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time and space scales

not todayApproximate xc functionals (e.g. LDA and GGAs) have been 
very successful but there are problems 

• for certain bonding situations (vdW, hydrogen bonding, 
certain covalent bonds)

• for highly correlated situations, and 
• for excited states.

One Example Where Present-Day xc
Functionals Reveal (Severe) Limitations:

CO adsorption at transition metal surfaces:

Feibelman, Hammer, Norskov, Wagner, Scheffler, Stumpf, Watwe, and 
Dumesic, The CO/Pt(111) puzzle. J. Phys. Chem. B 105, (2001). 

LDA and GGA xc functionals dramati-
cally fail to predict the correct adsorp-
tion 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 ≥ 0.2 eV.
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orbitals. The 
difference is 
only 0.02 eV.

(1) Difference to Stroppa et al. PRB 76(2007) is less than 0.04 eV.
(2) Harl and Kresse, PRL 103 (2009) only 0.12 eV
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RPA and more-approximate xc functionals 
for the CO adsorption puzzle
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X. Ren, P. Rinke, 
M.S., PRB 80
(2009).
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Xinguo Ren

Patrick Rinke

X. Ren, P. Rinke, M.S., PRB 80, 045402 (2009). 
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The CO Adsorption Puzzle
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For details (RPA and GW)  
see  X. Ren, P. Rinke, M.S., 
PRB 80, 045402 (2009). 
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G0W0 band gaps

Rinke et al. New J. Phys. 7, 126 (2005), phys. stat. sol. (b) 245, 929 (2008)

The starting point 
can be important. 
If we start too far 
from the final 
answer, first order 
perturbation theory 
(G0W0) will fail.

LDA
G0W0@LDA
OEPx(cLDA)
G0W0@OEPx(cLDA)

The zoo of approximate xc functional is getting hardly 
comprehensible. 

How to clean up this mess?

The challenges: Find practical ways to correct the xc
approximation and/or to control the errors.

Approximate xc Functionals
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τ(r) : Kohn-Sham kinetic energy density
ACFD : adiabatic connection fluctuation dissipation

theorem (Bohm, Pines (1953); Gell-Mann, 
Brueckner (1957); Langreth, Perdew (1977); 
Gunnarsson, Lundqvist (1975, 1976)

RPA : random phase approximation 

5 unoccupied ψi(r), e.g., ACFD-RPA 
4      occupied ψi(r),      hybrid functional (B3LYP, PBE0, HSE, …)
3      τ (r), meta-GGA (e.g., TPSS) 
2      ∇n(r), GGA (e.g., PBE) 
1       n(r), LDA

ac
cu

ra
cy

 

Perdew’s Dream: Jacob’s Ladder in DFT
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Adding correlation:
• on top of Hartree-Fock exchange: Møller-Plesset 

perturbation theory (MP2)
• on top of “DFT exact exchange”: random phase 

approximation (RPA)

The orbitals for evaluating  Ex are different in Hartree-Fock and 
Kohn-Sham DFT. --The numerical technique to evaluate Ex is the 
same.

Exact Exchange plus Correlation in RPA
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χ0 = dynamical-response function of the Kohn-Sham system

The approach gives total energies but no information on how the 
Kohn-Sham energies,   , i.e. spectroscopy, will change.  This 
(corresponding) change is given by the GW self-energy.

Exc =   Ex
EX +   Ec

RPA

cRPA Formulated within DFT Framework

Many-Body Perturbation Theory; The Self-Energy

Occupied and unoccupied states and their energies are obtained 
from the quasiparticle equation

The self-energy Σxc incorporates all contributions from exchange 
and correlation processes. In contrast to the xc-potential of DFT, it 
is nonlocal, energy-dependent and has a finite imaginary part. We 
evaluate Σxc in the G0W0 approximation:

W0 is the screened Coulomb interaction; we employ the random-
phase approximation, taking the full frequency-dependence of the 
dielectric function into account.
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In practical calculations, RPA is done perturbatively on top of a 
GGA-PBE or PBE0 reference.

The RPA total energy = ERPA@PBE 

= (Ts + Eext + EHartree + Ex
exact + Ec

RPA ) @PBE

RPA in practice: (EX+cRPA)@PBE

The good aspects:
• Exchange is treated at the “exact exchange” level (so far with PBE or 

PBE0 orbitals). Essentially no self-interaction error.
• EX+cRPA is fully non-local, and vdW interactions are included, 

automatically and seamlessly (highly accurate).
• Screening is taken into account. Thus, EX + cRPA works for 

molecules, insulators, metals with various bonding natures -- in 
contrast to MP2. 

• And more …

Problems?
• No forces (yet …)
• An “A” is still there. For example, there is self-correlation due to the 

KS response function. Bond strengths of molecules are too weak.  
Let’s  improve on this.

