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The workshop was part of the series of International Workshops on Compu-
tational Physics and Materials Science, which started in Oxford (1983) and
Braunschweig (1984), and is continued biennially in Trieste (1987, . . . , 2007),
with mini-workshops in the intervening years (2004: Paris, 2006: Cam-
bridge). The 2008 edition was organized with the help of the Forschungszen-
trum Jülich at the Gustav-Stresemann-Institut (GSI) in Bonn, Germany.

As the previous workshops, this year’s meeting served to survey the
state-of-the-art of computational methods for the calculation of the elec-
tronic structure of real materials. A special focus was recent progress in
the understanding of correlated systems beyond simple model systems. The
aim was to bring together practitioners from different parts of the electronic
structure community and to enable the exchange of ideas between the fields
ranging from method development to applications.

The workshop was attended by 43 participants staying at the GSI plus
8 students commuting from Bonn University and Jülich. Thanks to finan-
cial support from the the Forschungszentrum Jülich, the European Science



Foundation (ESF) through psi-k, and the Institute for Complex Adaptive
Matter (ICAM), we could cover the local costs of all participants. In addi-
tion, with the help of ICAM Junior Travel Awards, we were able to cover the
travel expenses of three young participants, a PhD student from China as
well as two postdocs, one from Bangladesh and one from the United States.

The program consisted of 20 invited talks (50 minutes with ample time
for discussion) that presented recent advances in the field. The chairs played
the key role of stimulating and directing the animated discussions on the
work and its perspective in the field. All presentations are available at
http://i2cam.org/conference/cpest/. The program also involved a lively
poster session with 13 contributions. The GSI, with all facilities (lecture
room, accommodation, and cafeteria) located in the same building, proved
to stimulate discussions to extend well beyond the regular workshop pro-
gram.

The talks provided a rich sampling of recent developments in electronic
structure theory with a certain focus on new methods for systems with
electron correlations.

The first session was devoted to quantum Monte Carlo, where in the
context of traditional diffusion Monte Carlo J. Toulouse presented a new
approach to wave-function optimization while M. Casula discussed how to
deal with non-local pseudopotentials. New developments in determinant-
based methods were S. Zhang’s auxiliary-field Monte Carlo for ground- and
even excited states as well as the continuous-time QMC approach devel-
oped by A. Rubtsov, which is establishing itself as the solver of choice for
dynamical mean-field theory.

The afternoon was devoted to large systems and surfaces: L. Genovese
demonstrated how a wavelet basis can be used for efficient bigDFT calcula-
tions. Applications to processes at surfaces were presented by M. Bernasconi,
discussing the dynamics of silyl radicals on silicon, D. Alfè, who presented
a technique for computing thermal desorption rates and gave an outlook
on how to include nuclear quantum effects. Finally J. Behler demonstrated
how to treat non-adiabatic effects using constrained DFT.

On friday morning the focus was on excited states. The strength of com-
bining methods for the calculation of optical spectra was demonstrated by
O. Pulci for the combination of many-body perturbation theory and molec-
ular dynamics and by R. Gebauer combining time-dependent DFT with
Lanczos. Going to finite temperatures, A. Marini showed how to calculate
excitons a experimental temperatures, while M. Verstraete presented an ex-
tension of the space-time formulation of GW to finite-T, giving applications
to metallic systems.



In the afternoon new methods for strongly correlated electrons were dis-
cussed. F. Aryasetiawan explained how to determine ab-initio parameters
for model Hamiltonians and gave exciting examples. I. Souza demonstrated
the amazing accuracy of Wannier interpolation techniques. Focusing on
many-body physics, S. Savrasov discussed the locality of the self-energy in
real space, which is so central to methods based on dynamical mean-field
theory, while M. Potthoff gave an introduction to his new self-energy func-
tionals.

The final session on Saturday was devoted to applications to strongly
correlated materials. After a comprehensive overview of the current state-
of-the art of the field by A. Lichtenstein, K. Haule discussed how heavy
Fermion systems can be realistically modeled. R. Valenti discussed the intri-
cacies of orbital ordering in a frustrated spinel. Going beyond bulk systems,
R. Pentcheva presented the interesting physics that makes the interface be-
tween two insulators metallic.



Program

Thursday, 10 January 2008

8:45 Welcome
chair: R. Needs
9:00 S. Zhang: Recent progress in auxiliary-field electronic-structure

methods
9:50 J. Toulouse: Optimization of quantum Monte Carlo wave functions

by energy minimization
10:40 coffee
11:00 M. Casula: Diffusion Monte Carlo methods with non-local potentials
11:50 A. Rubtsov: Continuous time QMC methods: Applications for

DMFT and beyond
12:40 lunch

chair: X. Gonze
14:30 L. Genovese: Daubechies wavelets as a basis set for density functional

pseudopotential calculations: the BigDFT project
15:20 M. Bernasconi: Adsorption, diffusion and decomposition of silyl rad-

icals at clean and hydrogenated Si(100) surfaces by ab-initio simula-
tions

16:10 coffee
16:40 J. Behler: Non-adiabatic effects in the oxygen dissociation at the

Al(111) surface
17:30 D. Alfè: Absolute rate of thermal desorption form first-principles

simulations
20:00 Poster session



Friday, 11 January 2008

chair: X. Gong
9:00 A. Marini: Ab-initio finite temperature excitons
9:50 O. Pulci: Optical spectrum of water: many-body perturbation theory

meets molecular dynamics
10:40 coffee
11:00 R. Gebauer: A Lanczos-based recursion scheme for the direct calcu-

lation of optical spcetra in TD-DFT
11:50 M. Verstraete: The GW space-time formalism at finite temperature

for metallic systems
12:40 lunch

chair: D. Vanderbilt
14:30 S. Savrasov: Are self-energies local? Insights from LDA+DMFT and

GW+DMFT
15:20 M. Potthoff: Lanczos-based cluster methods for strongly correlated

electron systems
16:10 coffee
16:40 F. Aryasetiawan: Calculating the Hubbard U from first principles:

