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In situ high P-T Raman spectra of solid CO2 up to 67 GPa and 1660 K have been measured, using
a micro-optical spectroscopy system coupled with a Nd:YLF laser heating system in diamond anvil
cells. A metallic foil was employed to efficiently absorb the incoming Nd:YLF laser and heat the
sample. The average sample temperature was accurately determined by detailed balance from the
anti-Stokes/Stokes ratio, and was compared to the temperature of the absorber determined by fitting
the thermal radiation spectrum to the Planck radiation law. The transformation temperature
threshold and the transformation dynamics from the molecular phases III and II to the polymeric
phase V, previously investigated only by means of temperature quench experiments, was determined
at different pressures. TheP-T range of the transformation, between 640 and 1100 K in the 33–65
GPa pressure interval, was assessed to be a kinetic barrier rather than a phase boundary. These
findings lead to a new interpretation of the highP-T phase diagram of carbon dioxide. Furthermore,
our approach opens a new way to perform quantitativein situ Raman measurements under
extremely high pressures and temperatures, providing unique information about phase relations and
structural and thermodynamic properties of materials under these conditions. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1758936#

I. INTRODUCTION

High pressure techniques provide the leading tool to
strongly modify and investigate molecular interactions in
simple molecular solids. These interactions become highly
repulsive at high density, mainly due to the kinetic energy of
the electrons. Solid-solid phase transitions thus occur to
minimize the overall energy of the system. Particularly dra-
matic changes can take place when intermolecular and in-
tramolecular distances converge, a situation with profound
effects on chemical bonds. In this respect a variety of trans-
formations have been observed, including the insulator to
metal transitions@O2 ~Ref. 1!, I2 ~Ref. 2!, Xe ~Ref. 3!#, mo-
lecular transformations@O2 ~Ref. 4!#, and polymerization
and amorphization of simple organic compounds@C2H2

~Ref. 5!, C4H6 ~Ref. 6!, C6H6 ~Ref. 7!#.
The role of high temperature is of paramount importance

in discovering possible new highP-T phases of simple mo-
lecular systems, and/or overcoming the kinetic barriers
which often hinder the high density transformations. Also,
high P-T methods give appealing perspectives to planetary
science. Shock wave techniques provide methods for access-
ing extreme highP-T conditions and have thus revealed cru-
cial information.8 Nevertheless, some drawbacks related to
these experiments have to be pointed out: temperature and
pressure are coupled in these transient experiments, and the
employment ofin situ techniques is limited. On the other
hand, recent developments in laser heating/diamond anvil
cell ~DAC! techniques provide access to highP-T condition
with available staticin situ probes of the structural and dy-

namical properties.9,10 The laser-heated DAC technique has
been widely used within situ x-ray diffraction to study the
crystal structure, phase diagrams, and thermal equations of
state of materials under theP-T conditions of the Earth’s
interior. However, this technique has been rarely applied to
investigating important planetary/molecular systems contain-
ing low-Z elements and compounds under extreme condi-
tions. Because these systems can have high Raman cross
section,in situ Raman studies by laser heating may be em-
ployed to investigate their physical properties.

In this work we investigate the highP-T transformations
of solid CO2 by means ofin situ Raman spectroscopy on
laser-heated samples in the DAC. Carbon dioxide is one of
the most important volatile systems. It is the dominant com-
ponent of the atmospheres of terrestrial planets such as Mars
and Venus, is commonly found in ice form in planets and
asteroids, and is an important volatile in volcanic activity.
From the fundamental point of view it is one of the model
systems involving thep bonding and the hybridization prop-
erties of the carbon atom, which are strongly affected by the
high pressure conditions. Despite its simplicity, carbon diox-
ide undergoes a number of high pressure modifications, also
involving strong metastabilities. At room temperature CO2

