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Technologies et société

Nous vivons dans une société où la technologie est

omniprésente et en constante évolution

Poursuivre ce développement nécessite

de relever de nombreux défis:

- Technologique : performances, miniaturisation

- Economique : bas prix

- Environnemental : non-polluant, recyclable 

- Santé : non-toxique 

- Energétique !
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Technologies et matériaux

Le développement technologique 

nécessitera d’identifier de nouveaux 

matériaux et (nano-)structures.

- Trouver les matériaux existants les mieux 

adaptés à certaines applications.

- Inventer de nouveaux matériaux et/ou de 

nouvelles nanostructures.

Derrière ces dispositifs, des matériaux
aux propriétés spécifiques



Matériaux et atomes

Les propriétés d’un matériau fonction:

- des atomes qui le composent

- de la structure selon laquelle ces atomes 

s’arrangent.

L’alphabet des matériaux, ce sont les atomes 
eux-mêmes composés de noyaux et d’électrons
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d’aller au-delà de l’intuition !



Matériaux et atomes

Découvrir le « bon » matériau nécessite 

d’aller au-delà de l’intuition !

Disposer d’outils qui, tels 

une loupe, permettent de 

comprendre et de prédire

ce qui se passe au cœur 

même des matériaux.



Modélisation ab initio

Walter Kohn
Nobel de Chimie 1998

• Théorie de la fonctionnelle de la densité

• Théorie microscopique : mécanique quantique

Simplifier la description en considérant la densité 

électronique comme  la variable fondamentale.

Système d’électrons et de noyaux en interaction régit par :

Impossible à résoudre en pratique !

DFT64-65

85-90

98

15

Nobel



www.abinit.org

- « Advisory board » international (Belgique, France, Suisse, 

USA, Canada, Japon)

- Gestion professionnelle (portabilité, parallélisme, tests, …)

- Tutorats en ligne, écoles, forum

- Communauté de 40 développeurs et 1500 utilisateurs

- 4500 citations scientifiques

Une « success story » wallonne à l’initiative du Pr. Xavier Gonze (UCL)
récompensée aux niveaux belge (Prix Quinquennal du FNRS)
et international (Fellow of the American Physical Society). 

Un logiciel open-source implémentant la DFT 

pour modéliser les propriétés des matériaux 
Développeurs ABINIT

X. Gonze 



La DFT une méthode fiable !
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INTRODUCTION: Thereproducibilityof results

isoneof theunderlyingprinciplesof science.An

observation can onlybeacceptedbythescientific

community when it can be confirmed by inde-

pendent studies. However, reproducibility does

not come easily. Recent works have painfully

exposed caseswherepreviousconclusionswere

not upheld. The scrutiny of the scientific com-

munity has also turned to research involving

computer programs, finding that reproducibil-

ity depends more strongly on implementation

than commonly thought. These problems are

especially relevant for property predictions of

crystalsand molecules, which hingeon precise

computer implementations of the governing

equation of quantum physics.

RATIONALE: Thiswork focusesondensity func-

tional theory(DFT),aparticularlypopular quan-

tum method for both academic and industrial

applications. More than 15,000 DFT papers are

published each year, and DFT is now increas-

ingly used in an automated fashion to build

largedatabasesor apply multiscaletechniques

with limited human supervision.Therefore, the

reproducibility of DFT results underlies the

scientificcredibilityof asubstantial fraction of

current work in the natural and engineering

sciences. A plethora of DFT computer codes

are available, many of them differing consid-

erably in their detailsof implementation, and

each yielding a certain “precision” relative to

other codes.How isonetodecidefor morethan

afew simplecaseswhich codepredictsthecor-

rect result, and which does not?We devised a

procedure to assesstheprecision of DFT meth-

ods and used this to demonstrate reproduci-

bility among many of the most widely used

DFT codes.Theessential part of thisassessment

is a pairwise comparison of a wide range of

methodswith respect totheir predictionsof the

equationsof stateof theelemental crystals. This

effort required thecombined expertiseof alarge

group of codedevelopersand expert users.

RESULTS: Wecalculated equation-of-statedata

for four classes of DFT implementations, total-

ing 40 methods. Most codes agree very well,

with pairwisedifferences that arecomparable

to thosebetween different high-precision exper-

iments.Even in thecaseof

pseudization approaches,

which largely depend on

theatomicpotentialsused,

a similar precision can be

obtainedaswhen usingthe

full potential.Theremain-

ing deviations aredueto subtleeffects, such as

specific numerical implementationsor thetreat-

ment of relativistic terms.

