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ny=Electron-Problem

Many-Electron Schrodinger Equation

HU(rqy,...,v;,....,tp) = EV(r{,...,r;,...,1ry)

Total Electronic Hamiltonian

H = Z hi + %—e
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cirombensity’ Distribution

= Electron density n(r) is the basic variable
= Density Functional Theory (DFT) provides rigorous framework
= All microscopic and macroscopic properties depend on n(r)

Electron Density in a (10,0) single-walled Carbon Nano-Tube
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HOehBeEnberg=-Kohn Theorem

universal functional of the electron density external potential due to atomic nuclei

' '

E = Fin(r)] + / Vs (0 (x)d%r

« The total energy of a system of interacting electrons is a
functional of the density.

* The energy takes its minimum at the ground state density.
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HOehBeEnberg=-Kohn Theorem

universal functional of the electron density external potential due to atomic nuclei

' '

E = Fin(r)] + / Vo (0)n(x)d3r

« The total energy of a system of interacting electrons is a
functional of the density.

* The energy takes its minimum at the ground state density.

exchange-correlation energy

Suggestion of Kohn and Sham: ¢
Fn(r)] = Ts[n(r)] + % / n|(rr)_ng‘,)d37“d3r’ + Eype[n(r)]
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Kohn=Sham Eguations

—%vz + Vet () + Vi (r) 4+ Vae(r) | ¢:(r) = €:¢0i(r)

* Replace the system of interacting electrons by a fictitious system of
non-interacting electrons with the same density

« Single-electron Schrédinger equations with an effective potential
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rRohnESham Equations

Atomic nuclel
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rRohnESham Equations

{—%VQ + Vext (r) + Vi (r) + Vmc(r)} thi(r) = ithi(r)

y

_g / TL(I‘,) d3,},,/
r—r'|

r

Atomic nuclei  Hartree potential
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Kohn=Sham Eguations

1
|:_§v2 + Vext (I‘) + VH(F) + Ve (I‘):| %(I‘) — E'sz (I")
Z / ) s OBw[n(r)]
r |r — r’| 5??,(1‘)
Atomic nuclei  Hartree potential  ,,Exchange-correlation-
potential”
N— 7 N ~ _J
classical electro-static Quantum-mechanical
Interactions effects

Peter Puschnig, Planneralm Winterschool, 7" — 12" March 2010 Slide 11



phinESham Equations

{—%Vz + Vext (r) + Vi (r) + Voo (r)
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Self-consistency
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rRohnESham Equations

[—%VQ + Vext (r) + Vi (r) + ch(r)] thi(r) = eihi(r)

y

_g / n(r,) dB’T’,
r v

Self-consistency

Approximations
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ERCHENEERCOITEIation Functionals

First Generation ELPA (r)] = /n(r)_d3r

(1980) | o
Local Density Approximation (LDA)

n(r) 4

take xc-energy f\
of uniform electron gas
at same density
oM oM o M M A
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ERCHENEERCOITEIation Functionals

First Generation ELPAI(r)] = /n(r)egfjiform (n(r)) d*r

(1980) | o
Local Density Approximation (LDA)

Second Generation ES%4[n(r)] = / n(r)f (n(). [Va@)) 4*r

1996
( ) Generalized Gradient Approximation (GGA)

n(r) 4

A

) A A O A A > T
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piVielecular Crystals

Pentacene Crystal Structure

crystal
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ERergyieifviclecular Crystals

Cornasly

(L

Pentacene Crystal Structure

= —[ (1/2)E —~ E ]

cohesive crystal molecule

Peter Puschnig, Planneralm Winterschool, 7" — 12" March 2010 Slide 18



—~ 1.6 =
>
2 X
51.2— .. .
)
C
O 0.8 X -
o A DA
'® GGA
2 0.4+ X EXP -
@)
O

O_ | | | ] i

2A 3A_ 4A 5A
Oligoacenes

Peter Puschnig, Planneralm Winterschool, 7" — 12" March 2010 Slide 19



yau eIV aaisibensity Eunctional

Nonlocal Correlation Energy
leading to van-der-Waals interaction

1

B = / Prd*rn(r)é(r. r')n(r)

