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Crystal structure of bent carbon dioxide phase IV
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The crystal structure of carbon dioxide phase IV (CO2-IV) has been characterized based on powder angle-
resolved x-ray diffraction data obtainedin situ at 300–750 K and 11–50 GPa. The results confirm that in this
high-pressure polymorph OvCvO molecules are nonlinear. Rietveld analyses of the x-ray data yield two
plausible structures: P41212 (a-SiO2 cristobalite! and Pbcn (a-PbO2 , post-stishovite!. Carbon dioxide
molecules are bent slightly more in thePbcn phase (,C-O-C5160°) than in theP41212 ~171°!. For both
structures, the intramolecular C-O bond is increased to 1.50~60.1! Å at the distance of a C-O single bond,
whereas the intermolecular C̄O distance is reduced to around 2.1~60.2! Å. The bending and elongation of
the molecular units suggest that phase IV is an intermediate state between the molecular and nonmolecular
extended phases and that the molecular-to-nonmolecular transformation in carbon dioxide occurs gradually via
intermediate phases IV and II. Transition pathways among all five CO2 phases~I–V! are also discussed in the
context of symmetry arguments and transition mechanisms. Considerations of plausible mechanisms of the
transitions among phases I, II, IV, and V favor thePbcn interpretation of the crystal structure of phase IV.

DOI: 10.1103/PhysRevB.68.014107 PACS number~s!: 64.70.Kb, 62.50.1p, 71.15.Nc
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INTRODUCTION

Pressure-induced electron delocalization has well b
recognized for many years as observed in the insulator
metal transitions of Xe1,2 and H2

3,4! and more recently in the
molecular-to-nonmolecular phase transitions of CO2

5,6 and
N2.7,8 These pressure-induced changes in such simple
tems provide an excellent test bed to develop new conde
matter theory9–11 as well as a great opportunity to discov
novel phases and exotic materials. As a result, it is quite c
that high pressure is rapidly establishing its important role
materials research. Despite such importance, high-pres
materials research, however, has remained largely exp
atory, partly owing to the formidable high-pressure and te
perature conditions that often hinder one from obtaining f
damental materials data such as the crystal struct
transition mechanism, and lattice dynamics.

Carbon dioxide is a good example of a material with
richness of high-pressure polymorphs and a great diversit
intermolecular interactions, chemical bonding, and crys
structures.12 Solid CO2 ranges from a typical molecula
phase I (Pa3̄)13 observed below 10 GPa and 700 K to a fu
extended, polymeric phase V (P212121)6 above 40 GPa and
1800 K. Between these extreme of pressure and tempera
three additional phases have been discovered. The c
phase I (Pa3̄) transforms to the orthorhombic phase
~Cmca!14 above 11 GPa at temperatures below 450 K. Up
subsequent heating at 20 GPa, phase III transforms
pseudotetragonal phase II (P42 /mnm or Pnnm!15 above
;500 K and then to phase IV above;1000 K.

The pathways and dynamics of the transitions among C2
phases are rather complicated because of the strong ki
barriers associated with some of these transitions. Phas
0163-1829/2003/68~1!/014107~9!/$20.00 68 0141
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for example, can also be produced without remnants of ph
II by directly laser-heating phase III at pressures between
and 30 GPa.16 Both phases II and IV are recoverable at a
bient temperature at pressures well within the stability fi
of the phase III. Laser heating of quenched CO2-IV further
transforms it to the extended phase V above 30 GPa, wh
is substantially lower than the pressure where phase III tra
forms to V upon laser heating. In this respect, phase IV
haves as a precursor for forming CO4 tetrahedra like those
making up phase V. Such multiple pathways to the phas
from both phases III and IV make it difficult to determine th
exact thermodynamic phase boundaries above 30 GPa
1000 K. In fact, a recent study suggests that yet ano
phase VI17 occurs in the pressure-temperature region ov
lapping with phases IV and V.