Constrained RPA
17:30 I. Souza: Wannier interpolation and its application to the calculation

of anomalous Hall conductivity
20:00 Conference dinner

Saturday, 12 January 2008

chair: M. Gillan
9:00 A. Lichtenstein: Spectral density functionals: LDA+DMFT
9:50 K. Haule: Modeling the localized-to-itinerant electronic transition in

the heavy Fermion system CeIrIn5

10:40 coffee
11:00 R. Pentcheva: Compensation mechanisms and functionality of per-

ovskite interfaces
11:50 R. Valenti: Orbital order in the frustrated spinel ZnV2O4
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Program
Thursday, 10 January

8:45 Welcome

chair: R. Needs

9:00 S. Zhang Recent progress in auxiliary-field electronic-structure 
methods

9:50 J. Toulouse Optimization of quantum Monte Carlo wave functions by 
energy minimization

10:40 Coffee

11:00 M. Casula Diffusion Monte Carlo methods with non-local potentials

11:50 A. Rubtsov Continuous time QMC methods: 
Applications for DMFT and beyond

12:40 Lunch

chair: X. Gonze

14:30 L. Genovese Daubechies wavelets as a basis set for density functional 
pseudopotential calculations: the BigDFT project

15:20 M. Bernasconi Adsorption, diffusion and decomposition of silyl radicals 
at clean and hydrogenated Si(100) surfaces by 
ab-initio simulations

16:10 Coffee

16:40 J. Behler Non-adiabatic effects in the oxygen dissociation 
at the Al(111) surface

17:30 D. Alfè Absolute rate of thermal desorption from 
first-principles simulations

18:20 Close

20:00 Poster session/Dinner
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chair: X. Gong
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9:50 O. Pulci Optical spectrum of water: many-body perturbation theory 
meets molecular dynamics
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11:50 M. Verstraete The GW space-time formalism at finite temperature 
for metallic systems
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chair: D. Vanderbilt

14:30 S. Savrasov Are self-energies local?
Insights from LDA+DMFT and GW+DMFT

15:20 M. Potthoff Lanczos-based cluster methods for strongly correlated 
electron systems
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16:40 F. Aryasetiawan Calculating the Hubbard U from first principles:
Constrained RPA

17:30 I. Souza Wannier interpolation and its application to the 
calculation of anomalous Hall conductivity

18:20 Close

20:00 Conference Dinner



Saturday, 12 January

chair: M. Gillan

9:00 A. Lichtenstein Spectral density functionals: LDA+DMFT

9:50 K. Haule Modeling the localized-to-itinerant electronic transition
in the heavy Fermion system CeIrIn5

10:40 Coffee

11:00 R. Pentcheva Compensation mechanisms and functionality of
perovskite interfaces

11:50 R. Valenti Orbital order in the frustrated spinel ZnV2O4

12:40 Lunch





Abstracts

Absolute rate of thermal desorption from 
first-principles simulations

Dario Alfè
Materials Simulation Lab. & Dept. of Earth Sciences and Dept. of Physics and Astronomy, 

University College London, London WC1E 6BT, United Kingdom

We present a technique for computing by first-principles simulation the absolute desorption 
rate γ of adsorbate molecules from a surface for any coverage and temperature. The 
technique is valid when the thermal equilibration rate on the surface is faster than γ, and is 
based on an exact expression for γ in terms of the difference of non-configurational 
chemical potentials of gas-phase and adsorbed molecules. This difference is expressed in 
terms of a potential of mean force (PMF), which is computed by  constrained first-principles 
molecular dynamics. The technique is applied to H2O on the MgO(001) surface at low 
coverage, using the generalised gradient approximation (GGA) for exchange-correlation 
energy. Nuclear quantum effects have been studied with the path-integral technique. 
Comparisons with experimental TPD data allow an assessment of the accuracy of GGA for 
the adsorption of H2O on MgO(001). Preliminary quantum Monte Carlo results will also be 
presented.



Calculating the Hubbard U from first principles:
Constrained RPA

Ferdi Aryasetiawan
Research Institute for Computational Sciences, AIST, Tsukuba, Ibaraki 305-8568, Japan

Recent development in materials science has revealed rich properties of materials con-
taining 3d and 4f elements, notably when the 3d or 4f shells are partially filled, leading to 
strong on-site correlations. The LDA often fails qualitatively in treating these systems and 
the GW  approximation, while able to partly improve the LDA, is not expected to cure most 
of the problems. However, due to the large number of degrees of freedom, it is very hard 
to improve upon the GW approximation using conventional diagrammatic methods in order 
to be able to treat systems with strong on-site correlations. On the other hand, model ap-
proaches have been rather successful in treating strongly  correlated materials, albeit not 
from first-principles. 
It is therefore highly  desirable to be able to construct reliable model Hamiltonians where 
the input parameters are computed from first-principles, thus avoiding adjustable parame-
ters which may lead to misleading results. Here we propose a constrained random-phase 
approximation (cRPA) scheme [1] that allows for a systematic down-folding of high energy 
screening channels resulting in a low-energy model Hamiltonian with a screened Coulomb 
interaction or the Hubbard U corresponding to an effective interaction among electrons 
living in an isolated and partially  filled narrow 3d or 4f bands across the Fermi level. The 
model Hamiltonian can then be solved by sophisticated approaches such as the dynamical 
mean-field theory (DMFT) scheme. We have applied the cRPA method to the 3d transition 
metal series and to a couple of 4f systems (Ce, Gd) as well as a perovskite, SrVO3. Com-
parison with the constrained LDA method will also be discussed [2].

