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Density-Functional Theory

This implies:

E0 ({RI }) = Minn(r) E{R} [n]

E0 ({RI }) = MinΦ <Φ|He|Φ>

Hohenberg and Kohn (1964):

can be inverted, i.e.,

n(r)  =  n[Φ]  =  <Φ| ∑ δ(r−ri) |Φ>
i

Φ(r1, r2, . . . , rN,) = Φ[n(r)]  . 

The functional

The energy of the ground state of a many-
electron system :

Comparison of Wave-Function and 
Density-Functional theory
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Comparison of Wave-Function and 
Density-Functional theory

The Kohn-Sham Ansatz
-- Kohn-Sham (1965) – Replace the original many-

body problem with an independent electron problem 
that can be solved!

-- Only the ground state density and the ground state 
energy are required to be the same as in the original 
many-body problem.

-- Maybe the exact Exc[n] functional cannot be written as 
a closed mathematical expression. Maybe we have to 
take a detour similar to that taken for Ts[n]? The 
challenge is to find useful, approximate xc functionals. 



4

Most-Cited Papers in APS Journals

11 papers published in APS journals since 1893 with 
>1000 citations in APS journals (~5 times as many 
references in all science journals) 

From Physics Today, June, 2005

Oxidation catalysis, e.g.: 

CO + ½ O2              CO2

A "simple", prototypical surface chemical reaction
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At UHV condi-
tions Ru is least
active for CO 
oxidation. At
high-pressure 
conditions it is 
best.

CO2 formation
at Ru supported
catalysts and
Ru single crystals.
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Oxidation catalysis, e.g.:

CO + ½ O2              CO2

A "simple", prototypical surface chemical reaction

C. Stampfl, M.Scheffler, 
Surf. Sci. 433-435, 119 (1999),
and in Handbook of Surface 
Science (2000)

at Ru(0001)
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Transition  metals              
as oxidation catalysts ?

oxides-
!

Catalytic activity of
Ru(0001) is due to
RuO2(110) domains 
(1-2 nm thin films), 
that form in the re-
active environment.

Also: 
A. Böttcher, et al., 
Surf. Sci. 466, L811 (2000) ;
L. Zang and H. Kisch,
Angew. Chem. 112, 4075 (2000)

H. Over, Y.D. Kim, A.P. Seitsonen, S. Wendt, 
A. Morgante, E. Lundgren, M. Schmid, 
P. Varga, and G. Ertl, Science 287 (2000)

Ab initio atomistic thermodynamics

μO2
(T, p)

G(T, p) = Etot + Fvib – TSconf + pV

DFT  ( FP-LAPW; GGA)
C.M. Weinert and M.S.,
Mat. Sci. Forum 10-12,
25 (1986).
Reuter and M. S., PRL 90, 
046103 (2003).

mO (T, p)  = ½ mO2
(T, p0) +  ½ kT ln(p/p0)

RuO2

X
“constrained
equilibrium”

μCO(T, p)
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high pressure termination

RuO2(110) surface terminations

K. Reuter et al., PRB 65 (2001)

Obridge Rucus

RuO2 (110) surface structures with 
O2 and CO in the gas phase

K. Reuter & M.S., PRL 90, 046103 (2003)
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Ab inito
thermodynamics

for a 
“constrained 
equilibrium”

UHV surface 
termination

K. Reuter & M.S.,
PRL 90, 046103 (2003)

Possible reaction mechanisms:
COcus + Obr CO2

1.25 eV

OObrbr/ / --

COCObrbr/CO/COcuscus

OObrbr/CO/COcuscus

OObrbr/O/Ocuscus

oxygen              oxygen of CO
K. Reuter & M.S., PRL 90, 046103 (2003)
and PRB 68, 045407 (2003).
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Possible reaction mechanisms:
COcus + Ocus CO2

