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1991: Earth’s core

1935: prediction of 1951: the first man- conditions :
reproduced in

tallic h '
metallic hydrogen made diamonds the laboratory
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Shock waves Diamond anvil cell
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“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
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Atomistic mechanism of the
graphite to diamond transition

Possible paths
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S. Scandolo et al., PRL 74, 4015 (1995)

PU028s02Id T




Water and hydrogen at

planetary conditions
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phase diagram of water from first principles Q

Metallic

r*~Melting 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







10,000

8.000

|

7 _
=] o
= =
S S
w =T

(suinay) ainieladwa)

2,000 5

4,000 6,000 8,000

pressure (thousands of atmospheres)

2,000



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

molecular hydrogen ' e \ mantle

hydrogen, helium,
methane

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

100 GPa |

112 GPa

137 GPa ]

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?




molecular hydrogen

Jupiter

metallic hydrogen

core of rock

H,0+CH,+NH,

ionic ocean

_ outer core of
inner core of liquid iron

solid iron

molecular
hydrogen, helium,
methane

Neptune

Marvin Ross, “Diamonds in the sky”
Nature (1981)

Methane was found to
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)
2] "Ice" (P > 300 GPa)

] ] . Rocks _5000K
L.R. Benedetti et al., Science 283, 100 (1999) -800 MPa




“Polymeric” CO,
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Silica-like CO, : the crystal phases

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

Molecular CO,
(phase llI) 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)

v,(C-0-C)

Relative intensity

co,-ll

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
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A glass of carbon dioxide

Paul F. McMillan

Carbonis unusual inits family of elements because it has gaseous oxides.
But under high pressure, carbon dioxide forms crystalline solids and can
become a glass — so revealing the chemical family resemblance.
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Dry ice creates toughened glass

A form of solid carbon
dioxide that could be used
to make ultra-hard glass
or coatings for
microelectronic devices
has been discovered.

The material, named
amorphous carbonia, was
created by an Italian led
team.

The scientists told the journal
Mature that the material was
always thought to be possible|§
but, until now, had never
been created in the lab.
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Down to Earth...




How hot is the centre of the Earth?
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The temperature at the inner
Inner core core boundary coincides with
: Mant!
(solid Fe) ~ Outer core ME " the melting temperature of Fe
(iquid Fe) at 330 GPa




A number of mineral physics phenomena are difficult to
address or even beyond reach for first-principles simulations,
because of time scale and size limitations.

Examples include

thermal conductivity

highly viscous silicate melts

melting temperatures (some aspects of)

rheological properties at high T

efc...
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Volume -vs- Pressure in Liquid Silica

T =3500 K
[ = Experiment (2000 K)
45 @ Ab-initio MD (3500 K)
—— Rigid lon Potential (3500 K)
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Experiment: Gaetani et al. (1998)
Ab-initio MD: A. Trave et al. Phys. Rev. Lett (2002)

Rigid ion: van Beest, Kramer, van Santen (1990)



The “optimized” potential method

Lonhg Molecular Dynamics run
with increasingly accurate >
(1,2,...,n) empirical potentials

HY ‘Optimized”
potential at P,T

First—principles calculation of forces
and empirical potential update

A. Laio et al, Science 287, 1027 (2000)



Volume -vs- Pressure in Liquid Silica

==

.—. New potential (3500 K) - P.Tangney and S. Scandolo
'\ \ ® Ab-initio MD (3500 K)

—— Rigid lon (BKS) (3500 K)

Volume (A/ SiO),)

0 5 10
Pressure (GPa)
Experiment: Gaetani et al. (1998)
Ab-initio MD: A. Trave et al. Phys. Rev. Lett (2002)

Rigid ion: van Beest, Kramer, van Santen (1990)
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How hot is the Earth’s core?

A. Laio et al, Science 287, 1027 (2000)
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ISSion to Earth's core

lanetary missions have enhanced our

understanding of the Solar System and

how planets work, but no comparable
exploratory effort has been directed towards
the Farth's interior, where equally fascinating
scientific issues are waiting to be investigated.
Here I propose a scheme for a mission to
Earth's core, in which a small communicati

ald be conveved in a h

core along a crack that is propagating

the action of gravity. The grapefruit-sized
probe would transmit its findings back to the
surface using high-frequency seismic waves
sensed by a ground-coupled wave detector.
The probe should take about a week to reach
the core, and the minimum mass of molten
iron required would be 10°-10" kg — or
roughly between an hour and a week of
Earth's total iron-foundry production.

We live on the Earth's surface, which
divides what is above from what is below
(Fig. 1). The part above us (the rest of the
Universe) is mostly empty, mostly unknown
and about 10°" times larger by volume. The
part below is crammed with interesting stuff

Figure 1 Next to the riches lavished on space exploration. an
unmanned journey to the centre of the Earth looks almost frugal.

L is sufficiently large, the propagation speed
will be limited by the channel-flow velocity of
the fluid. The relevant solution has turbulent
flow, with the crack-propagation speed, V.
being roughly equal to the channel-flow
velocity, or [(Ap/p)gd™*/v"|"", where Ap=p
is the density difference between melt and

D. Stevenson, Nature 423, 239 (2003)

a modest proposal

greater by one or two orders of magnitude.

It may also be feasible to make use of
existing favourable stress environments in
the Earth and to avoid the use of nuclear
devices. The technological challenge of
initiating the crack should be less than that
posed by the Manhattan Project.

The embedded, solid-state probe could
plausibly have a volume of d*, or roughly that
of a grapefruit. It would be a high-melting-
point alloy in saturation equilibrium with the
neighbouring liquid-iron alloy and would
miniaturized instrumentation for
measuring temperature and electrical con-
ductivity, detecting abundant and trace ele-
ments, and so on — details that would require
an instrument-development programme. The
Earth’s interior is opaque to electromagnetic
signals with periods of less than the mission
timescale, and neutrinos are difficult to use,
so acoustic communication would be best.

I assume a probe power, P, of about 10
watts throughout the mission' (similar to that
of some current deep-space missions) and
treat the probe as a monopole source of com-
pressional acoustic radiation. Let the ampli-

contain
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