[1] F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. Biermann, and A. I. Lichtenstein,
     Phys. Rev. B 70, 195104 (2004)
[2] F. Aryasetiawan, K. Karlsson, O. Jepsen, and U. Schönberger, 
     Phys. Rev. B  74, 125106 (2006)



Non-adiabatic effects in the oxygen dissociation 
at the Al(111) surface

Jörg Behler
Lehrstuhl für Theoretische Chemie, Ruhr-Universität Bochum, 44780 Bochum, Germany

The interaction of oxygen molecules with metal surfaces plays an important role in many 
technologically  relevant processes like heterogeneous catalysis and corrosion. In recent 
years numerous experiments have shown that the oxygen dissociation at a series of metal 
surfaces is incompatible with an adiabatic description of the adsorption event.
A most basic and puzzling enigma has been in particular the dissociative adsorption of 
oxygen molecules at the Al(111) surface [1-4]. Using this system as an illustrative example 
we show that the experimentally well-established low sticking probability [1] of thermal 
oxygen molecules, which is in contradiction with state-of-the-art density  functional theory 
(DFT) due to the absence of energy barriers on the calculated potential-energy surface 
(PES), is caused by spin-selection rules [5], which constrain the molecular motion to the 
initial spin-triplet PES of the free molecule. Employing a new locally-constrained DFT 
technique [6] we are able to demonstrate that this spin-triplet PES shows indeed energy 
barriers, which give rise to a low sticking probability  in qualitative agreement with experi-
ment. The obtained results are critically discussed with respect to inaccuracies in present-
day exchange-correlation functionals. Some perspectives on the effect of electronic transi-
tions from this triplet PES to the final singlet PES of the adsorbed atoms and on the disso-
ciation mechanism [3,4] are given.

[1] L. Österlund, I. Zorić, and B. Kasemo, Phys. Rev. B 55, 15452 (1997)
[2] H. Brune, J. Wintterlin, R.J. Behm, and G. Ertl, Phys. Rev. Lett. 68, 624 (1992)
[3] A.J. Komrowski et al., Phys. Rev. Lett. 87, 246103 (2001)
[4] M. Schmid, G. Leonardelli, R. Tscheließnig, A. Biedermann, and P. Varga, 
     Surf. Sci. 478, L355 (2001)
[5] J. Behler, B. Delley, S. Lorenz, K. Reuter, and M. Scheffler, 
     Phys. Rev. Lett. 94, 036104 (2005)
[6] J. Behler, B. Delley, K. Reuter, and M. Scheffler, Phys. Rev. B 75, 115409 (2007)



Adsorption, diffusion and decomposition of silyl 
radicals at clean and hydrogenated Si(100) surfaces 

by ab-initio simulations
Marco Bernasconi

Dipartimento di Scienza dei Materiali, Università di Milano-Bicocca, 20125 Milano, Italy

Plasma-enhanced chemical vapor deposition (PECVD) from silane is a widespread tech-
nique employed to grow thin films of amorphous silicon. High growth rates are made pos-
sible by the deposition of reactive radicals produced in the plasma (mostly  SiH3), as op-
posed to conventional CVD where the less reactive silane is directly  adsorbed at the 
growing surface [1]. By suitably  controlling the energy of the ions while keeping a high 
density of reactants, a related technique, called low-energy plasma-enhanced chemical 
vapor deposition (LEPECVD) [2] has introduced the possibility  to obtain device-quality 
epitaxial films of crystalline silicon or silicon-germanium alloys, at temperatures much 
lower (600 C) than those necessary for conventional, thermal chemical vapor deposition 
(800 C). In spite of extensive investigation many atomistic details of the growth process by 
PECVD are still unclear.
In the long term perspective of modeling the PECVD growth of crystalline silicon, we have 
performed ab-initio simulations of adsorption, diffusion and decomposition of SiH3 radical 
at the clean and hydrogenated Si(100) surface [3]. Ab-initio metadynamics technique has 
been used in the search of unbiased diffusion and decomposition pathways [4]. Transition 
state energies between different minima visited during metadynamics trajectories have 
been further refined by the Nudged Elastic Band (NEB) method. Competitive mechanisms 
for diffusion and desorption have been investigated by Kinetic Monte Carlo simulations 
based on ab-initio reactio rates. In particular, the role of atomic hydrogen present in the 
plasma in promoting SiH3 diffusion and its epitaxial incorporation into the growing surface 
has been elucidated [5].

[1] A. Matsuda, Jpn. J. Appl. Phys. 43, 7909 (2004)
[2] M. Kummer, C. Rosenblad, A. Dommann, T. Hackbrth, G. Hoeck, M. Zeuner, E. Mueller, 
     and H. von Kaenel, Mater. Sci. Eng. B 89, 288 (2002)
[3] S. Cereda, M. Ceriotti, F. Montalenti, M. Bernasconi, M. Miglio, 
     Phys. Rev. B 75, 235311 (2007); M. Ceriotti and M. Bernasconi, Phys. Rev. B, in press
[4] M. Iannuzzi, A. Laio, and M. Parrinello, Phys. Rev. Lett. 90, 238302 (2003)
[5] S. Cereda, F. Zipoli, M. Bernasconi, M. Miglio, F. Montalenti, Phys. Rev. Lett., in press



Diffusion Monte Carlo methods with 
non-local potentials

Michele Casula
Department of Physics, University of Illinois at Urbana Champaign, Urbana, IL 61801, USA

We show how to include non-local potentials in the diffusion Monte Carlo framework in a 
variational way, substantially  improving both the accuracy and the computational stability 
upon previous non-variational diffusion Monte Carlo approaches. We will review and com-
pare two methods, the lattice regularized diffusion Monte Carlo [1] and the non-local diffu-
sion Monte Carlo [2], which are variational even in the presence of non-local pseudopo-
tentials. These methods can open the route for even more reliable and accurate electronic 
structure calculations of the ground state by means of quantum Monte Carlo. We will pre-
sent some recent applications.

[1] M. Casula, C. Filippi, and S. Sorella, Phys. Rev. Lett. 95, 100201 (2005) 
[2] M. Casula, Phys. Rev. B 74, 161102(R) (2006)



A Lanczos-based recursion scheme for the direct 
calculation of optical spectra in TD-DFT

Ralph Gebauer
International Centre for Theoretical Physics, Strada Costiera 11, I-34014 Trieste, Italy

In the most common approaches to time-dependent density functional theory, a system's 
excitation energies are computed as the eigenvalues of a large response operator. This 
requires the explicit diagonalization of the response operator in the energy range of inter-
est. This is often a computationally very demanding task, and quickly  becomes impossible 
if the system is very big, or if the energy range and basis set are very large. As an alterna-
tive to this approach, it is possible to avoid the diagonalization of the response operator 
completely, and to use a Lanczos-based recursion scheme for the direct calculation of op-
tical spectra. This scheme allows one to quickly calculate the spectra even in large sys-
tems with huge (plane-wave) basis sets. In this presentation we will introduce the basic 
ideas behind this algorithm and show applications to systems of biological and technologi-
cal interest.



