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● De nouveaux objets  

-  0D : nanoparticule 
-  1D : nanotube
-  2D : graphène

● Des propriétés originales 
   et inattendues

- électronique
- thermodynamique
- mécanique 
- magnétique 
- optique 
- ... 

Le nanomonde  

Diamètre : 0.6 - 20 nm 
longueur :  qq mm

1.1# 1.5# 1.8# 2.3# 2.9#

55# 147# 201#
405#

807#

Diametre#(nm)#Diamètre (nm) 

➠
Applications originales 
et inattendues

Une ou quelques 
épaisseurs atomiques



Les nanoparticules 

● A toute petite taille (nm), certaines propriétés des matériaux sont différentes

   Agrégat isolé :

- Rapport surface/volume augmente lorsque taille diminue

- Pression de Laplace (~ γ / R) devient significative : cœur sous pression  
γ : tension de surface; R : rayon 

- Présence de facettes, arêtes, coins

- Modification structure électronique (magnétisme, optique … réactivité ...)

sommet
arête

 facette (111)
http://tel.archives-ouvertes.fr/
docs/00/71/21/46/PDF/
HDR_JCreuze_05052011.pdf

 facette (001)



Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?

near the surface have fewer bonds with each other, less energy is
needed for them to leave the surface. Thus a size-dependent
melting point of a material can be calculated through classical
thermodynamic analysis. Gibbs–Thomson equation (eqn (1))
suggests such a relationship (formulation 1):

TMðdÞ ¼ TMB

!
1$ 4ssl

Hfrsd

"
(1)

where TMB ¼ bulk melting temperature; ssl ¼ solid–liquid
interface energy; Hf ¼ bulk heat of fusion; rs ¼ density of solid;
and d ¼ particle diameter.

Based on this relationship, as shown in Fig. 2, there is a chart
showing the melting point depression with the decrease of the
particle size of gold.27 The melting point of gold nanoparticles
(NPs) decreases to below 200 %C when the size is around 5 nm.28

This suggests that smaller size of the NPs causes an exponential
reduction of the melting point.29 By adjusting the morphology
of the nanomaterials, it is possible to form a conductive
network with an even lower percolation threshold.

As compared with the conventional ICAs with pure micron-
sized llers, nowadays, a few research groups have started
working on partially introducing nano-sized llers so as to
improve the electrical conductance, taking advantage of the
depressed melting point of the metal nanollers. The addition
of NPs effectively promotes sintering among the llers at rela-
tively low temperatures (e.g. 200 %C), which results in the micro-
llers building up metallic interconnections. However, simply
mixing nano-sized llers into the ICA formulations is not

sufficient to effectively reduce electrical resistivity. Instead, it
may dramatically increase the bulk resistivity of the compos-
ites,30,31 which is related to the increased number of contact
points and the reduced contact areas amount the conductive
llers.32 A few recent studies have suggested thermal treatment
to debond or decompose the surface species, e.g. the lubricant
(organic small molecules) and silver oxide being prerequisites
for sintering Ag NPs. Residues on the llers may increase the
electrical resistivity of the composite signicantly even though
the Ag NP llers are in same size and distribution. Zhang et al.

Fig. 2 Melting point vs. particle diameter of gold nanoparticles (reproduced
with permission from copyright AIP).27 A schematic showing the melting point
decreasing trend along with the particle size declining.

Fig. 1 Schematics of various forms of ECCs: (A) ECAs; (B) ECIs; (C) SECCs containing 0-D (sphere), 1-D (wire), and 2-D fillers (flake). The corresponding photographic
images of each kind of material are shown beneath each schematic. ECA is a gel-like paste with gray luster which can be cured to form a rigid solid (left); ECI is a dark
liquid with metallic nanoparticles (dark color) in a solvent (middle); SECC is a gel-like viscous liquid which shows dark color when it contains carbon materials (e.g. CNT).
When the solvent is eliminated, it becomes an elastomeric solid.21
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Open questions 

Melting point decreases 
with particle size➠
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Different sizes / 
morphologies

Open questions 

➠

Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?



80 Chapitre 4. Études structurales des...

Certaines de ces NPs sont orientées dans un tel axe de zone qu’il est possible d’iden-
tifier leurs facettes. Pour ce faire, nous mesurons les angles entre les différentes fa-
cettes sur les images en projection des NPs d’Au et nous les comparons aux angles
entre les plans cristallins de différents indices de Miller, de la structure cubique face
centrée (CFC) d’Au. De là, nous en déduisons que les NPs sont délimitées par des
facettes {100} et {111} (voir insert de la Figure 4.5.d). De plus, en mesurant le rapport
d’anisotropie des énergies de surface liées aux facettes {100} et {111} (détaillé dans
la partie précédente), nous pouvons remonter à la morphologie exacte de la NP par
construction de Wulff. C’est ainsi que nous pouvons en déduire que la morphologie
de la NP d’Au présentée en insert de la Figure 4.5.d est un octaèdre tronqué orienté
dans l’axe de zone [110.] Cette morphologie est en accord avec la littérature. En ef-
fet, Barnard et ses collaborateurs ont calculé, en combinant la théorie fonctionnelle
de la densité (DFT) et le potentiel d’échange-corrélation de Perdrew et Wang (PW91)
implémenté via un package de simulation ab initio de Vienne (VASP), les énergies
libres totales ainsi que les énergies de surface de facettes {111} et {100} sur des NPs
d’Au de rayon supérieur à 1,5 nm.

a)

b)

c)

d)

FIGURE 4.6 – (a-d) Première colonne : Images HRTEM de NPs d’Au présentant une cer-
taine morphologie. Deuxième colonne : Images HRTEM de NPs d’Au issues de la première
colonne, superposées avec des propositions de morphologie correspondant à ces dernières.
Troisième colonne : Représentation 2D des morphologies correspondantes aux NPs de la pre-
mière colonne. Quatrième colonne : Représentation 3D des morphologies correspondantes
aux NPs de la première colonne. Nous remarquons que dans les 4 cas, la morphologie cor-
respondante est la forme octaédrique tronquée.

Ils en ont déduit que la forme d’équilibre la plus stable pour des NPs dans cette

Thèse A. Chmielewski / MPQ - Université de Paris (2018)

Au NPs with different morphologies …Open questions 

Different sizes / 
morphologies➠

Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?



• at low T : any kind of shape with many facets
• increasing T : truncated octahedrons (thermodynamic equilibrium)

Open questions 

84 Chapitre 4. Études structurales des...

cette température de sublimation est égale à 1135 �C. Nous pouvons par conséquent
en déduire que les NPs numérotées de 3 à 9 sont à l’état liquide, et s’évaporent au
cours du temps. Les NPs 1 et 2 que nous pensons solides, sont loin de la tempéra-
ture de sublimation montrée sur la Figure 4.8.b. Cependant il est bon de rappeler
que ces courbes sont représentatives de l’état massif et peuvent être différentes à
l’échelle nanométrique. Nous pensons donc que même loin de la température de
sublimation, elles subissent d’abord une sublimation qui par conséquent fait dimi-
nuer leur taille engendrant ensuite une fusion suivie d’une évaporation lente avec le
temps. Cette transition solide ! liquide des grosses NPs est particulièrement visible
sur les courbes d’évolution du rayon de la NP en fonction du temps, où deux com-
portements ont été observés. Ces résultats seront montrés dans le chapitre suivant
où nous montrerons qu’à partir du suivi de l’évaporation de ces NPs combiné à un
modèle basé sur la loi de Kelvin, nous pouvons déterminer leurs énergies de surface.

Cette étude nous a permis de voir le comportement des NPs d’or en température,
sur une membrane de SiN. Nous retenons qu’à température ambiante, les NPs pré-
sentent des formes quelconques délimitées par une multitude de facettes. À 300 �C
les images en projection des NPs sont délimitées par des facettes {111} et {100} dont
la morphologie exacte est un octaèdre tronqué. Dès 600 �C, ces NPs se défacettent et
deviennent complètement arrondies à 800 �C, démontrant ainsi un début de transi-
tion de phase (solide ! liquide).

4.5.1.2 Carbone amorphe

Afin d’étudier les effets du substrat sur le comportement des NPs en tempéra-
ture, nous avons réitéré l’expérience sur du carbone amorphe, vaporisé à partir de
bâtonnets de graphite sous un vide de 7,5.10�4 Torr puis déposé directement sur
une Echip (pour les détails de la synthèse, voir [4]). La Figure 4.9 montre une sé-
rie d’images STEM-HAADF d’une même assemblée de NPs d’Au déposée sur un
substrat de carbone amorphe à (a) température ambiante, (b) 100 �C, (c) 200 �C, (d)
300 �C, (e) 500 �C, (f) 600 �C, (g) 700 �C et (h) 800 �C.

FIGURE 4.9 – Images STEM-HAADF de NPs d’Au sur carbone amorphe dans le vide, prises
à température (a) ambiante, (b) 100 �C, (c) 200 �C, (d) 300 �C, (e) 500 �C, (f) 600 �C, (g) 700 �C
et (h) 800 �C, (grandissement x5M).

Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?

