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1 Editorial

This issue contains one report on a collaborative visit, a f& job announcements and abstracts
of newly submitted or recently published papers.

The scienti ¢ highlight is by T. Hickel (MPIE, Dasseldorf) , B. Grabowski (LLNL), F. Kermann
and J. Neugebauer (MPIE, Dusseldorf) on "Advancing DFT to nite temperatures: Methods
and applications in steel design".

For details on this issue please consult the table of content

The Uniform Resource Locator (URL) for the Psi-k webpage is:
http://www.psi-k.org.uk/

Please submit all material for the next newsletters to the em ail address below.

The email address for contacting us and for submitting contibutions to the Psi-k newsletters is

function
psik-coord@stfc.ac.uk  messages to the coordinators, edit or & newsletter

Dzidka Szotek, Martin Lsders, Leon Petit and Walter Temmer man
e-mail: psik-coord@stfc.ac.uk



2 Psi-k Activities

"Towards Atomistic Materials Design"

2.1 Reports on the Psi-k Collaborative Visits

2.1.1 Report on a visit of Eva Marie Kalivoda to Prof. Stefano Sanvito's group
at the Trinity College in Dublin, Ireland

Eva Marie Kalivoda
Fraunhofer Institute for Mechanics of Materials IWM, Freib urg, Germany

February 21 { March 11, 2011

| visited Prof. Stefano Sanvito's group at the Trinity Colle ge in Dublin in order to improve

my knowledge of theoretical calculations of electronic trasport. Prof. Sanvito is one of the
developers of theSmeagol code, which combines the density functional theory (DFT) cade
Siesta for electronic structure calculations with the non-equilibrium Green's Function (NEGF)

formalism for phase-coherent transport. The main objective of my visit was to increase my
pro ciency of the Smeagol simulation package.

The topic of my PhD are theoretical studies of electronic transport properties in ultrathin-
Im capacitors composed of perovskite oxides (mainly SrTiG and PbTiO 3) with various metal
electrodes. One of the primary sources of leakage currentshtough these capacitors is the
Schottky emission. This conduction mechanism is directly elated to the height of the Schottky
barrier (SB), which forms at the interface between the dieletric and the electrode. In a previous
work, we investigated the in uence of the interface structure and the metal electrode on the SB
height and analyzed the structural and electronic contributions to the SB formation. The NEGF
method allows to extend these investigations by modelling Bo the in uences of the applied
voltage. Another important transport mechanism leading to leakage currents through nano-
capacitors is the quantum mechanical tunneling. This procss is determined by the probability
for transmission of electrons through the insulating Im. W ith the NEGF method it is possible
to calculate the transmission coe cient and hence to obtain current-voltage characteristics.

During my stay | worked extensively with the Smeagol package. In the calculations, | used
relaxed sandwich structures whose atomic and electronic sictures were obtained by means of
the mixed basis pseudopotential (MBPP) approach of DFT. In order to test the accuracy of
Smeagol in reproducing the electronic properties, | carried out catulations for bulk materials

and interfaces with di erent pseudopotentials, basis setsand k-point meshes. Having a setup of
reliable parameters | continued with Smeagol calculations of the transport properties.

The possibility to work in Prof. Sanvitos group gave me impottant insights into details of the
Smeagol code. One of the most important issues were the constructiorof the electrode parts
of the Hamiltonian and the density matrix, or the possibility of treating sandwich structures
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with di erent electrodes. Since members of Prof. Sanvitos goup are also interested in elec-

tron transport properties of similar systems (magnetic Fe/MgO(100) or SrRuO3/BaTiO 3 tunnel
junctions), we could mutually pro t by exchanging experience.

In summary, my visit was very valuable, it helped to establish the collaboration between our
groups and | hope we will work further together on this interesting topic. Therefore | thank the
Psi-k very much for the nancial support.



3 General Job Announcements

Postdoctoral Position on optical properties of nanostruct ures
Institut Neel (CNRS/UJF), Grenoble, France

Post-Doc Position at Institut Neel, CNRS, Grenoble, France in the "Theory and Numerical
Simulation of Electronic Properties” group Subject: "Ultr afast and non-linear phenomena at
the nano-scale" Applications are invited for a 1-year postactoral position at Institut Neel, in
Grenoble, France, to start by January the 1st 2012.

The main role of this position is study optical properties of nanostructure beyond the linear
response regime. The goal of this project is to combine out oéquilibrium many body theory
with density functional theory, in such a way to create a predctive tools to analise and predict
non-linear optics and out-equilibrium phenomenas.

The project is funded by SMINGUE-FMN.

The successful applicant will have a strong background in meerial science or solid state chem-
istry and physics. Experience in ab-initio calculations ard knowledge of Green's functions meth-
ods would be advantageous. Applicants should have a Ph.D. ira relevant area of condensed
matter physics or materials science. The closing date for gglications is 30 October 2011.

For further details and to apply, please contact: Claudio ATTACCALITE
Email: claudio.attaccalite at cnrs email = grenoble.cnrsfr

Tel +33-4-76887460

http://www.attaccalite.altervista.org/



Post-Doc Scientist (Simulation of spin transfer torque in
magnetic devices)

Institute of High Performance Computing, Singapore

We are looking for outstanding candidates for a research opgrtunity in the area of spin transfer
torque magnetic random access memory (STT-MRAM). The succssful candidate will join a
team employing a multiscale approach to simulating magnett memory devices, using techniques
including both rst principles and phenomenological calculations. The rst-principles studies
enable an atomistic understanding of materials propertieswhile the phenomenological studies
simulate the device-level properties. The simulation workis closely supported by experimental
collaborators at the Data Storage Institute, Singapore.

Requirements: A PhD degree in materials science, physics|egtrical engineering or a closely re-
lated discipline. Experience with one or more of the followng areas is desirable: micromagnetics
simulations, spintronic devices, rst principles studies of magnetic materials or spin transport.

Applicants should submit a resume, their research interest, and two references recruitment@ihpc.a-
star.edu.sg.



Scienti ¢ Specialist / Technical Writer within Atomic-Sca le
Modeling

QuantumWise A/S, Copenhagen, Denmark

QuantumWise A/S is seeking to Il a position as scienti ¢ specialist/technical writer within the
eld of atomic-scale modeling. We are developing a leadinggdge nanoscale modeling software
platform together with our customers, which include some ofthe leading electronics and other
high-tech companies in the world. Your task will be scienti ¢ validation of our product and
generation of manuals, tutorials, and marketing material based on case studies. You will also be
involved in consultancy work, training, and customer suppat. A strong emphasis is placed on
communication and presentation skills. Current employeeshave a degree in theoretical physics,
computer science, or chemistry.

We are looking for a highly talented individual with a broad skill set within

Application of atomic-scale modeling

{ Density-functional theory and semi-empirical models
{ Quantum transport

{ Surface chemistry, materials science, and electronic staiure
Technical writing

{ Excellent written and oral communication skills in English

{ Artistic skills and a documented ability to explain complic ated things clearly and
simply

Your application should include a 1-2 page application leter and a short CV in PDF format.
Applications should be sent by e-mail to

jobs@quantumwise.com
by June 22, 2011. Starting date for the position is Q3, 2011.

See our web sitattp://quantumwise.com for more information, including the full job announce-
ment http://quantumwise.com/corporate/career/128

For information about the position, please contact Kurt Stokbro (CEQ) at kurt.stokbro@quantumwise.com
or phone +45 51320610.



Postdoctoral Position
Yale University, New Haven, CT, USA

A postdoctoral position in the group of Prof. Sohrab Ismail-Beigi (Yale University, Department
of Applied Physics) is available now and until lled. The ant icipated start date is mid July to
early August 2011.

The project involves a collaboration between leading expementalists, ab initio theorists, and

many-body/analytical theorists to study novel transition metal oxide superlattices and interfaces
with an eye to designing novel magnetic systems and supercdactors. The project is funded
by DARPA on a year-by-year basis.

The ab initio theory postdoctoral candidate, in addition to using rst principles methods to
study oxide structures, is expected to collaborate directy with the experimentalists and model
Hamiltonian theorists, and as such there are signi cant opportunities for learning and broadening
ones knowledge and expertise.

The candidate should preferably have a Ph.D. in physics, chmistry, materials physics or engi-
neering, or a related eld by the start date. Prior experience with rst principles calculations
of materials properties is essential. Experience with eld@onic correlations (e.g., DFT+U or
similar approaches) is helpful but not absolutely necessat

A brief letter stating the applicants background, a curriculum vitae, and letters of recommen-
dation (preferably three) should be sent to sohrab.ismailbeigi@yale.edu. Recommenders should
send letters under separate cover. Please use the email seloj line LASTNAME: DARPA
application or LASTNAME: DARPA recommendation where LASTN AME is the applicants
surname.

Yale is an a rmative action/equal opportunity employer and encourages applications from qual-
i ed women and minority group members.



4 Abstracts

Melting the ice: on the relation between melting temperatur
and size for nanoscale ice crystals

Ding Pan
Institute of Physics, Chinese Academy of Sciences,
P.O. Box 603, Beijing 100190, P. R. China
Li-Min Liu
London Centre for Nanotechnology and Department of Chenigt
University College London, London WC1E 6BT, U.K.
Ben Slater
Department of Chemistry, University College London,
London WC1H 0AJ, U.K.
Angelos Michaelides
London Centre for Nanotechnology and Department of Chenigt
University College London, London WC1E 6BT, U.K.
Enge Wang
School of Physics, Peking University, Beijing 100871, P. RChina

Abstract

Although the melting of ice is an everyday process, importah issues remain unclear
particularly on the nanoscale. Indeed despite extensive sidies into ice melting and pre-
melting, little is known about the relationship between (pre-)melting and crystal size and

morphology, with e.g. the melting temperature of ice nanocystals being unclear.

we report extensive longtime force eld based molecular dyamics studies of the melting of
hexagonal ice nanocrystals in the ca: 2 to 8 nanometer size mge. We show that pre-melting
is initiated at the corners of the crystals, then the edges beveen facets, and then the at
surfaces, i.e., the melting temperature is related to the dgree of coordination. A strong size
dependance of the melting temperature is observed, with theeombination of small particle
size and pre-melting leading nano-sized ice crystals to havliquid-like surfaces as low as
about 130 K below the bulk ice melting temperature. These reslts will be of relevance in
understanding the size dependence of ice crystal morpholggand the surface reactivity of

ice particles under atmospheric conditions.

(To appear on ACS Nano (2011))
Contact person: angelos.michaelides@ucl.ac.uk
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Trends in water monomer adsorption and dissociation on at
insulating surfaces

Xiao Liang Hu
London Centre for Nanotechnology and Department of Chenigt
University College London, London WC1E 6BT, U.K.
Javier Carrasco
London Centre for Nanotechnology and Department of Chenigt
University College London, London WC1E 6BT, U.K.
Fritz-Haber-Institut der Max-Planck-Gesellschatft,
Faradayweg 4-6, 14195 Berlin, Germany
Jr Klimes, Angelos Michaelides
London Centre for Nanotechnology and Department of Chenigt
University College London, London WC1E 6BT, U.K.