Daubechies wavelets as a basis set for 
density functional pseudopotential calculations: 

the BigDFT project
Luigi Genovese

DRFMC, SP2M/L_Sim, CEA cedex 9, 38054 Grenoble, France

The EU-NEST BigDFT project has developed an ab-initio pseudopotential DFT code 
based on Daubechies wavelets. They are an orthonormal compact-support multiresolution 
basis, and form one of the few examples of systematic real space basis sets. For these 
reasons they provide good efficiency in expanding localized information. An ab-initio code 
based on wavelets is thus optimal to calculate electronic properties of big inhomogeneous 
systems such as found in nanoscience or biology.
At present, a stable and robust version of such code is ready, distributed with GNU-GPL 
license and integrated in ABINIT v. 5.5.x. The systematicity  of the basis set together with 
the massive optimization of the operations performed make this code very  fast and pre-
cise, with excellent efficiency on parallel computers. The properties of the basis functions 
are also well-suited for developing an O(N) code, which is one of the perspective for future 
developments.
During this presentation we will present the main features of the code, and we will show 
how this basis set can be used for efficient and reliable electronic structure calculations.



Modeling the localized-to-itinerant electronic transition
in the heavy Fermion system CeIrIn5

Kristjan Haule
Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854, USA

Within the ab-initio calculation we address the crossover from the localized to itinerant 
state of the heavy Fermion material CeIrIn5. The temperature evolution of the one electron 
spectra and the optical conductivity  is predicted from first principles. The buildup of coher-
ence in the form of a dispersive many-body feature is followed in detail and its effects on 
the conduction electrons of the material is revealed. We find multiple hybridization gaps 
and link them to the crystal structure of the material. Our theoretical approach explains the 
multiple peak structures observed in optical experiments and the sensitivity of CeIrIn5 to 
substitutions of the transition metal element and may provide a microscopic basis for the 
more phenomenological descriptions currently used to interpret experiments in heavy 
Fermion systems.



Spectral density functional: LDA+DMFT
Alexander I. Lichtenstein

I. Institut für Theoretische Physik, Universität Hamburg, 20355 Hamburg, Germany

The local density  approximation (LDA) for electronic structure calculations has been highly 
successful for non-correlated systems. The LDA scheme quite often failed, however, for 
strongly correlated materials containing transition metals and rare-earth elements with 
complicated charge, spin, and orbital ordering. Dynamical mean field theory (DMFT) in 
combination with the first-principle scheme (LDA+DMFT) can be a starting point to go be-
yond static density  functional approximation and include effects of charge, spin and orbital 
fluctuations. The corresponding spectral density functionals give a theoretical background 
for self-consistent LDA+DMFT calculations in solids. Realistic approaches to different cor-
related electron problems such as half-metallic ferromagnetism and metal-insulator transi-
tion in transition metal oxides will be discussed.



Ab-initio finite-temperature excitons
Andrea Marini

CNISM e Dipartimento di Fisica, Università di Roma "Tor Vergata", 00133 Roma, Italy

The ab-initio description of the excitonic states, obtained by solving the Bethe-Salpeter 
equation (BSE) of many-body perturbation theory, constitutes a well-established approach 
to interpret the photoexcited properties of bulk materials, surfaces, nanostructures and 
organic/bio-molecules [1]. In the standard approach, however, the BSE is solved assuming 
the atoms frozen in their crystallographic positions, thus neglecting the effect of lattice vi-
brations [2]. As a consequence excitons turn out to be insensitive to the temperature T and 
with an infinite lifetime, in stark contrast with the experimental evidence. A paradigmatic 
example is given by bulk semiconductors, like silicon and hexagonal BN, where it is a well-
known fact that the absorption line position, width and intensity  show a clear T depend-
ence [2]. In the frozen-atom BSE this dependence is not described at all and, even in the T 
→ 0 limit, the calculated absorption spectra is commonly convoluted with some artificial, 
ad-hoc numerical broadening function chosen to yield the best agreement with experi-
ment. More generally the finite temperature non-radiative damping, and the energy and 
optical strength renormalization, define the quantum efficiency of the excitons as photo-
emitters, a key parameter in devising materials for optoelectronic applications.
In this talk I will show how to solve, in a fully  ab-initio manner, the Bethe-Salpeter equation 
including the coupling with the lattice vibrations. The picture of the excitons obtained within 
a frozen-atom approximation turns out to be deeply modified by the exciton-phonon cou-
pling, either at zero and finite temperature. Large zero-point motion effects are found in 
hexagonal BN where the lowest exciton binding energy is reduced by ≈30%. In the finite 
temperature regime, the BSE describes a wealth of new physical features. Excitons ac-
quire a non-radiative lifetime (otherwise infinite in the frozen-atom BSE) and undergo 
bright to dark (and vice versa) transitions. Consequently the basic definitions of optical 
brightness and optical efficiency will be shown to be strongly  temperature dependent. Fi-
nally, the finite temperature optical spectra of Si and hexagonal BN are reproduced in ex-
cellent agreement with the experimental results.

[1] G.Onida, L.Reining and A.Rubio, Rev. Mod. Phys. 74, 601 (2002)
[2] For a review, see M. Cardona, Solid State Comm.  133, 3 (2005)



Compensation mechanisms and functionality of 
perovskite interfaces

Rossitza Pentcheva
Department für Geo- und Umweltwissenschaften, LMU München, 

Theresienstrasse 41, 80333 München, Germany

Charge imbalance at oxide interfaces (IF) can drive novel behavior unanticipated in the 
respective bulk compounds. For example interfaces between the two simple nonmagnetic 
band insulators LaAlO3 and SrTiO3 were reported to be conducting [1], magnetic [2] and 
even superconducting [3]. Density-functional theory calculations including a Hubbard U 
reveal that the charge mismatch at this and also at the LaTiO3/SrTiO3 interface is accom-
modated by  charge disproportionation (Ti3+ and Ti4+), orbital ordering (dxy) and slight pref-
erence for an antiferromagnetic alignment of the Ti3+ spins [4,5]. An enhanced complexity 
with respect to orbital occupation is observed at the LaVO3/SrTiO3 interface.  Furthermore, 
I will focus on the effect of lattice relaxations on charge order as well as on the influence of 
the surface on the interfacial electronic properties. 