Exchange-Correlation Energy
pYdWDF _ pGGA | pLDA | ol

Dion et al, Phys. Rev. Lett. 92, 246401 (2004).
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Oligoacenes
Nabok, Puschnig, Ambrosch-Draxl, Phys. Rev. B 77, 245316 (2008).
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ihiophene / Cu(110)

Adsorption Energy [eV]
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iihophene / Cu(110)
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Sony, Puschnig, Nabok, Ambrosch-Draxl|, Phys. Rev. Lett. 99, 176401 (2007).
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PIEGIDAY Coinage Metals

Cu Ag Au

2.66 2.86 3.27 experimental
PBE-GGA

3.5
3.0 A

2.5
S 20}
2 45}
w10 |

05 |-

0.0

-0.5

20 25 30 35 40 45 50 PTCDA/Ag(111)
d (A)

Romaner, Nabok, Puschnig, Zojer, Ambrosch-Draxl, New. J. Phys. 11, 053010 (2009).
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PIEGIDAY Coinage Metals

Cu Ag Au Cu Ag Au |
35 2.66 2.86 3.27 experimental _2.66 2|.86 3.27 experimental
' e) : A : ]

3.0 ~A( ) : | ' PBE-GGA 3.0 vdW-DF

25| 2.0
.1? s -1.0

0.5 F

0.0 | -2.0

-0.5 I -3.0 | I I I

20 25 30 35 40 45 5.0 20 25 30 35 40 45 5.0

d (A) d(A)

Romaner, Nabok, Puschnig, Zojer, Ambrosch-Draxl, New. J. Phys. 11, 053010 (2009).
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PTCDA / Ag(111)

PDOS @ exp. distance

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

4 3 2 1 0 1 2 PTCDA/Ag(111)
Energy (eV)

Romaner, Nabok, Puschnig, Zojer, Ambrosch-Draxl, New. J. Phys. 11, 053010 (2009).
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Eevel Alignment

PDOS @ exp. distance Cu Ag Au
1 2.66 2.86 3.27 experimental

0.14 E(eV)
0.12 0.5
0.10
0.08 0
0.06 -0.5
0.04
0.02 ~1
0.00 -1.5
' Li i ' ' -2
4 <3 =2 -1 0 1 2 2 25 3 35 4 45 5
Energy (eV) d ( A)

Romaner, Nabok, Puschnig, Zojer, Ambrosch-Draxl, New. J. Phys. 11, 053010 (2009).
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VWorkeEunction Change

PDOS @ exp. distance Work function change A®

0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

— 6 . exp. values _

] ] 1 1 l -A' | | | ! I

-4 -3 -2 -1 0 1 2 2.025 3.0354.0455.0
Energy (eV) d ( A)

Romaner, Nabok, Puschnig, Zojer, Ambrosch-Draxl, New. J. Phys. 11, 053010 (2009).
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AVIGIE=RESeIVEd Photoemission
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gmaxacllysAligned Sexiphenyl

> HOMO-10

-2 HOMO-11

DOSs -1 -0.5 0 0.5 1 15

on Cu(110)_(2x1)0
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A simple approach (one-step model + final state = plane wave)
I(9~ P Ekin) X Z ‘(11}?(& 0 Ekin)‘A ) p‘/vz) X 0 (Ez + & + Ekin _ hu))

AYATAVAVAVAY

plane wave

molecular orbital

.. leads to a simple result
1(60.6) o |(A - K) x [,

AN

Fourier Transform of Initial State Orbital

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

Molecular Orbital in Real Space

Calculation of
the Fourier Transform 5

2

0
k (1/4)
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gomparison with DFT

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

o)

(VIT) N

Calculation of
the Fourier Transform 5

2

0
k (1/4)
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somparison with DFET

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

21/a

-2 1 0

k (LIA)