Abstract

The interaction of water with solid surfaces is key to a wide \ariety of industrial and
natural process. However, the basic principles that dictaé how stable and in which state
(intact or dissociated) water will be on a given surface are ot fully understood. Towards
this end, we have used density functional theory to examine w&ter monomer adsorption on
the (001) surfaces of a broad range of alkaline earth oxideslkaline earth sul des, alkali
uorides, and alkali chlorides. Some interesting general onclusions are arrived at: (i) On
all the surfaces considered only a few speci ¢ adsorption stictures are favoured; (ii) Water
becomes more stable upon descending the oxide and uoride es but does not vary much
upon going down the chloride and sul de series; (iii) Water is stabilised both by an increase
in the lattice constant, which facilitates hydrogen bonding to the substrate, and by the
exibility of the substrate. These are also factors that favour water dissociation. We hope
that this study is of some value in better understanding the surface science of water in
general, and in assisting in the interpretation and design 6 future experiments.

(To appear on Phys. Chem. Chem. Phys. (2011))
Contact person: angelos.michaelides@ucl.ac.uk
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Initial stages of salt crystal dissolution determined with ab
initio molecular dynamics

Li-Min Liu

London Centre for Nanotechnology and Department of Chenigt

University College London, London WC1E 6BT, U.K.
Alessandro Laio
International School for Advanced Studies (SISSA) and CNRNFM Democritos,
Via Beirut 265, 34136 Trieste, Italy
Angelos Michaelides

London Centre for Nanotechnology and Department of Chenigt

University College London, London WC1E 6BT, U.K.

Abstract

The initial stages of NaCl dissolution in liquid water have been examined with state-of-
theart ab initio molecular dynamics and free energy sampliig techniques. Our simulations
reveal a complex multi-step process triggered by the depattre of Cl ions from the lattice, with
a well-de ned intermediate state wherein departing ions ae partially solvated but remain in
contact with the crystal. The polarizability of Cl is identifed as the source of the anion's
preferential initial dissolution, an ect which leads a fore eld based description of NaCl
dissolution to fail to identify a preference for Cl over Na dissolution.

(To appear on Phys. Chem. Chem. Phys. (2011))
Contact person: angelos.michaelides@ucl.ac.uk
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Binding of hydrogen on benzene, coronene, and graphene from
guantum Monte Carlo calculations

Jie Ma
Institute of Physics, Chinese Academy of Sciences,
P.O. Box 603, Beijing 100190, China
Department of Chemistry, University College London,
Gower Street, London WC1E 6BT, U.K.
London Centre for Nanotechnology, University College Lond,
Gower Street, London WC1E 6BT, U.K.
Angelos Michaelides
Department of Chemistry, University College London,
Gower Street, London WC1E 6BT, U.K.
London Centre for Nanotechnology, University College Lond,
Gower Street, London WC1E 6BT, U.K.
Thomas Young Centre@UCL, University College London,
Gower Street, London WC1E 6BT, U. K.
Dario Alfe
London Centre for Nanotechnology, University College Lond,
Gower Street, London WC1E 6BT, U.K.
Thomas Young Centre@UCL, University College London,
Gower Street, London WC1E 6BT, U. K.
Department of Earth Sciences, University College London,
Gower Street, London WC1E 6BT, U.K.
Department of Physics and Astronomy, University College baolon,
Gower Street, London WC1E 6BT, U.K.

Abstract

Quantum Monte Carlo calculations with the di usion Monte Ca rlo (DMC) method have

been used to compute the binding energy curves of hydrogen obenzene, coronene, and
graphene. The DMC results on benzene agree with both MllerRissett second order per-

turbation theory (MP2) and coupled cluster with singles, doubles, and perturbative triples

[CCSD(T)] calculations, giving an adsorption energy of 25 neV. For coronene, DMC agrees
well with MP2, giving an adsorption energy of 40 meV. For physsorbed hydrogen on
graphene, DMC predicts a very small adsorption energy of oyl 5 5 meV. Density func-

tional theory (DFT) calculations with various exchange-correlation functionals, including

van der Waals corrected functionals, predict a wide range obinding energies on all three
systems. The present DMC results are a step toward lling thegap in accurate benchmark
data on weakly bound systems. These results can help us to uedstand the performance of

current DFT based methods, and may aid in the development of inproved approaches.
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(The Journal of Chemical Physics 134, 134701 (2011))
Contact person: angelos.michaelides@ucl.ac.uk

Accurate ionic forces and geometry optimization in
linear-scaling density-functional theory with local orbi tals

Nicholas D. M. Hine', Mark Robinsor?, Peter D. Haynes, Chris-Kriton Skylaris?,
Mike C. Payn€e?, and Arash A. Mosto !
1 The Thomas Young Centre for Theory and Simulation of Materla,
Imperial College London, London SW7 2AZ, United Kingdom
2 Theory of Condensed Matter, Cavendish Laboratory,
J. J. Thomson Avenue, Cambridge CB3 OHE, United Kingdom
3 School of Chemistry, University of Southampton,
Southampton SO17 1BJ, United Kingdom

Abstract

Linear scaling methods for density-functional theory (DFT) simulations are formulated
in terms of localized orbitals in real space, rather than thedelocalized eigenstates of conven-
tional approaches. In local-orbital methods, relative to mnventional DFT, desirable prop-
erties can be lost to some extent, such as the translationalnvariance of the total energy
of a system with respect to small displacements and the smobness of the potential-energy
surface. This has repercussions for calculating accurat®mic forces and geometries. In this
work we present results from onetep, our linear scaling methd based on localized orbitals in
real space. The use of psinc functions for the underlying bas set and on-the- y optimiza-
tion of the localized orbitals results in smooth potential-energy surfaces that are consistent
with ionic forces calculated using the Hellmann-Feynman tleorem. This enables accurate
geometry optimization to be performed. Results for surfaceeconstructions in silicon are pre-
sented, along with three example systems demonstrating thperformance of a quasi-Newton
geometry optimization algorithm: an organic zwitterion, a point defect in an ionic crystal,
and a semiconductor nanostructure.

(published 2 May, in Phys. Rev. B 83, 195102 (2011))
Contact person: nicholas.hine@imperial.ac.uk

14



Room temperature p-induced surface ferromagnetism

Guntram Fischert, Nadiezhda Sancheéz Waheed Adeagbé, Martin Luders 3,
Zdzislawa Szotek, Walter Temmermar?, Arthur Ernst 4, Wolfram Hergert,
M.Carmen Muno?Z
1 Martin-Luther-Universitat Halle-Wittenberg, Halle, Germany
2 Instituto de Ciencia de Materiales de Madrid, Madrid, Spain
3 Daresbury Laboratory, Daresbury, Warrington, UK
4 Max-Planck-Institut far Mikrostrukturphysik, Halle, Germany

Abstract

We prove a spontaneous magnetization of the oxygen-termirted ZnO (0001) surface by
utilizing a multi-code, SIESTA and KKR, rst-principles approach, involving both LSDA+U
and self-interaction corrections (SIC) to treat electron correlation e ects. Critical temper-
atures are estimated from Monte Carlo simulations, showingthat at and above 30K the
surface is thermodynamically stable and ferromagnetic. Tle observed half-metallicity and
long-range magnetic order originate from the presence gf-holes in the valence band of the
oxide. The mechanism is universal in ionic oxides and point$o a new route for the design
of ferromagnetic low dimensional systems.

(Submitted to Physical Review Letters; arXiv:1105.2777)
Contact person: Carmen Munoz (mcarmen@icmm.csic.es)
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Spin-spiral inhomogeneity as the origin of ferroelectric a ctivity
in orthorhombic manganites

l. V. Solovyev
National Institute for Materials Science,
1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

Abstract

We argue that the homogeneous distribution of spins in the sm-spiral state of orthorhom-
bic manganites is strongly deformed by the relativistic spn-orbit interaction. The thus
induced spin-spiral inhomogeneity gives rise to the ferrolectric response of the purely elec-
tronic origin in the even-periodic magnetic structures. The mechanism is generic and takes
place in the twofold periodic HOMnO3 as well as in the fourfold periodic TbMnOs. Thus,
we expect that the magnetic structure of these two characteistic improper multiferroics
with the orthorhombic P bnm structure is neither E-type antiferromagnetic nor the homoge-
neous spin spiral, but a new type of noncollinear magnetic stte, which breaks the inversion
symmetry and leads to the ferroelectric activity of a similar origin both in HOMnO 3 and
in TbMnO 3. Furthermore, we predict that odd-periodic magnetic structures preserve the
inversion symmetry and thus should not be ferroelectric. Wediscuss the available experi-
mental data in the light of these new arguments. Our theoretcal analysis is based on the
low-energy model derived from the rst-principles electronic structure calculations and the
Berry-phase formalism for the electronic polarization.

(Phys. Rev. B. 83, 054404 (2011) )
Contact person: Solovyev.lgor@nims.go.jp
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Crystal Orbital Hamilton Population (COHP) Analysis
As Projected from Plane-Wave Basis Sets

Volker L. Deringer? Andrei L. Tchougee , * and Richard Dronskowskt
4nstitute of Inorganic Chemistry, RWTH Aachen University,
Landoltweg 1, D-52056 Aachen, Germany
®Poncelet Laboratory, Independent University of Moscow,
Moscow Center for Continuous Mathematical Education,
Bolshoi Vlasevsky Per. 11, 119002 Moscow, Russia

Abstract

Simple, yet predictive bonding models are essential achi@ments of chemistry. In the
solid state, in particular, they often appear in the form of visual bonding indicators. Since
the latter require the crystal orbitals to be constructed from local basis sets, the application
of the most popular density-functional theory codes (namey, those based on plane waves and
pseudo-potentials) appears as being ill- tted to retrieve the chemical bonding information.
In this paper, we describe a way to re-extract Hamilton-weidited populations from plane-
wave electronic-structure calculations in order to develp a tool analogous to the familiar
crystal orbital Hamilton population (COHP) method. We deri ve the new technique, dubbed
\projected COHP" (pCOHP), and demonstrate its viability us ing examples of covalent,
ionic and metallic crystals (diamond, GaAs, CsCl, and Na). For the rst time, this chemical
bonding information is directly extracted from the results of plane-wave calculations.