The existence of the phases II, III, and IV at intermedia
pressure-temperature conditions suggests that the molec
to-nonmolecular transformation may occur via intermedia
different from either the quadrupole-quadrupole interact
molecules of phase I or the covalently bonded exten
phase V. For example, phase III6 supports extremely high
strains, evident from its characteristic textures and its abi
to support a large pressure gradient near 100–200 GPa/
both of which are quite unusual for a molecular solid. T
crystal structure of phase II15 shows an elongated intramo
lecular CvO bond to around 1.33 Å bond, collapsed inte
molecular C̄ O bond near 2.33 Å, and nearest ŌO con-
tacts intermediate between those of molecular and exten
phases. The Raman spectrum of phase IV16 clearly includes
n2 bending modes, indicating that CO2 molecules are ben
and, thus, the intermolecular interactions are much stron
in this phase.

Because the stability field of phase IV occurs betwe
©2003 The American Physical Society07-1
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those of molecular phase I and extended phase V,12 detailed
structural information about phase IV is critical for achievi
a better understanding of the transition pathways, transi
dynamics, and stabilities~or metastabilities! of the phases
governing the molecular-to-nonmolecular phase transition
this paper we report the crystal structure of phase IV
tained from the angle-resolved synchrotron x-ray diffract
experimentsin situ between 300 and 750 K above 11 GP
and, based on crystal symmetry arguments, offer some p
sible explanations for the transition pathways among all fi
~I–V! phases of CO2.

EXPERIMENTS

Carbon dioxide samples were loaded into diamond-a
cells by condensing gaseous CO2 ~99.99% pure! contained in
a pressure vessel at240 °C and 10 atm. The initial compres
sion during loading typically produced phase I, and furth
compression transformed phase I to phase III above 11
at ambient temperature. Phase IV was then synthesize
externally heating phase III to temperatures between 500
750 K at pressures between 11 and 20 GPa, respectivel

Heating was achieved by an external heater~Omega!
wrapped around the diamond-anvil cell which could h
the sample to 750 K at pressures up to 50 GPa. The sam
temperature was measured with a precision of;1 K by
using a calibrated thermocouple~K type! in contact with
the anvils. A small amount of a H2 /Ar mixture ~1% H2)
was continuously flowed to avoid oxidizing diamond abo
600 K. A few micron-sized ruby (Al2O3 :Cr31) crystals
were loaded in the cell, and the pressure was determ
based on the previously reported temperature-adjusted
luminescence.18 Because each CO2 phase has a distinctiv
visual appearance, a characteristic Raman spectrum, a
characteristic x-ray diffraction pattern, one can unambi
ously probe the phase transitions from CO2-III to CO2-II
and subsequently to CO2-IV, with increasing temperature
The reproducibility of these properties over broad ranges
pressure and temperature implies that, once formed, phas
can be quenched at ambient temperature between 11 an
GPa as a single phase without remnants of any other pha

Above 20 GPa, because of the relatively high tempera
required to make phase IV, it was typically made by las
heating CO2-III. Despite a large temperature gradient with
the laser-heated area, the laser-quenched sample was
cally a mixture of phase IV and unconverted phase III, wi
out any apparent phase II. This result implies that phase t
sitions among III, II, and IV involve large kinetic barrier
and that phase IV probably forms directly from phase
during laser heating. No differences were apparent betw
phase-IV samples quenched from laser-heating experim
and external-heating experiments. However, when pres
on quenched phase-IV material is further increased at am
ent temperature, broadening of the Raman spectra shows
strong lattice distortions develop; indeed, these distorti
may mean that quenched phase IV transforms into yet
other new phase upon compression at ambient tempera
above;30 GPa.16 Because of these complications, latti
distortions, and the possible phase transition of the quenc
01410
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phase IV upon further compression, we only discuss in t
paper the crystal structures of ‘‘in situ’’ and ‘‘as-quenched’’
samples of the phase IV from external heating experime
The details of pressure-induced Raman changes and p
transitions of phase IV have previously been repor
elsewhere.16