solidifies into cubic phase I~known as dry ice,Pa3) with
strong double bonds and rather weak intermolecular
interaction.11 Furthermore, CO2-I transforms to orthorhom-
bic phase III (Cmca) between 12 and 22 GPa.12–18The I-III
transition is sluggish at ambient temperature, but is strongly
temperature dependent, occurring abruptly above 400 K as
found by Iota and Yoo.19 The structural investigation of
phase III was performed up to 60 GPa by Yooet al.12 There
it was shown that the I-III transition occurs with no apparent
volume discontinuity, and the orthorhombicCmcastructure
of CO2-III was confirmed in the whole pressure range inves-
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tigated. In addition, they reported large pressure gradients in
phase III ~100–200 GPa/mm above 30 GPa!, an unusually
high bulk modulus, equal to 87 GPa, and collapsed intermo-
lecular distances. So the authors concluded that CO2-III is a
high strength material with increased intermolecular bond-
ing, implying that CO2-III is not entirely molecular. Finally,
only oneP-T path was found to produce CO2-III: phase III
appeared only via low temperature compression of phase I.19

On the basis of such observations CO2-III was suggested to
be a metastable phase.

A nonmolecular solid phase of carbon dioxide~phase V!
was synthesized in the DAC by laser heating of phase III
above 40 GPa and 1800 K.20 This material was quenched to
ambient temperature and was recovered down to 1 GPa. The
Raman spectrum showed a strong peak in the 700–800 cm21

spectral range which was assigned to the symmetric stretch
of the C-O-C bonds, thus indicating the formation of an ex-
tended covalent solid with carbon-oxygen single bonds simi-
lar to the quartz polymorph of SiO2 . This material was also
found to exhibit nonlinear optical properties, generating the
second harmonic of a near infrared light beam. The observed
P-T transition boundary was argued to represent a kinetic
barrier rather than the thermodynamic phase boundary. The
x-ray diffraction investigation, together withab initio simu-
lations, led to the assignment of the tridymite structure
(P212121) to phase V and to the determination of a 15.3%
volume reduction with respect to phase III above 40 GPa.12

Each carbon atom of CO2-V is tetrahedrally bonded with
four oxygen atoms. This phase is likely superhard with a
high incompressibility of 365 GPa, similar to cubic BN. The
high pressure transformation of carbon dioxide to a nonmo-
lecular phase involving special arrangements of CO4 tetrahe-
dra has also been examined theoretically by different
authors,21–23 but the results differ. In the experimental
studies,20,12 some important limitations affected the full de-
termination of the thermodynamic properties of the III to V
transformation and of phase V itself:~1! Raman spectra and
diffraction patterns were measured only on the temperature
quenched material,~2! the temperature threshold was
roughly estimated by the gray-body radiation of an optical
absorber employed to heat the sample indirectly, and~3! the
overall metastable character, instead of stable, of the synthe-
sized material at room temperature was just claimed.

Laser heating of solid CO2 at 30–80 GPa and 3000–
1500 K resulted in the breakdown of this compound to mo-
lecular oxygen and diamond.24 Above 40 GPa the decompo-
sition was preceded by the formation of a new nonmolecular
CO2 phase (CO2-VI). Also in this case, the limitation of
spectroscopic and diffraction data to the temperature
quenched material and the very rough estimation of the
transformation temperatures led to only an approximate ki-
netic ~as opposed to thermodynamic! phase diagram. De-
composition of carbon dioxide was also found in shock wave
measurements above 34 GPa where the calculated tempera-
ture was estimated to be 4500 K.25

Recently two new solid phases, CO2-IV and II, both
produced at high temperature, were discovered and sug-
gested to be intermediate between molecular and covalent-
bonded solids.19,26–28 Phase IV was obtained by heating

