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From molecular magnetism towards molecular spintronics

Jens Kortus

TU Bergakademie Freiberg, Leipziger Str. 23, D-09599 Freiberg, Germany

In the first part of my talk I will discuss how calculations based on density func-
tional theory (DFT) can guide qualitatively (or sometimes even quantitatively)
in the design of molecules with improved magnetic anisotropy barrier [?].
In the second part I will focus on metal-phthalocyanines (MPc), which are promis-
ing molecular materials for spintronics. Electronic structure calculations can pro-
vide information required for interpretations of experimental data. In particular a
recently investigated layered system of MnPc and F16CoPc shows charge transfer
at the interface between the MPc’s. DFT calculations reveal that a hybrid state
is formed between the two types of phthalocyanines, which causes this charge
transfer. For the hybrid state the Mn 3d

xz

interacts with the Co 3d
z

2 orbital
leading to a two-level system [?, ?, ?].
These results are of importance for the application of such interfaces in organic
electronic devices since charge transfer considerably a↵ects the energy level align-
ment and the transport behaviour of the respective hetero-junction. Since the
transfer of charge is also connected to a transfer of spin and the hybrid system
has a net spin of S = 2, such compounds could also be termed spin-transfer
materials with future applications in the area of spintronics.

References
[1] J. Cirera, E. Ruiz, S. Alvarez, F. Neese, J. Kortus, Chem.-Eur. J. 15, 4078

(2009); E. Ruiz, J. Cirera, J. Cano, S. Alvarez, C. Loose, J. Kortus, Chem.
Commun. 1, 52 (2008)

[2] S. Lindner, M. Knupfer, R. Friedrich, T. Hahn and J. Kortus, Phys. Rev.
Lett. 109, 027601 (2012)

[3] R. Friedrich, S. Lindner, T. Hahn, C. Loose, S. Liebing, M. Knupfer, J.
Kortus, Phys. Rev. B 87, 115423 (2013)

[4] R. Friedrich, B. Kersting, J. Kortus, Phys.Rev. B 88, 155327 (2013)
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Spectroscopic*observables*from*DFT*and*TDDFT:*limitations*and*hopes*

!
!
!

Stephan(Kümmel(
!

Theoretical!Physics!IV,!University!of!Bayreuth,!Bayreuth,!Germany!
!
!
Present! day! density! functionals! serve! many! purposes,! but! most! of! them! also!
suffer! from! systematic! limitations.! The! insufficient! accuracy! in! describing!
localization! effects,! the! tremendous! overestimation! of! long@range! charge!
transfers,! and! the! limited! interpretability! of! the! Kohn@Sham! eigenvalues! are!
prominent! examples.! This! talk! will! show! that! many! of! these! problems! are!
inherently! linked! to! one@electron! self@interaction! and! can! be! significantly!
reduced! with! a! self@interaction! correction! based! on! the! Optimized! Effective!
Potential![1].!It!will!further!be!discussed!that!range@separated!hybrid!functionals!
can! achieve! similar! effects! in! a! different! way.! Pros! and! cons! of! both! type! of!
approaches!will!be!pointed!out![2,3].!Final!remarks!will!address!the!hopes!that!
one! may! pin! on! new! types! of! semi@local! functionals! which! capture! important!
features!of!exact!exchange!in!their!semi@local!potential![4].!
!
!
!
!
!
[1]!
D.!Hofmann,!T.!Körzdörfer,!S.!Kümmel,!
"Kohn@Sham!Self@Interaction!Correction!in!Real!Time",!
Physical!Review!Letters!108,!146401!(2012).!
!
[2]!
A.!Karolewski,!L.!Kronik,!S.!Kümmel,!
"Using!optimally!tuned!range!separated!hybrid!functionals!in!ground@state!
calculations:!Consequences!and!caveats",!
J.!Chem.!Phys.!138,!204115!(2013)!
!
[3]!
Thiago!B.!de!Queiroz,!S.!Kümmel,!
"Charge@transfer!excitations!in!low@gap!systems!under!the!influence!of!solvation!
and!conformational!disorder:!Exploring!rang@separation!tuning",!
Journal!of!Chemical!Physics!141,!084303!(2014)!
!
[4]!
R.!Armiento,!S.!Kümmel,!
"Orbital!Localization,!Charge!Transfer,!and!Band!Gaps!in!Semilocal!Density@
Functional!Theory",!
Physical!Review!Letters!111,!036402!(2013)!