Angle-resolved powder x-ray diffraction~ADXD ! data of
CO2-IV samples were collected by using focused monoch
matic synchrotron x-rays atl50.3738 Å from double undu-
lators at the ID-30 of the European Synchrotron Radiat
Facility ~ESRF! and atl50.6199 Å from a wiggler at the
BL 10-2 of the Stanford Synchrotron Radiation Laborato
~SSRL!. A series of Debye-Sherrer diffraction rings was r
corded between 2u55° and 35° on high-resolution imag
plates ~MAR 345 at the ESRF and Fuji BAS2500 at th
SSRL!. The FIT2D program19 was then employed to conve
the two-dimensional~2D! image-plate records into 1D dat
for structural refinement by using theGSAS routines.20

RESULTS

Figure 1 shows a typical ADXD pattern of CO2-IV at 15
GPa and ambient temperature, together with the calcula
and difference diffraction patterns. The diffraction patte
can be indexed to either a tetragonal unit cell withaT
54.335(7) Å andcT56.102(3) Å or a pseudotetragonal un
cell with aO54.3441(8) Å, bO56.111(3) Å, and cO
54.285(1) Å, with the exceptions on several weak featu
originated from rhenium gasket and diamond scatteri
Note that these two cells are very similar to each other,aT
;aO;cO andcT5bO, as well as are very close to a cub
cell,&•aT (aO or cO)5cT (or bO)5aC'6.10 (60.05) Å.
However, the peak splitting at higher angles~20°–24°! and
the intensity data indicate that the symmetry is lower th
cubic and favors the tetragonal or pseudotetragonal struc

The observed extinction conditions of the tetragonal c
are k5even for (0k0) and l 54n for (00l ), which corre-
spond to the space groupP41212. The refined intensity is in
a good agreement with the observed one with theR factors of
Rwp52.71%, Rp52.35%, reducedx251.286, andR(F2)
50.2424, the texture index of 2.1, and zero shift of20.11
~Ref. 21!. The final refined positions of C (4a) and O (8b)
are, respectively,„0.460~2!, 0.460~2!, 0… and „0.262~2!,
0.218~2!,0.260~1!…, while the corresponding displaceme
parameters are 0.146~10! and 0.087~3! Å2.

Considering peak overlaps and broadness, the diffrac
pattern also appears to match with the systematic absenc
orthorhombicPbcn. Again, this is nearly a tetragonal ce
with a small difference,;1.5%, in thea and c unit cell
parameters. The refined results are as good as theP41212,
with the R factors ofRwp52.70%,Rp52.31%, reducedx2

51.076, andR(F2)50.222 with 2.9 of the texture index an
zero shift25.1. The final refined atomic positions are C (4c)
„0,0.323~4!,0.25… and O (8d) „0.272~2!,0.370~2!,0.467~2!….
The displacement parameters are 0.169~9! Å2 for carbon and
0.084~4! Å2 for oxygen.

Both structures generate patterns relatively well matc
to the observations and, based on theR factors andx values,
7-2
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FIG. 1. ~Color! Rietveld re-
finements of the X-ray diffraction
pattern of Phase IV based on tw
space groups,P41212 ~a! and
Pbcn ~b!, at 15 GPa and ambien
temperature. The difference spe
trum is also shown in a same
scale.
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it is difficult to distinguish one being better than the oth
Therefore, in this paper we shall first present the crys
structures of both models and then discuss aspects of
transition dynamics which suggest that phase IV has
Pbcnstructure.

Figure 2 illustrates the crystal structure of CO2-IV based
on ~a! P41212 and~b! Pbcn. The P41212 structure is isos-
tructural to low-temperatureb-cristobalite.22 It has four mol-
ecules per unit cell: two molecules along the@110# and two
molecules along@11̄0# in alternatingab planes. This structure
can be considered as a twin cell of phase II (P42 /mnm)
along thec axis, resulting from a slight bending of CO2
molecules. Similarly to the situation in phase II,15 carbon
atoms in phase IV can be considered as pseudo six fo
01410
.
l

he
e

ed

with oxygen atoms at the apices of highly distorted octa
dra; those oxygen atoms are two oxygen atoms bonde
1.487~8! Å and two pairs of nonbonded oxygen atoms
2.093~9! and 2.362~9! Å. We attribute the small disparity in
nonbonded C̄ O distances to the small bending in th
O-C-O angle at 171.4~0!°. Because of this molecular bend
ing, nearest nonbonded ŌO distance is slightly farther
apart, 2.506~9! Å, than that in phase II~2.303 Å!, relieving
an instability of shear-type vibrations in theab plane.17