Pros and Cons of EX + cRPA
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• “RPA+” and “RPA++”: correct cRPA using local and/or non-local 
density functional correlations. Z. Yan, J. P. Perdew, and S. Kurth, Phys. Rev. 
B 61, 16430 (2000); A. Ruzsinszky, and J. P. Perdew, and G. I. Csonka, J. Chem. 
Theory Comput. 6, 127 (2010).

• Range-separated RPA: only the long-range part of cRPA is 
Incorporated. B. G. Janesko, T. M. Henderson, and G. E. Scuseria, J. Chem. 
Phys. 130, 081105 (2009). J. Toulouse et al., Phys. Rev. Lett. 102, 096404 (2009).

• SE correction: add a single-excitation contribution to cRPA.                        
X. Ren, A. Tkatchenko, P. Rinke, and M.S., PRL 106, 153003 (2011). 

• SOSEX: complement cRPA with second-order screened exchange 
to correct the self-correlation.  D. L. Freeman, Phys. Rev. B 15, 5512 (1977). 
A. Grüneis et al., J. Chem. Phys. 131, 154115 (2009).

• cRPA+SE+SOSEX … J. Paier, X. Ren, P. Rinke, A. Grüneis, G. Kresse,         
G. E. Scuseria, M.S., to be submitted soon.

Attempts for going beyond EX+cRPA

EX + cRPA + SE + SOSEX
viewed in the many-body framework

adding all 
ring 
diagrams

=

Single excitations     cRPA SOSEX

+ …
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The Code

All calculations were done with the FHI-aims program 
package for an 

• efficient, 
• accurate, 
• all-electron 

description based on numeric atom-centered orbitals. 
… massive parallel (also BlueGene).

DFT also with hybrid functionals and TDDFT, 
Hartree-Fock +MP2, EX+cRPA, GW selfenergies, 
etc. for molecules, clusters, and periodic systems.

http://www.fhi-berlin.mpg.de/aims/

Volker Blum

SE) @PBE

Performance of EX+cRPA+SE
Example: N2 over Benzene

(EX+cRPA)@PBE

CCSD(T)

MP2

(EX+cRPA+SE)@PBE

EX+cRPA (green curve)
• works better than MP2 (blue curve),
• bond strength is generally too weak,
• C6 coefficient is generally slightly too small,
• energy barriers are quite good.
adding SE (purple curves) improves the bond strength.

http://www.fhi-berlin.mpg.de/aims/
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X. Ren, A. Tkatchenko, P. Rinke, and M. S., PRL 106, 153003 (2011).
Reference data: P. Jureka, J. Sponer, J. Cerny, and P. Hobza, PCCP 8, 1985 (2006).

Performance of EX + cRPA + SE for the 
S22 Database

MAE 18 meV

Performance of EX+cRPA+SE+SOSEX
for Binding Energies

For vdW systems inclusion of SOSEX brings essentially no change, i.e. 
description remains very good. For covalent bonds it brings an improvement.

G2-I molecular 
data base:

J. A. Curtiss et al., 
JCP 94, 7221 (1991). 
D. Feller, and 
K. A. Peterson et al., 
JCP 110, 8384 (1999).

Binding energies of 
covalently bonded 
molecules; G2-I set
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Performance of EX+cRPA+SE+SOSEX
for Energy Barriers

38 hydrogen-transfer barrier heights and 
38 non-hydrogen-transfer barrier heights 

Reference data: 

Y. Zhao, N. Gonzalez-
Garcia, and  D. G. Truhlar, 
JPC A109, 2012 (2005).

Non-hydrogen transfer 
reaction barrier heights

Hydrogen transfer reaction
barrier heights

“Self-correlation” in
cRPA mimics static
correlation.
T. M. Henderson and
G. E. Scuseria, 
Mol. Phys. 108, 2511 (2010).

Summary, Conclusion, Outlook

• Development of EX+cRPA and beyond (adding SE and SOSEX).
• and benchmarking for covalent bonds, hydrogen bonds, vdW

bonds, as well as energy barriers (bond breaking).
• The combination of (renormalized)SE and SOSEX gives very good 

results (better than HF+MP2).
• Applications to molecules (some were shown in the talk) and to

 CO adsorption at metal surfaces,
 defects in semiconductors,
 surface energies of 4d transition metals,
 cohesive energy of bulk Cu, Ag, Au.

• Outlook:
Performance of EX+cRPA+SE+SOSEX for metallic bonds needs 
to be studied in more detail.
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Xinguo Ren

X. Ren, A. Tkatchenko, P. Rinke, and M. S., PRL 106, 153003 (2011).
J. Paier, X. Ren, P. Rinke, A. Grüneis, G. Kresse, G. E. Scuseria, M. S., to be submitted soon.
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