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An optimization procedure is used to minimize the Gibbs free energy of solid CO, at pressures
0< P <16 GPa, with respect to the unit-cell parameters, center-of-mass coordinates, and orienta-
tions of all the independent molecules. A lattice-dynamics procedure is used to calculate the libron
frequencies. The observed Pa3 structure is predicted at low pressures, and a transition to an ortho-
rhombic Cmca phase is found at P=4.3 GPa, with a volume change A¥=0.3 cm®/mole. The calcu-
lated second virial coefficients, sublimation energy, molar volume, pressure-volume relation, and lib-
ron frequencies in the Pa3 phase are in good agreement with experiment. In the Cmca phase the
calculated libron frequencies agree fairly well with recent Raman scattering results. An analysis of
the potential-energy surface shows that the large observed hysteresis associated with the transition
may be the result of large barriers between the phases.

I. INTRODUCTION

The cubic Pa3 structure of solid CO,, shown in Fig.
1(a), is the only known solid phase."? This is because the
large quadrupole moment of the CO, molecule stabilizes
this phase to much higher temperatures and pressures
than in crystals like N, and CO, which also exhibit other
solid phases. Recent Raman spectra at room tempera-
ture® have shown evidence of a new phase at P ~ 18 GPa,
and indications of another phase were found at pressures
0.5<P <2.3 GPa by Liu*> Other Raman® and x-ray
measurements’ found no evidence of this low-pressure
phase.

More recent Raman scattering results® confirm the ear-
lier room-temperature results at 18 GPa and, at tempera-
ture T=40 and 80 K, there is clear evidence of what is
probably the same transition at P=111+2.5 GPa. Howev-
er, a very large hysteresis was observed. When unloading
at 80 K, CO, transformed back to the cubic Pa3 phase
only at 2.5<P <4.5 GPa. Additionally, peaks that ap-
pear associated with the libron modes of the Pa3 phase
were found at pressures well above the quoted transition
at P=11 GPa, and modes that appear associated with the
new high-pressure phase were found well below the tran-
sition pressure, although in both cases the results were
not reproducible but instead depended upon the history
of the sample and the way in which the measurements
were taken. Compounding the problem of interpreting
the experimental data is the observation that large pres-
sure gradients exist across the sample that increase with
increasing pressure. This increases the possibility of uni-
axial stress. Nevertheless, three Raman lines could clear-
ly be distinguished, identifying the new phase. It was
conjectured6 that the strongest of these lines, which is
fairly broad, is in fact two separately unresolved lines.
The measured® vibron lines appear insensitive to the tran-
sition.

We have examined three previous calculations, that
used different models’~® for the CO,-CO, potential,
which gave reasonable predictions for certain properties
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of the Pa3 phase at zero pressure. However, our calcula-
tions of other properties showed that each of these poten-
tial models are inadequate. Gibbons and Klein!® per-
formed extensive calculations of thermodynamic quanti-
ties over a range of temperatures using a previously for-
mulated Lennard-Jones 6-12 potential that was also
modified to improve certain results. A 6-9 expression was
also used. We did not explore these potentials because
the unphysical repulsive parts would certainly be unsatis-
factory at high pressures. Consequently, we have con-
structed a new semiempirical expression for the interac-
tions that has been used to calculate a wide variety of
properties both at zero and high pressures.
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FIG. 1. The cubic Pa3 and orthorhombic Cmca structures
are shown an the lattice constants a,b, and c¢ are identified. A
Cartesian reference frame is also shown.
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II. THE POTENTIAL AND METHOD

The repulsive overlap and attractive dispersion interac-
tions between two CO, molecules are given by a site-site
expression. The three force centers (sites) on each mole-
cule are located on the carbon atom and at positions
I=+1.06 A away from the center, which we identify as
the C site and O sites, respectively. It is noted that the O
sites, however, are not located on the oxygen atoms but
somewhat interior to them. In this calculation the bond
length of the molecule is assumed to be fixed at d=2.32
A. The three curves in Fig. 2 show the interaction be-
tween the O-O, O-C, and C-C sites, respectively, which
were numerically tabulated. Intermediate values were
determined using a quadratic interpolation formula. An-
alytic expressions will be formulated in a forthcoming ar-
ticle. The electric quadrupole moment is taken to be'!
©=—-4.3%x10"2 esucm? and the hexadecapole is
d=—1.85x10"2% esucm®, which is near the value re-
ported by Murthy et al.® These multipoles are simulated
by placing point charges (1.04, —2.08, 1.04), in units of
the electron charge, at positions 0.656 A, 00 A, and
—0.656 A, respectively, along each molecular axis. The
origin is located on the carbon atom. The multipole in-
teractions are then determined by summing the Coulomb
interactions between the charges on different molecules.

