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The stability of CO, phases has been investigated up to 50 GPa and 750 K by in situ Raman spec-
troscopy and visual observations using externally heated diamond-anvil cells. A new phase (CO,-II)
exists above 20 GPa and 500 K, which can be quenched to ambient temperature. The vibrational spec-
trum of this new CO, polymorph suggests the dimeric pairing of molecules. Based on the present in situ
data and previous laser-heating results, we present new constraints for the phase diagram of carbon di-
oxide to 50 GPa and 2000 K. We find that carbon dioxide exhibits dramatic changes, both in the molecu-
lar configuration and in the nature of intermolecular interaction at high pressures and temperatures.
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The study of phase stabilities of molecular solids at high
pressures and temperatures is important to understanding
the nature of chemical bonding, intermolecular interac-
tions, and collective behavior of molecules in condensed
phases. Carbon dioxide (CO,) is a nearly chemically
inert, simple linear molecule and is one of the important
simple oxides in nature. Early high pressures studies
established the existence of two molecular solid phases of
CO,: a cubic (Pa3) phase I [1-3] and an orthorhombic
(Cmca) phase III [4,5], both stabilized by quadrupo-
lar interactions between the linear molecules [6]. In
addition, two other polymorphs have been quenched from
laser heated samples: a bent-molecular phase IV [7]
between 10 and 30 GPa and a polymeric phase V [8]
with a SiO,-tridymite-like structure (P2,2;2;) [9] above
40 GPa. In this study, we determine the stability of the
CO; phases up to 50 GPa and 750 K, by using in situ
Raman spectroscopy and visual observations in externally
heated diamond-anvil cells. We report the discovery of
a new phase, CO,-II [10], above 20 GPa and 500 K,
whose vibrational spectrum indicates dimeric pairing of
molecules.

The samples were loaded into a diamond-anvil cell by
liquefying CO; (99.99% purity) at 233 K and 1 MPa in
a high-pressure vessel. A resistive heater (Omega), ca-
pable of heating the sample to 750 K at pressures up to
50 GPa, was wrapped around the cell. The sample tem-
perature was measured with a precision of ~1 K by using
a calibrated thermocouple (K -type) in contact with the dia-
mond anvils. A small amount of H,/Ar mixture (1% H,)
was continuously flowed to avoid diamond oxidation above
600 K. A few micron-sized ruby (Al,O3:Cr*") crystals
were loaded in the cell, and the pressure was determined
based on previously reported temperature-adjusted ruby lu-
minescence [12]. Eleven heating experiments were per-
formed by compressing the CO, samples to pressures up
to 50 GPa, followed by heating to 750 K. Raman spec-
tra were collected every 5 K, or even every 1-2 K near
phase boundaries. Both the pressure and the temperature
were monitored during heating. The pressure was found to
decrease up to 20% during heating to the maximum tem-
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perature of 750 K, presumably due to softening and/or re-
laxation of the diamond-anvil cell apparatus at high tem-
perature.

The stability domains of CO, phases are summarized
in Fig. 1. At ambient temperature, carbon dioxide crys-
tallizes into an optically isotropic cubic (Pa3) phase I at
0.5 GPa [1-3]. CO,-I is a typical linear molecular solid
with weak quadrupolar intermolecular interactions [6] and
low (12 GPa) bulk modulus [9]. Above 12 GPa, it trans-
forms to an orthorhombic (Cmca) phase III [4,5], which
remains stable to 80 GPa [9]. The I — III transition is
sluggish at ambient temperature; both phases coexist over
an extended pressure range between 12 and 22 GPa [5]. In
this study, we find that heating mixtures to 400 K elimi-
nates all traces of the low-pressure phase I and thus fully
stabilizes the high-pressure phase III. Above 400 K, the
I — III transition occurs abruptly within 1-2 GPa with-
out significant hysteresis. This result suggests that only
CO,-III is stable above 12 GPa, without the presence of
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FIG. 1. The constraints for the phase diagram of CO,, based
on the present in situ Raman measurements (data points) and
on previous laser-heating experiments [7,8]. A new phase II is
stabilized above 12 GPa and ~500 K.
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FIG. 2 (color).