CO2-III between 12 and 30 GPa and shown to be nonlinear
~bent!, due to the activation of the forbidden bending mode
of CO2 in the Raman spectrum.26 This phase was quenched
at room temperature and shown to persist between 12 and 80
GPa, bypassing the entire field of phase III. Laser heating of
quenched phase IV further transformed it to phase V above
30 GPa. At 80 GPa, CO2-IV became an extended amorphous
solid. Two plausible crystal structures of phase IV were pro-
posed with bent C5O5C molecules: tetragonalP41212 and
orthorhombicPbcn.28 The volume of this solid was found to
be very close to that of phase III. Furthermore, the intramo-
lecular ~intermolecular! CO distance was found to be
strongly increased~decreased!, thus pointing to an increased
intermolecular interaction and to the character of phase IV as
a precursor to forming the covalent phase V. Phase II was
achieved by heating CO2-III above 20 GPa and 500 K and
was quenched to ambient temperature. The Raman spectrum
was interpreted as indicating pairing of molecules. The crys-
tal structure of phase II was determined to be tetragonal
P42 /mnm with some evidence of tetragonal-to-
orthorhombic (Pnnm) disorder. As in phase IV, but at a
lower grade here, elongated C5O distances and collapsed
intermolecular separations pointed to strong intermolecular
association and to the precursor character for forming phase
V. Phase II is about 5%–7% denser than CO2-III. It is re-
ported to have an unusually high bulk modulus equal to
131.5 GPa.27

In a recent paper by Bonevet al.29 the structure and the
relative stability of phase I, II, III, and IV were reexamined
by first-principles calculations. The authors confuted the con-
cept of intermediate phases belonging to CO2-IV and II, and
proposed instead molecular structures, providing a very good
agreement with measurements. Here the structureP42 /mnm
was assigned to phase II, and the C5O bond length was
found to be comparable to the free CO2 molecule. This struc-
ture was also found to be stable over the entire range of
phase III, thus confirming that CO2-III is a metastable phase.
The structureCmca, previously assigned to CO2-III, was
reassigned to phase IV. Finally, the high bulk moduli found
for phases III and II~Refs. 12, 27! were calculated to be two
orders of magnitude smaller, a discrepancy ascribed to an
incorrect extrapolation of the experimental data to ambient
pressure.

By comparing all the above-mentioned findings, the
topic of high P-T solid carbon dioxide appears still contro-
versial. In this work we investigate the pressure-temperature
range between 10–67 GPa and 300–1700 K, respectively. A
specific attempt was made to observe, by means ofin situ
Raman spectroscopy, the onset of the formation and the sta-
bility of nonmolecular carbon dioxide from the molecular
phases. In addition, the average temperature determined from
the detailed Stokes/anti-Stokes balance of the Raman spec-
trum was ascribed to the actual temperature of the laser-
heated sample itself. These measurements have led us to re-
vise the highP-T phase diagram of carbon dioxide.

II. EXPERIMENTAL PROCEDURE

Carbon dioxide was loaded in a symmetric DAC by
means of the gas loading technique. The gaseous CO2 was
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compressed to about 1800 bar and then sealed in the DAC.
As shown by the Raman spectrum, the sample was fully
transformed into phase III above 30 GPa in compression.
The highly textured morphology of this phase was also ob-
served. To determine the temperature transformation thresh-
old from molecular solid carbon dioxide to the covalent
solid, different samples were systematically laser heated at
pressures in the 30–67 GPa range. Pressure was determined
by the ruby luminescence technique30 at room temperature
before and after each heating cycle.

A Nd:YLF laser, with a maximum power of 80 W and
spot size of about 40mm at the sample surface, was used to
heat the sample from one side. Type I diamond anvils were
employed with culet sizes between 400 and 250mm. A rhe-
nium gasket was preindented to 25–30mm and a hole of
100–150mm in diameter was drilled in it. A thin metallic
~Re or Pt! foil having thicknesses of 5 to 20mm was put into
the sample chamber to absorb the laser energy and heat the
CO2 sample. We used the metallic foil as an internal heating
furnace because of the transparency of the sample to the laser
wavelength~1053 nm!. A small hole, 10–20mm in diameter,
was drilled through the foil and the sample was uniformly
heated here, and Raman spectra were collectedin situ. The
temperature of the foil was determined by fitting the gray-
body thermal radiation spectrum between 670 nm and 830
nm to the Planck radiation function. However, this is not a
direct probe of the actual sample temperature, being the
sample thermal emission far away from that of the metallic
coupler and specifically much lower than it is. Consequently
we used the temperatures determined from the principle of
detailed balance applied to the Raman spectrum~see below!
as the average sample temperature during the heating. We
did not employ any insulating layer between sample and an-
vils in order to avoid effects of any possible chemical reac-
tion. This choice limited the actual temperatures below
1700 K.