CONCLUSION: Our work demonstrates that

the precision of DFT implementations can be

determined,even in theabsenceof oneabsolute

referencecode. Although thiswasnot thecase5

to10yearsago,most of thecommonlyusedcodes

and methods are now found to predict essen-

tially identical results. Theestablished precision

of DFTcodesnot onlyensuresthereproducibility

of DFT predictionsbut also putsseveral past and

future developments on a firmer footing. Any

newly developed methodologycan now betested

against the benchmark to verify whether it

reachesthesamelevel of precision.New DFTap-

plications can be shown to have used a suffi-

cientlyprecisemethod.Moreover,high-precision

DFT calculations areessential for developing im-

provementstoDFT methodology, such asnew

density functionals,which mayfurther increase

thepredictivepower of thesimulations.▪
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Recent DFT methods yield reproducible results. Whereas older DFT implementations predict different values (red darts), codes have now evolved to

mutual agreement (green darts).The scoreboard illustrates the good pairwise agreement of four classes of DFT implementations (horizontal direction)

with all-electron results (vertical direction). Each number reflects the average difference between the equations of state for a given pair of methods,with

the green-to-red color scheme showing the range from the best to the poorest agreement.
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Read the full article

at http:// dx.doi.

org/ 10.1126/

science.aad3000
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N. A. W. Holzwar th, Diana Iuşan, Dominik B. Jochym, François Jollet, Daniel Jones,

Georg Kresse, Klaus Koeper nik, Emine Küçükbenli , Yaroslav O. Kvashnin,

Inka L. M. Locht, Sven Lubeck, Marti jn Marsman, Nicola Marzar i, Ulr ike Nitzsche,

Lars Nordström, Taisuke Ozaki, Lorenzo Paulatto, Chris J. Pickard, Ward Poelmans,

Matt I . J. Probert, Keith Refson, Manuel Richter, Gian-Marco Rignanese, Santanu Saha,

Matthias Scheffler, Martin Schlipf, Karlheinz Schwarz, Sangeeta Sharma,

Francesca Tavazza, Patr ik Thunström, Alexandre Tkatchenko, Marc Torrent,

David Vanderbilt, M ichiel J. van Setten, Veronique Van Speybroeck, John M. Wills,

Jonathan R. Yates, Guo-Xu Zhang, Stefaan Cottenier *

INTRODUCTION: Thereproducibilityof results

isoneof theunderlyingprinciplesof science.An

observation can onlybeacceptedbythescientific

community when it can be confirmed by inde-

pendent studies. However, reproducibility does

not come easily. Recent works have painfully

exposed caseswherepreviousconclusionswere

not upheld. The scrutiny of the scientific com-

munity has also turned to research involving

computer programs, finding that reproducibil-

ity depends more strongly on implementation

than commonly thought. These problems are

especially relevant for property predictions of

crystalsand molecules, which hingeon precise

computer implementations of the governing

equation of quantum physics.

RATIONALE: Thiswork focuseson density func-

tional theory(DFT),aparticularlypopular quan-

tum method for both academic and industrial

applications. More than 15,000 DFT papers are

published each year, and DFT is now increas-

ingly used in an automated fashion to build

largedatabasesor apply multiscaletechniques

with limited human supervision.Therefore, the

reproducibility of DFT results underlies the

scientificcredibilityof asubstantial fraction of

current work in the natural and engineering

sciences. A plethora of DFT computer codes

are available, many of them differing consid-

erably in their detailsof implementation, and

each yielding a certain “precision” relative to

other codes.How isonetodecidefor morethan

afew simplecaseswhich codepredictsthecor-

rect result, and which does not?We devised a

procedure to assesstheprecision of DFT meth-

ods and used this to demonstrate reproduci-

bility among many of the most widely used

DFTcodes. Theessential part of thisassessment

is a pairwise comparison of a wide range of

methodswith respect totheir predictionsof the

equationsof stateof theelemental crystals.This

effort required thecombined expertiseof alarge

group of codedevelopersand expert users.

RESULTS: Wecalculated equation-of-statedata

for four classesof DFT implementations, total-

ing 40 methods. Most codes agree very well,

with pairwisedifferencesthat arecomparable

to thosebetween different high-precision exper-

iments.Even in thecaseof

pseudization approaches,

which largely depend on

theatomicpotentialsused,

a similar precision can be

obtainedaswhenusingthe

full potential.Theremain-

ing deviationsaredueto subtleeffects, such as

specificnumerical implementationsor thetreat-

ment of relativistic terms.