0.89 eV
OObrbr/ / --

COCObrbr/CO/COcuscus

OObrbr/CO/COcuscus

OObrbr/O/Ocuscus

K. Reuter & M.S., PRL 90, 046103 (2003)
and PRB 68, 045407 (2003).oxygen              oxygen of CO

Kinetics of catalysis from first principles
-- example: CO + ½ O2              CO2 --

1)  Analysis of all possibly relevant processes 
using density-functional theory

2)  Calculate the rates of all important processes

G(i) = G0
(i) exp (DE(i) / kBT )

3)  Statistical mechanics approach to describe
- dissociation, adsorption, desorption 
- diffusion
- reactions (CO2 formation)
- desorption of the product

extended kinetic Monte Carlo
movies
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Kinetic Monte Carlo: 
Coarse-Graining Molecular Dynamics

Molecular Dynamics of Co on
Cu(001): The whole trajectory.

Kinetic Monte Carlo simu-
lation:  Coarse-grained hops.

ab initio MD:
up to 50 ps

ab initio kMC:
up to minutes

Transition State Theory
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RuO2 (110) stability regions 
in (T, p) space

105

1

10-5

pO2 (atm), T = 600 K

ΔμO2 (eV)

Δμ
C

O
(e

V
)

K. Reuter and M.S., PRB in print.

p C
O

(a
tm

)

oxygen                CO

cus sites: white background
bridge sites: grey background

T = 600 K
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Oxidation catalysis at RuO2 (110)

oxygen                CO
cus sites: white background
bridge sites: grey background

p(O2) = 1 atm,  p(CO) = 10 atm

termination for high O2 pressure

K. Reuter, D. Frenkel, M.S., 
PRL 93, 116105 (2004).
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K. Reuter, D. Frenkel, M.S., 
PRL 93, 116105 (2004).

Oxidation catalysis at RuO2 (110)

oxygen                CO
cus sites: white background
bridge sites: grey background

p(O2) = 1 atm,  p(CO) = 10 atm

termination for high O2 pressure

The measured rate is  rCO2 = 1018 cm-2 s-1

C.H.F. Peden, D.W. Goodman, D.S. Blair, P.J. Berlowitz, G.B. Fisher, S.H. Oh,
J. Phys. Chem. 92, 1563 (1988)

RuO2 (110) high reactivity regions 
(bridging the pressure gap)
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Site occupation statistics at the 
steady state (strong fluctuations)

CObr +Ocus :  0.8
COcus +Obr : 1.2

CObr +Obr : 1.5 

COcus +Ocus :  0.9
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K. Reuter, D. Frenkel, M.S., PRL 93, 116105 (2004);
K. Reuter and M.S., PRB, in press.
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J. Wang, C.Y. Fan, 
K. Jacobi, and G. Ertl,
J. Phys. Chem. B 106, 
3422 (2002)
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theory

Comparison with experimental results
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… what can we tell about
other systems?

Stability of bulk oxides in CO oxidation catalysis

K. Reuter and M. S.
Appl. Phys. A 78, 
793 (2004)
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film
Rh:  surface oxide
Pd:  subnano-
meter thin surface-
oxide films
Ag:  a zoo of  
surface oxides

Ag2O
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W.X. Li, C. Stampfl, and M.S., PRL 90 (2003); and PRB (2003); 
M. Todorova, et al., PRL 89 (2002); A. Michaelides et al. J.Phys. Chem (2003)

O on 4d metals (Ru - Ag): here Ag(111)

In an oxygen rich atmosphere, novel surface oxides
develop and wet the metal surface

O on Ag (111): O on Ag (111): 
When seeing is not believingWhen seeing is not believing

Moderate exposures of O to 
Ag(111) leads a characteristic 
(4x4) superstructure.

C.I. Carlisle at al. Surf. Sci. 
470 (2000): “The structure
of the O/Ag surface oxide 
resembles that of bulk Ag2O.”