➠

Au NPs : temperature effect 



Au NPs : temperature effect 

4.5. NPs monométalliques d’Au supportées 85

À température ambiante, nous observons deux populations de NPs. La première
est composée de NPs dont le diamètre est inférieur à 2 nm, la deuxième population
est composée de NPs plus grosses (> 5 nm). Cette double population est la signature
d’un mûrissement d’Ostwald et d’une coalescence très active lors de la synthèse par
ablation laser pulsé. Elle s’explique aussi par la germination de petites particules (1
à 2 nm) dans les sites de nucléation, laissés vacants par la coalescence des grosses
particules en toute fin de synthèse [142]. Tout comme sur le SiN amorphe, ces NPs
brutes de synthèse ne présentent aucune forme particulière. Entre 200 �C et 500 �C,
les NPs subissent des phénomènes de coalescence qui forment des particules plus
grosses (4.9.c-e). Les petites disparaissent aussi au profit des grosses, par mûrisse-
ment d’Ostwald [73, 143]. D’un point de vue général, les NPs semblent beaucoup
moins se facetter sur le substrat de carbone. Néanmoins lorsque nous les regardons
à plus fort grandissement (x8M), nous remarquons que les facettes sont bien pré-
sentes. La Figure 4.10 présente une série d’images STEM-HAADF à 400 �C (a-b) et
600 �C (c-d) où nous distinguons des NPs dont l’analyse des angles permet de dé-
duire qu’il s’agit des facettes (100) et (111). Ici, tout comme pour le SiN amorphe,
toutes les NPs présentent une forme octaédrique tronquée à cette température. Cer-
taines NPs, que nous avons encadrées en rouge, sont dans un axe de zone permettant
de confirmer cela.

FIGURE 4.10 – Images STEM-HAADF de NPs d’Au sur carbone amorphe dans le vide, prises
à (a-b) 400 �C, (c-d) 600 �C, (grandissement x8M). Insert : zoom sur les NPs encadrées en
rouge.

Cette étude a permis de mettre en évidence le comportement morphologique de
NPs d’Au sur un substrat de carbone amorphe. À température ambiante, les NPs,
brutes de synthèse, présentent des formes quelconques avec une multitude de fa-
cettes. À 400 �C, nous observons que les NPs sont à l’équilibre thermodynamique et
se présentent sous forme d’octaèdres tronqués. Cette morphologie est ensuite stable
à 600 �C. À 800 �C, tout comme sur substrat de SiN, les NPs s’évaporent.

4.5.2 Support cristallin

4.5.2.1 Rutile-TiO2

Le même type d’expérience a été réalisé sur des nanobâtonnets de r-TiO2(110),
que nous avons présentés en détail dans la section 2.2.2.3. Ce support modèle est
extrêmement stable en température et présente de larges surfaces (110), bien déli-
mitées, connues pour être réactives notamment dans les réactions d’oxydation et
d’hydrogénation [77]. La Figure 4.11 montre une série d’images en STEM-HAADF
de NPs d’Au sur r-TiO2 chauffées par paliers de 100 �C, à 1 �C s�1, jusqu’à 800 �C.

Open questions 

Thèse A. Chmielewski / MPQ - Université de Paris (2018)

Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?
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nuer leur taille engendrant ensuite une fusion suivie d’une évaporation lente avec le
temps. Cette transition solide ! liquide des grosses NPs est particulièrement visible
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portements ont été observés. Ces résultats seront montrés dans le chapitre suivant
où nous montrerons qu’à partir du suivi de l’évaporation de ces NPs combiné à un
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deviennent complètement arrondies à 800 �C, démontrant ainsi un début de transi-
tion de phase (solide ! liquide).

4.5.1.2 Carbone amorphe

Afin d’étudier les effets du substrat sur le comportement des NPs en tempéra-
ture, nous avons réitéré l’expérience sur du carbone amorphe, vaporisé à partir de
bâtonnets de graphite sous un vide de 7,5.10�4 Torr puis déposé directement sur
une Echip (pour les détails de la synthèse, voir [4]). La Figure 4.9 montre une sé-
rie d’images STEM-HAADF d’une même assemblée de NPs d’Au déposée sur un
substrat de carbone amorphe à (a) température ambiante, (b) 100 �C, (c) 200 �C, (d)
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FIGURE 4.9 – Images STEM-HAADF de NPs d’Au sur carbone amorphe dans le vide, prises
à température (a) ambiante, (b) 100 �C, (c) 200 �C, (d) 300 �C, (e) 500 �C, (f) 600 �C, (g) 700 �C
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• at low T : any kind of shape with many facets
• increasing T : truncated octahedrons (thermodynamic equilibrium)➠



Substrate : Au NPs on r-TiO2 nanorods

86 Chapitre 4. Études structurales des...

À température ambiante, tout comme sur SiN amorphe et carbone amorphe,
nous observons des NPs brutes de synthèse, délimitées par une multitude de fa-
cettes qui donnent ainsi des formes aléatoires en projection (Figure 4.11.a). Ces NPs
commencent à développer des facettes plus prononcées dès 100 �C (Figure 4.11.b).
À 400 �C, tout comme sur SiN et carbone amorphe, les images en projection des
NPs montre des NPs délimitées par des facettes {111} et {100} très visibles (Figure
4.11.e) dont la morphologie est compatible avec la forme octaédrique tronquée (voir
l’exemple sur la Figure 4.11.h). Le rapport d’anistropie �100/�111 lié aux facettes {100}
et {111} a été mesuré à l’aide de l’équation 4.3, nous avons trouvé �100/�111 = 1,08.
Ce résultat est très proche de celui de Giorgio et de ses collaborateurs qui ont me-
suré ce rapport sur des NPs d’Au supportées sur carbone amorphe à température
ambiante dans le vide et ont trouvé �100/�111 = 1,15 [52]. Contrairement au SiN et
au carbone amorphe, cette forme d’équilibre s’avère être extrêmement stable et ce
jusqu’à 800 �C, comme nous pouvons le voir sur la Figure 4.11.g.

Tamba) 

800°C600°C400°C

300°C200°C100°C

g) f) e) 

d) c) b) 

400°C

{111}

{111}{111}

{111}
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[1-10]Au

FIGURE 4.11 – Images STEM-HAADF de NPs d’Au sur nanobâtonnets de r-TiO2 dans le
vide, prises à (a) température ambiante, (b) 100 �C, (c) 200 �C, (d) 300 �C, (e) 400 �C, (f) 600 �C
et (g) 800 �C, (grandissement x5M). (h) zoom numérique de la NP encadrée en jaune à 400 �C.

Nous sommes restés près d’une heure à 800 �C afin d’analyser la stabilité des
NPs. La Figure 4.12 montre une série d’images STEM-HAADF de l’évolution d’une
assemblée de NPs d’Au sur r-TiO2 à 800 �C en fonction du temps. Nous constatons
que les plus grosses NPs (diamètre > 8 nm), de forme octaédrique tronquée, restent
très stables à cette température, contrairement au SiN où les NPs étaient toutes de
forme arrondie à cette température. Ceci s’explique par le fait que le substrat aug-
mente la température de fusion des NPs, décalant ainsi la transition de phase solide
! liquide. Mottet et ses collaborateur ont montré que ce décalage de la température
de fusion est dû au substrat [144, 145]. En effet, au moyen d’un potentiel de liaison
forte (TB-SMA) combiné à des calculs ab initio, ils ont montré que la température de
fusion de nanoclusters de Pd (807 atomes) supportés sur MgO pouvait augmenter
de ~ 200 �C par rapport à celle des nanoclusters de Pd libres [144].

Il y a néanmoins, comme sur le SiN, toujours un effet de taille puisque les plus
petites NPs, que nous avons indiquées avec des flèches vertes et jaunes (diamètre 
7 nm) sur la Figure 4.12, s’évaporent (ou se subliment) avec le temps.

Open questions 

Thèse A. Chmielewski / MPQ - Université de Paris (2018)

oriented and facetted NPs

Metallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?
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- phase transition ? 
- Ostwald ripening ?
- environmental effect ?

oriented and facetted NPs➠

A. Chmielewski et al., ACS Nano 13, 2024 (2018)

atmospheric pressure and below 400 °C to unveil the
interaction of Au NPs with these molecules.
Figure 2a−d show a temperature series of HAADF-STEM

images of Au NPs on r-TiO 2 nanorods acquired just after the
temperature has been set successively at 400 °C, 200 °C, 100
°C, and RT under 105 Pa O2. Similar to in situ TEM
observations under Ar, the NPs display truncated octahedron
ESs in different zone axes at 400 °C (Figure 2a). During
sample cooling, the truncated octahedron equilibrium shape is
stable down to 200 °C (comparison of Figure 2a and b). The
anisotropy ratio γ100/γ111, measured on five truncated

octahedra in the [101] zone axis, is equal to 1.09 ± 0.04.
This clearly shows that, above 200 °C, 105 Pa O2 has no effect
on the equilibrium shape of the particles. However, when the
temperature is reduced to 100 °C or RT, we observe a
rounding of the Au particle equilibrium shape (Figure 2c,d)
which does not occur under Ar conditions. Particle rounding is
clearly visible on the projections of those NPs initially oriented
close to the [101] zone axis which lose their 3-fold symmetry
in projection. The change in particle morphology with
temperature is a clear indication that the surface of the Au
NPs is interacting with O2. It should be noted that at each

Figure 2. In situ HAADF-STEM observation of Au NPs on r-TiO2(110) surfaces under O2 at atmospheric pressure. Temperature series of
HAADF-STEM images of TiO2-supported Au NPs during cooling under 105 Pa O2 at (a) 400 °C, (b) 200 °C, (c) 100 °C, and (d) RT. Unlike
under Ar in Figure 1, particle equilibrium shape evolves with temperature with the particle morphology becoming rounded at low
temperature. (e−l) Temperature series of Fourier-filtered HAADF-STEM images over the temperature window where the octahedron-to-
round morphology transition is observed. The temperature onset for this transition is situated at about 120 °C. (m) Quantitative follow-up
of the extension of the {111}- and {100}-type segments delimiting the particle outline in projection as a function of temperature.