CONCLUSION: Our work demonstrates that

the precision of DFT implementations can be

determined,even in theabsenceof oneabsolute

referencecode. Although thiswasnot thecase5

to10yearsago,most of thecommonlyusedcodes

and methods are now found to predict essen-

tially identical results. Theestablished precision

of DFTcodesnot onlyensuresthereproducibility

of DFT predictionsbut alsoputsseveral past and

future developments on a firmer footing. Any

newlydeveloped methodologycan now betested

against the benchmark to verify whether it

reachesthesamelevel of precision.New DFTap-

plications can be shown to have used a suffi-

cientlyprecisemethod.Moreover,high-precision

DFT calculations areessential for developing im-

provementstoDFT methodology,such asnew

density functionals,which mayfurther increase

thepredictivepower of thesimulations.▪

RESEARCH

SCI EN CE sciencemag.org 25 MARCH 2016 • VOL 351 I SSUE 6280 1415

The list of author affiliations is available in the full article online.

*Corresponding author. E-mail: kurt.lejaeghere@ugent.be(K.L.);

stefaan.cottenier@ugent.be(S.C.)

Cite this article as K. Lejaeghere et al., Science 351, aad3000

(2016). DOI: 10.1126/ science.aad3000

Recent DFT methods yield reproducible results. Whereas older DFT implementations predict different values (red darts), codes have now evolved to

mutual agreement (green darts).The scoreboard illustrates the good pairwise agreement of four classes of DFT implementations (horizontal direction)

with all-electron results (vertical direction). Each number reflects the average difference between the equations of state for a given pair of methods,with

the green-to-red color scheme showing the range from the best to the poorest agreement.

ON OUR WEB SITE
◥

Read the full article

at http:// dx.doi.

org/ 10.1126/

science.aad3000
..................................................

o
n

 A
p

ri
l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 o

n
 A

p
ri

l 
5

, 
2

0
1

6
D

o
w

n
lo

a
d

e
d

 f
ro

m
 



La DFT une méthode fiable !

RESEARCH ARTICLE SUMMARY
◥

DFT METHODS

Reproducibility in density functional
theory calculationsof solids
Kur t Lejaegher e,* Gustav Bihlmayer, Torbjörn Björkman, Peter Blaha, Stefan Blügel,

Volker Blum, Damien Caliste, I vano E. Castell i , Stewar t J. Clark, Andrea Dal Corso,

Stefano de Gironcoli, Thierry Deutsch, John Kay Dewhurst, Igor Di Marco, Claudia Draxl,

Marcin Dułak, Olle Er iksson, JoséA. Flores-Livas, Kevin F. Garr ity, Luigi Genovese,

Paolo Giannozzi , Matteo Giantomassi, Stefan Goedecker, Xavier Gonze, Oscar Grånäs,

E. K. U. Gross, Andr is Gulans, François Gygi, D. R. Hamann, Phil J. Hasnip,
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reproducibility of DFT results underlies the
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sciences. A plethora of DFT computer codes
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erably in their detailsof implementation, and
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procedure to assesstheprecision of DFT meth-

ods and used this to demonstrate reproduci-
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is a pairwise comparison of a wide range of
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referencecode. Although thiswasnot thecase5
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of DFT predictionsbut alsoputsseveral past and
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against the benchmark to verify whether it

reachesthesamelevel of precision.New DFTap-

plications can be shown to have used a suffi-

cientlyprecisemethod.Moreover,high-precision

DFT calculations areessential for developing im-

provementstoDFT methodology,such asnew

density functionals,which mayfurther increase

thepredictivepower of thesimulations.▪
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Recent DFT methods yield reproducible results. Whereas older DFT implementations predict different values (red darts), codes have now evolved to

mutual agreement (green darts).The scoreboard illustrates the good pairwise agreement of four classes of DFT implementations (horizontal direction)

with all-electron results (vertical direction). Each number reflects the average difference between the equations of state for a given pair of methods,with

the green-to-red color scheme showing the range from the best to the poorest agreement.
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Un outil qui s’est imposé 

non seulement dans le monde académique 

mais gagne le monde industriel 
(Solvay, Bosch, EDF, IBM, Intel, Western Digital, …)
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orb ita les élec troniques », nous précise le Pr. Philippe Ghosez (Figure 1). « Grâc e à  c ela  nous pouvons 

amp lifier c onsidérab lement les performanc es thermoélec triques. » La pertinence de ce nouveau 

paradigme a été démontrée théoriquement par des simulations à l’échelle atomique dans des 

composés intermétalliques à base de fer, de formule chimique Fe2YZ (comme Fe2TiSi ou Fe2TiSn).  