First-principles dynamical mean-field perspective on

electron correlation and magnetism in oxide

heterostructures

Frank Lechermann

I. Insitute for Theoretical Physics, University of Hamburg, Germany

The investigation of oxide heterostructures provides the possibility for exploring
novel composite materials beyond nature’s original conception (see [1] for a recent
review). Emerging electronic phases within the interface region between e.g. bulk
compounds of band- and/or Mott-insulating character pose a formidable prob-
lem beyond the scope of either conventional density functional theory (DFT) or
minimal model-Hamiltonian approaches. By means of the charge self-consistent
combination of DFT with dynamical mean-field theory (DMFT) an advanced re-
alistic many-body methodology is available that may tackle this challenge. In this
talk the theoretical framework will be presented and the application to intricate
heterostructure problems discussed.
I thereby mainly focus on two concrete problems. First, the �-doping of distorted-
perovskite Mott-insulating titanates with a single SrO layer along the [001] di-
rection gives rise to a rich correlated electronic structure [2]. From a realistic su-
perlattice study, layer- and temperature-dependent multi-orbital metal-insulator
transitions are revealed. Furthermore, breaking the spin symmetry in �-doped
GdTiO3 results in blocks of ferromagnetic itinerant and ferromagnetic Mott-
insulating layers which are coupled antiferromagnetically. Second, DFT+DMFT
insight [3] into the metallic state and the key mechanism for itinerant ferromag-
netism at the band-band insulating LaAlO3/SrTiO3 interface will be provided.
[1] J. Chakhalian, J. W. Freeland, A. J. Millis, C. Panagopoulos and J. M.
Rondinelli, RMP 86, 1189 (2014) [2] F. Lechermann and M. Obermeyer, arXiv:1411.1637
(2014) [3] F. Lechermann, L. Boehnke, D. Grieger and C. Piefke, PRB 90, 085125
(2014)



Spectroscopic properties beyond standard GW

Johannes Lischner

Department of Physics and Department of Materials, Imperial College London.

Spectral functions are measured in photoemission and tunneling experiments.

The GW method is the state-of-the-art approach to calculate spectral functions

that include many-electron interaction e↵ects beyond density-functional theory.

While GW theory has been very successful for the description of quasiparticle

excitations in a wide range of physical systems including semiconductors and

insulators, other systems and properties require going beyond the standard for-

malism.

For open-shell systems, such as magnetic molecules or magnetic defects in solids,

I have developed a Green’s function approach based on the GW approximation.

In these systems, the poles of the self energy give rise to the characteristic mul-

tiplet structure observed in photoemission experiments. For the calculation of

plasmon satellite features in spectral functions, GW plus cumulant theory cures

the failure of GW theory which is known to significantly overestimate the sep-

aration of quasiparticle and satellite peaks. Finally, I present a first-principles

approach to include the coupling of quasiparticles to spin fluctuations, which play

an important role in metals, magnets and unconventional superconductors.



Edge states in graphene nanostructures on metal surfaces

Riccardo Mazzarello

Institute for Theoretical Solid State Physics and JARA, RWTH Aachen
University, Germany

Graphene is a fascinating two-dimensional system with unique electronic and
transport properties. Nevertheless, the absence of an energy gap in its band
structure limits its applicability in semiconductor technology. Fabrication of
graphene nanostructures, such as nanoribbons and quantum dots, provides a
route to induce the required band gap. Interestingly, zigzag-terminated nanos-
tructures possess electronic states localized at the edge, which lead to non-trivial
magnetic properties. In fact, in the case of graphene nanoribbons, mean field
calculations predict a ferromagnetic spin polarization along the two edges and an
antiferromagnetic coupling across the nanoribbon. These properties have been
investigated intensively recently, due to potential applications in the field of spin-
tronics. However, in principle, there exist various effects which can undermine
the stability of edge magnetism, including quantum and thermal fluctuations,
edge reconstruction and passivation, and, for supported nanostructures, the in-
teraction with the substrate.
In this work, we have focused on substrate effects. For this purpose, we have
carried out a density functional theory study of the electronic and magnetic prop-
erties of graphene nanoribbons on the (111) surface of several metallic substrates,
namely Ir, Au, Ag and Cu. The selected substrates are commonly used to grow
graphene nanostructures by chemical vapor deposition methods or bottom-up ap-
proaches. We have considered both H-free and H-passivated nanostructures. In
the case of the Ir(111) surface, we do not find states localized at the nanoribbon
edges. We explain this result by the interplay between a strong and intricate
hybridization of the graphene π orbitals with Ir d states and a lattice-mismatch
driven geometrical relaxation at the edges. Our simulations are in agreement
with scanning tunneling spectroscopy experiments performed on graphene is-
lands on Ir(111). In the case of Au, Ag and Au substrates, the nanoribbons
possess edge states. In spite of this, they do not exhibit a significant magneti-
zation at the edge, with the exception of H-terminated nanoribbons on Au(111),
whose zero-temperature, mean-field magnetic properties are comparable to those
of free-standing nanoribbons. These findings are explained in terms of the dif-
ferent chemical interaction and charge transfer between the nanoribbons and the
three substrates.