ACS Nano Article

DOI: 10.1021/acsnano.8b08530
ACS Nano 2019, 13, 2024−2033

2027

Gas : Au NPs on r-TiO2 under O2

adsorption on reactive sites➠

Thèse A. Chmielewski / MPQ - Université de Paris (2018)



Alloy

Core-shell

Au core in the TEM image, possibly because of their thin thickness and
epitaxial growth on the surface of Au seeds. However, the aberration-
corrected high-angle dark-field STEM image (Fig. 3B) reveals the core-
shell construction with an Au core of ca. 9.3 nm and a surrounding Pd
shell of three or four atomic layers in an arbitrary single particle, which
is consistent with nanoscale mapping analyses (Fig. 3, C to F) and ele-
mental profiles (Fig. 3G). The as-prepared core-shell Au@Pd nanocom-
posites could also be well dispersed on carbon substrates, as displayed in
fig. S1 (C and D) as TEM and high-resolution TEM (HRTEM) images.
The ECSA based on the unit weight of Pd and calculated from CO
stripping voltammograms (fig. S3A) is 60.5 m2 gPd

−1 for the core-shell
Au@Pd nanoparticles, very close to that for commercial Pd/C catalysts
(61.3 m2 gPd

−1). Furthermore, as shown in fig. S3B, the half-wave
potential for the core-shell Au@Pd nanoparticles is 556 mV, 41 mV
more positive than that for the commercial Pd/C catalyst, indicat-
ing that the Pd shells in core-shell Au@Pd nanoparticles have higher
ORR activity than that in the commercial Pd/C catalyst. Specifically,
although the ORR activity of core-shell Au@Pd nanoparticles is lower
than that of commercial Pt/C catalysts, which have a half-wave potential
of 610mV, the nondetectable MOR activity for core-shell Au@Pd nano-
particles (fig. S3C) makes them competitive as selective electrocatalysts
at the cathode of the fabricated DMFCs. Also, the core-shell Au@Pd
nanoparticles have comparable durability with commercial Pt/C cat-
alysts, as evinced in fig. S3D with the chronoamperograms.

As demonstrated in a previous study (28), the selectivity of the
catalysts for the electrochemical reactions could be evaluated by a
prototype of the membraneless DMFC, which consists of a single

compartment vessel with two electrodes in a common electrolyte of
1 M methanol in 0.1 M HClO4, as exhibited by the scheme and prac-
tical photo in fig. S4A and its inlet. The electrolyte is saturated with
dissolved oxygen by continuously bubbling O2 into the solution. The
performance of the membraneless DMFC was evaluated in terms of
the open circuit voltage (OCV). Figure S4B shows that the membrane-
less DMFC with the core-shell-shell Au@Ag2S@Pt nanocomposites at
the anode and the core-shell Au@Pd nanoparticles at the cathode
maintains a stable OCV of ca. 0.30 V for 60 min, completely compa-
rable with that of the same DMFC with a conventional Nafion 117
membrane, whereas the membraneless DMFC operating with commer-
cial Pt/C catalysts at both the anode and the cathode has an OCV close
to 0. The prototype does suggest the high selectivity of the core-shell-
shell Au@Ag2S@Pt nanocomposites and core-shell Au@Pd nanoparti-
cles for MOR and ORR, which is the essential prerequisite for a DMFC
constructed to run at high concentrations of methanol.

Figure 4 shows the performance of the DMFC with selective cat-
alysts, that is, core-shell-shell Au@Ag2S@Pt nanocomposites at the
anode and core-shell Au@Pd nanoparticles at the cathode or with
commercial Pt/C catalysts at both the anode and the cathode. These
tests were performed with methanol concentrations of 0.5, 1, 2, 4, 6, 8,
10, and 15 M at 80°C. The polarization curves exhibit that the per-
formance of the DMFC with selective catalysts at its electrodes (Fig.
4A) was improved compared to that of the DMFC with commercial
Pt/C catalysts (Fig. 4C). As indicated in Fig. 4E and fig. S5A, the OCVs
of the DMFC with selective electrocatalysts reach 0.59 V, despite the
methanol solution concentration reaching up to 15 M. This high OCV

Fig. 3. Core-shell Au@Pd nanoparticles. TEM image (A), aberration-corrected high-angle dark-field STEM image (B), nanoscale element mappings (C to F), and
elemental profiles in STEM mode (G) of core-shell Au@Pd nanoparticles prepared in oleylamine using an Au-catalyzed strategy.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Feng, Liu, Yang, Sci. Adv. 2017;3 : e1700580 30 June 2017 3 of 7

 on July 8, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 Au core in the TEM image, possibly because of their thin thickness and
epitaxial growth on the surface of Au seeds. However, the aberration-
corrected high-angle dark-field STEM image (Fig. 3B) reveals the core-
shell construction with an Au core of ca. 9.3 nm and a surrounding Pd
shell of three or four atomic layers in an arbitrary single particle, which
is consistent with nanoscale mapping analyses (Fig. 3, C to F) and ele-
mental profiles (Fig. 3G). The as-prepared core-shell Au@Pd nanocom-
posites could also be well dispersed on carbon substrates, as displayed in
fig. S1 (C and D) as TEM and high-resolution TEM (HRTEM) images.
The ECSA based on the unit weight of Pd and calculated from CO
stripping voltammograms (fig. S3A) is 60.5 m2 gPd

−1 for the core-shell
Au@Pd nanoparticles, very close to that for commercial Pd/C catalysts
(61.3 m2 gPd

−1). Furthermore, as shown in fig. S3B, the half-wave
potential for the core-shell Au@Pd nanoparticles is 556 mV, 41 mV
more positive than that for the commercial Pd/C catalyst, indicat-
ing that the Pd shells in core-shell Au@Pd nanoparticles have higher
ORR activity than that in the commercial Pd/C catalyst. Specifically,
although the ORR activity of core-shell Au@Pd nanoparticles is lower
than that of commercial Pt/C catalysts, which have a half-wave potential
of 610mV, the nondetectable MOR activity for core-shell Au@Pd nano-
particles (fig. S3C) makes them competitive as selective electrocatalysts
at the cathode of the fabricated DMFCs. Also, the core-shell Au@Pd
nanoparticles have comparable durability with commercial Pt/C cat-
alysts, as evinced in fig. S3D with the chronoamperograms.

As demonstrated in a previous study (28), the selectivity of the
catalysts for the electrochemical reactions could be evaluated by a
prototype of the membraneless DMFC, which consists of a single

compartment vessel with two electrodes in a common electrolyte of
1 M methanol in 0.1 M HClO4, as exhibited by the scheme and prac-
tical photo in fig. S4A and its inlet. The electrolyte is saturated with
dissolved oxygen by continuously bubbling O2 into the solution. The
performance of the membraneless DMFC was evaluated in terms of
the open circuit voltage (OCV). Figure S4B shows that the membrane-
less DMFC with the core-shell-shell Au@Ag2S@Pt nanocomposites at
the anode and the core-shell Au@Pd nanoparticles at the cathode
maintains a stable OCV of ca. 0.30 V for 60 min, completely compa-
rable with that of the same DMFC with a conventional Nafion 117
membrane, whereas the membraneless DMFC operating with commer-
cial Pt/C catalysts at both the anode and the cathode has an OCV close
to 0. The prototype does suggest the high selectivity of the core-shell-
shell Au@Ag2S@Pt nanocomposites and core-shell Au@Pd nanoparti-
cles for MOR and ORR, which is the essential prerequisite for a DMFC
constructed to run at high concentrations of methanol.

Figure 4 shows the performance of the DMFC with selective cat-
alysts, that is, core-shell-shell Au@Ag2S@Pt nanocomposites at the
anode and core-shell Au@Pd nanoparticles at the cathode or with
commercial Pt/C catalysts at both the anode and the cathode. These
tests were performed with methanol concentrations of 0.5, 1, 2, 4, 6, 8,
10, and 15 M at 80°C. The polarization curves exhibit that the per-
formance of the DMFC with selective catalysts at its electrodes (Fig.
4A) was improved compared to that of the DMFC with commercial
Pt/C catalysts (Fig. 4C). As indicated in Fig. 4E and fig. S5A, the OCVs
of the DMFC with selective electrocatalysts reach 0.59 V, despite the
methanol solution concentration reaching up to 15 M. This high OCV

Fig. 3. Core-shell Au@Pd nanoparticles. TEM image (A), aberration-corrected high-angle dark-field STEM image (B), nanoscale element mappings (C to F), and
elemental profiles in STEM mode (G) of core-shell Au@Pd nanoparticles prepared in oleylamine using an Au-catalyzed strategy.
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Au/Pd

Y. Feng et al., Sci. Adv. 3, e1700580 (2017)

H. Prunier et al., 
Phys. Chem. Chem. Phys. 
17, 28339 (2015) 

Phys. Chem. Chem. Phys. This journal is© the Owner Societies 2015

Fig. 4a–d presents bright-field images of the two sets of
Au–Cu NPs produced by PLD with targeted compositions Au3Cu
and AuCu3. Low-magnification TEM images (Fig. 4a and b)
clearly show the formation of well separated spherical NPs with

comparable size distribution (mean diameter of 1.7 ! 0.6 nm
(inset of Fig. 4a) in the Au3Cu sample compared to 1.9 ! 0.7 nm
(inset of Fig. 4b) in the AuCu3 one) in both samples. HR-TEM
images of Au3Cu and AuCu3 NPs are presented in Fig. 4c and d
respectively. The NPs were monocrystals with a FCC structure
imaged along the [110] zone axis. To determine the lattice
parameters of the two sets of NPs, the lattice spacing corres-
ponding to (111) planes was measured on the HR-TEM images
of 15 NPs from each sample. It should be noted that selected
area electron diffraction (SAED) traditionally used for lattice
measurements was impossible to implement in the present
study. This is due to the very small dimension of the NPs which
leads to extremely diffuse reflections in the SAED patterns

Table 2 PLD synthesis parameters for the fabrication of Au3Cu and
AuCu3 NPs

Targeted
composition Material N.T. (nm) Energy (mJ)

Number
of shots

Au3Cu Au 0.75 388 108
Cu 0.25 279 330

AuCu3 Au 0.25 380 42
Cu 0.75 290 1542

Fig. 4 (a) and (b) Bright-field low-magnification images of NPs with a nominal composition of Au3Cu and AuCu3 respectively. The corresponding size
distributions are presented in the inset of images (a) and (b); (c) and (d) high-resolution images of the Au3Cu and AuCu3 NPs from which FFTs have been
extracted in the inset. (e) and (f) TEM-EDS spectra acquired on assemblies of Au3Cu and AuCu3 NPs.
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CuAu3

Open questions 

Cu/Ag

C. Langlois et al., 
Faraday Discuss. 
138, 375 (2008)

Janus

Bimetallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?
- chemical ordering ?
- optical properties ?