The 488 nm line of an Ar1 laser was employed as Ra-
man excitation source, with a typical input power of several
tenths of a Watt. The Ar1 and Nd:YLF lasers were focused
into the sample chamber from opposite sides in a confocal
configuration. The spot size of the argon laser was equal to a
few microns; the high throughput-single grating Jobin-Yvon
HR460 monochromator and a charge-coupled device~CCD!
detector were used to disperse and detect the scattered light,
respectively. The Raman spectra were measured in back-
scattering geometry. Two holographic notch filters, in cas-
cade, were employed to cut off the Rayleigh line and simul-
taneously measure the Stokes and the anti-Stokes bands.
Both the external and internal vibrational frequency regions
of the molecular crystal were measured above 10 GPa and
temperatures of the metal foil as high as 2000 K. The Stokes/
anti-Stokes detailed balance was performed on both kinds of
excitation. The actual sample temperature is obtained from
the relationship:I aS/I S5b(E)exp(2E/kBT), where I aS and
I S are the intensities of an anti-Stokes/Stokes pair,E is the
energy of the Raman transition,kB is the Boltzmann con-
stant,T is the temperature, andb(E) is a factor related to the
cross sections ratio. The value of the ratioI aS/I S is obtained
by the measured intensities, after having corrected them by

the spectral response of the system, i.e., monochromator,
CCD, and optics.

III. RESULTS

In Fig. 1 we report the averaged sample temperature
determined by the detailed balance principle,TRaman, versus
that obtained from the thermal radiation spectrum of the
metal foil ~Pt!, Tgray-body, at two different pressures: 11.6 and
46 GPa. At 11.6 GPa the sample was heated deep inside
phase IV~see the known phase diagram in Fig. 4! and this
phase was quenched at room temperature. The detailed bal-
ance associated with the pair of diamond peaks along the
heating run is always comparable to the value obtained at
room T, indicating the very local character of the heating
procedure. At 46 GPa the sample was driven from phase III
into phase V, as discussed below. At 11.6 GPaTgray-body is
much higher thanTRaman, the difference between the two
amounting to several hundreds of degrees. The data were
fitted to a line with a slope equal to 0.55. The systematic
difference between the metal foil temperature and the actual
sample temperature demonstrates the necessity of measuring
this last onein situ ~e.g., from the Raman spectrum! to obtain
valid results in high pressure/laser heating experiments. To
our knowledge, this is the first high pressure/laser heating
study, in which the absolute averaged sample temperature
was obtained from the detailed balance principle, providing a

FIG. 1. Averaged sample temperature determined by the detailed balance
principle, TRaman, vs that obtained from the thermal radiation spectrum of
the metal foil~Pt!, Tgray-body, ~see text! at two different pressures: 46 GPa
~open dots! and 11.6 GPa~full dots!. The integration times employed to
acquire both the Raman and the thermal emission spectra were typically
around 5–10 s. Error bars onTRaman, 650 K were estimated combining the
inaccuracy related to the actual spectra and the calibration procedure.
Tgray-bodywas determined just before and after having collected each Raman
spectrum, and related error bars, amounting to650 K, are mainly due to the
difference between the two measurements. At 11.6 GPaTRamanwas evalu-
ated from the pair of peaks assigned to the molecular symmetric stretching
mode, positioned around61416 cm21, which by far is the most intense
spectral feature at this pressure. At 46 GPa several pairs of phonon lines
were available to determineTRaman~see Fig. 3!. The results obtained from
different pairs agree within the reported error bars. The agreement between
TRamanandTgray-body increases as the pressure is raised due to the increased
thermal conductivity of both the sample and the absorber.

2782 J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Santoro et al.

Downloaded 26 Jul 2004 to 192.70.249.30. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



new way to quantitatively investigate the highP-T proper-
ties of materials. The agreement betweenTRaman and
Tgray-body increases as the pressure is stepped up due to the
increased thermal conductivity of both the sample and the
metal foil. At 46 GPa the two temperatures are very close
and the slope of the linear behavior is as high as 1.17. The
high thermal conductivities also reduce the maximum tem-
perature of the metal foil due to the increased heat losses to
the diamond anvils.