Many-body models for molecular nanomagnets

Eva Pavarini

Institute for Advanced Simulation and JARA High-Performance Computing

I will present a novel [1] flexible and e↵ective scheme to build ab-initiomany-body
models –and the corresponding low-energy magnetic Hamiltonians– for molecular
nanomagnets. It is based on using localized Foster-Boys orbitals as a one-electron
basis. I will illustrate applications of this scheme to some paradigmatic systems:
the antiferromagnetic rings Cr8 and Cr7 Ni, the single-molecule magnet Fe4, and
two Cr7Ni-Ni-Cr7Ni assemblies [1,2].

[1] A. Chiesa, S. Carretta, P. Santini, G. Amoretti, and E. Pavarini,
Phys. Rev. Lett. 110, 157204 (2013).

[2] A. Chiesa, G. Whitehead, S. Carretta, L. Carthy, G. Timco, S. Teat, G. Amoretti,
E. Pavarini, R. Winpenny, and P. Santini, Scientific Reports, in press (2014).



Electronic Structure of Molecular Magnets: Successes

within GGA and Challenges for SIC

Mark R. Pederson

Department of Chemistry, Johns Hopkins University, Baltimore MD, 21218

The experimental observation of resonant tunneling of magnetization in molecular
magnets has led to significant theoretical interest in the first-principles electronic-
structure based understanding of the magnetic- and spin-dependent- processes
in these systems. For cases where the electronic structure is described qualita-
tively correctly, the PBE-GGA has been rather successful in accurately predicting
many-of the molecular magnets composed of 3d-transition metal ions. Predictive
successes include quantitative determination of magnetic reorientation barriers
and the qualitatively correct description of the spin-excitation spectrum. This
talk will highlight some of these successes[1,2] but focus on identifying challenging
molecular-magnetic systems where the use of self-interaction corrected versions
of density-functional theory is expected to lead to better predictive capabilities.
For example for the Cu3 and V15 molecular magnets, both of which simplify
to a frustrated equilateral triangle of three spin 1

2 transition-metal cations, the
PBE-GGA provides the correct low-energy spin states but overestimates the split-
tings between the low-lying Kramer doublets and the upper quartet due to the
slightly delocalized d-electrons on the transition-metal sites[1]. Rationale for
why electronic-structure calculations with self-interaction-corrected functionals,
could improve spin-excitations will be discussed. In regard to understanding
spin-dependent electron transfer across molecular magnets, it is necessary to ac-
curately calculate the charge states of a molecular magnet that is tethered to
a distant electrode by a polymer. Through applications of DFT involving to
Mn12 and Fe4 molecular magnets as possible circuit elements and gold- and spin-
polarized graphene flakes as possible substrates, the relation of the level alignment
problem to the self-interaction correction will be highlighted. A new unitarily-
invariant method for e�ciently and exactly accounting for the self-interaction
corrections for all electrons, with applications to simple transition-metal systems
will be briefly introduced and discussed[3]. [1]MR Pederson and SN Khanna,
Phys. Rev. B 60, 9566 (1999), [2]J. F Nossa, MF Islam, CM Canali and MR
Pederson, PRB 85 085427 (2012). [3]M. R. Pederson, A. Ruzsinszky, and J. P.
Perdew, J. Chem. Phys. 140, 121103 (2014).