  

Open questions

X. Lopez-Lozano et al., J. Phys. Chem. C 117, 2013 

Nanoparticules Ag vs Au

→ même a
0
, chimie, ...

→ propriétés optiques différentes !

→ effet d’alliage ?

Open questions 

Bimetallic nanoparticles

- melting temperature ?
- crystallographic structure ?
- phase transition ? 
- Ostwald ripening ?
- environmental effect ?
- chemical ordering ?
- optical properties ?



Plan 

I) Introduction : les nanoparticules

II) Les outils

III) Exercices
1) Comment modéliser les problèmes physiques présentés en Introduction 
2) Amas lacunaires dans Zr hcp 
3) Croissance de structures carbonées à partir d’un catalyseur métallique



Computer simulation studies 

Energetic model

• Structural relaxation

- Molecular Dynamics
- Monte Carlo simulations
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 E rep
 E bond
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Tight-binding Hamiltonian 

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :

E
tot

= E
band

+ E
rep

(1)

In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :

V (r) =

NX

i=1

v(r � R
i

), (2)

where N is the total number of atoms in the system, r the po-
sition of the electron and R

i

the position of the atom i.

In a tight-binding scheme, the basic approximation is to consi-
der that the all electronic wave function of the system  

n

(r) can
be written as a Linear Combination of Atomic Orbitals (LCAO
method),  

�

(r � Ri) :

 

n

(r) =

X

i,�

cn

i�

 
�

(r � Ri), (3)

i the site index and � is the orbital index :

� = s, p
x

, p
y

, p
z

, d
xy

, d
yz

, d
zx

, d
x

2�y

2 , d3z

2�r

2

To simplify, we write :

v(r � Ri) = v
i

, (4)
 

�

(r � Ri) = hr|i�i, (5)
 

n

(r) = hr|ni. (6)

1

…

To sum up the lecture of  F. Ducastelle …

● Define the basis set : 

● Diagonalization of the tight-binding Hamiltonian
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band
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(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :
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where N is the total number of atoms in the system, r the po-
sition of the electron and R
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the position of the atom i.
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Tight-binding Hamiltonian 

Fitting procedure is necessary

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :

E
tot

= E
band
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In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
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As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :
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tot
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band
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In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :

V (r) =
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where N is the total number of atoms in the system, r the po-
sition of the electron and R
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the position of the atom i.

In a tight-binding scheme, the basic approximation is to consi-
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Band structures : Transition metals 

  Pt FCC

C. Barreteau and D. Spanjaard
J. Phys. Condens. Matter 24, 406004 (2012)

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :

E
tot

= E
band

+ E
rep

(1)

In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :

V (r) =

NX

i=1

v(r � R
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), (2)

where N is the total number of atoms in the system, r the po-
sition of the electron and R

i

the position of the atom i.
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der that the all electronic wave function of the system  

n

(r) can
be written as a Linear Combination of Atomic Orbitals (LCAO
method),  

�

(r � Ri) :

 

n

(r) =

X

i,�

cn

i�

 
�

(r � Ri), (3)

i the site index and � is the orbital index :

� = s, p
x

, p
y

, p
z

, d
xy

, d
yz

, d
zx

, d
x

2�y

2 , d3z

2�r

2

To simplify, we write :

v(r � Ri) = v
i

, (4)
 

�

(r � Ri) = hr|i�i, (5)
 

n

(r) = hr|ni. (6)

1

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :

E
tot

= E
band

+ E
rep
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In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :

V (r) =
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v(r � R
i

), (2)

where N is the total number of atoms in the system, r the po-
sition of the electron and R
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the position of the atom i.

In a tight-binding scheme, the basic approximation is to consi-
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basis set :

hopping integrals : ddσ, ddπ, ddδ
atomic levels :  εd

Mo BCC

M.J. Mehl and D.A. Papaconstantopoulos, Phys. Rev B 54, 4519 (1996)



Density of states 

● Carbon 

W. Zhong et al., Solid State Comm. 86, 607 (1993)

Graphene Diamond

basis set :

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :
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tot
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band
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In a tight-binding scheme, we consider the one-electron Hamil-
tonian related to a valence electron in condensed matter. Each elec-
tron is moving in a potentiel V (r) which include the ionic potentials
(nucleus charge plus core electrons) and the self-consistent elec-
trostatic interaction due to the other valence electrons. Thus, the
potential felt by each electron is written as the following sum :
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hopping integrals :• C-C : ssσ, spσ, ppσ, ppπ 

• Ni-Ni : ddσ, ddπ, ddδ 

• Ni-C : sdσ, pdσ, pdπ  

atomic levels :  εs, εp

Courtesy of Sylvain Latil (CEA, Saclay)

basis set :
hopping integrals :

As usual in a tight binding model, the total energy E
tot

of a
system is splitted in two parts, a band structure term E

band

that
describes the formation of an energy band when atoms are put
together and a repulsive energy term E

rep

that empirically accounts
for the ionic and electronic repulsion :
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• C-C : ssσ, spσ, ppσ, ppπ 

• Ni-Ni : ddσ, ddπ, ddδ 

• Ni-C : sdσ, pdσ, pdπ  



Electronic properties : some refinements 

Magnetism : CoPt  Spin-orbit coupling

C. Barreteau and D. Spanjaard
J. Phys. Condens. Matter 24, 406004 (2012)
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Courtesy of C. Barreteau
 (CEA Saclay)



Band term Repulsive term 

Tight-binding Hamiltonian

..

.

: density of states

: atomic energy level

➠



Band term Repulsive term 

..

.

: density of states

: atomic energy level

Limit : Fitting procedure
• ε and β : electronic structure  
• A, p, q : physical properties 

- cohesive energy
- lattice parameter
- bulk modulus
- elastic constants
- surface energies
- enthalpies of formation
- heat of solution
- segregation energies
- magnetism
- order/disorder temperature
- melting temperature
- formation energies of clusters
- …

ε

Tight-binding Hamiltonian

➠

➠



Some transition metals : Pt 

Courtesy of D. Förster and A. Zappelli (CINaM)

TB parameters :  ddσ = -1. 086 eV / ddπ = 0.543 eV / ddδ = 0.0 eV
                                q = 3.95 / p = 12.47

     A = 0.053 eV

Parameters fitted to reproduce the fcc structure 

Lattice parameter       :  3.92 Å (3.92 Å)

Cohesive energy        :  -5.85 eV/at (-5.85 eV/at)

Bulk modulus             :  277 GPa (289 GPa)

Elastic constant C11   :  358 GPa (347 GPa)

Elastic constant C12   :  254 GPa (260 GPa)

Elastic constant C44   :  77 GPa (91 GPa)

Melting temperature   : 2041 K (2142 K)

➠



Some transition metals : Ni 

Parameters fitted to reproduce the fcc structure 

H. Amara et al.,  Phys. Rev B  79, 014109 (2009)
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Some transition metals : Fe 

© Fraunhofer-Institut für Werkstoffmechanik IWM  

8 

Bain’s transformation 

[GPa] 

B 

C’ 

C44 

Exp 
BCC 

FM 

172 177 

43 49 

116 118 

BCC 

NM 

237 

-116 

19 

Magnetic BOP for Fe  
Elastic constants, deformation paths 

Parameters fitted to reproduce the bain path between bcc and fcc

M. Mrovec et al., Phys. Rev. Lett. 106, 246402 (2011)

DFT
TB      



Intermetallic compound : FexAl1-x 

S. H. Yang et al., J. Phys. Condens. Matter 14, 1895 (2002)

CsCl phase



A.T. Paxton and C. Elsässer
Phys. Rev. B 87, 224110 (2013)

● Fe3C (cementite) and C dimer in BCC Fe

Steel : FeC 



Approximation 

Diagonalization of a (5N) x (5N) matrix

Continuous spectrum : density of states n(E)

Approximation : 
the moment’s method or recursion method

not effective for atomic simulations with
 large system

N atoms in the system and 5 orbital atomics (5d) per atom

Diagonalization
 scheme

(see F. Ducastelle’s lecture)

➠



Moments : definition   



Moments : tight-binding approach 



1/2



Example : transition metals 

• Transition metals
- Cohesion result from d band
- sp band is neglected 

n(E) 

E 

narrow d band 

sp 

EF 

sp nearly free electron

Friedel’s model

➠

➠

Second Moment Approximation



SMA : some examples 

J. Penuelas et al., Phys. Rev. Lett. 100, 115502 (2008) 

Structure and morphology of CoPt NPs

Comparison between experimental (black) 
and calculated (green) diffraction patterns➠

Structure of CuAg NPs (500 K)

Isolated cluster 
(or a set of isolated clusters) for 
a nominal concentration

Clusters in mutual equilibrium or in 
equilibrium with reservoir (gas phase, ...)