[1] A. Ohtomo, D.A. Muller, J.L. Grazul, and H.Y. Hwang, Nature 149, 378 (2002)
[2] A. Brinkman, et al., Nature Materials 6, 493 (2006)
[3] N. Reyren, et al., Science 317, 1196 (2007)
[4] R. Pentcheva and W.E. Pickett, Phys. Rev. Lett. 99, 016802 (2007)
[5] R. Pentcheva and W.E. Pickett, Phys. Rev. B 74, 035112 (2006)



Lanczos-based cluster methods for 
strongly correlated electron systems

Michael Potthoff
I. Institut für Theoretische Physik, Universität Hamburg, 20355 Hamburg, Germany

Phase diagrams and elementary excitation spectra of strongly  correlated electron systems 
can be studied by solving the problem numerically for a finite cluster, which is first cut out 
of the infinite lattice and then embedded again. Here we discuss cluster approaches where 
the isolated cluster is treated with the Lanczos method at T=0 while the embedding is 
done within the framework of the self-energy-functional approach. The one-dimensional 
Hubbard model is considered for a benchmark of the method. We test different clusters, 
with and without bath degrees of freedom, in different topologies and with different sets of 
variational parameters. In particular, we study the role of bath sites for the description of 
excitation properties and as charge reservoirs for the description of filling dependencies. 
For the two-dimensional case, first results for the metal-insulator and the magnetic phase 
transition are presented.



Optical spectrum of water: many-body perturbation 
theory meets molecular dynamics

Olivia Pulci
CNISM e Dipartimento di Fisica, Università di Roma "Tor Vergata", 00133 Roma, Italy

We present calculations of the electronic levels and optical spectra of liquid water in the 
framework of many-body Green's function formalism. Snapshots taken from molecular dy-
namics simulations are used as input geometries to calculate electronic levels and absorp-
tion spectra, and the results are averaged over the different configurations. The electronic 
states are obtained within the so called "GW" approximation to take fully into account ex-
change and correlations effects. The optical absorption spectra are calculated by solving 
the Bethe-Salpeter equation, which includes excitonic effects by explicitly introducing the 
electron-hole Coulomb interaction. The spectra are strongly modified by many-body ef-
fects, both in peak energies and in lineshapes. Finally, we discuss how to calculate the op-
tical properties of large scale systems, using many-body perturbation theory combined 
with quantum-mechanics/molecular-mechanics. We show how to include quasi-particle 
and excitonic effects for the calculation of optical properties in a QM/MM scheme. We ap-
ply this scheme to indole in water solution. We observe that the solvent induces a red shift 
in the first spectral peaks of indole, in agreement with the experiments.



Continuous time QMC methods:
Applications for DMFT and beyond

Alexey Rubtsov
Department of Physics, Moscow State University, 119992 Moscow, Russia

We review the current situation in the novel numerical technique for correlated fermionic 
systems: continuous-time quantum Monte Carlo (ct-qmc) for Fermions. This family of nu-
merically exact solvers is based on a stochastic series expansion for the partition function 
in the interaction representation. The method is particularly applicable for multi-band, time-
dependent correlations since it does not invoke the Hubbard-Stratonovich transformation. 
We will describe how this method can be employed for DMFT calculations of realistic 
models with strong localized correlations. Practical examples will be given. The talk will 
also touch recently  developed dual-Fermion approach, that is an extension of the DMFT 
scheme developed to take the non-local part of correlations into account.



Are self-energies local?
Insights from LDA+DMFT and GW+DMFT

Sergey Savrasov
Department of Physics, University of California, Davis, CA 95616, USA

I will discuss recent progress in applications of dynamical mean-field theory for electronic 
structure calculations of strongly correlated materials. The spectral density functional ap-
proach will be reviewed which provides a formal foundation for such a theoretical frame-
work. Applications will cover energetics and spectroscopy of Mott-Hubbard insulators, high 
temperature superconductors, as well as some actinide systems. I will also discuss some 
recent developments of GW+DMFT where the convergence of electronic self-energies in 
real-space will be tracked for metals and semiconductors.



Wannier interpolation and its application to the 
calculation of anomalous Hall conductivity

Ivo Souza
Department of Physics, University of California, Berkeley, CA 94720, USA

The intrinsic anomalous Hall conductivity  (AHC) in ferromagnets depends on subtle spin-
orbit-induced effects in the electronic structure, and recent ab-initio studies found that it 
was necessary to sample the Brillouin zone at millions of k-points to converge the calcula-
tion. I will present an efficient first-principles approach based on Wannier functions for 
computing this and other properties of metals demanding a very dense k-point sampling. 
Two alternative strategies to the evaluation of the AHC will be discussed. The first is a 
Fermi-sea calculation, whereby the AHC is expressed as the integral of the k-space Berry 
curvature over the occupied portions of the Brillouin zone. The second is a Fermi-surface 
reformulation, based on evaluating the Berry-phase accumulated by the Bloch states as 
they are transported around closed loops on the Fermi-surface. Illustrative calculations are 
performed for Fe, Co and Ni.



Optimization of quantum Monte Carlo wave functions 
by energy minimization

Julien Toulouse1 and Cyrus J. Umrigar2
1Laboratoire de Chimie Théorique, Université Pierre et Marie Curie & CNRS, Paris, France
2 Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY 14853, USA.

We present a simple, robust and highly efficient method for optimizing the parameters of 
many-body wave functions by energy minimization in quantum Monte Carlo calculations. 
Using a strong zero-variance principle, the optimal parameters are determined by di-
agonalizing the Hamiltonian matrix in the space spanned by the wave function and its de-
rivatives [1-2]. We apply this method to obtain accurate multideterminant Jastrow-Slater 
wave functions for atomic and molecular systems, where the Jastrow parameters, the con-
figuration state function coefficients, the orbital coefficients and the basis function expo-
nents are simultaneously optimized. This allows us to reach near chemical accuracy on 
the dissociation energies of the first-row diatomic homonuclear molecules [3].