The structures are determined at each pressure along
the zero-temperature isotherm by minimizing the Gibbs
free energy G. Crystallographic unit cells containing
three or four independent molecules were examined
where all molecular mass centers, orientations, and the
cell parameters were independently varied in the minimi-
zation process. Upon determining the structures and mo-
lar volumes at each pressure, the zone-center libron fre-
quencies were calculated using a lattice-dynamics pro-
cedure. Discrete lattice sums were taken out to 9 A and
a continuum correction was made for larger separations.
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FIG. 2. The repulsive overlap and dispersion interactions be-
tween the O-O and C-O, and C-C sites on different molecules.
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III. RESULTS

The solid line in Fig. 3 shows the second virial
coefficients calculated using the potential shown in Fig. 2,
and the solid circles represent the experimental data.!?
This agreement is a major improvement over results ob-
tained using previously developed potentials,’® and it
depends strongly on the location and magnitude of the
charges used to simulate quadrupole and hexadecapole
moments.

At zero pressure and temperature the system stabilizes
into the cubic Pa3 phase and the calculated volume and
sublimation energy are 25.6 cm3/mole and —3243 K,
which compare quite favorably with the experimental
values."!>!* The solid line in Fig. 4 gives the calculated
zero-temperature pressure-volume relation and a phase
transition to a Cmca orthorhombic structure, shown in
Fig. 1(b), is observed at P=4.3 GPa, with a volume
change on transition of AV=0.3 cm®/mole. It is charac-
terized by a crossing of the zero-temperature Gibbs free
energy for the two structures. The transition region is
shown in more detail in the inset. The dashed line gives
the P-V curve at higher pressures where the system has
been constrained to the Pa3 phase. This curve and the
extension of it for this phase at lower pressures agrees
very closely with recent results, calculated at zero tem-
perature using electron-gas methods.!> The solid circles
represent room-temperature measurements for the Pa3
structure? and applying thermal corrections to our zero-
temperature curve'® brings the two into good agreement,
as is evidenced by the merging to the dashed line with the
solid circles at high pressure, where thermal corrections
are relatively small. The diamond represents the mea-
sured value of the volume!® at zero pressure and low tem-
peratures.

The open diamonds, squares, and triangles in Fig. 5
give the observed® libron frequencies at low temperatures
versus pressure for the Pa3 phase and the dashed lines
give our calculated results. The open circles along these
curves are measured values® which appear in the spectra
associated with the new high-pressure phase, and that
they fit nicely as extensions of the Pa3 spectra is reveal-
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FIG. 3. The solid line gives the calculated second virial
coefficients and the solid circles are the experimental data (Ref.
12).
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FIG. 4. The solid lines give the calculated zero temperature
P-V curve, and the dashed line is the extension of the curve for
P > 4.3 GPa with the system constrained to the Pa3 structure.
The solid circles are experimental results at room temperature
(Ref. 2) and the diamond is the measured volume at low temper-
ature (Ref. 13).

ing. The solid triangles and circles at higher frequencies
and pressures show the three observed modes® of the new
phase and the solid lines represent our calculations for
the predicted orthorhombic structure. The middle two
calculated lines are close to the measured peak that has
been suggested® is an unresolved double peak.

Table I gives the calculated Gibbs energy and lattice
parameters for the Pa3 and Cmca phases versus pressure.
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FIG. 5. The open diamonds, squares, and triangles give the
measured libron frequencies (Ref. 6) in the Pa3 phase at low
temperatures, and the dashed lines are the calculated values.
The open circles along these curves are measured Raman peaks
in the region associated with the high-pressure phase. The solid
triangles and circles are the measured frequencies in the high-
pressure phase and the solid lines are calculated values.

IV. DISCUSSION AND CONCLUSIONS

The calculated second virial coefficient and the zero-
pressure solid structure, molar volume, sublimation ener-
gy, and zone-center libron frequencies are in remarkably
good agreement with experiment. Moreover, the agree-
ment of the calculated libon frequencies with experiment
for the high-pressure phase supports our prediction that

TABLE 1. Lattice parameters and Gibbs free energies (T =0 K) of Pa% and Cmca structures of solid
CO,. The calculated uncertainty in the parameters a, b, and c is +0.05 A, and it is +£0.5° in the polar

angle 6, defined in Fig. 1(b).