(In press at The Journal of Physical Chemistry A)
Contact person: drons@HAL9000.ac.rwth-aachen.de
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CO oxidation as a prototypical reaction for heterogeneous
processes

Hans-Joachim Freund, Gerard Meijer, Matthias Sche er, Rolert Schiegl, and Martin Wolf
Fritz-Haber-Institut der Max-Planck-Gesellschatft,
Faradayweg 4{6, 14195 Berlin, Germany

Abstract

Heterogeneous catalysis is the science and technology ofatisforming molecular struc-
tures by using a solid functional material ("the catalyst") for controlling the energy pro le
and pathway of a reaction. This control enables determiningthe direction and selectivity of
the reaction. In 1926 H. S. Taylor wrote in his 4th report on the nature of contact catalysis
[H.S.Taylor, J. Phys. Chem. 1926, 30, 145]: "We seem to be forced to the conclusion that
we know little or nothing concerning the e ect which such arstocracies of atoms exercise
on the impinging reactants." ..."The general problem of actvation (of reactants) is of such
fundamental importance that every chemist in the world shadd be keeping it in mind so as to
be ready to do his share in the solution."Much has changed in our understanding since then
and the aristocracies of atoms have transformed in our undestanding into "active sites".
The enormous progress in fundamental insights into catalys is to a great deal due to the
understanding of the oxidation of CO as a prototypical reacion for heterogeneous processes.
The CO oxidation is one of the best-known heterogeneous reions and can thus be regarded
as a benchmark system. However, as will be outlined below nadll facets of this seemingly
simple reaction are explored in su cient depth to obtain a complete picture of this process.
This article does not attempt to review the subject of CO oxidation by presenting a com-
prehensive account on the literature. It rather attempts to link the evolution of a deeper
understanding of one only seemingly simple reaction to the evelopment of our general un-
derstanding of heterogeneous processes. The article fueh illustrates the close relation of
inventing new experimental and theoretical methods and adancing insight into microscopic
details of a chemical reaction. A brief account on the evoluibn of research lines in the eld
will be followed by an introduction into the chemical relevance of CO oxidation and its role
as prototypical process for elucidating heterogeneous presses. Then a selection of modern
facets of the CO oxidation chemistry will follow using seleted examples of multidisciplinary
research performed at the Fritz Haber Institute in Berlin. T his selection will highlight several
points raised in the introduction and give an account of the sate-of-the-art regarding the
understanding of the reaction over a wide variety of system&nd conditions ranging from iso-
lated molecular clusters over metallic systems of variousteuctures to reactions on complex
oxides under high performance conditions. It will be shown hat some of the systems are of
surprising functional complexity even when they appear at rst sight rather conventional.
Their reactivity towards CO and oxygen discloses the complgity allowing us to state that
CO oxidation is on its way from a model reaction to a chemical pobe for surface properties.

(Angew. Chem., in print (2011))
Contact person: Matthias Sche er (sche er@fhi-berlin.mp g.de)
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Electron-hole pairs during the adsorption dynamics of O > 0on
Pd(100) { Exciting or not?

Jerg Meyert? and Karsten Reutet?
LFritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4{6, 14195 Berlin, Germany
2Technische Universitat Manchen,
Lichtenbergstrasse 4, 85747 Garching, Germany

Abstract

During the exothermic adsorption of molecules at solid surdces dissipation of the re-
leased energy occurs via the excitation of electronic and pinonic degrees of freedom. For
metallic substrates the role of the nonadiabatic electront excitation channel has been con-
troversially discussed, as the absence of a band gap couldviaur an easy coupling to a
manifold of electronhole pairs of arbitrarily low energies We analyse this situation for the
highly exothermic showcase system of molecular oxygen dissiating at Pd(100), using time-
dependent perturbation theory applied to rst-principles electronic-structure calculations.
For a range of di erent trajectories of impinging O, molecules we compute largely varying
electron-hole pair spectra, which underlines the necessitto consider the high-dimensionality
of the surface dynamical process when assessing the total engy loss into this dissipation
channel. Despite the high Pd density of states at the Fermi leel, the concomitant non-
adiabatic energy losses nevertheless never exceed about 5d¥the available chemisorption
energy. While this supports an electronically adiabatic description of the predominant heat
dissipation into the phononic system, we critically discus the non-adiabatic excitations in
the context of the O, spin transition during the dissociation process.

(New J. Phys., accepted (2011).)
Contact person: Jerg Meyer (joerg.meyer@ch.tum.de)
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On the stability of "non-magic" endohedrally doped Si clust ers:
A rst-principles sampling study of M Sils (M = Ti,V,Cr)

Dennis Palagirt, Matthias Gramzow? and Karsten Reutef?
1Technische Universitat Manchen,
Lichtenbergstrasse 4, 85747 Garching, Germany
2Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4{6, 14195 Berlin, Germany

Abstract

Density-functional theory is used to study the geometric ard electronic structure of
cationic Sijy clusters with a Ti, V or Cr dopant atom. Through unbiased global geom-
etry optimization based on the basin-hopping approach we corm that a Frank- Kasper
polyhedron with the metal atom at the center represents the gound-state isomer for all
three systems. The endohedral cage geometry is thus stakikd even though only VSf,
achieves electronic shell closure within the prevalent spérical potential model. Our analysis
of the electronic structure traces this diminished role of &ell closure for the stabilization
back to the adaptive capability of the metal- Si bonding, which is more the result of a com-
plex hybridization than the orginally proposed mere formal charge transfer. The resulting
exibility of the metal-Si bond can help to stabilize also "n on-magic" cage-dopant combina-
tions, which suggests that a wider range of materials may evgually be cast into this useful
geometry for cluster-assembled materials.

(Submitted to: New J. Phys. (April 5, 2011).)
Contact person: Matthias Gramzow (gramzow@fhi-berlin.mm.de)
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Factors in uencing the distribution of charge in polar
nanocrystals

Philip W. Avraam !, Nicholas D. M. Hin€', Paul Tangney'm Peter D. Haynes,
1 The Thomas Young Centre for Theory and Simulation of Materla,
Imperial College London, London SW7 2AZ, United Kingdom

Abstract

We perform rst-principles calculations of wurtzite GaAs n anorods to explore the factors
determining charge distributions in polar nanostructures. We show that both the direction
and magnitude of the dipole momentd of a nanorod, and its electric eld, depend sensitively
on how its surfaces are terminated and do not depend stronglpn the spontaneous polariza-
tion of the underlying lattice. We identify two physical mec hanisms by whichd is controlled
by the surface termination, and we show that the excess chamy on the nanorod ends is
not strongly localized. We discuss the implications of thee results for tuning nanocrystal
properties, and for their growth and assembly.

(published 2 June, in Phys. Rev. B 83, 241402(R) (2011))
Contact person: p.tangney@imperial.ac.uk
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Abstract

The performance of materials such as steels, their high stregth and formability, is based
on an impressive variety of competing mechanisms on the mioscopic/atomic scale (e.g.,
dislocation gliding, solid solution hardening, mechanicatwinning or structural phase trans-
formations). Whereas many of the currently available concets to describe these mechanisms
are based on empirical and experimental data, it becomes merand more apparent that fur-
ther improvement of materials needs to be based on a more furaanental level. Recent
progress in the eld of ab initio methods makes now the exploration of chemical trends,
the determination of parameters for phenomenological mods, and the identi cation of new
routes for the optimization of steel properties feasible. Amajor challenge in applying these
methods to a true materials design is, however, the inclusio of temperature driven e ects on
the desired properties. Therefore, a large range of computenal tools has been developed
in order to improve the capability and accuracy of rst-prin ciples methods in determining
free energies. These combine electronic, vibrational, anthagnetic e ects as well as struc-
tural defects in an integrated approach. Based on these simation tools, one is now able to
successfully predict mechanical and thermodynamic propéies of metals with a hitherto not
achievable accuracy.

1 Introduction

1.1 Motivation

The fascinating world of materials design covers a large vagety of physical quantities that need
to be optimized for special applications. In steel design tle focus is very often on mechanical
properties, their strength and ductility. For the latter tw 0 quantities an inverse relation is often
observed visualized in Fig. 1: On the one hand, some ferritisteels allow huge elongations of
more than 50% before fracture, su ering however from a low uimate tensile strength. On the
other hand, much higher strength levels can be obtained by, .g., martensitic steels, but this
time at the expense of low accessible deformation rates. Fanany applications, in particular in
automotive industry, a combination of high ductility and hi gh strength is highly desirable. For
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Figure 1. Overview of typical strength-ductility proles o f di erent types of steels, indicating
an inverse relation between these two properties. Advancedteels showing transition/twinning
induced plasticity (TRIP/TWIP) as well as novel concepts combining TRIP with the formation

of intermetallic nanoparticles in the martensite during aging are most promising for applications.

[1]

instance, steel sheets with a high ductility can be substantlly deep drawn, which is necessary
to construct complicated car elements. If at the same time a fgh strength level in particular
for the deformed regions is ensured, the usage of thin steehsets is possible. The consequence
is a signi cant reduction of production costs and material, being important in particular for
highly e cient, light-weight cars. Since the same material properties are also essential in case of
crashes, the safety of a car will increase simultaneously. flese extraordinary properties should
go along with further constraints, such as good formability excellent welding behaviour, and
resistance to embrittlement, which every steel needs to ful.

The engineering task of exploring the materials landscapeok such property combinations is
also of high interest for natural scientists, since novel wgs of materials design, rooted in fun-
damental scienti ¢ principles, are nowadays developed andcemployed to achieve the goal. All
currently promising approaches try to design steels such tht certain micro-structural elements
and/or deformation mechanisms occur intentionally. Many of them are closely related to the
thermodynamic (meta)stability of certain phases. Knowingthe complex phase diagrams of these
materials, certain annealing procedures can be designed tensure the predominant occurrence
of, e.g., martensite, austenite, or bainite. The solubility of alloying elements can lead to solid-
solution hardening. Non-metallic inclusions such as carliles, nitrides, and oxides can in the
form of precipitates signi cantly hinder the motion of disl ocations, provided their formation is
thermodynamically and/or kinetically feasible. The complexity of the involved phase diagrams
becomes apparent by noting that already elementary iron canbe observed in at least ve dif-
ferent solid phases, including the ferritic ( , bcc), the austenitic ( , fcc), and the " phase (hcp),
the latter being (meta)stable at (ambient) high pressures. All other alloying elements (a steel
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is typically a system of more than 10 components) even lead t@ substantial increase of the
number of relevant structural as well as magnetic phases.

A potential approach to overcome the inverse strength-ductlity relationship is the adoptive
change of micro-structure in regions where the highest defmation rates occur. One of these
mechanisms is the transition induced plasticity (TRIP), describing a local martensitic trans-
formation of an austenitic (fcc) steel into a martensitic phase (hcp or bct). Another one is
twinning induced plasticity (TWIP), resulting in the forma tion of 3[110](111) twin boundaries
in an austenitic phase. Both processes allow large elongatis without losing local strength by
introducing stacking faults into the system. Therefore, the stacking fault energy (SFE), which
can be related to the Gibbs free energies of the fcc and hcp pbka of the steel, is typically used
to predict their occurrence.