➠ ➠

L. Defour et al., Phys. Rev. Lett. 103, 205701 (2009)
Mohamed Briki, Thèse de Doctorat, Univ. Paris Orsay, (2013)



Beyond SMA 

● More neighbors 

(a) (b)

A B

3

i

Des exemples sont présentés sur la Figure XXX.
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A B

Figure 1.2 – (a) Schéma illustrant la synthèse CVD (b) Séléctivté de tubes (12,6) obtenue à
partir d’un catalyseur bimétallique Co7W6 par le groupe du Pr Yan Li [2].

En se limitant de la sorte aux premiers étages de la fraction continue, le calcul est rapide
et permet de réaliser des simulations de grands systèmes (quelques milliers d’atomes) ou bien
encore de multiplier les tests sur des systèmes de taille moyenne (quelques centaines d’atomes).
La statistique ainsi obtenue est raisonnable en des temps relativement courts.

Dans un premier temps, il faut définir la base Ici, seuls les électrons s, p électrons de carbone
et d de nickel sont pris en compte.

La description définitive du modèle énergétique est complétée par l’introduction d’un terme
répulsif, E

rep

, qui tient compte des interactions non décrites par le terme de bande et plus
particulièrement du phénomène de répulsion des atomes à courte portée. Ceci est nécessaire
pour assurer la stabilité du cristal. Le choix le plus simple consiste à prendre cette énergie
d’interaction sous forme d’interactions de paires complètement phénoménologiques. L’expression
choisie est une dépendance exponentielle du type Born-Mayer :

Ei

rep

=

X

j voisins

A exp(�pr
ij

) , (1.3)

où r
ij

est la distance interatomique entre les atomes i et j. A et p sont des paramètres à ajuster
sur un ensemble de données expérimentales ou théoriques.

Dans cette approche, seuls les électrons s, p électrons de carbone et d de nickel sont pris en
compte.

Le calcul est rapide et permet de réaliser des simulations de grands systèmes (mille atomes)
ou bien encore de multiplier les tests sur des systèmes de taille moyenne (quelques centaines
d’atomes). L’ensemble de ce modèle énergétique est couplé à des simulations Monte Carlo Grand
Canonique pour relaxer les structures à l’équilibre thermodynamique. Ce développement de code
constitue mon travail de thèse qui s’est déroulé au LEM sous la direction de François Ducastelle
et en étroite collaboration avec Christophe Bichara au CINaM (CNRS) à Marseille. A l’issue
de cette étude, nous disposions donc d’un outil particulièrement approprié à l’étude à l’échelle
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figure 15. The most important features are very well repro-
duced, the only exceptions are already observed in case of 
CoPt L10 bulk i.e. a slightly broader Pt band for sites inside 
the nanoparticle and shifted peaks of the Pt LDOS calculated 
on mixed edges located at the intersection of mixed (1 0 0) 
and (1 1 1) surfaces. For the sites where charge redistribution 
strictly adheres to the local neutrality rule (see LDOS of pure 
Pt surfaces) the agreement is clearly better.

7. Conclusion

This work proposed an accurate way to predict the charac-
teristics of realistic-size nanoalloys (mixing behavior, redis-
tribution of electronic states) by means of the self-consistent 
Tight Binding approach supported by the ab initio Density 
Functional Theory calculations. DFT is used both for pro-
viding a rule for self-consistency and for crosschecking the 
results obtained within both methods on model systems, 
from bulk alloys to nanoalloys. The performed compari-
sons justify the reliability of self-consistent TB model in 
determining, with a reasonable accuracy, the distribution of 

electronic states on inequivalent sites of bulk systems and 
nanoalloys. At the same time, it allows identifying its limits 
when the single form of self-consistency condition through 
the local neutrality rule is employed. However, even if some 
deviations from the neutrality rule have been observed in a 
few cases in the calculations, but also in some experiments 
[60–62], concentrated (nano)alloys of interest in applica-
tions can be very reasonably studied while joining a single 
rule of neutrality for self-consistency. From the present work 
and earlier ones, a generalization can be done on the local 
neutrality rule per site, per valence orbital and per element, 
at least in the non-magnetic state. Actually, our earlier work 
on CoAu systems put in evidence this local rule in the case 
of a system with a rather weak hybridization. Going to much 
stronger hybridizations with CoPt enables here the gener-
alization of the local neutrality rule, supported by previous 
observations made from the systematic calculation, using the 
TBA model, of the d-band shifts in a large series of transition 
metal alloys. It was concluded, in this case, that the experi-
mental d-band shifts in bulk alloys were due, not to charge 
transfers, but on the contrary, to local charge neutrality. An 
overall generalization of the tight-binding treatment, for all 

Figure 15. Comparison of the partial d-LDOS obtained from non-magnetic TBA (dashed lines) and DFT (solid lines) calculations for 
various cobalt (blue) and platinum (red) sites in pure and ordered cuboctahedral nanoparticles of 561 atoms. These LDOS result from an 
average of all the LDOS corresponding to equivalent sites. The type of site is indicated on top of each graph. Energies are referenced to the 
Fermi level of each system.
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good agreement between DFT and 
TB For NP containing 561 atoms➠

different  states are identified in agreement 
with experimental observations➠

L Zosiak et al., J. Phys.: Condens. Matter 27, 455503 (2015)

(see F. Ducastelle’s lecture)

Y. Magnin et al., 
Phys. Rev. Lett. 115, 
205502 (2015)



Lennard-Jones potential 

σ : atomic radius
ε : cohesive energy

➠
• very simple formula
• parameters control some physical quantities

AlloysPure 



AB alloy : phase diagram in volume 

Δa/a = 0% Δa/a = 8% Δa/a = 12%

Δa/a = 12%
close to Cu-Ag

M. Fèvre et al., Phil. Mag. 93, 1563 (2013) 

➠
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Liaisons Fortes Approximation du
Second moment Potentiel EAM

E

n(E)

E

n(E)

• Forces angulaires

•Propriétés dépendent du 
remplissage de la bande d • Propriétés normalisées

indépendantes du 
remplissage

• Pas de forces angulaires
• 4 paramètres ajustés sur

données expérimentales
(Ecoh, Cij, a) 

iii
bandepaire
EEE +=

bande

i
iE ρ= −

Mendelev et al. (2003):

• = généralisation
empirique du second-
moment

• + de flexibilité dans
dépendance en distance

• Ajustement des 
paramètres (10-15) sur
résultats DFT (défauts, 
“liquide”)

2( )i i iF aρ ρ ρ= − +
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ii FEE
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EAM potentials 

sites. These SIA clusters will hereafter be denoted IC15n ,
where n is the net number of SIAs, i.e., the number of
additional atoms in the bcc lattice.

The formation energy of these C15 SIA clusters, relative
to that of other known forms of SIA clusters, was inves-
tigated in all bcc transition metals by performing DFT
calculations using the PWSCF code [25]. We employed
the ultrasoft pseudopotential scheme including semicore
states for all metals except Fe, the Perdew-Burke-
Ernzerhof generalized gradient approximation exchange
correlation functional, and a 30 Ry plane wave energy
cutoff. The calculations in Fe are spin polarized. We used
a supercell with 250þ n atoms, where n is the number of
SIAs, a 3" 3" 3 k-point grid, and a 0.3 eV Hermite
Gaussian broadening. The cell volume was rescaled pro-
portional to the number of atoms. The remarkable result is
that in iron the IC154 , IC156 , and IC158 clusters are found to
have much lower energies than the most stable clusters
formed by parallel dumbbells, respectively, by #1:3,
#3:83, and #4:0 eV as shown in Fig. 2. This exceptional
stability was confirmed by repeating the calculations for
tetra-interstitials using either the projector augmented

wave method and/or including semicore states. It is also
confirmed and even enhanced within local-density ap-
proximation. The IC152 cluster is higher in energy than the
parallel dumbbells by 0.74 eV and than the triangle by
0.85 eV, but it is still more stable than two isolated h110i
dumbbells by 0.09 eV.
A number of binary and ternary alloys are known to

crystallize in the C15 compact structure, but pure metals
have never been observed in this structure [26]. In the
present DFT calculations, we find that in Fe, bulk C15 in
the ferromagnetic state is only 0.14 eV per atom higher in
energy than the bcc ferromagnetic ground state. This ex-
cess energy is comparable to that of the metastable fcc
structure that is observed, for instance, when thin layers of
Fe are grown on fcc metals like Cu, Pd, or Pt. The C15 SIA
clusters can be seen as coherent ‘‘homoprecipitates’’ of
metastable C15 Fe, locally stabilized by the surrounding
bcc Fe matrix. According to DFT calculations, in V, Nb,
Ta, Cr, Mo, and W the bulk C15 structure also has a low
energy, in particular, in group VB metals, but the IC154
cluster is always significantly higher in energy than the
configuration made by four parallel h111i crowdions [27].
The energy difference is typically 2–3 eV, except in Ta
where it is only 0.8 eV (see Table I). This atypical behavior
of Fe with respect to the other bcc transition metals con-
firms the uniqueness of Fe regarding SIA properties [20].
The particular stability of theC15 SIA clusters in Fe can be
related to the fact that they are assemblies of two types of
building blocks that have low energies in Fe: the triangular
di-interstitial and the hexagonal ring tri-interstitial [22]. A
striking feature, that may contribute explaining the specif-
icity of Fe, is the important changes in local magnetic
moments in the C15 SIA clusters with a total antiferro-
magnetic moment with respect to the bulk supercell for

FIG. 2 (color online). Formation energies of the C15 SIA
clusters in bcc Fe calculated with respect to the lowest energy
parallel-dumbbell configurations, i.e., with a h110i orientation up
to 4 SIAs and a h111i orientation at larger sizes. The DFT results
are compared to those of three empirical potentials A97 [33],
AM04 [34], and M07 [32].

