical cluster = 2-3, Transition lying → standing p-6P about 15 molecules
Potocar et al., PRB 83, 075423 (2011).
Some success in understanding certain kinetic barrieres,
but still a lot of work to do ...
G. Hlawacek et al., Science 321, 108 (2008); see also: Goose et al., PRB 81, 205310 (2010).

Orbital Densities and Hybridization with Metallic States 
Puschnig et al., Science 326, 702 (2009); Ziroff et al., Phys. Rev. Lett. 104, 233004 (2010).

Berkebile et al., Phys. Chem. Chem. Phys. 13, 3604 (2011). 

Orbital Tomography [Puschnig et al. PRB 84, 235427 (2011)]

● Make use of characteristic momentum space patterns
● Unambiguous identification of molecular features
● Density of states projected onto molecular orbitals
● Deconvolution beyond limits of energy resolution
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Layer-Dependent ESBLayer-Dependent ESB

E S B  

0 .26  vs . 0 .67  
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Layer-Dependent ESBLayer-Dependent ESB

G. Hlawacek et al., Science 321, 108 (2008).

S im u la tion  

E xperim ent 

abin itio

D FT  

E m pirica l
po ten tia ls

Peter Puschnig, JVC-14 / EVC-12, Dubrovnik, June 4th-8th 2012 
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