Confinement-induced electronic reconstruction in (001)

and (111) oriented perovskite superlattices

Rossitza Pentcheva

Department of Physics, University of Duisburg-Essen,
Lotharstr. 1. 47057 Duisburg, Germany
email: Rossitza.Pentcheva@uni-due.de

Oxide interfaces exhibit a broad spectrum of functional properties that are not
available in the respective bulk compounds, such as two-dimensional conductivity,
superconductivity and magnetism. In this talk I will compare the mechanisms of
electronic and orbital reconstruction in oxide quantum wells with (001) and (111)
crystallographic orientation. The latter promise to host even more exotic elec-
tronic states compared to the much studied (001)-oriented systems due to their
distinct topology [1]. Material-specific density functional theory calculations with
an on-site Coulomb repulsion term are used to explore the role of confinement,
symmetry breaking, polarity mismatch and strain in the emergence of novel elec-
tronic phases. The results illuminate a rich set of competing ground states in po-
lar (LaAlO3)M/(SrTiO3)N(111) [2] and non-polar (LaNiO3)M/(LaAlO3)N(111)
[3,4] superlattices, ranging from spin-polarized, Dirac-point Fermi surfaces pro-
tected by lattice symmetry to charge-ordered Mott or Peierls insulating phases.
Analogous to the (001) counterparts [5,6], orbital reconstructions and metal-to-
insulator transitions depend critically on the thickness of the quantum well and
in-plane strain, thus opening avenues for engineering properties at the nanoscale.
Research in collaboration with D. Doennig, A. Blanca-Romero and W.E. Pickett;
supported by the DFG, SFB/TR80.
[1] D. Xiao et al., Nat. Commun. 2, 596 (2011).
[2] D. Doennig, W. E. Pickett, and R. Pentcheva, Phys. Rev. Lett. 111, 126804
(2013).
[3] D. Doennig, W. E. Pickett, and R. Pentcheva, Phys. Rev. B 89, 121110(R)
(2014).
[4] S. Middey et al., arXiv 1407.1570.
[5] D. Doennig and R. Pentcheva, Sci. Rep., submitted.
[6] A. Blanca Romero and R. Pentcheva, Phys. Rev. B 84, 195450 (2011).



Reduced Density-Matrix Functional Theory: correlation

and spectroscopy

Pina Romaniello

Laboratoire de Physique Théorique, CNRS, IRSAMC, Université Toulouse III -
Paul Sabatier, 118 Route de Narbonne, 31062 Toulouse Cedex, France

In this work we explore the performance of approximations to electron correlation
in reduced density-matrix functional theory (RDMFT) [1] and of approximations
to the observables calculated within this theory. Our analysis focuses on the cal-
culation of total energies, occupation numbers, removal/addition energies, and
spectral functions. We use the exactly solvable Hubbard molecule at 1/4 and
1/2 filling as test systems. This allows us to analyze the underlying physics and
to elucidate the origin of the observed trends. For comparison we also report
the results of the GW approximation, where the self-energy functional is approx-
imated, but no further hypothesis are made concerning the approximations of
the observables. In particular we focus on the atomic limit, where the two sites
of the molecule are pulled apart and electrons localize on either site with equal
probability, unless a small perturbation is present: this is the regime of strong
electron correlation. In this limit, using the Hubbard molecule at 1/2 filling with
or without a spin-symmetry-broken ground state, allows us to explore how de-
generacies and spin-symmetry breaking are treated in RDMFT. We find that,
within the used approximations, neither in RDMFT nor in GW the signature of
strong correlation are present in the spin-singlet ground state, whereas both give
the exact result for the spin-symmetry broken case. Moreover we show how the
spectroscopic properties change from one spin structure to the other. Our find-
ings can be generalized to other situations, which allows us to make connections
to real materials and experiment. [2]
[1] T. L. Gilbert, Phys. Rev. B 12, 2111 (1975)
[2] S. Di Sabatino, J.A. Berger, L. Reining, and P. Romaniello, arXiv:1409.1008



Electric field at the microscopic level: from water

dissociation to Miller-like experiments

A. Marco Saitta

Deputy Dean of the Physics Faculty of UPMC
Institut de Minéralogie, de Physique de Matériaux et de Cosmochimie (IMPMC)

