ferred and expressed in synthetic systems in a
way similar to nature. An interesting mecha-
nism is suggested by which chirality is am-
plified to give supramolecular (helical)
chirality, namely through the following pro-
cesses: The S-chiral centers in the tails induce
a clockwise orientation of the molecular disks
which, aided by strong - stacking, leads to
the formation of fibers with right-handed he-
licity. Side-on aggregation of the fibers sub-
sequently yields supercoiled structures with
left-handed helicity. Such a control over
chirality may be valuable in designing new
materials for optoelectronic applications. The
present chiral fibers are attractive candidates
for use 4s nonlinear optical materials and as
components in sensor devices, for example,
for the detection of alkali metal ions.
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Pressure-Induced Solid
Carbonates from Molecular CO,
by Computer Simulation

S. Serra,"? C. Cavazzoni,"? G. L. Chiarotti,"?* S. Scandolo,"?
E. Tosatti’?3

A combination of ab initio molecular dynamic simulations and fully relaxed
total energy calculations is used to predict that molecular CO, should transform
to nonmolecular carbonate phases based on CO,, tetrahedra at pressures in the
range of 35 to 60 gigapascals. The simulation suggests a variety of competing
phases, with a more facile transformation of the molecular phase at high
temperatures. Thermodynamically, the most stable carbonate phase at high
pressure is predicted to be isostructural to SiO, a-quartz (low quartz). A class
of carbonates, involving special arrangements of CO,, tetrahedra, is found to be
more stable than all the other silica-like polymorphs.

Carbon and silicon, although isoelectronic
and close in their solid state behavior in
several ways, differ markedly when fully ox-
idized. In carbon, the stability of CO, is so
overwhelming that no other nonmolecular
solid state forms are known. In silicon, by
contrast, the phase diagram is dominated by
solid state silicates, because the stability of
molecular SiO, is poorer than that of CO,.
The wide range of electrical and optical ap-
plications of SiO, quartz (such as piezoelec-
tricity and optical nonlinearities) derive from
its noncentrosymmetric crystal structure. If
CO, could be synthesized in a covalently
bonded noncentrosymmetric structure, these
properties would be complemented by the
higher mechanical strength of the less de-
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formable C-O covalent bond with respect to
the Si~O one. Here we present theoretical
calculations and simulations, indicating that
ultrahigh pressures should reduce the stability
of molecular CO, in favor of quartzlike non-
molecular solid state carbonates.

The crystalline structure of solid molecu-
lar CO, is characterized by the large quadru-
pole moment of the linear CO, molecule,
which dominates the long-range intermolec-
ular interactions (/, 2). The cubic Pa3 struc-
ture (a-CO,) prevails at room temperature for
pressures lower than 11 GPa (3-5). With
increasing pressure above 11 GPa, a second
quadrupolar molecular phase, an orthorhom-
bic Cmca (B-CO,) (Fig. 1A), prevails (5, 6).
This Cmca molecular phase persists to at
least 50 GPa (7, &), but no further knowledge
is presently available of additional phase
transition, before eventual pressure-induced
chemical decomposition (9).

We have explored this unknown pressure
region by constant pressure molecular dy-
namics (MD) simulations based on the vari-
able-cell method (70). The first-principles
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density functional nature of the method and
the variable cell dynamics are effective for
simulating pressure-induced solid-solid phase
transformations in a variety of systems (/7),
including the characterization of the pressure-
induced polymerization of carbon monoxide
(12). The density functional scheme used is
based on the Becke-Lee-Yang-Parr general-
ized gradient-corrected local density approx-
imation (LDA/GGA) (13), and nonlocal (/4)
pseudopotentials for ion cores (/5). Wave-
functions for MD simulations were expanded
in plane waves with an energy cutoff of 80
Ry and I' point sampling of the Brillouin
zone (BZ). Final electronic and structural
refinements were obtained by fully con-
verged k-point sampled calculations and 100
Ry cutoff.

‘The validity of the computational scheme
was initially checked by comparing our opti-
mized B-CO, molecular lattice structure with
the x-ray data at 12 GPa (5). Our calculated
structures are consistent with the experimen-
tally derived structure, especially in the fully
converged k-points calculations [256 k-points
in the full BZ], where errors in the lattice
constants are less than 0.3%. Moreover, the
tilt angle of the molecules relative to the ¢
axis, usually difficult to reproduce because of
its weak energy dependence, is calculated to
be 52.5°, consistent with the experimental
value of 52°. We also confirm, as already
found by Gygi (6), that molecules lie in the
plane identified by the ¢ axis and the shorter
axis of the basal plane. These results show
that the LDA/GGA description of solid mo-
lecular CO, can be used to explore the high-
pressure phase diagram of solid CO,.