300x300 Å

1Chem. & Eng.News, June 24, 2002

Why O on Silver ?
Partial oxidation catalyst:
-- methanol to 

formaldehyde
-- ethylene to

ethylene epoxide

US ethylene epoxide
production in 2000: 
~ Billion kg(1)

A noble-metal catalyst
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The “old” understanding of (4x4)O/Ag: 
The structure resembles that of bulk Ag2O. 

DFT calculations questioned this interpretation: 
A. Michaelides, K. Reuter, and M.S., J. Vac. Sci. Technol. A 23 (2005).

Several structures have the same or even lower energy!

New STM data by J. Schnadt, F. Besenbacher, et al.

Calculated
structures
(DFT)

Calculated 
STM
images

p(4x4) c(3x5√3)

Theoretical results for O/Ag
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The Ag-oxide “Nano-Lego”
The “seen” p (4x4)-O/Ag(111) structure does NOT 
resemble Ag2O, and it may not be very relevant. There 
are many structures of nearly the same energy. At 
realistic conditions  all these structures will be present 
(law of mass action; kinetics).

Many (all?) low-energy oxide overlayers on Ag(111) are 
comprised of Ag6Ox building blocks:  A “Nano-Lego”

J. Schnadt, A. Michaelides, J. Knudsen, R. T. Vang, K. Reuter,
E. Lægsgaard, M. Scheffler, and F. Besenbacher, 
submitted to PRL.

On the p (4x4) structure M. Schmid, A. Stierle, et al., recently arrived at
exactly the same “Ag6” model.

Towards an exact treatment of exchange 
and correlation in materials

Examples: 
1. Surface structure, adsorption energies, reaction 

energy barriers for H2 at Si (001)
2. CO adsorption at transition metal surfaces:

LDA and GGA xc functionals dramatically fail to 
predict the correct adsorption site. For low coverage 
the theory gives the hollow site, but experimentally 
CO adsorbs on top. E.g.: For CO/Cu (111) the LDA
error is ≥ 0.4 eV, and the GGA error is ≥ 0.15 eV.
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How to correct the xc error of 
DFT-LDA

1. Do super-cell calculations using DFT-LDA
2. Do cluster calculations with DFT-LDA and 

with       xc-better = B3LYP, HF-MP2, or QMC
using the same geometry as in 1.

3. Evaluate the correction of the DFT-LDA result:
ΔEcorr. = Ecluster(xc-better)  – Ecluster(LDA) 

How does ΔEcorr. change with cluster size?
We need the correction for the limit  

cluster size →∞

ΔEcorr. = Ecluster(xc-better)  – Ecluster(LDA) 

8      12     16     20     24     28     32
cluster size

ΔEcorr. increases as a + b*V2/3 + c*V . 

B3LYP

GGA-PBE

HF-MP2

example:
CO adsorption
in the fcc-hollow
site of Cu (111)

For the clean surface and for other adsorption sites
the scaling is the same.
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Towards an exact treatment of exchange and 
correlation in materials -- CO at Cu (111): The 
correction for fcc-hollow and atop adsorption site

A 16-atom cluster is sufficiently big 
to evaluate the LDA error.

Note:  The adsorption energy (and other quantities) is 
NOT described properly by a 16-atom cluster.

HF-MP2

B3LYP

GGA

top site
favored

hollow site
favored

Conclusions

• The described techniques are applicable to a wide 
variety of gas-phase and solution-phase chemistry, 
crystal growth, heterogeneous catalysis, etc.

• In an oxygen rich atmosphere, novel surface oxides 
develop and wet the metal surface.

• The active phase present under realisticconditions is 
not the bulk phase introduced as “the catalyst”, but a 
different (sometimes novel) material with different 
composition and different structure. Recent examples 
include: hematite, Ru, Rh, Pd, Ag.

• Complexity is essential for understanding the 
function of materials.

http://www.fhi-berlin.mpg.de/th/th.html Scheffler@fhi-berlin.mpg.de
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