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Density-Functional Theory

The energy of the ground state of a many-

electron system : E, ({R,}) = Ming, <®|He|D>

Hohenberg and Kohn (1964): The functional
n(r) = n[®] = <®| 2 3(r-r)) |O>
[

can be inverted, 1.e.,

DO(ry, Iy, ..., M) =@[N(T)] .
Thisimplies:

E, ({R, }) = Min,

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

E,[n] = Tn] + / v(r)n(r)d*r + EF )] 4 £¥¢[n)

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




M ost-Cited Papersin 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)

Table 1. Physical Review Articles with more than 1000 Citations Through June 2003

Publication # cites  Av. age Title Author(s)
PR 140, A1133 E19h'5.‘
PR 136, B864 (1964) 2460 28.7 Inhomogeneous Electron Gas P. Hohenberg, W. Kohn

- Self-Interaction Correction to Density-Functional Approximations for
PRB 23, 5048 (1981) 2079 144 Many-Electron Systems

26.7 Seli-Consistent Equations Including Exchange and Correlation Effecty W. Kohn, L. |. Sham

J. P. Perdew, A. Zunger

PRL 45, 566 (1980) 1781 15.4 Ground State of the Electron Gas by a Stochastic Methed D. M. Ceperley, B. . Alder

PR 108, 1175 (1957) 1364  20.2 Theory of Superconductivity I. Bardeen, L. N. Cooper, |. R. Schrieffer
PRL 19, 1264 (1967) 1306  15.5 A Model of Leptons 5. Weinberg

PRB 12, 3060 (1975) 1259  18.4 Linear Methods in Band Theory I 0. K. Anderson I

PR 124, 1866 (1961) 1178  28.0 Effects of Configuration Interaction of Intensities and Phase Shifts U. Fano

RMP 57, 287 (1985) 1055 9.2 Disordered Electronic Systems P. A. Lee, T. V. Ramakrishnan

RMP 54, 437 (1982) 1045 10.8 Electronic Properties of Two-Dimensional Systems LAndo A B Fowler F Stern

PRB 13,5188 (1976) 1023  20.8 Special Points for Brillouin-Zone Integrations | H. . Monkhorst, J. D. Pack |

PR, Physical Review; PRB, Physical Review B; PRL, Physical Review Letters; RMF, Reviews of Modern Physics.

From Physics Today, June, 2005

Oxidation catalysis, e.g.:

CO+% 0, — CO,

A "simple", prototypical surface chemical reaction
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Oxidation catalysis, e.g.:

CO+% 0, = CO,

A "simple", prototypical surface chemical reaction

at Ru(0001)

C. Stampfl, M.Scheffler,

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




Transition -metalg’ oxides
as oxidation catalysts 7/ !

. .. H. Over, Y.D. Kim, A.P. Seitsonen, S. Wendt,
Catal ytl C aCthlty of A. Morgante, E. Lundgren, M. Schmid,

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

Also:

A. Bottcher, et al.,

Surf. Sci. 466, L811 (2000) ;

L. Zang and H. Kisch,

Angew. Chem. 112, 4075 (2000)

Ab initio atomistic thermodynamics

Ho (T, p) —— Ul p)

“constrained Q

N/, RuO,

G(T, p) = Etot 4 fvib _ gconf 14

DFT ( FP-LAPW; GGA)
C.M. Weinert and M.S.,
Mat. Sci. Forum 10-12,

_ 25 (1986).
/uo (T’ p) - 1/2/”02 (T’ pO) + 1/2 kT |n(p/p0) Reuter and M. S., PRL 90,
046103 (2003).




RuO,(110) surface terminations

O, pressure at 600K (atm)
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K. Reuter et al., PRB 65 (2001)

RuO, (110) surface structures with
O, and CO in the gas phase

Y (meV/A2)

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




RuO, (110) stability regions in (7, p) space

Po, (atm) Ab inito
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UHV surface
termination

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

Possible reaction mechanisms:
CO«s + O —CO,
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K. Reuter & M.S., PRL 90, 046103 (2003)
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Possible reaction mechanisms:
CUs CUS ==mp
CO%s + QO CO2
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K. Reuter & M.S., PRL 90, 046103 (2003)
@ oxygen L XOSTEUNIRC®R ./ PRB 68, 045407 (2003).

