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Outline

AQuantum simulations: a microscopic view,
from first principles

APhase diagram of Carbon at
high pressure and of other
‘'simple” elements and compounds

-

ANanodiamond

AMethane under pressure

AOutlook




Quantum simulations: approximate,
non empirical, predictive techniques

ANumerical integration of the
equations of motion of electrons
and ions

AMpproximate, non empirical and
general theory to describe many
body interactions between
electrons and ions

Ao assumptions on chemical
“entities” present in the systems

Meaningful predictions rely on:

Arhorough understanding and control of numerical accuracy

Avalidation of theory for multiple ‘cases’




Ab-initio Molecular Dynamics:
What do we do, in practice?

t

Time evolution of ions:
(10%-106 time steps)
Mlhl =F,
F,=-V, @ ({R\1)})

t

F from Density Functional Theory
and, in some instances, from
Quantum Monte Carlo Calculations

b

Solve Schroedinger equation for the electrons in the field of ions

b

Structural, electronic, vibrational
thermodynamic and dynamical properties




Carbon Phase Diagram: Predictions
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Experiment:-iam-:nn-:l . L |

| (CEAand LLNL) *~
confirming HP/

melting, 2007 :

% 2000

4000 6000 8000 10000

Temperature [K

A. Correa, S.Bonev, and G.G, PNAS 2006

Insulator to metal transition upon diamond
melting

AOptical gap of diamond increases with P at
T=0

Misorder and T decrease the T=0 gap by but
sufficient to close it before melting

AConductivity calculations consistent with
recent resistivity [Bradley et al. PRL 04]

Avlaximum at ~ 500 GPa and
~ 8000 K on diamond
melting line corresponds to
a coordination increase
above 4 in the liquid state.

Arhe liquid is a metal retaining
covalent, bonding features
up to extreme conditions.

ACoordination of the liquid is
higher than 6 above the max
of BC8 melting line.

Ao L/L phase transition in I-
C over a wide pressure range
(contrary to claims based on
empirical potentials).




Recent shock experiments confirmed slope of D
melting line and metallization upon melting

— Hugoniot (diamond and liquid) 3
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Adb-initio predictions used to interpret and | St
guide current laser shock experiments e T
Anb-initio data used to obtain Carbon EOS AN B —




Diamond inclusions

Extra-terrestrial
diamond sources are
often ultra-disperse,

with grain sizes of ~ : , —
2.3 Model for bare nanodiamonds obtained by ab-initio
-5 nm. Why ? MD (J.Y.Raty, G.Galli, A.Van Buuren and L.Terminello, PRL 03)

Meteorite fragments 3.0 . . H2

Ab-initio calculations
of formation
energies of
nanodiamond as a
function of hydrogen
content explain
enhanced stability
of bare
nanodiamonds in
2-3 nm range, and

Protoplanetary nebulae

Some diamond films
and detonation
residues may also be
ultra-disperse.

diamond
ultradispersity at the
LiC: nanoscale.
— — — - (1200 rec. J.Y .Raty, G.Galli,
Fully H Nature Materials 2003

0.0 | | | | |
-20 -19 18 A7 -16 -15
u_H (eV)
N.Drummond, A.Williaomson, R.Needs, G.G. PRL 05; predictions on electronic properties confirmed by experiments




Understanding phase diagrams of
el ements and &6si mpl eo

A
GROUP
1A o Vil
1 % 2
1 @ He
"’!l" A a critical B VB VB VIB VIB |t
1.00794 Dlnl 400260
3 2 P 5 & 7 3 3 10
2| Li | Be B|C|N|O|F |Ne
Lithwm Baryllium Bor Carbon Nitrogen Qxygen Fluorine Neon
6.041 001218 D 1081 12.0107 14 00674 150004 18 89840 201797
0K Temperature

Adydrogen: aliquid ground state at zero T and high P?
Miamond: difficult to tame, does it melt under P ?
MNitrogen: a glassy state before melting?

AOxygen: A spin glass of oxygen molecules ?

Moron: is there a defect-free crystalline ground state?
Awnvater: Interplay between dissociation and melting?

MMethane: dissociation as a function of Pand T ?

E.Schwegler, M.Sharma, F.Gygi and G.G., PNAS 2008; A.Correa, S.Bonev and G.G. PNAS 2006; S.Bonev, E.Schwegler, T.Ogitsu and G .G. Nature 2004;
B.Militzer, F.Gygi and G.G. PRL 2003; T.Ogitsu, E.Schwegler, F.Gygi and G.G,. PRL 2003; T.Ogitsu, F.Gygi, J.Reed, Y.Motome, E .Schweglerand G.G.
JACS 2009 and PRB-RC 2010: L.Spanu, D.Donadio. D.Hohl and G.G.. JCP 2009 and in preparation: D.Donadio. L.Spanu. F.Gvai and G.G.(submitted)



Understanding phase diagrams of

elements: Interpretation of experiments

T(K)

2000 — —

. <
- Nitrogen Exp. 17

1500
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500 '

/ Maximum between 80 and 90 GPa

1 || |
20 40 60
P (GPa)
1. Mukherjee and Boehler PRL 99, 225701 (2007)
2. Goncharov et al. PRL 101, 095502 (2008)

|
80 100

D.Donadio, L.Spanu, I.Duchemin, F.Gygi
and G.G. (submitted)




Understanding phase diagrams of element&®
atomic and electronic structure of nitrogen

[ ' I ' | I
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D.Donadio, L.Spanu, I.Duchemin, F.Gygi [
) Boates and Bonev PRL102, 015701 (2009) and G.G. (submitted) %%




Understanding phase diagrams of
elementsandosi mpl e0 compoul

Water: Interplay between dissociation and melting
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Large scale two-phase ab-initio simulat’ions
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Below ~ 45 GPa ice melts as a molecular solid

A\bove 45 GPa we observe the onset of hydrogen diffusion while the oxygen
lattice is still in place d analysis of H diffusion coeff. indicates that water becomes
a type Il superionic conductor before melting, above ~ 45 GPa.