C15
3I

(a)

(b)

(c)

(d)

(e)

(f)

C15
8I

C15
6I

C15
2I

2MgCuC15
4I

FIG. 1 (color online). Structure of small C15 interstitial clus-
ters in the bcc lattice. (a)–(c) Representation by vacancies (blue
cubes) and interstitials (orange spheres) of the di-, tri-, and tetra-
interstitial clusters. For the di-interstitial, the atoms of the bcc
lattice at the center and at the edges of the Z16 Frank-Kasper
polyhedron are also represented (green spheres). (d),(e) Skeleton
representation, i.e., without the vacancies and the cubic lattice
and with the atoms at the center of the Z16 polyhedra in green, of
the hexa- and octa-interstitials. (f) Unit cell of the MgCu2 C15
Laves structure, with the Mg atoms in green and the Cu atoms in
orange. For every cluster with 3 SIAs or more, the variant with
the lowest energy found within DFT in Fe is represented.
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M.-C. Marinica et al., Phys. Rev. Lett. 108, 025501 (2012) 

● Importance de tester les potentiels



Example : carbon 

• Phenomenological (classic) potential :

• Example C-C interaction : Brenner potential 



Example : carbon 

• REBO, LCBOP, LCBOP II, ...



  

Calculs DFT

● Théorie de la fonctionnelle de la densité : Hohenberg et Kohn (1964)

● Kohn et Sham (1965) : système virtuel d’e- indépendants de même n(r)  

MQ 
conventionnelle

DFT
Densités élec.

n
1
(r), n

2
(r) 

Hamiltoniens
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1
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2
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0(r
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n
), Ψ

2
0(r

1
,..,r
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HK 1

(−1

2
∇ 2+vS(r)+∫

n(r )
|r−r '|

dr '+vXC (r ))ϕi(r)=εi ϕi(r )
n(t)(r) → v

S
(t)(r) → Φ

I
(t) → n(t+1)(r)

● Résolution auto-cohérente 



  

Calculs DFT
● “Esprit” de la DFT :

➔ Théorie effective pour décrire l’état fondamental : E
0 
= min E[n(r)]

➔ Problème de N e- en interaction ↔jeu d’équations auto-cohérentes à 1 e- 
➔ Exact en principe, mais approximations nécessaires

● Ab initio, {Z
i
, r

i
} suffisent… avec des choix à faire

➔ E
XC

[n] : LDA, GGA, B3LYP, …
➔ Traitement des e- de coeur (PP, PAW, calculs tous électrons)
➔ Bases : localisées, ondes planes
➔ Magnétisme électronique (ou pas) : polarisation en spin
➔ Maillage de point k

● Réflexes à avoir :

➔ Pas de calcul de gap
➔ Attentions aux systèmes fortement corrélés
➔ Limitations à ~100 atomes : “size effects”
➔ Température : difficile

➔ Il faut connaître son matériau d’étude (sens physique, données expérimentales... ) 

Voir le cours de F. Ducastelle



  

Machine Learning potentials

● Pas de structure électronique !

● But :

➔ Efficacité des potentiels empiriques, précision de l’ab initio
➔ Méthode O(N)

● Une classification possible :

● Différentes catégories de potentiels :

Pot. Emp. traditionnels Potentiels ML 

Classe Réprésentation environnements atomiques Modèle de régression

NNP Fonctions radiales + dépendance angulaire Réseaux neurones

GAP Densité atomique développée sur base 
d’harmoniques sphériques

Processus gaussien

MTP Polynômes invariants Linéaire

J. Behler, PRL 98 (2007) ; A. P. Bartok et al. PRL 104 (2010) ; A. Shapeev, JPC (2016) 

Peu de paramètres, nb. fixé a priori  Pas de nb paramètres fixé a priori

Amélioration systématique possible (coût de calcul ↑ )Pas d’amélioration systématique

Voir le cours de A. Bartok



  

Machine Learning potentials

● Pas de structure électronique !

● But :

➔ Efficacité des potentiels empiriques, précision de l’ab initio
➔ Méthode O(N)

● Une classification possible :

● Exemple de la dislocation vis dans Fe cc* :

Pot. Emp. traditionnels Potentiels ML 

*F. Maresca et al., npj Comp. Mat. 4:69  (2018) ; **L. Dezerald et al., Phys. Rev. B 91 (2015)

Peu de paramètres, nb. fixé a priori  Pas de nb paramètres fixéx a priori

Amélioration systèmatique (coût de calcul ↑ )Pas d’amélioration systématique

Potentiel GAP

→ Bon accord avec la DFT dans le même 
arrangement quadrupolaire

→ Artefact d’effet de taille : surmonté via le GAP
    (NB : des approches correctives existent**)



  

Types de calculs atomistiques

● Statique moléculaire (T=0K)

➔ Minimisation E
tot

({R
i
}) par rapport aux positions atomiques {R

i
}

➔ Calculs en déformations homogènes, relaxations (CG, FIRE, etc.)

➔ C
ij
(T=0K), a

0
, structure et énergétique de défauts

➔ Mécanismes élémentaires sous déformations / contraintes statiques

● Dynamique moléculaire :

➔ Trajectoire des atomes → intégration des équations de Newton discrétisées 

➔ Mécanismes de diffusion, C
ij
(T), mécanismes élémentaires de la plasticité…

➔ Évolutions temporelles (courtes, ou accélérées !)

D. Frenkel book : understanding molecular simulations ; V. Bulatov book : computer simulations of dislocations  

Ri(t+Δ t)=2 Ri(t)−Ri(t−Δ t)+
Fi(t)

mi

Δ t
2

• Forces nécessaires

• Choix de Δt (!)

Voir le cours de N. Combes



  

Types de calculs atomistiques

● Méthode Monte Carlo

➔ Dynamique aléatoire sur l’espace des configurations
➔ Ensemble statistique de travail (Canonique, Grand Canonique, SCG...)

➔ Mise oeuvre :  

➔ Probabilité d’acceptation adaptée

➔ Structures d’équilibre global
➔ Diagrammes de phases
➔ Cinétiques : KMC sur / hors réseau

D. Frenkel book : understanding molecular simulations ; V. Bulatov book : computer simulations of dislocations  

échangedéplacement flip

KMC

3D-AP

Cerezo 
et al.

Voir le cours de N. Combes



  

Types de calculs atomistiques

● Méthodes d’exploration de paysages d’énergie

➔ Etats initiaux et finaux connus, e.g. NEB, CI-NEB 

➔ Exploration automatisée, sans connaissance a priori :  e.g. ART nouveau

● D’autres types de calculs  existent (intégration thermodynamique,
temperature accelerated dynamics, méthodes de changement d’échelle, etc.)

Voir le cours de N. Mousseau

G. Henkelman and H. Jonsson, J. Chem. Phys. 113 (2000) ; E. Machado-Charry et al., J. Chem. Phys. 135 (2011)  
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I) Introduction : les nanoparticules

II) Les outils

III) Exercices
1) Comment modéliser les problèmes physiques présentés en Introduction 
2) Amas lacunaires dans Zr hcp 
3) Croissance de structures carbonées à partir d’un catalyseur métallique



What is possible to study ? 

         Ab initio

    Tight-binding 
  (semi-empirical)

Empirical potentials
                                                                                                                                                                                                  

cp
u 

tim
e

cp
u 

tim
e

Static calculation

geometrical optimization

Rigid model

Molecular dynamics

Monte Carlo
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Caractéristiques de la croissance ↔  microstructure de défauts

H accentue l’accélération de croissance

Exo : Amas lacunaires dans Zr hcp

● Gaine entourant le combustible nucléaire : alliages de Zr hcp 

 Irradiation growth : dimensional change without applied stress

Monocristal de Zr :
 

➔ Elongation selon <a>
➔ Contraction selon <c>

 Défauts d’irradiation : 

➔ SIAs, V
➔ Formation d’amas

F. Onimus et J.L. Béchade, Compr. Nucl. Mater. (2012)

Exo : amas lacunaires dans Zr hcp Exo : amas lacunaires dans Zr hcp 



  

→ Formation privilégiée des boucles <a> vs boucles <c> et 
cavités ? 

→ Action de H en solution solide diluée ?

Exo : Amas lacunaires dans Zr hcp

F. Onimus et J.L. Béchade, Compr. Nucl. Mater. (2012)

● Gaine entourant le combustible nucléaire : alliages de Zr hcp 

 Irradiation growth : dimensional change without applied stress

Monocristal de Zr :
 

➔ Elongation selon <a>
➔ Contraction selon <c>

 Défauts d’irradiation : 

➔ SIAs, V
➔ Formation d’amas

Exo : amas lacunaires dans Zr hcp 



Context

Nuclear fuel cladding : hcp Zr alloys

 Goal : kinetic evolution under irradiation (Cluster Dynamics)  

 

➔ Diffusion coefficients for PDs
➔ Absorption biases 
➔ Energetics of SIAs, V, H, clusters.