We also checked the homogeneity of the room tempera-
ture quenched phase V in the sample chamber. These results
revealed that temperature inhomogenities had occurred along
the heating run. The signature of phase V was present in the
sample chamber confined by the metal foil and on the sur-
face of the foil itself, where the sample thickness is as low as
a few microns. On the other hand, these features sharply
vanished beyond the external edge of the foil, where the
spectrum can be ascribed to pure phase III, thus showing that
a much lower temperature was achieved here during the
heating procedure. The heat radial distribution was therefore
well confined inside the metal foil area.

The dynamics of transformation of solid carbon dioxide
from phase III to phase V, the corresponding onset tempera-
ture and the high temperature stability of CO2-V were deter-
mined in situ here for the first time. In Fig. 2 we show se-
lected Raman spectra measured at 36 GPa up to 910 K along
a typical laser-heating run, where the Nd:YLF laser power
was slowly increased, thereby allowing the accurate determi-
nation of the onset of the transformation to phase V. The
reported temperatures are obtained from the Raman spectra.
The duration of the whole heating cycle was as long as
10–15 min. Both the Stokes and the anti-Stokes spectral re-
gions are reported~below the position of the diamond peak!.
At room temperature we observed two phonon peaks cen-
tered around 323 cm21, the most intense one, and 384 cm21.
This spectrum is ascribed to phase III.19,26At 710 K we point
out the appearance of a shoulder on the low frequency side
of the first peak, and the increased intensity of the second. In
the inset we report a narrow region lying around the two
phonon bands, and have decomposed the whole spectrum
into two pairs of features. One of these is comparable to the
spectrum of phase III, while the other pair shows a broad-
band peaked around 298 cm21 and a component at about 373
cm21. The two new bands are very similar to the phonon
spectrum of phase II that was recently reported;19,27 their
presence proves that phase III indeed transforms to phase II
at 710 K, which agrees with the known phase diagram~Fig.
4!. As the temperature is increased the transformation pro-
ceeds, and the whole phonon spectrum closely resembles that
of phase II at 910 K in the above-mentioned frequency re-
gion. On the other hand, five new peaks were observed at
this temperature, at about 437~a!, 764~b!, 898~c!, 1082~d!,
and 1190~e! cm21, pointing to an additional transformation.
These features are ascribed to phase V, where the band at 764
cm21, which is by far the most intense, is assigned to the
symmetricC–O–C stretching mode;20 this in turn was as-
sumed to be the main vibrational signature of the extended
covalent character of phase V. Above 770 K the transforma-
tion from molecular carbon dioxide to this phase proceeds

almost simultaneously with the transformation from CO2-III
to CO2-II, as shown by the modification of the features be-
low 400 cm21 and the appearance at the same time, above
this frequency, of the spectrum of CO2-V. Finally, the
sample temperature was lowered down to ambient, with an
overall cooling time of a few minutes. We did not observe
any further transformations on the temperature quench and
the spectrum at room temperature is almost identical to that
reported at 910 K.

Figure 3 shows Raman spectra measured along a heating
run at about 46 GPa, similar to that described above. In this
case, the Nd:YLF laser power was abruptly increased; tem-
perature jumps of several hundreds of degrees were produced
in 1 to 2 s inorder to detect possible changes in the kinetics
of transformation to phase V. The spectra recorded at room
temperature and 670 K are clearly assigned to phase III. At
1370 K the intensity of the CO2-III spectral features is re-
duced to about 30% of the initial value, the peaks of phase V,
centered at about 479, 807, 908, 1127, and 1227 cm21 re-
spectively, are very strong, and no signatures of phase II are
detected. At 1540 K the amount of transformed phase V is
just slightly increased, while the spectrum of the recovered