Most of the above mentioned properties can only be understad if the processes on the atomic
scale are fully taken into account. While empirical potentials are of importance in exploring
possible physical mechanisms, they are not (yet) su cient to yield a true predictive power for

the complex processes in steels. This fact is mainly due to # occurrence of structures, not
included in the t of the potentials, due to the large variety of the involved elements and the
complex magnetic degrees of freedom present in steels. Thefore, ab initio methods and most
prominently density functional theory (DFT) seem to be best suited for state-of-the-art materials

design.

There are however important challenges connected with suctan approach that need to be
carefully addressed. On the one hand, DFT is well known to be articularly suitable for ground

state properties of materials. A ground state analysis is haever not su cient for steels which

are processed at/for temperatures ranging from room tempeature up to the melting point.

An extension to nite temperatures is particularly evident for the presently hot topic of high-

temperature applications as, e.g., urgently needed for nexgeneration power plants.

On the other hand, current knowledge indicates that extremedemands with respect to the pre-
cision and accuracy of the methods need to be satis ed, in orer to make truly pro table pre-
dictions in the eld. It is for instance known from DFT calcul ations that magnetic phases of fcc
iron while di ering by only a few meV/atom can still signi ca ntly in uence for example vacancy
and other defect formation energies. calphad assessments, an established phenomenological
technique to construct phase diagrams from calorimetric masurements, predict the energy dif-
ference between fcc and bcc iron in the stability range of iron to be systematically below 1
meV/atom [2]. Further, it is empirically known that changes of the SFE by less than 10 mJ/n?
can have a noticeable in uence on the kind of deformation meleanism (TRIP vs. TWIP) be-
coming active in austenitic steels [3, 4]. These accuracy deands distinguish steels from many
other material classes such as oxides, conventional semiauctors, etc., where typical energy
di erences are in the order of 100 meV.

The aim of this article is to review the ab initio techniques currently available for predicting
thermodynamic properties of materials and steels. Speciatare will be taken in covering the
complete set of relevant excitation mechanisms at nite tenperatures including - besides the
\standard" vibrational and electronic excitations - in par ticular those related to the magnetic
degrees of freedom. The achievable precision and the predtiice power of these methods will
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be discussed. Based on selected examples, distinguishedtcsess stories contributing to a true
understanding of materials behaviour will be provided.

1.2 Established approaches of ab initio thermodynamics

The prediction of the thermodynamic stability of phases as afunction of temperature and
chemical composition is already for several decades a key ¢k of the calphad (abbr. for
\Calculation of phase diagrams"”) community [5]. The tremendous success of this approach
is due to sophisticated interpolation schemes, which allowthe prediction of multi-component
material systems based almost exclusively on input for unay, binary and ternary phases. A
fundamental di culty related to the typical calphad approach is however the fact that it
requires experimental input. Providing su cient experime ntal data is often challenging and
accompanied by expensive sample preparation and the necéysof high precision measurements.
Further, from a principle point of view, some necessary inpt (e.g., energetics of metastable or
even unstable phases) is missing due to the lack of correspdimg samples.

The ab initio approach constitutes therefore a very promising possibity to explore experimen-
tally inaccessible phase space regions and to evaluate etiigy experimental data [6]. It also
provides a reference to evaluate the physical concepts thagnter the interpolation formulas used
in calphad (e.g., with respect to stacking fault energies or magnetism

There are already numerous examples in the literature [7, 89, 10, 11, 12] whereab initio
results have been used as an input focalphad assessments. However, in almost all cases this
combination is restricted to T=0 K values on the ab initio side and predominantly focusing on
formation enthalpies of di erent phases. The restriction to T=0 K is not surprising recalling
the ground state character of DFT. Knowing on the other hand that \standard" calphad
assessments fail to describe the temperature regime belowd@ K due to missing experimental
data, a fundamental gap between the two approaches becomegparent. An extension of the
ab initio approaches to nite temperatures is in this light a critical step towards a complete and
fully predictive coupling between ab initio and calphad . Speci cally, this requires accurate
yet numerically e cient theoretical approaches to compute all relevant free energy contributions
such as harmonic and anharmonic atomic vibrations, electroic and magnetic excitations, or
due to intrinsic point defects.

Some concepts for including nite temperatures into the ab initio description are already for
quite some time on the market. One of these concepts addressehe inclusion of electronic
degrees of freedomIn 1965 the \standard" T=0 K ground state DFT of Hohenberg and Kohn
was extended to include electronic excitations within nite temperature DFT [13]. The method
yields in principle (i.e., given the true exchange-correltion (xc) functional) the exact minimum

of the full free energy surface. It is in this sense still a graond state approach, referring now,
however, to the thermodynamic ground state at some given temerature rather than the T=0 K

ground state. As a consequence, single particle (electrorgxcitations cannot be resolved within
nite temperature DFT, but enter the electronic free energy in an averaged way. Furthermore,
the fact that we do not know the exact xc-functional but have to rely on approximations also
a ects the accuracy with which we can compute this free energ contribution. Nonetheless,
for weakly correlated materials this combination providesa straight forward and remarkably
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accurate access to the electronic excitation processes am@rived thermodynamic properties.

For alloys and solid solutions, which are often characteried by chemical disorder, i.e., disorder of
the atomic species, highly advanced methods to treaton gurational entropy are available. The
thermodynamics of the disorder can be captured, e.g., with leister variational methods [14] or
Monte Carlo simulations based on cluster expansions [15]. Whin the latter approach ab initio
results of numerous crystal structures are used to parameize a Hamiltonian, which mimics all
kinds of atomic interactions. Cross-validation schemes a the key to check the numerical error
related to the truncation of the Hamiltonian and to provide c onverged results. This approach has
been extensively and highly successfully applied to predidvinary and ternary phase diagrams
and to study the formation of nano-sized precipitates.

Even the inclusion of lattice vibrations, yielding the largest entropy for pure or well ordered sys-
tems, is by now well established. Phonon calculations are nst often performed in a harmonic
approximation, using either supercell calculations whereforces obtained from the Hellmann-
Feynman [16, 17] theorem directly enter the dynamical matrk, or perturbative approaches in
reciprocal space using linear response theory [18]. For cqiex systems both approaches yield
phonon spectra of comparable precision and computational ert, two aspects which will be
discussed in more detail in Sec. 2.1. Having obtained the phmon excitation energies, thermo-
dynamic potentials like the Helmholtz free energy become dectly accessible using statistical
concepts: , . _

FAa(V:T) = %@{ ;! i(V)+ kgThh 1 e ™ W)k T : 1)

|
Here, N is the number of atoms in the supercell,! ; are the phonon frequencies for each degree
of freedom, kg is the Boltzmann constant, ~ is the reduced Planck constant,V is the volume,
and T the temperature.

In the next section we will give a brief overview on some recanmethodological developments
and advances to study further free energy contributions by OFT.

2 Recent methodological developments

One reason for the di culties associated with thermodynamic ab initio predictions for steels is
their complexity, both with respect to the involved phases and the relevant excitation mech-
anisms. In this article, we approach this challenge step by tep. We rst consider individual
phases. Our primary focus is here on the fcc phase, which is gfreat relevance particularly
for modern high-strength and stainless steels. Furthermog, we refrain in the rst part from
including con gurational or magnetic degrees of freedom. Therefore, only non-magnetic, pure
elements in the fcc structure will be considered. These cortlons will be released as we proceed
further.

2.1 Vibrational entropy beyond the harmonic approximation

As mentioned in the previous section,ab initio calculations of phonons in the harmonic ap-
proximation can nowadays be considered as a well establistgechnique. However, to achieve
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Figure 2. State-of-the-art performance of a DFT based quagiarmonic approximation to obtain
phonon energies of non-mangnetic unary fcc metals. The legd shows the equilibrium lattice
constant corresponding to the temperatures at which the dipersion was obtained andTgr
indicates room temperature. The calculations have been dom using the VASP package [19] in
combination with the provided PAW potentials [20]. The gur e has been adapted from Ref. [21].

a precision in phonon energies su cient for a reliable predction of free energies, several crucial
details have to be considered. Figure 2 shows the presentlychievable accuracy when computing
phonons using widely used xc-functionals (LDA, GGA-PBE) for a large set of non-magnetic fcc
metals.

To achieve a fair comparison of the theoretical results withexperiment, as done in Fig. 2,
one needs to carefully revisit the origin of the correspondig data. Since experimental phonon
measurements, usually obtained by neutron scattering exp@ments, are performed at nite tem-

peratures, the temperature dependence of phonons needs al be included in the theoretical
calculations. In most practical cases the largest contribtion arises from quasiharmonicity, as
can be seen for the example for aluminium in Fig. 3. In this appoximation the full volume

dependence of the free energy surface is considered and aligmon calculations are performed
for the lattice constant belonging to the respective tempeature.

As shown in Fig. 3 the quasiharmonic approach does not coverhe full anharmonicity of the
problem. The interaction of phonons with other phonons (expicit anharmonicity), but also
the coupling with other excitation mechanisms (e.g., with dectronic or magnetic degrees of
freedom) can lead not only to a broadening of the phonon peaksbut also to a shift of their
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Figure 3: In uence of temperature on phonons. a) Phonon disgrsion of aluminium at 80 K as in
Fig. 2. b) Comparison between the various temperature depetiencies of the phonon frequency
at the L point (indicated by a red arrow in a)): the explicitly anharm onic (ah) shift (see text),
the shift due to electronic (el) excitations, and the shift due to quasiharmonicity (gh), i.e.,
in uence of thermal expansion [22].

maxima. Whereas explicit anharmonicities usually impact thermodynamic data particularly at
high temperatures, the in uence of non-adiabatic interactions is very much system dependent.
A few examples of this currently intensively investigated topic [23] will be mentioned below,
several others can be found in the literature, e.g. [24].

In order to ensure a high numerical precision when computinghe various free energy contribu-
tions, great care needs to be taken to su ciently converge the results. Since a large humber of
parameters needs to be optimized, e cient scaling procedues can be applied for this purpose
[21]. Some of the most important aspects for phonon calculabns are:

For some elements (e.g., Cu) the grid size of the augmentatiocharges needs to be increased
well beyond standard values in order to obtain a convergencef the Grnaneisen parameter
to less than 1%.

For some elements (e.g., Al) extraordinary high k-point meées for the electronic inte-
gration are necessary. Inappropriate k-point meshes can ew yield unphysical imaginary
phonons in the vicinity of the point.

In the direct force-constant method the supercell size is aritical parameter. In order
to resolve the phonon dispersion with su ciently high precision (e.g., Pb) or to identify
small (Kohn) anomalies in the phonon spectra (e.g., Pt), thesupercell size needs to be
su ciently large.