ThePbcnstructure is, on the other hand, isostructural to
post-stishovite a-PbO2 structure,23 previously found in
TiO2

24 and SnO2
25–28at high pressures. In this structure, th

carbon atoms are neighbored by two bonded oxygen atom
1.5334~4! Å and two pairs of nonbonded ones at 1.964~4!
7-3
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and 2.532~4! Å. The larger disparity in the nonbonded C̄O
distance is apparently due to the larger bending in the O-C
angle at 160.0~1!°. By the closest intermolecular C̄O
bonds, CO2 molecules form buckled C-O layers parallel t
the ac plane. In each layer, four carbon atoms and four ox
gen atoms form an eight-membered ring with two C-O alte
nating bonds 1.533~4! and 1.964~4! Å by the angle of
97.1~1!°.

In both structures, the intramolecular C-O bond is high

FIG. 2. ~Color! The crystal structure of CO2-IV refined in the
space groups of~a! P41212 and~b! Pbcn. Each unit cell contains
four bent CO2 molecules, as suggested in the previous Ram
studies.16
01410
O

-
-

elongated to be in the range of C-O single bonds@;1.50
~60.1! Å#6 as opposed to CvO double bonds~;1.20 Å!.14

The intermolecular distance, on the other hand, is subs
tially shorter than twice the C-O intramolecular bond di
tance. Based on the long intramolecular bond length a
short intermolecular distance, phase IV should be conside
as an intermediate state between a molecular crystal an
extended solid. The nature of phase IV is therefore analog
to that of phase II, but is even closer to extended phase

Pressure-volume curves of the two proposed structu
are illustrated and compared with those of other phases
Fig. 3. All lattice parameters at several pressures and t
peratures are also summarized in Table I. Both structu
yield very similar specific volumes within 1%. The volum
of phase IV is between those of phases III and II. That ph
IV is denser than phase III clearly results from the high
coordination number~between 4 and 6! of carbon atoms and
the shorter intermolecular C̄O distances in phase IV. The
higher density of phase IV and its position relative to oth
phases inP-T space also suggest that it is thermodynamica
more stable than phase III. On the other hand, the car
atoms in phase IV are more fourfoldlike than sixfold, a
distinct from the pseudosixfold carbon atoms in phase II.
a result, the specific volume of phase IV is larger than tha
phase II, which is consistent with the slope of the II-I
boundary.

Raman spectra of quenched phase IV between 10 and
GPa exhibit at least eight well-resolved lattice phonons in
region between 100 and 500 cm21, as shown in Fig. 4. These
Raman data clearly suggest that the symmetry of cry
structure of phase IV is substantially lower than th
c-centered structure of phase III, which is consistent with
two proposed primitive unit cells with four molecules. Fo
example, factor group analyses of these crystal structu
yield 12 Raman-active lattice modes (GRaman52Ag14B1g
12B2g14B3g) for thePbcn, all of which may be nondegen
erate, and 18 Raman-active modes (GRaman52A114B1
12B215E) for the P41212, but only 13 nondegenerat

n

FIG. 3. ~Color! Pressure-volume relationships of CO2-IV in the
two proposed structures,Pbcn ~open circles! and P41212 ~solid
circles!, in comparison with those of other CO2 phases. Note that
the specific volume of CO2-IV is between CO2-II and III.
7-4
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TABLE I. Lattice parameters of phase IV as refined inPbcnand P41212 space groups, at several hig
pressures and temperatures.

P
~GPa!

T
~°C!

Pbcn P41212

a0

~Å!
b0

~Å!
c0

~Å!
VO

~Å3!
at

~Å!
ct

~Å!
Vt

~Å3!