FIG. 2. Selected Raman spectra measured in a typical laser heating run. The
region extending between2150 and1150 cm21 was cut off by means of
the notch filters as discussed in the text, and a very weak residual Rayleigh
line is observed at zero frequency. The broad background extending on the
Stokes side is dominated by diamond fluorescence, as the thermal emission
contribution is negligible at these temperatures. Here the Nd:YLF laser
power was slowly varied, thereby allowing accurate observation of the
transformation from molecular phases~III and II! to the polymeric phase V.
The transition between phases III and II was observed prior to formation of
phase V, as evidenced by the changes in the lattice region~features* and
** !. The inset shows the narrow region of the two phonon bands. The whole
spectrum was decomposed into two pairs of features. One of these is com-
parable to the spectrum of phase III~dashed line!, while the other pair
~dotted line! is assigned to phase II.
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sample at roomT is almost unchanged apart from the strong
line narrowing of the peak at 807 cm21. A pressure drop
from 48 to 44 GPa was observed during the run. This result
shows that a sharp temperature increase leads to the transfor-
mation to CO2-V directly from CO2-III, without passing
through phase II. On the other hand, a temperature increase
in small increments, starting from roomT at the same pres-
sure, produced both phases V and II almost simultaneously
~i.e., at the same temperature!.

We determined systematically the threshold temperature
for the transformation to phase V at different pressures be-
tween 33 and 65 GPa, by gradually increasing the Nd:YLF
laser power as in the run reported in Fig. 2. TheseP-T points
are plotted in Fig. 4 superimposed on the approximate trans-
formation boundaries estimated previously.24,19 A minimum
in the transformation temperature is found between 50 and
55 GPa, equal to about 640 K. Temperature error bars are as
high as660–150 K; they are due both to the inaccuracy in
determining the Raman temperature and the uncertainty in
determining the onset of the transformation. Pressure error
bars range from61 to 63 GPa and are due both to the large
pressure gradients affecting the CO2-III solid and the pres-
sure variation experienced during the heating run. This latter
was due to two main effects: the volume variation associated
with the transformation, and the mechanical instability of the
whole cell assembly, which was subjected to a temperature
increase of several tens of degrees. We point out that in order
to minimize the inaccuracy due to the huge pressure gradi-
ents, the pressure was determined by measuring the fluores-
cence of small ruby chips~a few microns in diameter! placed
as close as possible to the region where we collected the

Raman spectrum. Detailed observation of the kinetics of
transformation to phase V becomes very difficult above 60
GPa. In fact, phase III becomes amorphous upon further
compression as shown by the vanishing Raman intensities.
At 65 GPa the phonon peaks of CO2-III appear as a small
hump hardly distinguishable from the broad luminescence
background; a slightly stronger broadband is also observed
around 1000 cm21 that we ascribe to the second order pho-
non scattering. The weakness of the Raman signal in phase
III prevents accurate determination of the transition tempera-
ture, even if very sharp peaks are still observed in phase V at
both high and room temperature.

In order to further clarify the phase diagram region as-
cribed to nonmolecular carbon dioxide and to compare our
results with previous studies,19,20,24 we report in Fig. 5 the
pressure shift of the observed Raman peaks, assigned to
CO2-V. The sample was partially transformed at about 65
GPa and 1660 K and the frequencies were evaluated on de-
compression from 67 GPa down to about 12 GPa at room
temperature; at this pressure the crystal rapidly starts to
transform back into the CO2-I molecular solid. The maxi-
mum available resolution~;2 cm21! was employed in this
case in order to observe fine details of the spectral bands.
The two peaks positioned above 1000 cm21, d ande, harden
with pressure, at the same rate, and are hardly detected below
22 GPa. Peakc1 , around 900 cm21, is rather pressure insen-
sitive, while frequencyc2 decreases with lowering pressure
and vanishes progressively toward 43 GPa along this run. On
the other hand, different runs show thatc2 becomes very
close toc1 ~within about 10–15 cm21 below 40 GPa!. Peak
b is slightly asymmetric along its low frequency side, point-
ing to a very weak additional component which is never
resolved from the main one; the frequency of the center of
mass of such a band is reported in the figure. The very weak
band b8 is positioned around 750 cm21 and is no longer

FIG. 3. Selected Raman spectra measured on heating. An increase in tem-
perature from 670 to 1370 K led to the transformation of phase III directly
to phase V. The passage through CO2-II is avoided, thus showing that this
phase is not necessarily involved in the molecular transformation. The broad
background is significantly increased at 1540 K due to thermal radiation.