Université Pierre et Marie Curie (UPMC) - Sorbonne
Paris, France

In the last decade, thanks to Berry-phase theory and its implementation in DFT
schemes, it is possible to study the e↵ect of finite homogenous electric fields in ab
initio molecular dynamics simulations [1]. Here we present a study of bulk liquid
water under intense electric fields [2]. We observe that the hydrogen-bond length
and the molecular orientation are significantly modified at low-to-moderate field
intensities. Fields beyond a threshold of about 0.35 V/Å are able to dissociate
molecules and sustain an ionic current via a series of correlated proton jumps,
in good agreement with experimental values [3]. Upon applying even more in-
tense fields (⇠ 1.0 V/Å), a 15%-20% fraction of molecules are instantaneously
dissociated and the resulting ionic flow yields a conductance of about 7.8 ⌦�1

cm�1. We then undertake the first ab initio computer simulations of the cele-
brated Miller experiment, that we perform in the condensed phase [4] Our study
shows that glycine spontaneously forms from mixtures of simple molecules once
an electric field is switched on. Moreover, combining the electric field approach
with a metadynamics-based analysis of chemical reactions[5], we identify formic
acid and formamide as key intermediate products of the early steps of the Miller
reactions, and the crucible of formation of complex biological molecules.
[1] P. Umari & A. Pasquarello, Phys. Rev. Lett. 89, 157602 (2002)
[2] A. M. Saitta, F. Saija, P. V. Giaquinta, Phys. Rev. Lett. 108, 207801 (2012).
[3] E. M. Stuve, Chem. Phys. Lett. 519-520, 1 (2012); Z. Hammadi et al. Appl.
Phys. Lett. 101, 243110 (2012); W. K. Lee et al., Nano Res. 6, 767 (2013).
[4] A. M. Saitta & F. Saija, Proc. Nat. Acad. Sci. USA 111, 13768 (2014);
http://www.impmc.upmc.fr/~saitta/press_Miller.html
[5] A. M. Saitta, F. Saija, F. Pietrucci, F. Guyot, Proc. Nat. Acad. Sci. USA in

press.



Monolayer of 1TMoS2: The Thinnest Ferroelectric?

Sharmila N. Shirodkar

Theoretical Sciences Unit,
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India.

Ferroelectric crystals exhibit an electric dipole moment (spontaneous polariza-
tion) even in the absence of an external electric field. When heated, ferroelectric
materials transform at the ferroelectric transition temperature to the centrosym-
metric and non-polar paraelectric phase. The macroscopic electric polarization in
ferroelectrics can be switched by the application of external electric fields. Hence,
their films are used in various devices such as sensors, actuators and memories.
As ferroelectric ordering of dipoles oriented perpendicular to the surface of an
ultrathin film is suppressed by their depolarization field, ferroelectricity has been
shown to disappear below film thicknesses of 24 Å in BaTiO3, 8 Å in PbTiO3 and
10 Å in polymer films. However, truly 2-dimensional materials such as graphene,
hexagonal boron nitride and MoS2 have not been explored for its existence. Here,
we predict the emergence of unexpected, yet robust ferroelectricity (with polar-
ization perpendicular to the plane) in the 1T polytype of MoS2 as it undergoes
a transition from metallic to insulating state by using a combination of first-
principles and Landau theoretical analysis. We show that it originates from the
geometry of electronic Fermi surface through a strong coupling of d-orbitals of
Mo with valley phonons that induce an e↵ective electric field. Our prediction
of a 2-dimensional ferroelectric semiconductor opens up a new class of nanoscale
dipotronic devices based on MoS2, and we propose XNOR, NAND and OR logic
gates within a single transistor structure [1].

References

[1] Sharmila N. Shirodkar and Umesh V. Waghmare, PRL 112, 157601 (2014).



Ab initio description of exciton dispersion

Francesco Sottile

Laboratoire des Solides Irradis, CNRS UMR 7642, CEA-DSM-IRAMIS, Ecole

polytechnique,UniversitParis-Saclay, 91128 PALAISEAU cedex, France

European theoretical Spectroscopy Facility

We present ab initio calculation of plasmon and exciton dispersion of wide-gap

insulators, like LiF or hBN, as well as molecular solids. With the help of the

Bethe-Salpeter Equation (recently extended [1,2] to describe full coupling mo-

mentum excitonic e↵ects) we calculate the momentum dispersion of the first

low-lying excitons, both visible and dark. Their particular behaviour is analysed

(with respect to momentum intensity and direction, coupling e↵ect, real space

distribution and interference e↵ects) and the results are compared with recent

inelastic X-ray scattering [3] and with electron energy loss spectroscopy [4,5].