Si les résultats obtenus à ce jour restent théoriques, le Pr. Pascal Jacques de l’UCL qui coordonnait le 

projet à l’origine de cette découverte est très enthousiaste: « Notre ob jec tif pa rt d ’une demande de 

l’ ind ustrie et vise à  c onc evoir d es d ispositifs thermoélec triques à  g rande éc helle, permettant la  

réc upéra tion d e l’ énerg ie thermique d issipée a u c ours de nombreux p roc essus industrie ls, dans des 

gammes de tempéra tures (300-400°C) où il n’ existe pas de solution a lterna tive. Nous avions jeté au 

départ notre dévolu sur le  c omposé Fe2VAl qui, ma lgré des p rop riétés thermoélec triques assez 

modestes, c omb ina it d ’ autres ava ntages. Nous avons p ris des b revets pour la  réa lisa tion de 

généra teurs thermoélec triques sous forme de films minc es à  la  surfac e de tô les d ’ac ier pouvant être 

p lac ées dans des éc hangeurs de c ha leur industriels. La  déc ouverte de nos c o llègues nous permet 

d ’entrevoir des taux de réc upéra tion d ’énerg ie nettement supérieurs  à  c eux que nous espérions au 

départ, en joua nt simp lement sur la  c omposition c him ique du c omposé thermoélec trique. Nous 

sommes dans la  phase de va lida tion expérimenta le des p réd ic tions théoriques et nous espérons 

b ientôt pouvoir mettre en oeuvre le c omposé Fe2TiSn en lieu et p lac e d e Fe2VAl ! »  

Cette découverte est intéressante à plus d’un titre. D’une part, elle prédit des propriétés 

thermoélectriques inédites dans une classe de composés ne combinant que des éléments largement 

disponibles, bon marchés et non-toxiques, renforçant ainsi les perspectives concrètes pour des 

applications thermoélectriques à grande échelle. D’autre part, le concept théorique utilisé pour 

augmenter le nombre de porteurs de charge en préservant leur mobilité, qui est à l’origine de 

l’amplification des propriétés thermoélectriques, est totalement générique et transposable à d’autres 

classes de composés… 

Travail réalisé au sein de groupe de Physique Théorique des Matériaux de l’Université de Liège par le Dr. 

Daniel BILC, actuellement chercheur permanent à l’INCDTIM de Cluj-Napoca (Roumanie) et le Pr. 

Philippe GHOSEZ, en collaboration avec le Pr. Gian-Marco RIGNANESE, le Pr. Geofroy HAUTIER et le Dr. 

David WAROCQUIERS de l’Université catholique de Louvain. Cette recherche a été initiée dans le 

cadre du projet CoGeTher piloté par le Pr. Pascal JACQUES de l’UCL et subsidié par la Région Wallonne 

via le programme EnergyWal. Elle a également bénéficié de l’Action de Recherche Concertée 

TheMoTherm et du projet de recherche HiT4FiT financé par le F.R.S-FNRS.  Philippe Ghosez remercie 

également la Fondation Francqui pour son soutien à travers un mandat de Professeur de Recherche. 

 

Figure 1 : Vue à l’échelle atomique d’un cristal de Fe 2TiSn 

constitué de plans  Fe 2 (boules rouges) qui alternent avec des 

plans TiSn (boules bleues et vertes) dans les 3 directions de 

l’espace. Le recouvrement entre les orbitales de conduction dx2-

y2 du fer forment un réseau tri-dimensionnel d’autoroutes (tubes 

transparents) pour le transport privilégié des électrons.  (Figure : 

Y.-E. Corbisier, Copyright : PhyTheMa@ulg) 
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thermoélectriques inédites dans une classe de composés ne combinant que des éléments largement 

disponibles, bon marchés et non-toxiques, renforçant ainsi les perspectives concrètes pour des 

applications thermoélectriques à grande échelle. D’autre part, le concept théorique utilisé pour 

augmenter le nombre de porteurs de charge en préservant leur mobilité, qui est à l’origine de 

l’amplification des propriétés thermoélectriques, est totalement générique et transposable à d’autres 
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1.1 Concept and objectives 

Computational materials design and the multi-scale ladder. – The field of materials science and 

engineering is living a paradigm shift, leaving behind the fully-experimental approach to the design of new 
prototypes, and entering an era in which the computational-prediction and experimental-validation steps are 

closely integrated. Simulation tools permit a drastic reduction in the number of prototype designs to be tested 

experimentally, and provide a more complete knowledge that greatly facilitates materials discovery and 
engineering. Today, there are a growing number of areas where computational tools are routinely employed in 

industrial materials research. 

