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Nanoscience:
guantum simulations to design
new nanomaterials

p —
ihdy/dt = Hy

Complex systems and networks:
Internet, financial markets, social
networks




Electronic nanodevices:
the resistance of carbon
nanotubes

R. Gebauer et al, Phys Rev Lett, 2005
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Water nanodrops:
an important contributor to
the greenhouse effect

S. Scandolo et al, J. Chem. Phys 2008
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Diamond Graphite
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1991: Earth’ s core

1935: prediction of 1951: the first man— conditions ,
reproduced in

metallic hydrogen made diamonds
the laboratory
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Shock waves Diamond anvil cell
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Quantum simulations: The “standard model”

“Molecular dynamics”
for atoms

e-e" interactions:
Density Functional Theory
e-nuclei interactions:
Pseudopotentials

Electron charge density in SiO,, stishovite

“Ab—initio” molecular dynamics = Classical molecular dynamics in the

potential energy surface generated by the
electrons in their quantum ground state




Radiation Transmitted by the Atmosphere
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Far—IR water vapor absorption
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NB: Isolated water molecule
does not absorb in the far-IR

Vapor absorption must be due to

1) collisional broadening or

2) water nanodroplets (mostly
dimers)

Collisional broadening does not have the
correct temperature dependence

Absorption shape of water nanodroplets
would have to be different than bulk forms
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Water vapor absorption is different
from ice and liquid water



Ab—initio molecular dynamics at 200 K e

“Fluid” dynamics even
at 200 K

Jumps between
different locally stable
conformations (ring,
book, cage)

Ring conformation
predominant due to
entropic effects

Total dipole moment
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Far—-IR absorption by water nanoclusters
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Water dimer absorption is indeed different
from ice and liquid water

Emergent atmospheric nanoscience?
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Comparison with water vapor
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Water dimer absorption agrees qualitatively with vapor

Water dimers could be responsible for vapor absorption if
their concentration was higher than currently estimated




Diamond Graphite




Atomistic mechanism of the
graphite to diamond transition

Possible paths
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Water and hydrogen at

planetary conditions




60% molar fraction
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phase diagram of water from first principles

;4~Me|’ging exp. . |
100 200
P (GPa)

C. Cavazzoni et al., Science 283, 44 (1999) Experimental confirmation (?)
of superionic phase:
A. Goncharov et al.,
Phys. Rev. Lett. (2006)




C. Cavazzoni et al., Science 283, 44 (1999)

Superionic
Water

P =150 GPa
T = 2500 K

Proton diffusion by hopping

Oxygen sublattice remains crystalline
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E. Wigner and H.B. Huntington
“On the possibility of a metallic modification of hydrogen”
J. Chem. Phys. 3, 764 (1935)
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Monatomic
hydrogen

Molecular
hydrogen

Hemley and Mao, Rev Mod Phys
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metallic hydrogen

core of rock

ionic ocean
; outer core of
inner core of liquid iron

solid iron
\ mantle

molecular
hydrogen, helium,
methane

molecular hydrogen
Neptune

Jupiter

- At which depth does hydrogen become an electrical conductor?

- Is metallization accompanied by a sharp density change?




Pair correlation function

Molecular to non—molecular transition

150 GPa

S. Scandolo, Proc. Natl. Acad. Sci. USA, 2003



Is there a first—order phase transition inside Jupiter/Saturn?

H-H Pair correlation function

S. Scandolo, Proc. Natl. Acad. Sci. USA, 2003
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Diamonds in the sky?




matallic hydrogan

core of rock H20+CH4+NH3

ionic ocean

_ outer core of
inner core of liquid iron

solid iron

molecular hydrogen : molecular
hydrogen, helium,
methane

Jupiter Neptune

Marvin Ross, “Diamonds in the sky” Methane was found to
Nature (1981) dissociate under a shock wave




Dissociation of methane at extreme (planetary) conditions

F. Ancilotto et al.,
Science 275, 1288 (1997)

Neptune

Compressed methane
after heating to 4000 K

[_] Molecular hydrogen
B "ice" (P <300 GPa)
] "Ice" (P > 300 GPa)
B Rocks

L.R. Benedetti et al., Science 283, 100 (1999)




“Polymeric” CO,




co,




Silica-like CO, : the crystal phases

Serra, Cavazzoni, Chiarotti, Scandolo, Tosatti,
Science 284, 788 (1999)

Molecular CO,
(phase IlI) Layered tetrahedral CO,

+ Molecular CO, predicted to tranform into a silica-
like crystal at high pressure

+ Silica-like phases of CO, predicted to be ultrahard

Experimental
confirmation of
silica-like CO,

Yoo et al, Science 283,
1510 (1999)

Relative intensity

200 400 600 800 1000 1200
Raman shifts (cm”)

Crystal structure
of silica-like CO,
not yet determined

Is there a glass
analog?




Silica-like CO, : an amorphous phase?

Serra, Cavazzoni, Chiarotti, Scandolo, Tosatti,
Science 284, 788 (1999)

Compression by ab-initio
molecular dynamics gives:

At 1000 K and 100 GPa:
a crystalline (layered)
phase

At 2000 K and 80 GPa:
an amorphous phase




Carbonia: silica-like

amorphous CO,

Disappearance of crystalline

peaks at ~50 GPa

Impossible to distinguish
between tetrahedral and
octahedral coordination from
diffraction

M. Santoro, F. Gorelli, R. Bini, S. Scandolo,

G. Ruocco, W. Crichton, Nature 441, 857 (2006) O4———

Tetrahedral CO,




Car b on | a. M | Xed 3- an d J.A. Montoya, R. Rousseau, M. Santoro, F. Gorelli,
. . S. Scandolo, Phys. Rev. Lett., 100, 163002 (2008)
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Can we catalyze
the reaction?

Insertion of Ti(CO,), lowers
transition pressure and stabilizes

carbonia at ambient P

J. Montoya, R. Rousseau, SS, to be published



NATURE|Vol 441|115 June 2006 NEWS & VIEWS

SOLID-STATECHEMISTRY

A glass of carbon dioxide

Paul F. McMillan

Carbonis unusualinits family of elements because it has gaseous oxides.
But under high pressure, carbon dioxide forms crystalline solids and can
become a glass — sorevealing the chemical family resemblance.
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