A high precision enforced in the phonon calculations allowsus to unambiguously assign the
remaining errors to (i) missing free energy contributions sich as non-adiabatic contributions
mentioned before and (i) the xc-functionals providing unique information regarding sources
of their failing. Figure 2 shows that LDA overestimates the experimental data in most cases,
while GGA underestimates it. This behaviour is surprisingly systematic [21] and consistent with
the performance of these functionals already aff =0 K (see Fig. 4): The overbinding of LDA

and the corresponding too small lattice constant leads to a pediction of a sti er material with
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Figure 4: Correlation between the deviation from experimen for the lattice constants and the
bulk moduli. The results for the three di erent exchange-carrelation functionals LDA, GGA-
PBE, and GGA-PBEsol are shown in blue, orange, and green, rggectively.

a bulk modulus which is too large as compared to experiments.The opposite correlation is
observed for GGA. The situation cannot simply be resolved byusing the experimental value
for the lattice constant, since this results into an arti ci al inner pressure of the system. Even
if the same (experimental) lattice constant is used for bothxc-functionals, the corresponding
di erence in phonon energies remains almost the same and oyltheir order is reversed, i.e.,
LDA/GGA under/overestimates the experimental phonons, respectively. The only way out of
this dilemma is the development of improved xc-functionals As can be seen in Fig. 4, PBEsol
[25] is signi cantly reducing the over-/underbinding of LD A/GGA for non-magnetic metals.

Since PBEsol, however, does not improve the description of agnetic materials, which are the
main objective of this paper, we will not consider this xc-functional in upcoming discussions.

The systematic behaviour of the xc-functionals becomes evemore apparent in the heat capac-
ities. They are obtained from a second derivative of the freeenergy (calculated with Eq. (1)),
which is most often the target quantity for materials research. The heat capacity, however,
provides a more sensitive response to even tiny errors in th&ree energy. We learn from Fig. 5
that the consideration of more than one functional yields anab initio con dence interval in
the following sense: Whenever the derived thermodynamic gantities are largely independent of
the chosen xc-functional, a high predictive power, i.e. aggement with (unknown) experiments,
can be expected. If, however, a large deviation between LDArad GGA is observed, one has
to assume theoretical error bars of approximately the same mler of magnitude. This observa-
tion does not signi cantly change, if instead of the self-caisistent lattice parameters, the lattice
constant for both xc-functionals is xed to the experimental values.

The large amount of chemical elements considered here, alle to derive chemical trends for
the accuracy of the DFT computed thermodynamic data. We rst note that with the lling of

the d-shells (from left to right in Fig. 5) the deviation from the e xperiments becomes larger.
Furthermore, an increase of the size of the considered atom@rom top down in Fig. 5) gives
also a larger scatter in the theoretical data. In particular for the noble metals Ag and Au, we

29



attribute this e ect to Van de Waals interactions, not consi dered in our approach.
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Figure 5: Isobaric heat capacityCp as a function of temperatureT for a variety of fcc metals, as
obtained from a quasiharmonic approximation using only DFT results as input. The contribution
due to electronic excitations CS' as well as the constant volume heat capacityCy are also
included. The results are obtained atP=0Pa and are provided in units of the Boltzmann
constant kg. The temperature axis is split by the vertical dotted line into two parts to allow a
convenient representation. The melting temperature is indcated for each element by the vertical
dashed line. The experimental data are taken from Ref. [26].

The results shown in Fig. 5 contain in addition to the lattice vibrations also contributions due
to electronic excitations. The relevance of this entropy catribution depends strongly on the
speci ¢ chemical element. The electronic entropy contribuion is particularly large for transition
metals with an almost half lled d-shell. For example, fcc Rh shows a prominent peak in the
density of states close to the Fermi energy, which only at nie temperatures becomes partially
occupied.

Since the electronic contribution to the heat capacity is suprisingly large for elements such as
Rh, the question immediately occurs, what the e ect of a nit e electronic temperature on the
phonon energies is. This e ect has systematically been studd in Ref. [22] and the result for
Al is shown in Fig. 3. The resulting corrections for the heat @pacity, shown in Fig. 6, are even
for Rh one order of magnitude smaller than the electronic carection itself, and therefore in
most cases expected to be not signi cant in computing thermaynamic properties relevant for
materials design.
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Figure 6: lllustration of the in uence of the phonon shift du e to a nite electronic temperature
on the thermodynamic properties of Rh. For this purpose the quasiharmonic free energy has
been calculated for various electronic temperaturesT® (relative to the melting temperature
T™), and an appropriate interpolation scheme has been applieda). The individual harmonic,
electronic, quasiharmonic (expansion) and (quasiharmor-electronic) coupling contributions to
the heat capacity are displayed (b).

2.2 Explicit anharmonicity

Explicit anharmonicity, while on an absolute scale signi cantly smaller than the quasiharmonic
contribution, often dramatically changes around phase traisitions, e.g., close to the melting tem-
perature or to martensitic transitions. In contrast to the q uasiharmonic free energy contribution
described above very fewab initio studies to compute anharmonic free energy contributions of
metals and metallic alloys have been reported so far. This idargely related to the fact that
an accurate determination of anharmonicity requires a wellconverged sampling of the full 3 -
dimensional con guration space (with N the number of atoms in a supercell) whereas for the
harmonic contribution at most 3N con gurations need to be sampled. The number of con g-
urations can be reduced even further when considering singlcrystals where translational and
point group symmetries can be employed.

To address the above challenge of sampling a high dimensiohaon guration space various
approaches have been proposed. These approaches can be dfd into three major classes: (i)
Explicit calculation of third and fourth order force constant tensors, (ii) molecular dynamics in
connection with temperature integration, and (iii) adiabatic coupling approaches calculating only
the di erence between a reference system, where the free engy can be easily computed, and the
actual system. Each of these approaches has its pros and con@/hile (i) is a natural extension
of the dynamical matrix, it becomes highly memory and time caisuming for low symmetry
structures such as disordered metallic alloys. Using empical potentials, approach (ii) has been
employed to compute the anharmonicity of metals, e.g., [27] However, to obtain a statistical
convergence of 1 meV in the free energy about 16:::10° atomic con gurations have to be
computed making this approach infeasible for DFT calculatons. Approaches based on (iii) rely
on reference systems where the free energy can be analytigatomputed (e.g., in the harmonic
approximation, see Sec. 1.2) and for which the energy di erace between the full and the reference
free energy surface is close to a constant. Using e cient adibatic connection schemes such as
thermodynamic integration the number of con gurations can be reduced by a factor of 18 :: 10°.
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Figure 7: lllustration of the UP-TILD method for Al. a) Conve rgence for a \usual" thermo-
dynamic integration run (V = 15:7A3, T=900 K, and =0.5) performed with low converged
parameters. b) Convergence of the average energy di erend& '™ EN9"j for a set of uncorre-
lated MD structures taken from the run in a). ¢c) The dependence of the converged quantities
from a) and b) and their di erence are shown. The calculations have been performed with the

Sphinx software package [30].

This approach has been successfully employed to determine,g., the solid/liquid phase transition
of iron (at extreme pressures) by computing the free energy ikerence between the solid and

liquid state using DFT [28].

While thermodynamic integration substantially reduces the number of con gurations needed to

sample the 3N con guration space the targeted accuracy of 1 mV requires convergence param-
eters which make the sampling of 16 con gurations for a single free energy point infeasible.
By systematically studying the performance of the various gproaches it is possible to design a
multi-step approach [29] that provides the targeted accuray within a few 100 steps only, i.e.,

providing a speed up compared to thermodynamic integrationof 100 and to conventional MD of

more than 10000. The approach is based on the observation thahe extreme high convergence
parameters in k-point sampling and energy cut-o are mainly needed to converge the kinetic
electronic energy, while the charge density is well descrigd already at signi cantly reduced con-

vergence parameters. Thus, increasing convergence givasea to a substantial volume dependent
shift in the energies but a ects the forces and thus the shapef the potential energy surface only
little. As a consequence we observe that energy di erencesdiween medium and high converged
calculations for identical con gurations are almost const@ant. This is shown by the red line in

Fig. 7c.

This insight allows, as mentioned above, to e ciently coarse grain con guration space without

having to sacri ce accuracy. In a rst step, starting from a h armonic reference potential energy

surface (PES) X

Eref: UiDi;j uj, (2)
Il]

with the dynamical matrix D, displacementsu; = R; Ri0 and RiO the T=0 K equilibrium

position, a thermodynamic integration for medium convergence parameters is performed. For
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this subsequent MD runs on the PES
E = Eref + EDFT Eref (3)

are performed with an adiabatic coupling parameter going from 0 to 1. A critical aspect to
achieve maximum e ciency in these calculations is the choi@ of the thermostat and of the initial

conditions (coordinates and velocities at timet=0). Rather than using the conventionally often

employed Nose-Hoover thermostat we use Langevin dynamicsRarticularly for small  values,
where the PES is close to the harmonic regime phonon-phonomteractions are weak resulting in
huge equilibration times when using conventional thermosats. In contrast, Langevin dynamics
rapidly equilibrates even in a fully harmonic potential making it an optimum choice in connection
with thermodynamic integration. As initial con gurations snapshots of equilibrated MD runs
on the reference PES, Eqg. (2), are used. Based on these chac0 equally spaced values and
1000 MD steps (i.e. a total of 10000 con gurations) provide astatistical convergence of better
than 1 meV.

In a second step we collect from each trajectory 30-50 uncorrelated con gurations and perform
for these structures DFT calculations with the highest conwergence. As shown in Fig. 7b the
small number of steps is su cient to guarantee the targeted accuracy. Based on the key ingre-
dients which guarantee the high e ciency this approach has been named UP-TILD (upsampled
thermodynamic integration using Langevin dynamics).

A major advantage of the UP-TILD approach is that it provides an optimal minimal set of
con gurations that highly e ciently samples each of the PES given by Eq. (3). The compact
notation of the high dimensional con guration space easilyallows to bridge not only medium
with high converged DFT calculations but also di erent ab initio approaches. We have used it,
e.g., to construct minimal sets in a pseudo-potential apprach and transferred it to all electron
calculations employing WIEN2k [31] to eliminate potential inaccuracies due to the pseudo-
potentials. This ensures that indeed only the xc functional remains as only non-controllable
parameters that de es the targeted 1 meV accuracy. Since ol con gurations but no forces
are needed for the upscaling advanced electronic structurmethods going beyond DFT such as
guantum Monte Carlo (QMC) can be easily employed.