The first MD simulation was started with
an orthorhombic simulation box containing
16 CO, molecules initially in the B-CO,
phase at 12 GPa, with a time step of 0.3 fs.
The temperature was equilibrated (/6) at 300
K for 3 ps, during which the 3-CO, structure
remained stable. Pressure was then increased
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Fig. 1. (A) View of four conventional unit cells of the B-CO, phase. (B) Lateral view of the layered-CO, phase. (C) Crystal structure of
m-chalcopyrite. Carbon atoms are colored gray and oxygen atoms are colored red.

without temperature control at a rate of 25
GPa/ps for 6 ps. At 130 GPa and 1000 K a
reconstructive transition spontaneously oc-
curred, with a sizable decrease in volume
(AV/V ~ 9%). The resulting structure was a
solid consisting of carbon-centered oxygen
tetrahedra, similar to Si-centered tetrahedra
in silica, arranged in a two-dimensional (2D)
tetragonal layered structure (henceforth
named layered-CO,), of space group P42/
nmc and two CO, units per cell (Fig. 1B).
The known structure closest to that of lay-
ered-CO, is that of red tetrahedral Hgl,,
where however the metal site is only approx-
imately tetrahedrally coordinated. The out-
come of this first simulation run suggests the
existence of well-defined CO, tetrahedra-
based solids.

We carried out two subsequent simulation
runs, with 24 and 48 CO, molecules, at 2000
K. In these higher temperature simulations
the B-CO, structure transformed into a silica-
like 3D amorphous solid. This 3D amorphous
phase is characterized, as the 2D layered
CO,, by having carbon atoms at the fourfold
center of oxygen tetrahedra, and oxygen at-
oms twofold coordinated, in a bridge position
between two carbons. Amorphization could
possibly be an artifact of the short simulation
times and fast compression rates. However,
the 3D local coordination of the CO, tetrahe-
dra indicates that 3D ordered structures like
those observed in SiO, may be energetically
competitive with the layered 2D carbonate
found in the first low-T simulation. A 3D
analog of the layered carbonate can be ob-
tained by removing one of the metal ions of
CuFeS, (chalcopyrite), replacing the remain-
ing metal ion with carbon, and sulfur with
oxygen (/7). This leads to a 3D CO, crystal
structure (Fig. 1C), which we call m-chal-
copyrite, that differs from the 2D layered
carbonate starting from the fifth nearest

neighbor shell. Indeed, the 48-CO, simula-
tion reveals that some of the tetrahedra are
organized as in the m-chalcopyrite crystal
structure described above.

To identify the most stable structure
among those suggested by the simulations,
we carried out separate, well-converged, fully
relaxed refinement calculations for a selected
set of reasonable crystalline candidates for
the high-pressure phases of CO,, namely,
a-quartz, cristobalite, coesite, stishovite, m-
chalcopyrite, layered-CO,, and, of course, the
initial molecular B-CO, phase. All the non-
molecular structures are carbonates with tet-
rahedral carbon coordination, apart from
stishovite, where the local carbon coordina-
tion is six. For a-quartz, coesite, stishovite,
B-CO,, and layered-CO, the total energy cal-
culations were carried out for a set of vol-
umes and enthalpies fitted by a Birch-Mur-
naghan equation of state. For cristobalite and
m-chalcopyrite, because of the complexity of
their unit cells, enthalpy was evaluated only
at a single pressure.

The molecular B-CO, phase is correctly
found to be stable for pressures lower than 35
GPa (Fig. 2), whereas the a-quartz phase is
predicted to be stable at all pressures exceeding
35 GPa and, barring other structures not con-
sidered in this work, up to the highest calculated
pressure (500 GPa). As evident from Fig. 2, the
enthalpy of the amorphous solid found in the
high-temperature simulation is only slightly
higher than that of crystalline a-quartz, and
similar to that of other tetrahedral crystalline
structures. The angular distribution of the
C—O-C bending angles, a distinctive feature of
different crystal structures, shows that the
amorphous solid obtained in the simulation is
more similar to m-chalcopyrite and to a-quartz
than to any other structure considered. The
appearance of an amorphous quartzlike struc-
ture in high-temperature MD simulations sug-

gests that a considerable energy barrier has to
be overcome to transform molecular CO, to
a-quartz CO,. Such an energy barrier may be
responsible for the inability of a-quartz to ap-
pear in room temperature experiments up to 50
GPa. This suggests that heating to high temper-
ature (around 2000 K) may be a crucial factor
when trying to synthesize a-quartz near the
thermodynamical transition pressure. This is
not the case for layered-CO,, which we found
in the first low-temperature simulation. The
absence of significant energy barriers, together
with its relative energetic stability (Fig. 2), sug-
gests that the layered-CO, might indeed be
obtained as a metastable state under appropriate
experimental conditions (for example, fast and
cold compression), at pressures larger than the
thermodynamical B-CO,—>layered-CO, transi-
tion pressure, which we find to be 60 GPa (Fig.
2). This may also be the case for m-chalcopy-
rite, and in fact for a whole (infinite) class of
structures, whose common ingredient is that all
corner-shared CO, tetrahedra have the same
spatial orientation, leading to a single value of
109° for the C—O—C bending angles. On the
other hand, the stishovite structure, where car-
bon is sixfold coordinated, is largely disfavored
over all fourfold coordinated structures and
over the full dissociation into C (diamond) +

Enthalpy (eV/CO,)

0 20 40 60 80 100 120 140 160 180 200

Pressure (GPa)

Fig. 2. Enthalpy versus pressure for the solid
phases of CO,,.
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O, (molecular). It is thus possible that CO, will
finally dissociate into its constituent elements,
at multimegabar pressures, directly from the
a-quartz phase.