[1] M. Gatti and F. Sottile, Phys. Rev. B 88, 155113 (2013)

[2] F. Sottile et al. The EXC code (GPL) http://www.bethe-salpeter.org/

[3] P. Abbamonte et al., PNAS 105, 12519 (2008)

[4] F. Roth et al, J. Chem. Phys. 136, 204708 (2012)

[5] P. Cudazzo, M. Gatti, A.Rubio, and F. Sottile Phys. Rev. B 88, 195152 (2013)



Development and Applications of Potential-Based

Density-Functional Theory

Viktor N. Staroverov

Department of Chemistry, The University of Western Ontario,
London, Ontario N6A 5B7, Canada

I will survey recent advances in the theory of Kohn–Sham effective potentials and
show how, by thinking in terms of these quantities, one can obtain new physical
insights and better density-functional approximations for computing molecular
properties. Topics include: development of energy functionals from Kohn–Sham
potentials, accurate prediction of excitation energies, and a new tool for studying
chemical reactivity called the average local electron energy.

References

1. I. G. Ryabinkin and V. N. Staroverov, “Average local ionization energy gen-
eralized to correlated wavefunctions”, J. Chem. Phys. 141, 084107 (2014).

2. I. G. Ryabinkin, A. A. Kananenka, and V. N. Staroverov, “Accurate and
efficient approximation to the optimized effective potential for exchange”,
Phys. Rev. Lett. 111, 013001 (2013).

3. A. P. Gaiduk, D. Mizzi, and V. N. Staroverov, “Self-interaction correction
scheme for approximate Kohn–Sham potentials”, Phys. Rev. A 86, 052518
(2012).

4. A. P. Gaiduk, D. S. Firaha, and V. N. Staroverov, “Improved electronic
excitation energies from shape-corrected semilocal Kohn–Sham potentials”,
Phys. Rev. Lett. 108, 253005 (2012).

5. P. D. Elkind and V. N. Staroverov, “Energy expressions for Kohn–Sham
potentials and their relation to the Slater–Janak theorem”, J. Chem. Phys.
136, 124115 (2012).

6. A. P. Gaiduk and V. N. Staroverov, “A generalized gradient approxima-
tion for exchange derived from the model potential of van Leeuwen and
Baerends”, J. Chem. Phys. 136, 064116 (2012).

7. A. P. Gaiduk and V. N. Staroverov, “Construction of integrable model
Kohn–Sham potentials by analysis of the structure of functional deriva-
tives”, Phys. Rev. A 83, 012509 (2011).

8. A. P. Gaiduk and V. N. Staroverov, “Explicit construction of functional
derivatives in potential-driven density-functional theory”, J. Chem. Phys.
133, 101104 (2010).



Optical spectra of MoS2: dependence on substrate and
electron-phonon coupling

Ludger Wirtz

Physics and Materials Science Research Unit, University of Luxembourg,
L-1511 Luxembourg

Layered transition-metal dichalcogenides, in particular the semiconducting MoS2,
are attracting currently a lot of attention due to their possible use in thin-film
electronics. Also from the fundamental point of view, these materials are very
interesting due to their complex band-structure, strong e↵ects of spin-orbit split-
ting and the possibility of valley polarization by circularly polarized light. We
summarize the debate on the quasi-particle band-structure of single and few-layer
MoS2 (self-consistent versus non-self consistent GW). We discuss the influence of
slight changes in the geometry of the single-layer as well as of the underlying
substrate. Optical absorption spectra are calculated on the level of the Bethe-
Salpeter equation including the e↵ect of spin-orbit coupling. Taking into account
the e↵ect of electron-phonon coupling, we calculate the temperature dependence
of the band gap and the absorption spectra. We discuss the origin of the ex-
perimentally observed doubling of the high-energy exciton at 2.6 eV on a gold
substrate as the potential e↵ect of a “mirror exciton” (exciton formed from image
states).
Following collaborations are gratefully acknowledged: For the theory: Alejan-
dro Molina-Sánchez (Luxembourg), Maurizia Palummo, Davide Sangalli, Andrea
Marini (Rome), and Kerstin Hummer (Vienna). For the experimental work on
the mirror excitons: Jan Mertens, Jeremy J. Baumberg (Cambridge), Yumeng
Shi, Hui Ying Yang (Singapore).
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