2.3 Free energy contribution due to point defects

Among all possible defects occurring in technical metallicalloys such as dislocations, grain
boundaries, voids, etc. only point defects have a sizeableon gurational entropy and may thus
contribute to the free energy. The free energy due to the formation of native point defects is a
sum of di erent contributions (e.g., vacancy, interstitia I, anti-site), where the equilibrium con-
centration of the speci c defect is given byc; = copexp( Fi=kg T). Here, ¢p is the concentration
of available sites where the speci c defect can be formed. Ténkey quantity to determine the free
energy contribution is the volume and temperature dependenformation free energy Fi. From
a DFT perspective there are two major challenges to compute lis quantity:

1. Finite temperature contributions

2. Finite supercell size e ects
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Let us rst focus on the nite temperature aspect. The dominant contribution to F; is the
zero temperature formation energyE;, which can be nowadays obtained at modest computa-
tional cost. Despite the fact that E; is the T=0 K formation energy it leads to temperature
dependent defect properties { such as concentrations { dued the temperature dependence of
the con gurational defect entropy. However, for the targeted accuracy of 1 meV in the defect
related free energy contribution { similar as for bulk thermodynamic quantities { also second
order contributions such as electronic, quasiharmonic, ad anharmonic excitations need to be
included. The loss of translational symmetry and the reducé point group symmetry induced
by point defects make a DFT calculation speci cally of the quasiharmonic contribution much
more challenging.

In order to address these challenges and to push the accura@nd realism of the defect calcula-
tions numerous approaches have been developed in the pasn this respect, it is instructive to
look at the methodological developments over the last 25 yaa for the example of the dominant
point defect in metals { the vacancy (Tab. 1): Starting in the late 80's with the seminal work
by Gillan [32], DFT based studies of point defects were limied to Ef. This situation persisted
roughly until the beginning of the new century, when studies[33, 34] of the electronic contribu-
tion to F' { which are as discussed in Sec. 2.1 of crucial importance f@ome metallic materials
{ appeared. In 2000 and 2003, Carling et al. [35, 36] provide@ rst ab initio based assessment
of the quasiharmonic contribution to the vacancy of aluminum. To make such a study feasible
at that time, the authors had to restrict the dynamics of the system to the rst shell around the
vacancy, i.e., to the atomic shell which experiences the layest e ect as compared to the per-
fect bulk. An ab initio based evaluation of the anharmonic contribution was compuationally
prohibitive at that time, which made it necessary to resort to empirical potentials.

Today, major methodological improvements and the boost in omputer power provide the unique
opportunity to study all relevant free energy contribution s of defect formation in a rigorous
ab initio manner (cf. Tab. 1). To actually perform such a study required developing and
implementing new concepts. For example, the fact that even mall deviations in the treatment
of bulk and defect calculations lead to unacceptable errorin the targeted accuracy enforce great
care and speci ¢ modi cations, e.g., in the gquasiharmonic reatment [37].

To brie y discuss key aspects of some of the new approaches dmo demonstrate their capabilities
we discuss in the following an exemplary point defect: The veancy defect in bulk Al. For this
material systematic experimentally measured vacancy corentrations over a large temperature
range are available allowing a direct comparison with our DH data.

To achieve the targeted accuracy in the free energy a corredreatment of strain induced nite
size e ects due to periodic boundary conditions is crucial. Without these, errors of more than
one order of magnitude in the defect concentration are obseed (see e.g., [29]). To eliminate
the arti cial defect-defect interaction two major approac hes are used: The constant pressure
approach [39] and the rescaled volume approach [32]. The appaches dier in how they ac-
count for the long-ranged elastic interactions. Recently,a volume optimized approach [29, 37]
has been developed which is more general and allows to deritke other two by well de ned
approximations.
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Table 1: Representative ab initio studies of point defect calculations in unary metals for the
speci ¢ case of vacancies. The abbreviations are: 3d/4d/5d= respective transition elements,
xc = exchange-correlation functional, LDA = local density approximation, GGA = generalized
gradient approximation, PWps = planewaves with pseudopotetials, FP-LMTO = full potential
linearized mu n tin orbitals, PW-PAW = planewaves with proj
V = rescaled volume approach [32], P = constant pressure apprach [39], volOpt = volume
optimized approach [37],F' = defect formation free energy, E' = (T =0K) contribution to FF,
ellgh/ah = electronic/quasiharmonic/anharmonic contrib ution to Ff, 1s = rst shell (around
the defect) contribution to the dynamical matrix, emp = empi rical potential approach.

ector augmented waves [38],

Methodology Contributions to Ff
Year Ref. | Elements XC Potential Strain Ef gh ah
1989 [32] | Al LDA PWps V X
1991 [40] | Li LDA PWps \Y X
1993 [41] | Al,Cu,Ag,Rh | LDA FP-LMTO Y, X
1995 [42] | 3d,4d,5d LDA FP-LMTO \% X
1997 [39] | Al LDA PWps P X
1998 [33] | W LDA PWps P X X
1999 [34] | Ta LDA PWps P X X
2000 [35]]| Al LDA/GGA PWps P X X1s  xemp
2003 [36] | Al LDA/GGA PWps P X X1s  xemp
2009 [43]| Fe GGA PW-PAW \% X X
2009 [29] | Al LDA/GGA PWps/PW-PAW  volOpt/P X X X
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Figure 8: Equilibrium vacancy concentration at zero pressue of aluminium as a function of the

inverse temperature multiplied by the melting temperature T™. Results for the rescaled volume
and constant pressure approach are shown. The volume optimed approach yields concentra-
tions which are identical to the constant pressure results a the shown scale. The electronic
contribution yields a negligible contribution (indicated by the parenthesis). The squares indi-
cate experimental values from Ref. [44] (di erential dilatometry). The diamonds/circles indicate

experimental values from Ref. [45] (di erential dilatometry/positron annihilation).

A main feature of the optimized volume approach is a concenttion dependence ofF f which
enters through the reduced (excess) volume induced by atorirelaxations around the defect
and which is not present in the two previous approaches. Whi the volume optimized approach
allows to naturally derive both, the constant volume and pressure approximation, extensive
tests showed that in relevant defect concentration rangestie extra term is small resulting in
defect formation energies almost identical to the constantpressure approach [37]. In contrast,
the approximations needed to derive the rescaled volume appach are more severe for realistic
supercell sizes and result in sizeable errors even for low @&t concentrations (see also Fig. 8).

Figure 8 shows also that including all entropy contributions (excitation mechanisms) together
with a high control in numerical precision provides an amazing accuracy using conventional LDA
or GGA functionals. Similar like for other thermodynamic qu antities we observe that LDA and
GGA provide approximate theoretical error bars with LDA/GG A giving an lower/upper bound
to the experimental data. While including the anharmonic contributions has little in uence
on the absolute defect concentrations in the experimentall available temperature window a
more detailed analysis performed in [29] shows a large chaag While neglecting the quasihar-
monic approximation results almost in a vanishing vibrational entropy (0.2 kg) including these
contributions gives an entropy of 2.2kg very close to the experimentally derived one (2.4kg).

The excellent agreement of DFT computed and actually obsergd defect concentrations indicates
that the associated free energy bulk contribution can be aagrately predicted.
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2.4 Magnetic entropy

For metallic alloys with strong local magnetic moments suchas steels the above mentioned
contributions to the free energy are not su cient for a compl ete description of thermodynamic
properties. One observes, e.g., in the heat capacity plot fobcc iron in Fig. 9 an enormous
discrepancy between the calorimetric measurements (openircles) and ab initio results that
consider only vibrational and electronic entropy contributions (orange line). The latter agrees
with the experimental data only up to room temperature, which is also found in Ref. [46]. At
higher temperatures, however, it cannot account for the rajd increase in the experimental heat
capacity, having its maximum at the Curie temperature. This discrepancy has its origin already
in the free energy when including onlyFV® + F¢ showing an increasing deviation from the full
calphad values with temperature. For instance, at 1200 K, correspoding to the experimental
bcc to fce transition temperature, the di erence is 45 meV { too high for a reliable description
of thermodynamic properties of steels. It is, therefore, oliious that an accurate determination
of the free-energy contribution from magnetic excitationsis crucial.

Currently the entropy due to magnetic excitations cannot directly be determined within DFT.
One approach is to use the GW approximation in order to solve he many-body problem of spin
excitation in the electronic system [47]. This approach, whch accounts for the itinerant nature
of magnetism, has been particularly successful in simulatig spectral properties such as magnon
dispersion and life times. However, due to its methodologial and computational complexity
free energy calculations based on this approach have not begossible yet.

For iron and its alloys, the assumption of a localized magndt model has often turned out
to work surprisingly well. Based on this assumption a descption of the magnetic entropy is
typically obtained using a two step procedure. In a rst step, the interaction of the localized
magnetic moments is captured by a magnetic model Hamiltonia, the parameters of which are
determined by DFT calculations. In a second step, the magneat Hamiltonian is solved in order
to derive the desired thermodynamic potentials.

The most established magnetic Hamiltonian for bcc iron is the Heisenberg model:

X

H = Jij SiS;: 4)

ij
It is entirely determined by the spin quantum number S and the coe cients Jj; , which describe
the magnetic exchange coupling between magnetic moments atomic sitesi andj. S is formally
connected to the local magnetic momentMg by Mg = g gS, with the Lance factor g 2 and
the Bohr magneton g. For bcc iron, Mg is almost entirely determined by the strongly localized
3d electrons, resulting inS  1:1.

For extracting the magnetic exchange coe cients J;; , we nd the frozen magnon approach [48]
in combination with employing the generalized Bloch theoran [49] to be highly e cient. In this

approach, the DFT energy di erence between spin spirals is alculated in reciprocal space. A
major advantage of this approach as compared, e.g., to a desation of J;; from ordered magnetic
con gurations, is that it naturally accounts for non-colli near spins and long-range interactions.
Not only are spin spirals with q vectors close to the point due to their low energy most
relevant for the thermodynamics. They are also most consignt with the assumption of a xed
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Figure 9: Heat capacity vs temperature of bcc Fe. The resultsof various theoretical methods
(MF, RPA, cMC and rMC) explained in the text are shown. The exp erimental data (open
circles) are taken from Refs. [51, 52] and the experimentalrainsition temperature (bcc! fcc)
T 1184 K is indicated by a dashed line. All cMC and QMC calculatons were performed
using the ALPS code [53].

spin quantum numbers S throughout the calculations. It is therefore not surprising that an
almost perfect agreement of the calculated magnon spectra itih low-lying experimental data
(below the onset of Stoner excitations) is observed [50].