Kinetics of catalysis from first principles
-- example: CO+% 0O, — CO, --

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

2) Calculate the rates of all important processes
I =r,0 exp (AED /Kk,T)

3) Statistical mechanics approach to describe
- dissociation, adsorption, desorption
- diffusion
- reactions (CO, formation)
- desorption of the product
mm) cxtended kinetic Monte Carlo




Kinetic Monte Carlo:
Coarse-Graining Molecular Dynamics

Molecular Dynamics of Co on Kinetic Monte Carlo simu-

Cu(001): Thewholetrajectory. lation: Coarse-grained hops.

ab initio M D: ab initiokM C:
up to 50 ps up to minutes

Transition State Theory

Transition state theory

J[-'-“I l.f -AF }
= - ELp
s 0,
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Oxidation catalysis at RuO, (110)

termination for high O, pressure

@ oxygen @ CO

cus sites: white background
bridge sites: grey background

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

E

RuO, (110) high reactivity regions
(bridging the pressure gap)
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Themeasured rateis rg, = 102 cm? st

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)
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Site occupation statistics at the
steady state (strong fluctuations)

K. Reuter, D. Frenkel, M.S., PRL 93, 116105 (2004);
K. Reuter and M.S., PRB, in press.
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... Wwhat can wetell about

other systems?

Stability of bulk oxidesin CO oxidation catalysis

Ti V Cr Mn Fe Co Ni Cu
600K |Zr Nb Mo Tc Ru Rh Pd Ag
Hf TaW Re Os Ir Pt Au
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Ru: “thick” oxide
film

Rh: surface oxide

Pd: subnano-
meter thin surface-
oxide films

AQ: azoo of
surface oxides
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O on 4d metals (Ru

- AQg): here Ag(111)

Bulk Oxide

In an oxygen rich atmosphere, novel surface oxides

develop and Wet the metal surface

-: -(‘
. ‘fm Adsorption
-10

I*\'“‘

'300° 200 300 400 300 600 700 800 900 1000
Temperature (K)

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 Ag (111):
When seeing is not believing

/W_hy O on Silver_‘?\

Partial oxidation catalyst:
-- methanol to

formaldehyde

-- ethylene to =0
ethylene epoxide

US ethylene epoxide

production in 2000:
~ Billion kg®

M noble-metal ca‘ral)g/

IChem. & Eng.News, June 24, 2002

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

{

300x300 A

C.I. Carlisle at al. Surf. Sci.
470 (2000): "The structure
of the O/Ag surface oxide
resembles that of bulk Ag,0."
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The “old” understanding of (4x4)O/Ag:
The structure resembles that of bulk Ag,O.

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

Several structures havethe same or even lower energy!

il TRY
vy u
S . .

by J. Schnadt, F. Besenba

Theoretical results for O/Ag
- ==

WIOES BT ¢(3x5V3) ] Calculated
st G4 L I8f Structures
(DFT)

Calculated
S1LY
images
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The Ag-oxide "Nano-Lego"

The "seen” p (4x4)-O/Ag(111) structure does NOT
resemble Ag,0, 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 Ag,O, building blocks: A "Nano-Lego”

J. Schnadt, A. Michaelides, J. Knudsen, R. T. Vang, K. Reuter,
E. Leegsgaard, 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 “Agg” model.

Towards an exact treatment of exchange
and correlation in materials

Examples:

1. Surface structure, adsorption energies, reaction
energy barriers for H, 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 1s > 0.4 ¢V, and the GGA erroris > 0.15 eV.

|
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How to correct the xc error of
DFT-LDA

Do super-cell calculations using DFT-LDA

Do cluster calculations with DFT-LDA and
with xc-better = B3LYP, HF-MP2, or QMC
using the same geometry as in 1.

Evaluate the correction of the DFT-LDA result:
AE_.,. = E e(XC-better) — E oo (LDA)

COIrT.
How does AE_ . change with cluster size?
We need the correction for the limit
cluster size -» «

AEcorr. - Ecluster(XC'better) o Ecluster(LDA)
2500+
g “‘.
20004
3 . example:
g 15004 CO adsorption
e 1 in the fcc-hollow
2 10004 .
3 _ site of Cu (111)
500+
T's " 16 20 24 28 3

cluster size
AE, .. increases as @ + b*V?3 + c*V |

For the clean surface and for other adsorption sites
the scaling isthe 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 adsomtion site

1.01

HF-MP2

0.84

top site
favored

o ‘}'l-()HOW site
favored

AECHFF.([-CC) - AEC()".([Op) (eV)

8 12 16 20 24 28 32
Cluster Size

A 16-atom cluster is sufficiently big
to evaluatethe LDA error.
Note: The adsorption energy (and other quantities) is
NOT described properly by a 16-atom cluster.

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 realistic conditions 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@thi-berlin.mpg.de
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