The stability of the a-quartz structure over
such a large pressure range is surprising, par-
ticularly when compared with SiO,, where
a-quartz is observed to transform into coesite at
2.1 GPa and then into stishovite at 7.6 GPa. We
suggest that CO, behaves differently because
the C sp® hybrid is energetically closer than the
Si sp* hybrid to the p state of the bridging
oxygen. Structurally, this implies stabilization
of a more covalent C—O—C bond and, more
specifically, a decrease of the C—~O—C bending
angle with respect to Si—O-Si. This is consis-
tent with our observation that the C—O—C bend-
ing angle in all fourfold coordinated CO, struc-
tures is systematically lower than the corre-
sponding values for SiO, (for a-quartz at zero
pressure, we find for CO, a bending angle of
137°, compared with a value of 144° for SiO,).
Preference for low C—O-C bending angles may
then explain why CO, cristobalite, where all
bending angles are fixed by symmetry to 180°,
and coesite, where the same is true for one of
the bending angles, are energetically disfavored
(Fig. 2). This may also be the rationale for the
appearance of the layered-CO, structure, and
m-chalcopyrite, where the bending angles are
found to be about 109° at all pressures.

If a-quartz CO, could be quenched to
zero pressure, we predict that its lattice pa-
rameters would be ¢ = 4.13 A and ¢ = 4.58
A, its density 3.28 g/cm?, and its bulk mod-
ulus 183 GPa. It would be insulating, with an
energy gap that we estimate to be around 10
eV (18). We also calculated the piezoelectric
strain coefficient (19) of a-quartz CO, at zero
pressure, and found it to be 1.0 pC/N, about
40% that of SiO,, possibly as a result of the
lower ionicity of a-quartz CO,. Finally, we
give an estimate of the relative value of the
second harmonic intensity /g, of a-quartz
CO, with respect to that of a-quartz SiO,.
Iy, is proportional (20) to the square of the
second-order susceptibility x® that can be
estimated with Miller’s rule (21), and the fact
that first-order susceptibility roughly scales
linearly with electron density and with the
inverse square of the energy gap. Ig, of
a-quartz CO, estimated in this way is about
50 times larger than that of a-quartz SiO,.

Note added in proof: Recently, lota et al.
(22) have shown that, in agreement with our
findings, quartzlike CO, can in fact be syn-
thesized above 40 GPa and 1800 K.
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Global Distribution of Crustal
Magnetization Discovered by
the Mars Global Surveyor
MAG/ER Experiment

M. H. Acuiia,’ ). E. P. Connerney,’ N. F. Ness,? R. P. Lin,?
D. Mitchell,® C. W. Carlson,® J. McFadden,? K. A. Anderson,3
H. Réme,* C. Mazelle,* D. Vignes,* P. Wasilewski," P. Cloutier®

Vector magnetic field observations of the martian crust were acquired by the
Mars Global Surveyor (MGS) magnetic field experiment/electron reflectometer
(MAG/ER) during the aerobraking and science phasing orbits, at altitudes be-
tween ~100 and 200 kilometers. Magnetic field sources of multiple scales,
strength, and geometry were observed. There is a correlation between the
location of the sources and the ancient cratered terrain of the martian high-
lands. The absence of crustal magnetism near large impact basins such as Hellas
and Argyre implies cessation of internal dynamo action during the early
Naochian epoch (~4 billion years ago). Sources with equivalent magnetic
moments as large as 1.3 X 1077 ampere-meter? in the Terra Sirenum region
contribute to the development of an asymmetrical, time-variable obstacle to

solar wind flow around Mars.

The primary science goals of the MAG/ER
investigation are the detection and characteriza-
tion of the magnetic field of the planet and the
study of its interaction with the solar wind.
Vector measurements of the ambient magnetic
field are acquired by a twin fluxgate magne-
tometer system. An electron reflection analyzer
is used to remotely sense magnetic fields of
planetary origin at the top of the martian atmo-
sphere and to provide information about the
local electron distribution function (/, 2). Mea-
surements made early in the mission estab-
lished unambiguously that Mars does not cur-
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rently possess a significant global magnetic
field, with an estimated upper limit for a Mars
dipole moment of ~2 X 10'® A-m2.

At the same time the detection of strong,
small-scale crustal magnetic sources associ-
ated with the ancient, heavily cratered terrain
revealed that Mars must have had an internal
active dynamo in its past, which is now ex-
tinct (7).

The first part of the aerobraking phase of
MGS (AB1) was carried out between Septem-
ber and November 1997 and was followed by
aerobraking hiatus orbits (AHO) and science
phasing orbits SPO1 and SPO2 from March to
July 1998. The latter were designed to allow the
heliocentric motion of Mars to bring the space-
craft orbit plane into the desired alignment with
the Mars-sun direction before initiating the sec-
ond aerobraking phase AB2 and “pop-up” ma-
neuver which would raise periapsis to achieve
the final mapping orbit. These recently com-
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