In the past various approaches to solve the Heisenberg modek nite temperatures have been
developed. These can be roughly divided in the following catgories: (i) analytic and (ii) nu-
merical approaches. Another major distinction is with respect to treating spin, i.e. whether
spin quantization is taken into account or whether the spin degrees are assumed to be classical
continuous variables. Since the critical magnetic temperture of many magnetic metals such
as, e.g., Fe, Ni, Co is well above room temperature spin quaitation e ects are commonly
assumed to be negligible. Fig. 9 provides a rst overview abot the performance of the var-
ious approaches. Let us rst focus on the analytical approahes where the inclusion of spin
guantization is straightforward. The methodologically most approximate approach, the simple
mean- eld (MF) solution, does little to improve the heat cap acity [50]. Higher order correla-
tion functions can be included using the random phase appramation (RPA) [54]. Including
these e ects allows not only an almost perfect prediction ofthe Curie temperature, but also of
the heat capacity up to the critical temperature [50]. Howewer, above the Curie temperature
by construction the method yields a vanishing magnetic entopy, i.e., the e ect of local order
cannot be captured.

To include local order e ects in the paramagnetic temperature regime Monte-Carlo approaches
are the method of choice. Neglecting spin-quantization e ets, e cient classical Monte-Carlo
(cMC) techniques can be used to solve the Heisenberg model merically exact. As can be seen
in Fig. 9 using this approach provides a correct descriptiorof the short range order e ects in the
paramagnetic region, i.e., a largely improved descriptiorabove T¢. For temperatures belowT¢,
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however, even qualitative changes are observed (e.g., thedorrect scaling at T=0 K) making
this approach unsuitable for a thermodynamic description aer the entire temperature regime.
The good agreement between the approximate analytical solibns (which fully include spin
guantization) and experiment clearly indicate that spin quantum e ects are critical and need to
be included. To include spin quantization, the proper appraach would be spin quantum Monte
Carlo (QMC) [55, 56]. It provides a numerically exact solution of the quantum-mechanical
Heisenberg model. While this approach has been highly popal and successful solving a wide
range of model spin Hamiltonians, an application on actual nagnetic metals turns out to be not
feasible with the presently available numerical implemenations. The reason is that the present
implementations su er from the so-called (negative) sign goblem [57, 58], which results in an
exponential increase of the statistical error if magnetic fustration is present. Since realistic
metals are characterized by long-ranged oscillatory, i.e.positive as well as negative exchange
integrals, giving rise to magnetic frustrated con guratio ns in the statistical ensemble, a complete
QMC solution of Eqg. (4) is not feasible. For example, to obtan the desired accuracy for bcc
iron magnetic interactions for more than 20 neighbour shek had to be included. The above
discussion implies a severe discrepancy between the meth®dh principle needed to describe
nite temperature magnetism and the magnetic interactions of actual materials. To resolve this
discrepancy we systematically explored a wide range of pramatic yet well de ned approaches
to make QMC applicable for magnetism in real metals. In the fdlowing two approaches will be
discussed. To introduce the rst one, we analyse the ratio b&veen classical and quantum MC
calculations of the heat capacity:

f(s; )= et s; )=c"°(t;S; ): )

Here, labels the speci c magnetic con guration, and t = T=T¢ is the normalized tempera-
ture. Choosing an extensive set of lattice structures (sc, bc, and fcc) with nearest and second
nearest-neighbour ferromagnetic § > 0) as well as anti-ferromagnetic con gurations J < 0) a
remarkable insensitivity of the scaling relation Eq. (5) with respect to the speci ¢ con guration,
i.e., the choice of lattice or the interaction parameters isobserved [59]. An example is shown in
Fig. 10 for two di erent spins, S =1 and S = 7=2. For high temperatures, where the quantum
and classical solution should coincidef (t 1) ! 1, the data is noisy due toCy(t 1)! O
and the connected increase in the statistical errors. Howear, for the more important regime
belowt =1, i.e., the regime where classical MC fails, the in uence & on the scaling relation
f is weak as discussed above and signi cantly smaller as comped to that of S and t.

The (approximate) independence of the scaling relation on kystallographic structure and mag-
netic interactions provides an elegant and direct way to corbine the advantages of classical and
guantum MC without being restricted by their respective lim itations: Using the known scaling
relation the magnetic Hamiltonian can be solved numericaly exact for long range and oscillat-
ing magnetic interactions of realistic metals and transfered to their respective (approximate)
guantum-mechanical result. For practical reasons it is comenient to parametrize f (t;S; ) by
the function: )
2ts=t )
- - (6)
exp(ts=t) exp( ts=t)
The choice of this analytical function is motivated by limit ing cases fort [59]. Interestingly, the
only free parametertgs in this function shows a linear dependence on the spin quantmn number S

f(;S):=
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Figure 10: Numerically evaluated ratio of the heat capacity obtained from classical vs. quantum
MC simulations, f (t;S; ) as a function of reduced temperature for two spinsS=1 and S=7/2
and various lattice/magnetic con gurations . The gures have been adopted from Ref. [59].

(see Fig. 10b)), which underlines together with the weak dependence in Fig. 10a the universal
character of this behaviour.

With this insight, a fully quantum-mechanical treatment of bcc iron becomes accessible: Using
the complete set of previously determined exchange integts, the magnetic part of the heat
capacity has rst be determined within a classical MC simulation. Subsequently, Egs. (5) and
(6) have been used to obtain the quantum-mechanical correadn. The result is plotted in Fig. 9,
showing a remarkable agreement with experimental heat capaty data, both below and above
the paramagnetic transition temperature.

The nding of an universal scaling relation was also the mainmotivation for a second approach to
compute magnetic free energies with QMC [60]. Here one makesse of the observation that the
speci ¢ magnetic con guration, i.e., the number of interaction shells and the magnetic order, has
only a weak in uence on the shape ofC,. Thus, rather than using the full, i.e. magnetically long
range Hamiltonian, any Hamiltonian reproducing the shape ad critical magnetic temperature
of the heat capacity can be used. In case of a ferromagnetic lswion, the numerically most
e cient one is an e ective nearest-neighbour spin Hamiltonian, which, however, keeps the crystal
structure and spin quantum number of the investigated mateiial. This construction guarantees
that the negative sign problem does not occur. The e ective &change integral is then determined
by the critical magnetic temperature, Tc, which remains to be the only input needed for this
approach. It can be obtained from the full magnetic Hamiltonian using RPA, classical MC, or
experimental measurements. [50, 61, 59]

The quality of the approach can best be seen, when deriving th magnetization curves for often-
studied magnetic benchmark systems (Fe, Co, and Ni). Figurell reveals an excellent agreement
with the highly accurate experimental data available for these materials. As indicated in the
gure, the quantum-mechanical corrections as compared to a&cMC simulation are essential and
well captured by the nearest-neighbour QMC approach suggésd here. One should also note
that recently the calculation of magnetic properties of Fe aad Ni with dynamical mean eld
theory (DMFT) became possible and provided a similarly goodagreement with experiment [62].
The numerical e ort behind these methods is, however, much Igher. It is also important to
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Figure 11: Reduzed magnetizationM (t)=Mq for the unary ferromagnetic materials Fe, Co, and
Ni, using the e ective nearest-neighbour model. The resuls are compared with cMC and DMFT
[62] calculations.

note that recently di erent extensions of classical Heiseerg-like Hamiltonians, which account
for longitudinal spin uctuations (giving raise to a temper ature dependence of the e ective local
magnetic moments), have been proposed and successively digod [63, 64].

3 Heat capacities of selected material systems

While the theoretical approaches outlined in the previous gction allow principally to study any
thermodynamic quantity, e.g., free energies, enthalpiesentropies, thermal expansion coe cients,
isobaric and isochoric heat capacities, and have indeed bee@ised to do it (see e.g., Refs. [21, 29]),
we will focus in the following on the isobaric heat capacity. This is the key quantity obtained
from calorimetric measurements and one of the cornerstonesf constructing thermodynamic
phase diagrams. Similar like in the previous section we willrst focus on non-magnetic metals
and then include magnetic e ects.

3.1 Importance of anharmonic contributions at extreme temp eratures: A
case study for Al

While a thermodynamic description of metals using the quadiarmonic approximation together
with electronic excitations is by now a routine approach little has been known regarding the
relevance of point defects and anharmonicity. Both contrikutions are expected to become impor-
tant at extreme temperatures, i.e., at temperatures where he solid becomes less and less stable
against transformations in a new phase (martensitic transiions) or in the liquid phase. Indeed,
early speculations about the nature of the relevant excitaion mechanism driving the structural
instability date back more than 90 years [65]. The methods otlined in Secs. 2.2 and 2.3 provide
for the rst time the opportunity to study this question dire ctly. Since calorimetric measure-
ments to determine the heat capacity are highly sensitive tosample preparation, measurement
geometry, sample holder etc. rather large errors result whe comparing, e.g., to diraction
technigues used to measure geometric quantities such as tate constants, bond length etc.

For the following discussion we will therefore focus on fcc blk Al, a metallic material that can
be produced with high chemical purity as single crystal and ér which a large set of precise
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Figure 12: Isobaric heat capacity for aluminium. The gure shows (left) the two major contri-
butions from harmonic and quasiharmonic excitations and (ight) a detailed comparison of the
remaining contributions coming from explicitly anharmonic vibrations (ah), vacancies (vac) and
electronic excitations (el).

experimental data is available. As shown in Fig. 5, already he quasiharmonic approximation
together with electronic entropy both LDA and GGA provide a r emarkable agreement with the
experimental data. Similar as discussed before LDA and GGA povide approximate error bars
(bounds) to the experimental data, except when going to temgratures close to the melting
point. This behaviour indicates that close to the melting point excitation mechanisms beyond
guasiharmonicity and electronic excitations become releant.

Computing the free energy contributions due to explicit anharmonicity and point defect cre-
ation a full analysis becomes possible (Fig. 12). Zooming to the contributions beyond the
guasiharmonic approximation (right side of Fig. 12) electronic and vacancy excitations yield the
anticipated positive contribution to the heat capacity. However, in contrast to previous belief the
explicitly anharmonic excitations show the opposite trend resulting in a negative contribution.

The reason is that a large part of anharmonicity is already cotained in the quasiharmonic ap-
proximation, making the explicit part only a small (negativ €) contribution. Since the electronic
and the explicit anharmonic contribution largely cancel, the dominant contribution responsible
for the almost exponential increase of the heat capacity neathe melting temperature is the
contribution due to defect formation.