Pa3 Cmca
6o
P (GPa) a (A) G (K) a (A) b (A) c (A) (deg) G (K)
0 5.54 —3243 4.85 5.37 6.53 52.3 —3090
2.8 5.23 4591 4.50 5.00 6.29 522 4652
3.2 5.20 5622 4.47 4.94 6.28 522 5656
34 5.19 6132 4.46 4.94 6.26 52.1 6159
3.8 5.17 7143 4.44 4.93 6.24 52.1 7158
4 5.16 7645 4.44 4.92 6.23 52.1 7652
4.2 5.15 8143 4.43 4.91 6.22 52.0 8145
4.4 5.15 8639 4.42 4.90 6.21 52.0 8635
4.6 5.14 9133 4.35 4.90 6.24 52.0 9112
4.8 5.13 9623 4.35 4.89 6.23 52.0 9595
52 5.11 10598 4.33 4.88 6.22 52.0 10554
5.6 5.10 11564 4.31 4.86 6.21 52.0 11504
8 5.02 17202 427 4.75 6.10 51.9 17016
12 4.92 26119 4.17 4.65 6.02 51.9 25733
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it forms an orthorhombic Cmca structure, exactly like
the ground state of the halogens'® Cl,, Br,, and I,. Ace-
tylene also exhibits'”'® a Pa3 to Cmca transition at
T=133 K, under zero pressure, and at P=9 kbar at 300
K. Unlike CO, there is no observed hysteresis. The abil-
ity of the unit cell to arbitrarily deform from its assumed
initial state, during the minimization procedure, virtually
eliminates any a priori bias in the outcome of the predict-
ed structure at any pressure, although some care had to
be taken in choosing the initial conditions in the optimi-
zation because large potential barriers inhibiting the tran-
sition between phases developed at high pressures. As a
consequence the system occasionally evolved into a meta-
stable state rather than the ground state. For that reason
it was always necessary to monitor the Gibbs free energy.
As will be discussed shortly, these barriers may account
for the large experimentally observed hysterisis.® All cal-
culations based upon four independent molecules per unit
cell spontaneously reduced to two molecule unit cells.
Unit cells containing three molecules exhibited no stable
configurations. Occasionally a two molecule per tetrago-
nal unit cell, isomorphic with the P4,/mnmy-N, phase
would stabilize but, in all cases, an examination of the
Gibbs free energy revealed it was only metastable and not
the equilibrium state of the system.

The predicted phase transition pressure P=4.3 GPa is
between the limits observed® upon loading and unloading
2.5 <P <11 GPa, and it is therefore reasonable. In order
to understand the large hysteresis associated with the
transition between the Cmca and Pa3 structures, the en-
ergy surface corresponding to a molecular rotation
through an azimuthal angle ¢ associated with the Pa3
orientations, see Fig. 1, to an orientation along the bc
plane, as in the Cmca structure, was mapped. The polar
angle 6 was found to change very little through the tran-
sition. A plot of the Gibbs free energy versus ¢ at P=0
showed a minimum only for the Pa3 structure but, with
increasing pressure a minimum occurred for ¢ associated
with the Cmca structure that became equally deep with
Pa3 at P=4.3 GPa. These two minima are separated by
a barrier 225 K high. As P increases further, the well as-
sociated with the Cmeca structure gets deeper but the bar-
rier height above the Pa3 minimum remains the same,
only its width diminishes. The following scenario may at

least partially explain the hysteresis. Upon loading at
low temperatures the barrier cannot be breached until
G(Cmca) is much lower than G(Pa3), where the width of
the barrier is substantially reduced. Upon unloading
from the Cmca phase as P >11 GPa, the barrier that
must be overcome in the transition to Pa3 is very high,
and does not reduce to 225 K until P=4.3 GPa. As with
loading this is still too high and P must be reduced con-
siderably more before the barrier is sufficiently small to
initiate the transition. While this is an oversimplified ar-
gument, it may be an essential element in understanding
the experimental results. If so, one should expect much
smaller hysteresis at room temperature, which remains to
be examined.

Our calculated results, based upon previously
developed potentials, gave a variety of predictions for the
high-pressure phases of CO,, including Pa3, orthorhom-
bic, tetragonal, or both orthorhombic and tetragonal. It
was generally observed that reducing the distance be-
tween the C and O force centers raised the orthorhombic
transition pressure and increasing the hexadecapole mo-
ment favored the stability of the tetragonal phase with
respect to the orthorhombic phase at high pressures. Be-
cause of the uncertainties in the potential it must be ad-
mitted that the tetragonal structure cannot be rules out
as a possible high-pressure phase. However, there are
two features of the tetragonal phase that make it improb-
able as the physically realized state. First of all, there are
only two Raman active modes, instead of the three or
possibly four experimentally observed,® and our calcula-
tions of these frequencies do not agree well with those
measured. Secondly, the potential barrier that must be
overcome in transition from Pa3 to this phase is exceed-
ingly large and it is therefore not likely to be realized.
Consequently, we believe that the Cmca phase is
overwhelmingly the most plausible.
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