Calculation of
the Fourier Transform

0
k (1/4)
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Intramolecular Band Structure

~1/2 r —_ma 2m/a

Binding Energy (eV)

0 . <+—>» 184
kx (1/A)

DOS
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dlanar vs. Twisted
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wisted Sexiphenyl

-/ I __ma 2n/a

Binding Energy (eV)

DO -1 -0.5 0 0.5 1 1.5
k_(1/A)

G. Koller et al., Science 317, 351 (2007).
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Pentacene

22 Carbons lead to
11 occupied 1t orbitals

gcet

1
(I

1
=N

1
=)

1
~]

Stephen Berkebile, et al., PRB 77, 115312 (2008)
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SEXMPHERYIIErEmoleculan Dispersion

0.6
K, A1
G. Koller et al., Science 317, 351 (2007).

0.2

0.4

on Cu(110)_(2x1)0
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SEXMPHERYIIEAmoelectlar Dispersion

1. Why is the dispersion so different?
2. Why \is the PE intensity so different?

Binding Energy [eV]

. 8 b
Uniaxially ordered para-sexiphenyl film
on Cu(110) (2x1)O

G. Koller et al., Science 317, 351 (2007).
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HOMO

localized on rings

. and sizeable intermolecular dispersion

HOMO

de-localized over a molecule
. but small intermolecular dispersion
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Zahotoemission Intensity

3 2 1 0 1 2 3 3 2 1 0 1 2 3

k (1IA) k (11A)
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Prbitaltlomography

The Toroidal Electron Spectrometer for Angle- /X
Resolved Photoelectron Spectroscopy with
Synchrotron Radiation at BESSY I
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Pentacene HOMO

kx-ky scans at constant photon energy and constant kinetic energy

100

-80

-60

-40

-20

¢ (deg)

20
40
60
80

100

Multilayer of
Pentacene/Cu(110) (2x1)O
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Pentacene HOMO

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

Calculation of
the Fourier Transform -

1 0 ] 1 %
K (WA '3
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HEoR/ VS: EXperiment

Theory

ARPES

-3
-3 -2 -1 0 1 2 3
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HEOH/ VS, Experiment
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Puschnig et al.,
Science 326,
702 (2009).
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HEoR/ VS: EXperiment
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I
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Zi=NMomentum Maps

ARPES

=q
data for a =
monolayer of =
6P / Cu(110)

-2 -1 1

0
K (1/A)
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z-NMomentum Maps
ARPES

(N qie):

0.25

—

0.75
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X
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BReconstruction of Orbitals

Raw ARPES data ) kX-ky plot with phase

6P HOMO
from ARPES

Puschnig et al., Science 326, 702 (2009).
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Reconstiruction of Orbi

HOMO

Filled
LUMO
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VioRolayerrPICDA / Ag(110)

Ziroff et al. (submitted to PRL)

X
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yamaerwaals Interactions

- | | ' | ' | -
| exp _
—_— 0.6 % LDA
= i -8 GGA il
D, 0.3k oo vdW-DF |-
> L
2
o O0.0F
(- R
LL
(- '0.3_
O - i
Q 0.6 —
o I i
5
< 09_ =
12 ¥ -

] ] I ] 1 ] ]
20 30 40 50 6.0
Cu-S distance [A]

Total Energy: Further improvements in E _ required!
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WhatiabeutBand Energies?

)
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WhatiabeutBand Energies?
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WhatiabeutBand Energies?

Koérzdorfer et al.,
PRB 79, 201205(R)
(2009).

DOS (arb. units)
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Band Gap Problem

39 Vi) + Vi) + Vi) 0166) =

_KS
o Foup=cpp + Axe

s 1_|_ I &
» AK"' — Uxe Uxe

KS bandgap Energy gap

e How large is Ay.7
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Benzene/ Graphene

Neaton et al.,
PRL 97, 216405
(2006).

r K’
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Ehysiserbed Benzene
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Density Functional Theory

Structural Properties

Electronic Structure

"4

4ﬂ Problems in DFT
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