13

→ Focus on V-clusters
→ Influence of H

Approach :

n=1 2 10 10 000

nm 

300

 Ab initio calculations  Continuous models

➔ Line tension, 
➔ Surface, stacking fault energies

 EAM #2 and #3 :
M. Mendelev & G. Ackland, Philos. Mag. Lett. 87, (2007)

Main inputs
from DFT

● Dislocation loops
● Cavities

Context 



I. Small V-clusters and H-V
n
 complexes

Elementary interactions between point defects
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 V-clusters : 

 H-V
n
 complexes :

➔ H-V :
 

➔ Position of H : 

0.15 eV 0.2 eV

→ Only 1nn interactions attractive

→ Clustering :  compact clusters

→ 1nn interaction dominant 

→ O site with 2 or 3 nn Vacancies 
(Eb~0.4eV) 

0.25 eV 0.25 eV

I. Small V-clusters and H-Vn complexes 



Relative stability of small V-clusters : 

Strategy : keeping only the most stable configurations

Small clusters : 

 Ab initio : most stable defects = 3D clusters 
 EAM #2 : qualitative agreement 

I. Small V-clusters and H-V
n
 complexes

15

Basal ≡ <c> Prismatic ≡ <a> Cavities ≡ 3D 

 H binds to V
n
 

 No discriminating effect

With H

I. Small V-clusters and H-Vn complexes 



II. Energetics of large clusters

Modeling approach:

Rely on classical expressions carrefully parameterized

 Cavities :

 Vacancy loops :

 

Strategy :  

16

E
f (R)=4 πR

2
f σ

E
f (R)=2π f K b

2
ln

R

rc

+2πR
2 γSF

1) Calculation of the surface and fault energies (DFT and  EAM #2)

2) EAM validation of the classical expressions 

3) Parameterization using DFT data

→ surface energy model

→ stacking fault energy

↓
Line tension term

II. Energetics of large clusters 



II. Energetics of large clusters

1) Planar defects

 Stacking fault energies :

 Surface energies :  

17

DFT EAM #2

Basal 1600 mJ/m2 1270 mJ/m2

Prism 1670 1340

Pyramidal (1st) 1550 1340

Wulff construction 1690 1420

DFT EAM #2

Basal E 274 mJ/m2 164 mJ/m2

Basal I1 147 55

Prism 211 357

→ I1 or E fault

→ prism fault
     or perfect

→ Underestimated
     with EAM #2

↓
Different 

relative order

II. Energetics of large clusters 



II. Energetics of large clusters

2) EAM Validation
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E
f (R)=4 πR

2
f σ

E
f (R)=2π f K b

2
ln

R

rc

+2πR
2 γSF

with

with

 Cavities : 

 Dislocation loops :

4 π R
3

3
=nΩ

πR
2
be=nΩ

→ Good agreement 

→ Values of f, r
c 
  

 Atomistic computation of cluster energetics (EAM#2)

 Classical laws : adjustement of f, r
c
 on EAM#2 results

II. Energetics of large clusters 



II. Energetics of large clusters

3) DFT Parameterization :

  

19

 Most stable defect = <a> loops, faulted at small sizes

➔ In agreement with experiments
➔ DFT parameterization necessary

E
f (R)=4 πR

2
f σ

E
f (R)=2π f K b

2
ln

R

rc

+2πR
2 γSF

with

with

 Cavities : 

 Dislocation loops :

4 π R
3

3
=nΩ

πR
2
be=nΩ

II. Energetics of large clusters 



Influence of H

 H binds to the SFs (E
b
 : DFT computed)

  

II. Energetics of large clusters

20

Segregation profiles T=600K, x
H
=0.01 Variation of SFEs

→ Discrimitating effect of H
→ E fault strongly impacted by H

II. Energetics of large clusters 



II. Energetics of large clusters

Influence of H :  

  

21

Without H With H, T=600K, x
H
=0.01

→ Hydrogen stabilizes <c> loops
→ in agreement with experimental observations
    (H-induced enhancement of the breakaway growth) 

C. Varvenne, O. Mackain, L. Proville & E. Clouet, Acta. Mater. (2014&2016)

II. Energetics of large clusters 



II. Energetics of large clusters

Influence of H :  

  

22

Without H With H, T=600K, x
H
=0.01

Mais étude forcément incomplète : 

→ modélisation sur défauts de morphologies postulées a priori (d’autres peuvent exister)
→ Aspects cinétiques non abordés
→ Quid des interstitiels ?
→ … 

II. Energetics of large clusters 



Plan 

I) Introduction : les nanoparticules

II) Les outils

III) Exercices
1) Comment modéliser les problèmes physiques présentés en Introduction 
2) Amas lacunaires dans Zr hcp 
3) Croissance de structures carbonées à partir d’un catalyseur métallique



Carbon nanotubes : definition 

Diameter : 0.6 - 20 nm 
Length :  few mm

(n,n): armchair (n,0)  : zigzag
(0,m) :

(n,m): chiral



Motivations 

Focus on CVD synthesis

• CVD synthesis : decomposition of a C-rich gas feedstock at the catalyst surface (Cu, Ir, Ni, ...)

                    
- role of the metal catalyst
- state of metal catalyst : solid or molten
- carbide or not carbide 
- diffusion of C : surface and/or volume 
- ...
- control the number of layers 
- control the quality of the material
- control the geometry of the tube

Open questions :

Yoshida et al., Nanolett. 2008

Key point : Carbon-Metal interaction➠



Cahier des charges 

• Modèle énergétique (énergie de cohésion, paramètre de maille, module de 
  compressibilité, constantes élastiques, ΔH, ...)

• Description correcte des liaisons C-C, Ni-Ni et Ni-C

• ~ 1000 atomes

• Couplage avec un code Monte Carlo pour étudier les propriétés thermodynamiques

➠
- Méthode d’ordre N
- Approche locale
- Calcul des forces n’est pas nécessaire

Procédure : 

Ajustement de 
paramètres 
sur certaines 
propriétés

➠
Tester la 
transférabilité 
du modèle

➠
Effectuer des 
études 
pertinentes …



ab initio ground state calculations 

Dissociation and diffusion barriers

S. Hofmann et al., 
Phys. Rev. Lett 95, 036101 (2005) 

dissociation of C2H2 
on Ni(111)

diffusion of a C atom on
Ni(111)

a subsurface pathway 
one layer below the 
Ni surface

• diffusion on surface
• solid catalyst particle

ab initio ground state calculations

Dissociation and diffusion barriers

S. Hofmann, G. Csanyi, A.C. Ferrari, M.C. Payne, 
and J. Robertson  PRL 95, 036101 (2005) 

dissociation of C2H2 

on Ni(111)

diffusion of a C atom on

Ni(111)

a subsurface pathway 

one layer below the 

Ni surface

• diffusion on surface

• solid catalyst particle

ab initio ground state calculations

Dissociation and diffusion barriers

S. Hofmann, G. Csanyi, A.C. Ferrari, M.C. Payne, 
and J. Robertson  PRL 95, 036101 (2005) 

dissociation of C2H2 

on Ni(111)

diffusion of a C atom on

Ni(111)

a subsurface pathway 

one layer below the 

Ni surface

• diffusion on surface

• solid catalyst particle➠



• dissolution and segregation of C in liquid Fe cluster
• time of simulation : 10 ns
• ad hoc potential

F. Ding, et al., Chem. Phys. Lett. 393, 309 (2004)
F. Ding et al., J. Chem. Phys. 121, 2775 (2004)

Empirical potentials and Molecular Dynamics 

Nucleation of carbon nanotubes : example I

➠



Empirical potentials and Molecular Dynamics 

Y. Shibuta and S. Maruyama, Chem. Phys. Lett. 382, 381 (2003)
K. Hisama et al., J. Phys. Chem. C 122, 9648 ( 2018)

• dissolution and segregation of C in Ni cluster
• time of simulation : 600 ns

Nucleation of carbon nanotubes : example II

➠

one C-C bond were never detached in the sim-
ulation.
Although Edis for the carbon atom decreased

due to detachment from the catalyst surface,
the detachment increased the total energy of
the other carbon atoms and the metal atoms,
as shown in Fig. 4. However, if the carbon
atoms diffusing on the catalyst surface con-
tinuously reached the growth region, then de-
tachment could successively occur, which would
mean that SWNT growth would continue. This
indicates that the Edis difference of the carbon
atoms that have three C-C bonds between with
and without a C-M bond is one of the driv-
ing forces of SWNT growth. This energy differ-
ence with the Fe catalyst was larger than that
with the Co catalyst, and the large energy dif-
ference promoted detachment and the SWNT
growth rate. Eventually, the growth rate for
the Fe catalyst (3.0×10−2 m/s) was higher than
that for the Co catalyst (0.6 × 10−2 m/s) with
nfree = 3. On the other hand, the side-wall
part with the Fe catalyst contained more defect
structures than that with the Co catalyst. The
higher growth rate reduced the possibility of
six-membered ring formation and induced the
formation of defect structures (five- or seven-
membered rings).
Finally, the temperature dependence of

SWNT growth is discussed. Figure 5 shows
the temperature dependence of the surface car-
bon numbers with different numbers of C-C
bonds during the growth simulation. The sur-
face carbon atoms with two or three C-C bonds
were the majority, and the generation and de-
composition rates of C-C bonds were thermally
balanced. At lower temperatures (∼ 1300K),
the entire surface area was often covered with
carbon atoms, and the catalyst was deactivated
because the number of carbon atoms with three
C-C bonds was too large. As the temperature
increased, the total numbers of carbon atoms
and carbon atoms with three C-C bonds de-
creased on the catalyst surface. The carbon
atoms with two C-C bonds diffused more ac-
tively at higher temperature and this feature
improved the crystal structure quality of the
resultant SWNTs.