E.Schwegler, M.Sharma, F.Gygi and G.G., PNAS 2008 ; A.Correa, S.Bonev and G.G. PNAS 2006; S.Bonev, E.Schwegler, T.Ogitsu and G.G. Nature 2004;
B.Militzer, F.Gygi and G.G. PRL 2003; T.Ogitsu, E.Schwegler, F.Gygi and G.G,. PRL 2003; T.Ogitsu, F.Gygi, J.Reed, Y.Motome, E .Schweglerand G.G.
JACS 2009 and PRB-RC 2010: L.Spanu. D.Donadio. D.Hohl and G.G.. JCP 2009 and in preparation: D.Donadio, L.Spanu. F.Gvai and G.G.(submitted)



Carbon Stored within the Earth

Reservoir Composition Structure Atom % C  Depth Abundance *

Diamond C diamond 100 > 150 km << 1%
Graphite C graphite 100 < 150 km << 1%
Methane CH, - 25 ?7? ?7?
Hydrocarbons CH, .,  ----—-- variable ?? ?7?

Arhe amount of carbon and the nature
of repositories are unknown

MNatural hydrocarbons are largely
formed by thermal decomposition of
organic matter or microbial processes

As there an abiogenic source of

hydrocarbons, e.g. formed at water-rocks
interfaces?

* http://dco.ciw.edu/

Image courtesy A. Kolesnikov and V. Kutcherov



Experimental evidence of spontaneous
synthesis of complex hydrocarbons

. A. Kolesnikov at al. Nature Geophysics (2009)
Laser heated di amond anvi |l cells to robe Eal

Methane decomposes at 2-5 GPa 1000-1500 K and forms saturated hydrocarbons

. A. Zerr et al . High Pressure Research (2006)

Laser heated diamond anvil cells

Methane and ethane decompose to form hydrogen and diamond at 2500K 13-25Gpa;
detected presence of other hydrocarbons

. L. R. Benedetti et al. Science (1999)
Laser heated diamond anvil cells
Diamond and polymeric hydrocarbons from methane at 9-50 Gpa, 2000K- 3000K




Dissociation of methane under pressure
from quantum simulations

3 — "7
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L.Spanu, D.Donadio, D. Hohl, G. Galli JCP 130, 164520 (2009) and in preparation




Simulation detalls

Aorn Oppenheimer molecular dynamics (MD) with the Qbox code:
http://eslab.ucdavis.edu/software/gbox/index.htm

Mensity Functional Theory using the generalized gradient corrected
approximations (PBE exchange and correlation functional)

ABasis sets: plane wave with kinetic-energy cut-off of 60 Ry
ANorm-conserving pseudopotentials

A-or computational convenience CD, (instead of CH,)
ASamples with ~ 50 methane molecules

AVID runs carried out at constant energy and constant T
(NVT, with Andersen thermostat )

Ahonon calculations QE http://www.quantum-espresso.org


http://www.quantum-espresso.org/

Ab initio simulations as a function
of P and T: observations

Mvethane dissociation for P ~ or > 2GPa is observed for T > 3500 K
AThe temperature appears to be the driving force for methane dissociation

AThe formation of higher hydrocarbons is enhanced by higher pressure -- at
low pressure (2-3 Gpa) ethane is the main reaction product

A-ormation of hydrogen molecules is observed at T ~ 4000K for P ~ > 4 GPa
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Carbon coordination at 4000 K
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At a given T, formation of higher hydrocarbons is enhanceuddier P




Carbon coordination at 4000 K

methane

ethane, ethene
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At a given T, formation of higher hydrocarbons is enhanceudiyer
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Power spectra of liquid methane and
polymerized mixtures
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Relative stability of liguid methane
and quenched mixtures
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Molecular methane is energetically favored at 2000K
for P <27 Gpa




Catalytic effect of surfaces

At 1500 K and 3-4 Gpa, methane dissociation is observed on a
C(100) surface

N.Muradov, F.Smith and A. -T-Raissi, Catalysis Today 102, 225 (2005); Z.Bai et al., Int. J. Hydrogen Energy 31,
899 (2006)




Methane under pressure: Summary

Avethane dissociation for P ~ or > 2GPa is observed for T > 3500 K
AThe temperature appears to be the driving force for methane dissociation

AThe formation of higher hydrocarbons is enhanced by higher pressure --
at low pressure (2-3 Gpa) ethane is the main reaction product)

Aormation of hydrogen molecules is observed at T ~ 4000K for P ~ or >
Gpa

AThe presence of ethene (P ~ > 6 Gpa) gives rise to a peak at ~ 1600 cm!

AResults consistent with the recent experimental investigations of
Goncharov et al.