To assess the accuracy of DFT in predicting key thermodynant quantities such as the heat
capacity a comparison with the full experimental data sets,i.e., not the averaged ones usually
taken, is highly instructive. Fig. 13b shows that both LDA and GGA results agree well with
experimentupto 600 K, i.e. in a temperature region where the experimental satter is small.
Above 600 K, there is a large scatter in the experimental datamaking a fair comparison with
theory di cult. A general trend is that almost all experimen ts performed later than 1950 (solid
squares in Fig. 13) show a steeper increase towards the melg temperature making the DFT
results a lower bound. This trend indicates that unintentional defects/impurities are in the
sample giving rise to additional excitation mechanisms [29 It is interesting to note that theory
has reached here a level of accuracy which goes well beyondpeximental error bars calling for
re ned experimental strategies to measure this - for thermalynamic data critical - quantity with
higher precision. As mentioned before structural parametes such as lattice constants can be
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Figure 13: a) Thermal expansion coe cient and b) isobaric heat capacity of aluminium including
the electronic, quasiharmonic, anharmonic, and vacancy adribution compared to experiment.
The melting temperature T™ of Al (933 K) is given by the vertical dashed line. At T™, the crosses
indicate the sum of all numerical errors (e.g., pseudo-potetial error or statistical inaccuracy;
cf. Ref. [22]) in all contributions for GGA. The LDA error is o f the same order of magnitude.
The gures are adopted from Ref. [29], where also the refereges for the experimental data can
be found.

measured with much higher precision and are therefore an id# test bed to assess the accuracy
of our presently available xc-functionals. We have therefee also studied the thermal expansion

coe cient (Fig. 13a). As can be nicely seen including all free energy contributions provides an

amazing agreement with experiment up to the melting point. Even details close to the melting

temperature are correctly reproduced.

3.2 Cementite above the Curie temperature

Using the concepts explained in Sec. 2.4, thermodynamic pperties can also be obtained for
magnetic materials. The e ective nearest-neighbour apprach in combination with vibrational
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Figure 14: Isobaric heat capacity for the unary ferromagneic materials Fe, Co, and Ni, using
the e ective nearest-neighbour model. The completeab initio results including all free energy
contributions (red, solid lines), the result from the vibrational analysis only (dash-dotted lines)
and the results from a combined vibrational and electronic aalysis (dashed lines) are shown.
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Figure 15: Calculated heat capacity of cementite in compaison with available experimental
data (open symbols) and thermodynamic assessments (lledysnbols). The calculated elec-
tronic and magnetic contributions to the heat capacity are shown in shaded orange and grey
correspondingly.

and electronic excitations has successfully been applieatthe unary ferromagnetic materials Fe,

Co, and Ni to obtain their magnetization curves (Sec. 2.4). The corresponding heat capacities
are shown in Fig. 14. The results for the heat capacity of Fe a& almost identical to those

displayed in Fig. 9. The excellent agreement with the expernental data for Ni may appear

particularly surprising, since in contrast to Fe and Co, whee the local magnetic moment re-
mains almost una ected by the magnetic transition, the local magnetic moments of Ni are often

reported to drastically reduce [63]. An extension of the Hesenberg model such that longitudinal

uctuations are considered appears therefore mandatory ad has certainly a large in uence on

magnetic quantities like the Curie temperature. The results for Ni, however, indicate that such

an extension does not a ect the universality of the quantum-mechanical corrections of the heat
capacity used in the present approach.

Based on the excellent predictive power found for unary magatic systems, the approach has been
extended and applied to technologically more relevant sygms. A prominent example which we
will discuss in the following is that of cementite, Fe;sC. This carbide is a key precipitate phase in
Fe-based materials and often introduced on purpose to stragthen the mechanical properties of
steels. In contrast to its technological importance its themodynamic description, e.g., in various
calphad approaches, is very limited. For example, in the assessmerif Gustafson from 1985
[2], which is the basis for well established databases, thedat capacity of cementite was treated
as a constant (see green, dashed line in Fig. 15), whereas expments (black symbols) show a
much more complex behaviour. One reason for the rather pragmatic calphad treatment of Fe3C
might be the large scatter in the experimental data, which ismainly due to the lack of su ciently
pure cementite samples and the unavoidable mixture with ferite and other carbides. The scatter
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becomes particularly apparent in the temperature range abwe the Curie temperature (dotted
line in Fig. 15).

This case is typical for many material systems, and supplemaing (assessing) experimental
datasets with results of rst-principles calculations becomes particularly appealing. Correspond-
ingly, the methods described in this article have been emplged for computing the vibrational,
electronic and magnetic free energy contribution of FgC.[66] The resulting heat capacity is
shown in Fig. 15 (red line). It reproduces the ndings of someof the experiments remarkably
well, indicating at the same time clearly, which experiments are deviating from the expected
behaviour. In particular in the high-temperature limit a cl ear statement about the performance
of the various experimental datasets becomes possible, alling a critical assessment and weight-
ing of the experimental data as needed in a thermodynamic agssment. These insights have
indeed been used by theealphad community for an improved description of the Fe-Mn-C phase
diagram by Hallstedt et al. [66].

4 Application to steel design

In the following we will brie y discuss a prominent example in actual steel design, for which an
accurate determination of thermodynamic quantities is crucial and can presently not be obtained
experimentally in the needed detail. As outlined in the introduction, modern high strength steels
are heavily relying on sophisticated mechanisms that are dvated by deformations and/or
temperature and that require a careful control of the chemi@l composition. A critical quantity
for designing new steel grades based on these concepts is tetermination of intrinsic stacking
fault energies (see Sec. 1.1). As mentioned before, smallaiges of the SFE, in the order of
a few mJ/m?2, can be essential for the dominant deformation mechanism (RIP vs. TWIP)
in the considered steels. Using the methods sketched in Se2, changes (in particular due to
temperature) in this order of magnitude can now be resolved.

Essentially two di erent ab initio concepts are available for a determination of SFEs. On the
one hand, one can explicitly set up stacking faults in a supegell calculation, which is often
generalized to the complete energy surface (surface) of two half fcc crystals displaced along a
(111) plane with respect to each other. In this way, one additonally gets access to transition
paths and energy barriers relevant for the creation of stackg faults. An alternative approach
to obtain the intrinsic SFE is the axial next-nearest-neighbour Ising (ANNNI) model [67]. In
this approach, the energy of the crystal with a stacking faut is expanded into a sum of energies
of periodically repeated stacking sequences of (111) laygr It turns out that in rst order of the
ANNNI model the SFE is proportional to the energy di erence of the hcp and the fcc phase,
provided both phases have been evaluated at the same volume.

This knowledge reduces a complex materials design problenothe determination of free energies,
considered in this article. First ab initio studies using these concepts have mainly focused on
the prediction of chemical trends for the SFE of steels. Cledy, any attempt in this direction
needs to additionally include the chemical and paramagnet: disorder, which is relevant for high
temperatures. The coherent potential approximation (CPA) as well as the concept of special
guasi random structures (SQS) have turned out to be very suiable for this purpose. In particular
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the magnetic con guration and its temperature dependence tirned out to be decisive for steels.
Taking care of this, it was for example possible to proof withab initio methods an increase by
almost 30 mJ m 2 in the SFE of high-Mn steels due to the presence of 6 at.% Al [68

For C, an interstitial alloying element which is present in practically all steels, the situation

turns out to be even more interesting: The assumption of a corpletely homogeneous C distri-
bution yields a drastic increase of the SFE also in this case.Consequently, there is a strong
thermodynamic driving force for C to move away from the regio of the stacking fault. Since C
is an interstitial atom, an increase of the temperature by sane 100 K can already be su cient

for C to overcome the kinetic barriers and to reach thermodyramic equilibrium. As a result,

the SFE region will be free of C and the SFE becomes almost ingeendent of the C contents in
the steel. Using thisab initio based insight, large discrepancies in experimental valueg®r SFEs
have recently been resolved [69].

Nevertheless, temperature does not only play a role in termsf magnetic con gurations or
kinetic barriers, also the explicit temperature dependene of the SFE turns out to be signi cant.
With the ANNNI model and its relation to the free energy of the fcc and hcp phase, this
temperature becomes directly accessible foab initio methods when using the thermodynamic
methods discussed above. Using this approach we have recgnshown that the SFE of iron
changes by more than 100 mJ/nt over a temperature range of 1000 K [70]. This prediction is
highly relevant for the temperature ranges at which the TWIP e ect can be expected.

Another important deformation mechanism in high-Mn steels, mentioned in the introduction, is
the TRIP e ect. Itis related to a martensitic phase transiti on, in this case caused by a mechan-
ical load. However, also temperature driven martensitic plase transitions are highly relevant for
the mechanical properties of materials. A prominent exampé are shape memory alloys (SMA),
such as NiTi. They make use of the fact that the martensitic phase, being stable below the tran-
sition temperature, has a lower symmetry than the austenitic phase. Therefore, any macroscopic
deformation of the material in the martensitic phase is eady possible by changing between dif-
ferent microscopic variants, whereas the heating to the augnitic phase will always ensure a
return of the original shape. In some magnetic SMA the transiion can also be controlled by
magnetic elds, which is particularly attractive for appli cations with switching frequencies in
the kHz regime.

Having access to the free energies of all relevant steel phess this kind of martensitic phase
transitions become accessible foab initio methods. The concepts described in this article have,
e.g., recently been used to predict the sequence of phase irsitions in the Heusler alloy NiMnGa
[23], including the existence of a pre-martensitic phase. pplying this approach made it not only
possible to resolve the delicate interplay between vibratbnal and magnetic degrees of freedom in
this material system, but also to make simulations about thechange of the martensitic transition
temperature with the chemical composition. Since the trangtion temperature of Ni,MnGa is
with 200 K much too low for practical applications of the material, the observed increase of
the transition temperature, e.g., by replacing Mn partially by Ni is of great importance for the
production of devices.

Recently, also the investigations on Heusler structures beame highly relevant for steel design.
In some novel steel concepts (maraging TRIP, see Fig. 1), a v high strength level is obtained
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by the formation of intermetallic nanoparticles in the mart ensite during aging. Modern experi-
mental techniques, such as atom probe tomography, have rendy indicated that some of these
particles could, e.g., have the L2 structure of NioMnAl [71, 72]. The formation and relevance
of these precipitates is part of an ongoing research, combing state-of-the-art theoretical and
experimental techniques.

5 Conclusions and Outlook

A major aim of the present article is to show the status, the progress that has been made over the
last years but also the challenges we still face in using deitg functional theory which originally
has been developed asa=0 K ground state methodology to compute thermodynamic properties
of real world materials with an accuracy needed for engineéng and design. We purposely biased
our focus on metallic alloys with emphasize on steels sincenése materials are the basis for a
wide range of engineering applications. From a methodologal point metals do not su er from
the infamous bandgap problem of DFT, providing a sound basisfor comparing the advanced
approaches developed for computing the various free energyontributions with experiment.

The possibility to analyse and identify chemical trends is amajor advantage of ab initio ap-
proaches. In contrast to absolute quantities de ciencies die to the approximate nature of the
xc-functional become less relevant since only relative vakes need to be considered. This well
established nding can now be extended to thermodynamic preerties. With the portfolio of
methods described in this article it becomes possible to adéss a wide variety of scienti cally and
economically pressing issues in materials and steel desigmhich are related to nite temperature
thermodynamics. While a rst major step has been done, further methodological developments
in particular with respect to the treatment of complex magnetic alloys, the consideration of
non-adiabatic interactions and the multi-scale connectiom towards micro-structural features are
still necessary.
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