Conclusion

MD simulation was performed to analyze the
SWNT growth process. Under appropriate con-
ditions of temperature and carbon supply rate
nfree, SWNT growth with high quality was sim-
ulated. The change of the potential energy of
carbon atoms during growth simulation was in-
vestigated and it was confirmed that the po-
tential energy differs depending on the num-
bers of C-C and C-M bonds that each carbon
atom has. This suggests that the potential en-
ergy change of carbon atoms depends on the
numbers of bonds and has an important role in
SWNT growth.

figures
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Figure 1: Snapshots of the SWNT growth pro-
cess from (A) Co and (B) Fe catalysts. The
blue balls represent metal atoms, while the
white, red, orange, and green balls represent
carbon atoms with different numbers of C-C
bonds. The growth temperature was 1500K
with nfree = 3. (C) Deactivated Co catalyst
due to encapsulation by a carbon shell.
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 Density-Functional Tight-Binding Molecular Dynamics 

Y. Ohta et al.,  ACS Nano 2, 1437 (2008)
A. Page et al., Rep Prog Phys 78, 36501 (2015)

• Nucleation of short and defected tubes from a Fe38 cluster
• Time of simulation : 50 ps ➠

Tight-binding potential and and Molecular Dynamics 



Tight-binding model

Total energy : 

Minimal basis set                    Hopping integrals

• C s and p electrons                                                                                                                                                     
• Ni d electrons                                    

                                                       

• price to pay :
- parameters

εs , εp and εd 

• C-C : ssσ, spσ, ppσ, ppπ 

• Ni-Ni : ddσ, ddπ, ddδ 

• Ni-C : sdσ, pdσ, pdπ  

   E tot
 E rep
 E bond

REn
er

gy



C-C interaction  

• fitted to reproduce the competition between the different bonds:
  sp, sp2, sp3 

C-C interaction 



Validation de l’interaction C-C 

Stone-Wales defect

on a similar surface.42–44 This result is a priori far from
obvious since it could have been imagined that a “hole” po-
sition where the atom lies above the center of an hexagon is
more favorable. This is therefore a very nice validation of the
potential. The distance of the adatom perpendicular to the
graphene plane is equal to 1.25 Å with C-C bond length
equal to 1.42 Å and bond angle close to 98°.

The Stone-Wales defect is a 90° rotation of two carbon
atoms in the hexagonal network with respect to the midpoint
of the bond. This leads to the formation of two pentagons
and two heptagons, replacing four hexagons.45 This transfor-
mation, studied extensively theoretically using first-
principles calculations, has been shown to give rise to ex-
tremely high-energy barriers of 6–10 eV with an energy of
formation around 4–5 eV.46 Our tight-binding model yields
reasonable values with an energy barrier equal to 7.2 eV and
an energy of formation equal to 6.0 eV. Notice that the pres-
ence of adatoms considerably lowers the energy barrier.47

IV. TRANSITION METAL

The electronic structure of transition metals is character-
ized by the presence of tightly bound d electrons which form

a narrow band that overlaps and hybridizes with a broader
nearly-free-electron sp band, and most physical properties of
these metals have a systematic variation across the transition-
metal series, as a function of the number of valence d elec-
trons. This is well described within the tight-binding
approximation21,22,48 where sp-d hybridizations are neglected
and in which the mean position of the d band in the solid is
assumed to be given by the atomic level !d. In particular, the
bell-shape behavior of the cohesive energy and of the elastic
moduli is correctly predicted by these models and is the re-
sult of a progressive filling of the d states.20 In our d band
model, the Slater-Koster parameters for the hopping integrals
dd", dd#, and dd$ are assumed to be in the ratio −2:1 :0
and to decay exponentially with respect to the bond length r
as

dd%!r" = dd%0 exp#− q!r/r0 − 1"$ !15"

with %=" ,# ,$. The second term in Eq. !3", Erep
i , is a repul-

sive contribution chosen to have a pairwise Born-Mayer
form here,

Erep
i = A %

j atoms
exp&− p' rij

r0
− 1() . !16"

The !dd%0, q, A, and p" parameters used in this study are
fitted to experimental values of the lattice parameter, of the
cohesive energy, and of the elastic moduli !bulk modulus and
the two shear moduli" for the fcc elements at the end of the
3d transition-metal series, cobalt, and nickel. Both elements
have quite similar cohesive properties, as shown in Table I.
In practice the procedure is to force almost perfect agreement
with the experimental data for the lattice parameter, cohesive
energy, and bulk modulus and to find a good compromise for
the shear moduli. There are however well-known problems
with the treatment of the late transition elements using a pure
d tight-binding approximation. The main difficulty is that the
calculated shear moduli for the fcc structure C=C44 and C!
= !C11−C12" /2 are negative for a d band filling Nd larger than
9, which is the usual value chosen for Ni, Pd, and Pt.52 The
fcc lattice is then completely unstable, and actually the bcc
structure is found to be more stable for nearly filled d bands
when performing total-energy calculations.53–55 Similarly the
cohesive energies are much too low.

TABLE I. Comparison of our tight-binding d model with experimental data. The experimental values for
fcc Ni and hcp Co are taken from Ref. 49, those for fcc Co from Ref. 50, and the surface energies from Ref.
51.

Structure
Lattice parameter

!Å"
Cohesive energy

!eV/atom"
B

!GPa"
C!

!GPa"
C44

!GPa"
Surface energy

!mJ /m2"

Ni fcc a /*2=2.489 −4.44 187.6 55.2 131.7 1840 !solid"
2385 !liquid"

Co hcp a=2.50 −4.39 193 1884 !liquid"
c=4.07

Co fcc 182 32.5 92
This work fcc a /*2=2.489 −4.44 182.1 68.8 96.9 1660 !100"

1560 !111"

FIG. 2. Total-energy difference for the diamond to
rhombohedral-graphite transition along the path in the R ,& ,B space
defined in Ref. 41. Circles: fourth moment approximation; dia-
monds: Fahy et al. !Ref. 41".

TIGHT-BINDING POTENTIAL FOR ATOMISTIC… PHYSICAL REVIEW B 79, 014109 !2009"

014109-5

➠

T. Björkman et al.,
Scientific Reports 3, 3482 (2013)

Diamond to graphite



Ni-Ni interaction  

• fitted to reproduce the fcc structure 

Ni-Ni interaction 



Ni-C interaction  

• fitted to reproduce the theoretical NaCl structure

• experimentally we expect a phase separation between a liquid metallic phase   
  containing a few percent of carbon and a solid pure carbon phase

liquid phase

T
e

m
p

e
ra

tu
re


M
Concentration in carbon

E

graphite

Vapor + C Solid 

Liquid + C solid 

M Solid  + C Solid
10 25

ab initio data :
enthalpy of formation of the carbide ∆H ≈ +0.9 eV/at 
weak phase separation

Ni-C interaction 



Carbon on Ni(111) : adsorption or formation energies  

Site HCP

Site CFC

subsurface

H. Amara et al.,  PRB (2006)

• ∆Hdissolution = 0.45 eV 

( ab initio : 0.35 eV, experimental : 0.4 eV)

• distortion : 8% (ab initio : 5%)

  ⇒ size effect

H. Amara et al., Phys. Rev B 73, 113404 (2006)

HCP hollow

FCC hollow



Some applications 

Graphene growth from Ni slab

H. Amara et al., Phys. Rev. B 73, 113404 (2006)
R. Weatherup et al., J. Am. Chem. Soc. 111, 13698 (2014)
R. Martinez-Gordillo, Phys. Rev. B 97, 205431(2018)

Nanotube growth from Ni NP

M. Diarra et al., Phys. Rev. Lett. 109, 185501 (2012)
M.-F. Fiawoo et al., Phys. Rev. Lett. 108, 195503 (2012)

Wetting properties between 
NP and tube

M. He et al. Nanoscale 10, 6744 (2018)
Y. Magnin et al., Science 362, 212 (2018)



 A reality that is difficult to admit … 

Bulk phase diagram 

➠
•Ni3C is metastable (DFT calculations : ΔHf ≳ 0)
•What about our TB model ? 

➠

Ni3C 

V. K. Portnoi, 
Phys. Met. Metallogr. 109, 153 (2010) C.M. Fang et al., Phys. Rev. B 86, 134114 (2012)



TB calculations

ΔHf ≫ 0 ➠
Where is the 
problem ??

VC-C calculations inside Ni

DFT TB

VCC1 (eV) 0.22 1.06

VCC2 (eV) 0.16 0.54

strongly overestimates 
the C-C repulsion within
nickel that destabilizes 
the Ni3C structure

➠

Restart the procedure by including 
this physical quantity➠

 A reality that is difficult to admit … 



  

...jusqu’où aller dans le côté obscur ?

● Ab initio / DFT

➔ Clair 

➔ Néanmoins à tester (E
XC

, comparaison données exp…)

➔ Transférabilité

● Liaisons Fortes / BOP :

➔ Assez clair
➔ Ajustement difficile pour l’instant
➔ On apprend de la physique des systèmes étudiés !
➔ ~ transférable

● Potentiels empiriques LJ / EAM / MEAM / Tersoff...

➔ Obscurs mais légers
➔ Ajustement…
➔ Transférabilité ?
➔ Plusieurs potentiels pour un système / calculs systématiques

● Potentiels Machine Learning   

➔ Très très très obscur
➔ Ajustement / amélioration systématique possible
● Transférabilité ?

...

Très très très obscurs