FIG. 4. Threshold temperature for the transformation to phase V~dots, this
work! at different pressures, superimposed on the approximate transforma-
tion boundaries previously determined: dotted~here called lineB!, dashed,
and dashed-dot lines were determined in Refs. 19, 20, and 24, respectively.
The thick continuous line passing through the points~line A! is a guide for
the eye. The boundaries lying below 20 GPa~continuous lines! are from
Ref. 19. Vertical arrows indicate the heating runs performed in this work.
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detectable below 24 GPa. Two bandsa1 anda2 are observed
between 350 and 520 cm21; they are very close to each
other, sharp and fairly well resolved at high pressure, while
tending to merge in a single band with decreasing pressure.
Finally, extremely weak features are observed at lower fre-
quencies, which are assigned to the residual molecular phase.

This behavior is qualitatively in agreement with that re-
ported by Iotaet al.20 They found shifted positions and dif-
ferent slopes, which we reasonably ascribe to the fact that
they decompressed the sample starting from a lower pres-
sure, 50 GPa, than we did. We suggest that theP-T path
does influence the actual values of the vibrational frequen-
cies. Iotaet al.20 observed the features mentioned above, but
they reported the behavior of only one band above 1000
cm21 and did not report the behavior of peakb8, in addition
a unique frequency is given to each of the two manifolds
(a1 ,a2) and (c1 ,c2), respectively, although the correspond-
ing bands are clearly asymmetric and double degeneracy was
assigned to them. The behavior above 1000 cm21 ranges
between ourd ande frequencies, whileb anda are shifted by
at most 20 and 65 cm21, respectively. Different results were
found by Tschauneret al.24 by decompressing nonmolecular
carbon dioxide samples which were produced at tempera-
tures estimated above 1500 K. Peaksb anda show a discon-
tinuity at about 40 GPa, amounting to about 50 and 20 cm21,
respectively. Also, an additional peak was found between
bandb anda, which disappears below 40 GPa.

IV. DISCUSSION

The transformation temperatures to nonmolecular carbon
dioxide found in this work are lower than those previously

reported by means of rough evaluation methods based on the
thermal emission spectrum.20,24 The employment ofin situ
Raman spectroscopy to both measure accurately the sample
temperature and precisely detect the onset of the transforma-
tions provided new, quantitative information about the sys-
tem. Specifically the line connecting the transformation tem-
peratures~line A, see Fig. 4! is ascribed to a kinetic barrier
instead of a phase boundary. The same conclusion was pre-
viously argued in Refs. 20 and 24 concerning the transfor-
mation temperature. Here we observe that from room tem-
perature measurements12,27 phase V is known to be much
denser than both phases III and II; in addition, structural and
spectroscopic data for CO2-V point to a lower entropy. These
findings imply a positive slope of the expectedT(P) phase
boundary, as determined by the Clapeyron equation:
dT/dP5DV/DS, whereDV andDS are the volume and the
entropy variation, respectively, between two coexisting
phases at thermodynamic equilibrium. In contrast, lineA
shows a negative slope at least between 30 and 50 GPa.
Moreover, the minimum exhibited by such a behavior around
50–55 GPa would indicate that the nonmolecular and mo-
lecular phases have the same specific volume, which is not
the case; the volume difference between phase V and phase
III ~II ! is equal to about 15%~8%–10%! at these pressures.
The behavior of lineA can be easily understood by regarding
the III ~II ! to V transformation as a chemical reaction, which
is reasonable due to the fact that the chemical bonds are
completely reconstructed when CO2-V is produced. Reac-
tions may proceed when intermolecular distances reach a
minimum; this condition can be achieved statically by in-
creasing pressure or dynamically by increasing temperature.
The negative slope of the line up to 50–55 GPa can thus be
explained qualitatively. The amorphization of phase III oc-
curring at higher pressures most probably tends to hinder the
chemical reactivity due to a reduced molecular mobility,
which is needed to allow reconstructed bonding, and a higher
temperature is required to promote the reaction. The kinetic
barrier character of lineA, in turn, points to ascribing the
entire underlined region of the phase diagram to the stability
field of nonmolecular carbon dioxide instead of CO2-III
and/or CO2-II. In other words, we suggest that the extended
covalent solid recovered at room temperature, at least within
the pressure range lying above 30 GPa, is more likely a
stable than a metastable solid.