In situ microphotographs of three CO, phases: III at 450 K and 18.5 GPa, II at 610 K and 18 GPa, and IV at

720 K at 18.5 GPa. Orthorhombic CO,-III is optically anisotropic and shows a characteristic texture due to high lattice strain even
at elevated temperatures. In contrast, the new CO,-II appears translucent and highly polycrystalline, and the bent-molecular phase
IV is highly transparent and optically isotropic. The yellow tint of phase IV is due to thermal radiation at high temperature.

another “distorted cubic phase” previously proposed in
this pressure range [13]. The extended metastability of
cubic CO;-I to 22 GPa is likely due to its small energy
difference from CO,-III in this pressure range [11]. The
I — III phase transition also occurs without a discrete vol-
ume change in the specific volume [9].

CO,-1I1 is not typical for a molecular solid, evident from
its highly strained lattice (Fig. 2) with large pressure gra-
dients (~100 GPa/mm at 30 GPa) and high bulk modu-
lus of 80 GPa [9] (comparable to that of Si—87 GPa
[14]). Above ~500 K at 19 GPa, it transforms to a new
phase, CO,-1I, as is apparent from distinct changes in both
visual appearance (Fig. 2) and Raman spectrum (Fig. 3).
The transition from CO,-III to IT occurs sharply on heating
(within 10 K) and is not reversible on lowering the tem-
perature. As a result, CO,-II can be recovered at ambient
temperature above 10 GPa.

Above 720 K at 19 GPa, CO,-II converts to the bent
molecular CO,-IV (Figs. 2 and 3). CO,-1V has been dis-
covered recently by laser heating CO,-III above 1000 K
and 12 GPa [7], but the present study provides the first
in situ evidence of its stability at high temperatures. The
reverse transition (from I'V to II) occurs rather slowly (min-
utes) and only in a narrow range of temperatures (~20 K)
below the II < IV transformation line. This explains why
CO,-1IV (instead of II) was quenched during the previous
laser-heating experiments [7].

Previous studies show that the polymeric phase V is
also quenchable at room temperature and is metastable
over a wide range of pressures at 300 K [8]. As a result,
above 12 GPa at room temperature, CO; can exist in any
of four different phases (II, III, IV, and V) depending on
the sample history. We emphasize that phases II, IV, and
V are stable thermodynamically, since they always form
at their stability conditions (shown in Fig. 1) regardless of
the path followed. The same argument holds for CO;-1, as

the other four phases (II, III, IV, and V) revert to CO,-1
below 8—10 GPa. In contrast, CO,-III appears only via
the low-temperature compression of CO;-1, suggesting that
CO,-II is likely a metastable phase. This implies that the
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FIG. 3. Raman spectra of CO, phases II, III, and IV: (a) Ex-
ternal modes, measured in situ at temperatures within their re-
spective stability domains. The broad Raman bands of CO,-III
suggest that the large lattice strain persists even at 450 K, con-
sistent with its visual appearance in Fig. 2. The Raman spectrum
of the new phase II is dominated by two strong and rather sharp
bands, A and B, attributed to the characteristic vibrations of the
(CO,), pair. The spectrum of phase IV consists of eight distinct
lattice modes suggesting a low symmetry structure (Ref. [7]).
(b) Internal modes of phases III, II, and IV, measured from
samples quenched at room temperature. The large splitting of
the symmetric mode in CO,-II is viewed as evidence of pairing
of the CO, molecules.
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IIT — II phase boundary may represent a kinetic barrier,
rather than a thermodynamical phase boundary.

The phase diagram in Fig. 1 is extended to 50 GPa and
2000 K by adding the stability domain of phase V as de-
termined by the previous laser-heating experiments [7,8].
The melting curve is based on the ambient melting point
190 K, the previous low-pressure melting data [15,16], and
the present data at 640 K at 4 GPa. Note that four different
phases (I, II, III, and IV) appear to be stable in the vicin-
ity of the same pressure-temperature point (12 = 1 GPa,
480 = 5 K). One way to reconcile this result with the
Gibbs phase rule [17] would be to assume the existence of
two distinct triple points separated by less than the present
experimental precision (5 K and 1 GPa). However, a more
likely explanation is that, as mentioned above, the III-II
phase boundary represents a kinetic line of transition. This
would extend the P-T domain in which CO,-III can sur-
vive metastably to higher temperatures and contribute to
the apparent singularity in the phase diagram.