[1] J. Toulouse and C. J. Umrigar, J. Chem. Phys. 126, 084102 (2007)
[2] C. J. Umrigar, J. Toulouse, C. Filippi, S. Sorella, and R. G. Hennig, 
  Phys. Rev. Lett. 98, 110201 (2007)
[3] J. Toulouse, C. J. Umrigar, in preparation



Orbital order in the frustrated spinel ZnV2O4

Roser Valenti
Institut für Theoretische Physik, J.W.Goethe-Universität, 60438 Frankfurt, Germany

The orbital order in the spinel ZnV2O4 is presently a subject of considerable debate. In this 
system the V ions are in a spin-1 state characterized by double occupancy of the triply  de-
generate t2g orbitals. These partially filled t2g orbitals leave the orbital degrees of freedom 
unfrozen opening up the possibility of orbital order. Moreover, the V-sites in the cubic spi-
nel structure form a pyrochlore lattice, which gives rise to frustrated antiferromagnetic in-
teractions among these sites. I will discuss the complex behavior of this system in the 
framework of ab initio electronic structure calculations and effective model considerations 
and show that it is the spin-orbit coupling along with electronic correlations which play a 
significant role in determining the orbital structure in this material.



The GW space-time formalism at finite temperature 
for metallic systems

Matthieu Verstraete
Department of Physics, University of York, Heslington, YO10 5DD, United Kingdom

We present the extension to finite temperatures of the space-time formulation of the GW 
approach to electronic structure. The treatment of the time and frequency dependence of 
different quantities is described in detail, as it differs strongly from the standard real fre-
quency reciprocal space approaches; in particular, the polarizability, the dynamically 
screened interaction, and the self-energy must all be considered on a finite length interval 
in imaginary time and using the Matsubara formalism. The dielectric properties of metallic 
systems in this context are clarified. We apply the formalism to metallic systems and dis-
cuss perspectives, in particular for electron transport in nanostructures including correla-
tion effects.



Recent progress in auxiliary-field
electronic structure methods

Shiwei Zhang
Department of Physics, College of William and Mary, Williamsburg, VA 23187, USA

We have been developing an auxiliary-field quantum Monte Carlo method for many-body 
electronic structure simulations. The method takes the form of a linear superposition of 
independent-electron calculations in fluctuating external fields.  "Entanglement" of the dif-
ferent field configurations leads to random walks in the space of mean-field solutions. 
Each random walk stream resembles a density-functional theory  (DFT) calculation in fluc-
tuating local external potential. We formulate an approximate constraint on the random 
walk paths to control the sign/phase problem. Often simple mean-field solutions taken di-
rectly  from DFT or Hartree-Fock calculations have been used as the constraining wave 
function. This approach has performed well in close to 100 molecular and solid systems 
tested to date. I will discuss briefly the method and applications, and report on our recent 
effort toward systems of larger sizes and stronger correlation effects, and excited states. 

In collaboration with W. A. Al-Saidi, Henry Krakauer, Hendra Kwee, and Wirawan Purwanto



Posters

Band structure anomaly of chalcopyrite semiconduc-
tors CuGaX2 vs. AgGaX2 (X=S, Se) and their alloys

Shiyou Chen
Physics Department, Fudan University, 200433 Shanghai, China

Due to the important technological applications in nonlinear optics, light-emitting diodes, 
and solar cells, the I-III-VI2 ternary semiconductors (AgGaS2, AgGaSe2, CuGaS2 and Cu-
GaSe2) and their alloys have attracted much attention recently. As a result of the added 
chemical and structural freedom of these compounds relative to their II-VI analogs 
(CdZnS2, CdZnSe2, ZnS and ZnSe), they exhibit some abnormal chemical trends. For ex-
ample, these chalcopyrite compounds not only  have large downward shifts in the band 
gap relative to their binary analogs, but the band gaps of AgGaX2 (2.65 and 1.81 eV for 
X=S and Se) are also larger than the corresponding CuGaX2 (2.43 and 1.68 eV for X=S 
and Se), despite that the lattice constants of AgGaX2 are larger than for CuGaX2. Further-
more, the experimental studies show that the AgxCu1-xGaX2 alloys have large band gap 
bowing, especially  for the sulfides, which contradicts to the previous prediction based on 
phenomenological model.
Using first-principles methods, we calculated the structural and electronic properties of 
these ternary semiconductors and their disordered alloys [1]. We found that (i) besides the 
upward shift of the VBM states caused by p-d coupling between group I and VI atoms, the 
wavefunction localization of the CBM states at the group III site also plays an important 
role on the band gap reduction of the chalcopyrites relative to their binary analogs. (ii) Be-
cause of the higher d level and smaller size, Cu compounds CuGaX2 have stronger p-d 
coupling than AgGaX2, thus, the valence band offsets between common-anion pairs 
CuGaX2/AgGaX2 are large and negative (i.e., CuGaX2 has higher VBM than AgGaX2), op-
posite to the case in their II-VI analogs. This is also the origin why the band gap  of AgGaX2 
is larger than CuGaX2. (iii) The valence band offsets between MIGaS2/MIGaSe2 (MI=Cu, 
Ag) are significantly  smaller than their II-VI analogs, because the p-d coupling decreases 
the p  level energy difference of S and Se. (iv) The large band offset and lattice mismatch 
between CuGaS2/AgGaS2 give rise to the large band gap bowing of AgxCu1-xGaS2 alloy. 
(v) The bowing parameters for the common-anion alloys are larger than the common-
cation alloys, following the same trend as the valence band offsets and lattice mismatch. 
Our calculated results are in good agreement with experimental observations.

[1] S. Chen, X. G. Gong, and S.-H. Wei, Phys. Rev. B 75, 205209 (2007)



Study of spin-charge separation for next-neighbor
Coulomb interaction in TTF-TCNQ

Andreas Dolfen
Institut für Festkörperforschung, Forschungszentrum Jülich, 52425 Jülich, Germany

The photoemission spectrum of the quasi one-dimensional organic metal TTF-TCNQ can 
be described qualitatively using an effective t-U Hubbard model. Using cluster perturbation 
theory (CPT) calculations, we can calculate angular-resolved spectral functions with high 
resolution and resolve signatures of spin-charge separation.