When applying simulation methods to problems of industrial interest, it is often necessary to address 

several levels of the ―multi-scale ladder‖  represented in Fig. 1. In many cases, especially when dealing with 

nano-structures, one needs to start from a quantum-mechanical atomistic description of the active materials that 

provide the key functionalities in a larger device or system. That ―larger system‖  may be virtually anything, 

ranging from an electronic circuit (to mimic, for example, the behaviour of an agile filter or a ferroelectric-

based capacitor) to an element combining mechanical and electrical properties (like a component made of some 

nano-structured steel, or a microscope cantilever). To cover this large-scale part of the ladder, electrical and 
mechanical engineers use simulation methods in which the materials are drastically simplified (e.g., finite-

element or multi-physics models, or physical-chemistry methods like CALPHAD
1
) or even virtualized (as in 

circuit simulations using tools like those deriving from the SPICE program originally developed at Berkeley). 

 

Fig. 1. Sketch of the ―multi-scale ladder‖  showing 

the way from the electronic and atomistic scales 
up to the mesoscopic, microstructural, and 

macroscopic scales. MultiBinit will start from the 

lowest-end of this ladder, producing methods for a 

first-principles treatment of lattice-dynamical 
phenomena up to mesoscopic scales. MultiBinit 

will also produce information directly usable with 

large-scale coarse-grained, chemical-physics, or 
virtualized approaches, thus addressing the full 

ladder. 

 

Nano-materials, the need for first-principles simulations.—The main thrust of the multi-scale approach is 
that, as one moves to an increasingly simplified description of a system, one employs ―large-scale‖  models 

whose parameters can be obtained either empirically or by simulating the materials at a more fundamental 

―smaller-scale‖  level. Indeed, ideally one would like to go up this ladder starting from the ―zeroeth floor‖ , 
which is the realm of quantum mechanics (i.e., first-principles or ab initio simulation methods). Such an ideal 

scheme becomes an absolute need, which must be urgently addressed and realized, when we work with nano-

materials. 

In the case of nano-materials – i.e., those whose functional properties are controlled by their nano-structure 

– the computational models must ultimately rely on an atomistic description. Unfortunately, nano-scale effects 

are often difficult or impossible to investigate experimentally. As a result, it is impractical to construct 

empirical computer models based on (i.e., by fitting their parameters to) laboratory measurements. 

In this context, first-principles or ab initio simulation methods
2
 demonstrate their full power. The first-

principles approach relies on the basic equations governing matter, which can be solved approximately to 

compute any property of any arbitrary material. First-principles methods thus allow us to investigate any 
system even in absence of prior experimental information, which makes them fully predictive. Also, they offer 

a complete picture of the materials properties investigated, thus enabling a truly knowledge-based research. 

Indeed, first-principles techniques constitute the ultimate (in most cases, the only) computational-design tool 
for nano-materials. 

Multi-scale methods, urgent needs. — There is an obvious and grave deficiency affecting the ideal first-
principles multi-scale ladder that we need to build in order to investigate nano-materials-based systems. The 

                                                   
1
 www.calphad.org; H.L. Lukas, S.G. Fries and B. Sundman, Computational thermodynamics: The Calphad 

Method, Cambridge 2007, ISBN 978-0-521-86811-2. 
2
 R.M. Martin, Electronic Structure, Cambridge 2004, ISBN 978-0521534406. 

102-103

atomes
105-106

atomes

ABINIT

SCALE-UP

Atomic
data

Materials
properties

Materials
properties

Garder la précision et pouvoir

prédictif ab initio.



Conclusions

X. Gonze 

J.C. Charlier

G.M. Rignanese

G. Hautier

Ph. Ghosez

J.-Y. Raty

E. Bousquet

M. Verstraete

- Une « success story » wallonne : un logiciel 

devenu une référence au niveau international.

- Une masse critique en Région Wallonne :  8 

académiques permanents et leurs équipes.

- Des découvertes concrètes dans le domaine 

des matériaux (énergie, optique, électronique, ...).

- Des besoins en personnel pour maintenir et 

développer le code et pour l’adapter aux 

évolutions du hardware.

- Des besoins considérables en temps calcul : 

les plus gros utilisateurs du CECI (Tier1, Tier 2). 