Figure 3(b) compares the internal Raman modes of the
three phases considered. In CO,-1I, the internal »; mode
is split into two well-defined branches, whose separation
rapidly increases with pressure (Fig. 4). At 40 GPa it ex-
ceeds 25 cm ™!, substantially larger than that expected for
crystal field splitting (typically less than 5 cm ™! at 40 GPa
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FIG. 4. Pressure shifts of the Raman modes of CO,-II at room
temperature. The large split in the Fermi resonance band v
is attributed to the dimeric pairing of CO, molecules in phase II.

The dotted lines represent the corresponding Raman bands mea-
sured in CO,-IV presented for comparison.
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as in the cases of CO,-III and IV, as shown in Fig. 2). The
large v splitting in CO,-II is likely due to strong elec-
trostatic dipole interactions, resulting from charge transfer
between neighboring molecules. The energy separation
between the lowest unoccupied molecular orbital (277,
and the highest occupied molecular orbital (17,) of CO,
rapidly collapses with decreasing intermolecular distance
and C-O-C angle [18]. Therefore, it is likely that the charge
transfer occurs from nonbonding 17, to antibonding 27r,,,
resulting in a partial destruction of 7 bonding and in a
bent molecular configuration. The molecular bending of
the O=C=0 units in CO,-II is evident from the emer-
gence of the v, bending mode at 650 cm ~! (Fig. 4).

The pairwise association of CO; molecules splits all
internal modes (v;, v,, degenerated v;), and thereby its
Fermi resonance v4 mode, into two modes (in-phase and
out-of-phase): 3A, + 3B, + 1A, + 1B,. In addition,
it generates four new additional modes associated with
CO; - - - CO; dimeric vibrations: v (Ag), v4(By), v5(Ag),
and v,(A,).

The layered crystal structure of CO,-1II (Cmca) offers
a nearly perfect arrangement for electron charge transfer
from intramolecular to intermolecular bonds and thereby
for dimeric association of molecules. At relatively low
pressures, carbon dioxide is highly compressible (35% vol-
ume compression at 20 GPa) [9]. As a result, the nearest
interatomic carbon-oxygen distance of CO,-III collapses
to 2.582 A in a “T-shape” (C»,) configuration within the
basal ¢ plane or to 2.610 A in a side-by-side “staggered”
(Cap) configuration along the ¢ axis. Both of these dis-
tances are only slightly greater than twice the C=O bond
distance of 1.114 A [9]. In CO,-I, where the intermolecu-
lar interaction is strictly quadrupolar, the nearest C---O
(3.144 A) and O---0 (3.211 A) interatomic distances are
significantly larger. The vibrational frequencies of CO;
dimer have been calculated in a staggered configuration
with the interatomic C - - - O distance of 2.900 A, resulting
in the symmetric deformation and breathing modes at
75 and 179 cm™!, respectively [19]. These calculated
frequencies are in good agreement with those of the
measured peaks (A and B) extrapolated to ambient pres-
sure (110 and 180 cm™!) in Fig. 4. Recent calculations
of the valence charge distribution in the Cj; dimer of
CO, also predict an increased electron density in the
region between the molecules [20]. Importantly, similar
charge transfer dimers have also been observed in CS,
[21], Ho-1II [22], O, [23], Liy [24], and halides [25] at
high pressures. It is also remarkable to note that those
transitions occur also from a Cmca or analogous crystal
structure [21-26].

In conclusion, we have presented new constraints for the
phase diagram of carbon dioxide and evidence for a new
dimeric polymorph CO;,-II. Carbon dioxide exhibits a rich
polymorphism at high pressures and temperatures with
phases differing greatly in molecular configuration, inter-
molecular interaction, and chemical bonding. The stability
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of the phases can be understood systematically in terms of
pressure-induced electron delocalization, resulting from
a stronger density dependence of the repulsive electron
kinetic energy (p~2/3) than of the electrostatic potential
energy (—p ~'/3). Such increased electron delocalization
leads to a gradual convergence of the strengths of intra-
molecular and intermolecular interactions and to transfor-
mations of the molecular-solid phase I to more electron
delocalized structures such as strained-III, dimeric-II,
bent-IV, and eventually extended-V. In turn, the oc-
currence of these new phases with partially delocalized
electrons softens the repulsive potentials and retards the
insulator-metal transition in carbon dioxide.
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