Experiments and theoretical calculations to obtain realistic parameters for TTF-TCNQ 
suggest, however, a hopping parameter t which is smaller by a factor of two than in the 
effective t-U-model. In addition it turns out that the next-neighbor Coulomb repulsion V 
cannot be neglected. We observe that V effectively doubles the bandwidth but at the same 
time the spectral weight of the holon-band spreads and the simple spin-charge separation 
picture is lost. To study this transition we perform kCPT computations which are similar to 
CPT but computationally  less demanding at the expense of some resolution in k-space.  
Moreover we study the nature of the dispersion in the t-U-V-model by calculating spin and 
charge correlation functions.



Order-N scaling in the full-potential
linearized augmented plane wave method

Frank Freimuth
Institut für Festkörperforschung, Forschungszentrum Jülich, 52425 Jülich, Germany

Density functional theory codes based on the Full-potential Linearized Augmented Plane 
Wave (FLAPW) method have been highly  successful due to their generality and wide ap-
plicability. In particular, in the field of surfaces, open structures and complex magnetic 
materials only few rivaling methods with similar precision are available. On the other hand, 
the FLAPW method is relatively computational expensive with a cubic scaling behaviour 
with system size limiting its applicability  to smaller systems.

We will present our ideas to combine the Green function embedding method and the 
transfer-matrix formalism with the LAPW  basis set to construct a computer code with a 
(roughly) linear scaling of the computational effort with system size. The total problem is 
decomposed into layers which can be calculated individually and are joint together with the 
help of the embedded Green function technique.



Understanding correlations in vanadium oxide 
from first principles

Matteo Gatti
ETSF - LSI - École Polytechnique, 91128 Palaiseau, France

Vanadium dioxide is a prototype material for the discussion of correlation effects in solids. 
First-principles density-functional theory does not describe the metal-insulator transition, 
whereas strongly correlated models reproduce the main features. Here we present a 
parameter-free GW  calculation of VO2 and show that correlation effects in the bandstruc-
ture of both the metallic and the insulating phases are correctly  reproduced, provided that 
quasiparticle energies and wavefunctions are calculated self-consistently. Our calculations 
explain the satellite in the photoemission spectrum of the metal as due to a plasmon reso-
nance in the energy-loss function and show that this feature disappears in the insulator.



Transforming nonlocality into frequency dependence: 
a shortcut to spectroscopy

Matteo Gatti
ETSF - LSI - École Polytechnique, 91128 Palaiseau, France

Measurable spectra are theoretically very often derived from complicated many-body 
Green’s functions. In this way, one calculates much more information than actually 
needed. Here we present an in principle exact approach to construct effective potentials 
and kernels for the direct calculation of electronic spectra. In particular, the potential that 
yields the spectral function needed to describe photoemission turns out to be dynamical 
but local and real. As example we illustrate this “photoemission potential” for sodium and 
aluminium, modeled as homogeneous electron gas, and discuss in particular its frequency 
dependence stemming from the nonlocality of the corresponding self-energy. We also 
show that our approach leads to a very short derivation of a kernel that is known to well 
describe  absorption and energy-loss spectra of a wide range of materials.



Continuous time quantum Monte Carlo method for 
multiorbital strongly correlated systems

Evgeny Gorelov
I. Institut für Theoretische Physik, Universität Hamburg, 20355 Hamburg, Germany

We propose a numerically exact scheme to calculate spectral and magnetic properties of 
correlated systems. The scheme employs the weak-coupling determinantal continuous 
time quantum Monte Carlo method for the solution of the quantum impurity problem. This 
approach can treat multiorbital impurity models including Coulomb interaction of the most 
general form. We show a possibility  to calculate magnetic susceptibilities of a single-spin 
Kondo impurity  embedded into different environments: an ultrasmall grain, the Anderson 
model, corresponding to a lattice with random on-site energy levels, and a two-
dimensional lattice, where the density of states has a van Hove singularity.
The realistic five-band model for transition metal atom d-shells with full Coulomb interac-
tion vertex as a Kondo impurity in a metal matrix has been calculated. In order to calculate 
properties of correlated solids, the continuous time quantum Monte Carlo method is used 
as an impurity solver within the dynamical mean-field theory. The metal-insulator phase 
transition for two and three anisotropic orbitals on the Bethe lattice with spin-flip interac-
tions is considered.  The method is applied to a real correlated solid, namely strontium ru-
thenate Sr2RuO4. The 4d-t2g orbitals of Ru were considered as an effective three-band 
model. We investigated the role of non-diagonal terms in the interaction part of the Hamil-
tonian, related to spin flip  and pair hopping interactions.



Fermiology of cuprates from first principles: 
From small pockets to the Luttinger Fermi surface

Liviu Hozoi
Max-Planck-Institut für Physik komplexer Systeme, 01187 Dresden, Germany

Realistic electronic-structure calculations for correlated Mott insulators are notoriously 
hard. Here we present a multiconfiguration quantum-chemical scheme that adequately  de-
scribes strong correlation effects involving Cu-3d and O-2p electrons in layered cuprates. 
In particular, the O-2p  states giving rise to the Zhang-Rice band are explicitly  considered in 
our approach. Renormalization effects due to nonlocal spin interactions are also treated 
consistently. We show that the dispersion of the bands observed in photoemission is re-
produced with quantitative accuracy. Additionally, the evolution of the Fermi surface with 
doping follows directly from our ab-initio data, for both hole and electron doped cuprates. 
Our results thus open a new avenue for the first-principles investigation of the electronic 
structure of correlated Mott insulators.



A computational study of electronic and optical
properties of superconducting materials using 

density functional theory
Fakir Islam

Department of Physics, University of Durham, Durham DH1 3LE, United Kingdom
Department of Physics, University of Rajshahi, Bangladesh

The present work is an overview of the electronic and optical properties of a selection of 
superconducting materials carried out using first principles density functional calculations 
as implemented in the electronic structure package, CASTEP. The structure, bonding, 
electronic band structure, density of states, charge-density and optical properties are being 
considered for the materials at ambient and at higher pressures. The results and discus-
sion are illustrated in the poster.