The line dividing phase III from phase II~line B in Fig.
4!, was previously determined in the range between 14 and
30 GPa by externally heated DAC techniques,19 and was
linearly extrapolated to higher pressures. Like lineA, it was
suggested to be a kinetic barrier.19 This implies that CO2-III
is a metastable phase in the conditions where it is observed;
this agrees with the observation that only oneP-T path was
found to achieve CO2-III ~i.e., it appears only via low tem-
perature compression of phase I!. The two kinetic barriers,
line A andB, tend to converge with increasing pressure, in-
tersecting around 43 GPa. This finding corresponds to the
near simultaneity of the onset of phase II and V, which was
observed specifically at 48–50 GPa. We point out that phase
V can be formed from phases other than CO2-II; CO2-V can

FIG. 5. Pressure dependence of the Raman frequencies observed in phase V
evaluated at room temperature along a decompression path. Guides for the
eye and data from Ref. 20 are also plotted~continuous and dashed lines,
respectively!. The comparison with previous results found by Tschauner
et al. ~Ref. 24! is discussed in the text.
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be obtained directly from CO2-III when an abrupt increase
of the laser heating power is employed.

The nonmolecular phase VI~Ref. 24! was not observed
in our range of temperature and pressure. The frequency
shifts of CO2-V ~Fig. 5! are qualitatively in agreement with
those reported by Iotaet al.,20 in the common pressure range.
In addition we found them to be rather continuous; in con-
trast discontinuities in Raman frequencies together with an
extra peak were observed and used to identify a new nonmo-
lecular phase~CO2-VI ! above 40 GPa in Ref. 24. We do not
refute the existence of such a phase, since its kinetic barrier
could simply be located at higher temperatures than those
achieved in this work. Nonetheless, we point out that
CO2-VI, which was suggested to be a precursor of the de-
composition of carbon dioxide into molecular oxygen and
carbon, was clearly evident only after having partially pro-
duced such decomposition. Additional work is needed to ex-
amine the effects of coexistence of the undecomposed mate-
rial with the other species on the measured spectrum.

These results provide constraints on theP-T stability
fields of solid phases of CO2 in the region of the transforma-
tion to the nonmolecular phase~Fig. 6!. The domains of
phases I and IV are shown as in Ref. 19, while phase III
appears to be metastable according to both experiment and
theory. The domain of CO2-II is greatly reduced because of
the lower phase boundary to CO2-V estimated on the basis
of the following arguments. The entire region below the ki-
netic barrier to the nonmolecular solid lying above 30 GPa
has to be assigned to the stable phase V, as observed above.
As a consequence, the II-V phase boundary cannot intersect
such a region. Furthermore, its slope has to be positive. Fi-
nally, at room temperature the low pressure limit of phase V

is about 12 GPa, where it starts to transform back into
CO2-I, but it could also be metastable above this pressure,
i.e., between 12 and 30 GPa; consequently we put the V to II
phase transition, at room temperature, roughly in the middle
of this pressure interval. A triple point between phases IV, II,
and V is also expected. Additional work is needed to provide
tighter bounds on the II-V phase boundary, but this is com-
plicated by the strong kinetic barrier of the transitions. The-
oretical calculations could help to overcome this difficulty.

We have demonstrated the capability ofin situ Raman
spectroscopy and laser heating technique in diamond anvil
cells to quantitatively investigate the highP-T properties of
carbon dioxide. Our study adds to the arsenal of new tech-
niques for investigating molecular systems under extreme
high P-T conditions. The study of such systems has impor-
tant implications for understanding the interiors of planetary
bodies of the outer Solar System.
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