Maximally-localized Wannier functions within the 
full-potential linearized augmented plane-wave method 

applied to transport in thin metallic wires
Yuriy Mokrousov

Institut für Angewandte Physik, Universität Hamburg, 20355 Hamburg, Germany

We report on the implementation of a transport scheme for one-dimensional systems 
based on maximally-localized Wannier functions (MLWFs) constructed within the full-
potential linearized augmented plane-wave (FLAPW) method. We describe the details of 
the MLWFs construction from the FLAPW  wavefunctions including the case of spin-orbit 
coupling and choose a monoatomic Pt chain as a model system. 

For the calculation of ballistic transport we apply  the Greens function method. The Hamil-
tonian of the system including a scattering region attached to semi-infinite leads is con-
structed from the MLWFs which serve as a localized basis set. The open boundary prob-
lem is solved by replacing the leads by self-energies obtained via the decimation tech-
nique. From the Greens function we can immediately  calculate the conductance of the 
system.

As a first application of the approach, we study the transition from the contact to the tun-
neling regime in thin Pt wires with a stretched bond.



Bath-symmetries and hybridization sum-rules 
for CDMFT and DCA

Giorgio Sangiovanni
Max-Planck-Institut für Festkörperforschung, 70569 Stuttgart, Germany

In the Hamiltonian formulation of CDMFT and DCA, the point symmetries of the cluster 
imply symmetries of the hybridization, which can substantially reduce the number of inde-
pendent parameters to fit the bath Green function. We review these symmetries and derive 
general sum-rules for the hybridizations, which (i) allow to check the quality of a fit using a 
finite set of bath sites and (ii) imply what hybridizations vanish. As examples we discuss 
calculations for the Hubbard model in one-dimension and for 2x2 clusters.



Dynamical vertex approximation:
a step beyond dynamical mean-field theory

Alessandro Toschi
Max-Planck-Institut für Festkörperforschung, 70569 Stuttgart, Germany

We have developed a new diagrammatic approach, coined “Dynamical Vertex Approxima-
tion” (DΓA), with the aim of going beyond dynamical mean field theory for strongly corre-
lated systems, by  including the effects of long-range spatial correlations. Without resorting 
to any finite-size cluster scheme, DΓA allows us to compute momentum dependent self-
energies (and spectra), whose expressions are diagrammatically constructed starting from 
the two-particle irreducible local vertex. Therefore, DΓA naturally  applies for studying ef-
fects of magnetic fluctuations with large correlation length in strongly correlated systems, 
such as the Hubbard model. Specifically, we analyze the interplay between antiferromag-
netic fluctuations and the Mott metal-insulator transition in three dimensions and the for-
mation of a pseudogap in two dimensions. The diagrammatic nature of DΓA, moreover, 
should allow for a generalization to the more realistic case of multi-band Hamiltonians.

[1] A. Toschi, A. Katanin, and  K. Held, Phys. Rev. B 75, 045118 (2007)



Exchange interactions in heavy fermion 
superconductors

Xiangang Wan
Department of Physics, University of California, Davis, CA 95616, USA

The exchange interactions of several Ce and Pu based heavy Fermion materials will be 
calculated based on the combination of local density  approximation and dynamical mean 
field theory. The results will be discussed in connection to the superconductivity in those 
systems



All electron calculations of electronic transport: 
Applications to magnetic tunnel junctions

Daniel Wortmann
Institut für Festkörperforschung, Forschungszentrum Jülich, 52425 Jülich, Germany

The theoretical description of electron transport imposes a formidable problem of quantum 
physics. The difficulties arise on very different levels, (i) the description of non-equilibrium 
processes in a many-body system, (ii) to include the properties of real materials and (iii) to 
include the geometrical constraints present in the different setups. While the formulation of 
the single-particle current is a trivial exercise, calculating the electronic current in a many-
particle system is extremely challenging. Recently, the calculation of conductances within 
the density functional theory became feasible. Taking the DFT single particle description 
literally, many groups implemented various schemes to calculate the current through some 
active region sandwiched between two semi-infinite electrodes. The broken periodicity of 
these setups with the attached leads made the calculation of open systems necessary, a 
task most often solved in a tight-binding formulation. 

Important advances have been made possible by employing the non-equilibrium Keldysh 
Green function method to include effects due to an applied bias putting the system into a 
non-equilibrium state. These calculations within the DFT include screening and charge 
transfer effects and other induced changes on the electronic structure. Most codes used in 
this field employ a localized basis which supports a partitioning of the Hamiltonian into 
separate contributions arising from the leads and the interface region. Motivated to de-
scribe electronic transport in the context of an all-electron full-potential scheme, we imple-
mented the Green-function embedding formalism within the framework of the full-potential 
linearized augmented plane wave (FLAPW) method. This approach allows the calculation 
of the embedded Green function of the finite scattering region with the correct boundary 
conditions of attached semi-infinite leads, which appear as  additional non-local potentials 
in the transport calculations.  The well-known formulas to calculate the coherent current 
using the Landauer formula and the incoherent one using Bardeen's formula are ex-
pressed in terms of the  embedded Green function.

We applied our Green function embedding method to two different magnetic tunnel junc-
tions. First we will discuss the Fe/MgO/Fe systems which attracted much attention recently 
and became the most promising candidate for high TMR values. While Al2O3 barriers 
studied extensively in the past only  provided TMR values as low as 20%, theoretical in-
vestigations based on first-principles calculations predicted high TMR values for perfectly 
ordered (100) oriented single-crystalline Fe/MgO/Fe junctions. A breakthrough was 
achieved in 2004 with room-temperature values of about 230% using these theoretically 
suggested tunnel junctions with a MgO barrier. Since then several further record high val-
ues have been reported by several Japanese groups approaching the high TMR values 
that have been theoretically predicted. In our calculations we modified the chemical com-
position of the interface and study the effect the spin-polarization of the electronic trans-
mission. In particular, we present Fe/X/MgO/Fe tunnel junctions in which additional layers 
of X=V,Cr,Co or Ag have been added. We will demonstrate how these modifications of the 
metal/insulator interface affect the tunneling properties and how these correlate with the 
changes of the electronic structure. Additionally, we show the unfavorable effect of the 
formation of an FeO layer on the TMR stressing the need to prepare high-quality  junctions 
for devices.
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