15 25 4.344 6.111 4.285 113.75 4.336 6.102 114.71
22 25 4.199 5.984 4.252 106.83 4.255 5.943 107.61
27 25 4.130 5.759 4.390 104.41 4.224 5.829 104.02
33 25 4.111 5.895 4.203 101.87 4.221 5.683 101.25
40 25 4.076 5.848 4.176 99.54 4.141 5.764 98.85
48 25 4.004 5.793 4.181 96.96 4.137 5.631 96.37
15 25 4.344 6.111 4.285 113.75 4.336 6.102 114.72
15 49 4.365 6.134 4.335 116.07 4.334 6.104 114.65
16 156 4.344 6.139 4.337 115.66 4.344 6.120 115.4
18 200 4.330 6.124 4.331 117.02 4.335 6.113 114.8
18 275 4.354 6.148 4.350 116.44 4.342 6.130 115.5
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bands. Therefore, the Raman spectrum of the quenc
CO2-IV is not determinative, considering the possible deg
eracy of the observed bands.

DISCUSSION

Recall that the lattice parameters of the two propo
structures closely resemble those of a cubic structure. S
pseudocubic distortions are not rare. For example, h
temperaturea-cristobalite SiO2 ~cubic,Fd3̄m) also adopts a
similar distortion tob-cristobalite~tetragonal,P41212) upon
cooling below 500 K.29 Furthermore, thePa3̄ structure of
01410
ed
-

d
ch
-

CO2-I is similar to theFd3̄m of a-SiO2 in that all carbon
and silicon atoms are at fcc sites. The only difference is t
oxygen atoms ina-SiO2 are centered between nearest s
con atoms~1/4,1/4,1/4!, whereas in CO2-I they are asym-
metrically driven closer to one than the other.14 In this re-
spect, the high-temperature distortion from CO2-I ~cubic
Pa3̄) to CO2-IV ~either tetragonalP41212 or pseudotet-
ragonalPbcn! seems to resemble the pseudocubic distort
occurring in thea-to-b phase transition in SiO2 . Further-
more, temperature effect on the pseudocubic distortion
clearly shown by plotting the change ina0 /b0 andc0 /b0 in
Fig. 5. The cell parameters obtained at room te
II in the
t

FIG. 4. Raman spectra of CO2-IV ~right! as quenched after laser heating CO2-III ~left! at several high pressures. Note that CO2 exists
as a mixture of phase I and III between 10 and 20 GPa. Phase IV is quenchable without any back transformation to phase III or
entire pressure range between 10 and 30 GPa. The presence ofn2 bending modes near 650 cm21 in phase IV is consistent with the ben
structure of CO2 molecules found in the present x-ray study.
7-5
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perature deviate within 0.8%. As the temperature increa
the distortion nearly diminishes to a cubic condition
a0 /b05c0 /b051/& ~;0.7071!.

The transitions among the various carbon dioxide pha
can be understood as shown in Fig. 6. For example, cons
the phase transition from phase II to phase IV~Pbcn!. Both
the rutile ~or CaCl2) structure of phase II and thea-PbO2

structure of phase IV are based on hcp oxygen sublatt
forming highly distorted octahedral as shown in Fig. 6~a!.
Therefore, the oxygen positions in phases II and IV are si
lar. Carbon atoms, on the other hand, fill a half of tho
octahedral sites in phase IV, while they form straight cha
through edge-sharing octahedral in phase II.15 As a result, the
II-IV phase transition involves reconstruction of mostly ca
bon atoms; that is, the shift of every other carbon atoms
1
2 ~0,1,0! as indicated by arrows in Fig. 6~a!. This motion
produces the layers of zigzag chains—thea-PbO2 structure.
Such a reconstructive transformation certainly require
large activation energy and, thus, is consistent with the p
viously reported sluggishness of the II-IV phase transition12

The phase transformation from I (Pa3̄) to IV ~Pbcn! also
changes both the carbon and oxygen sublattices. Recall
the a and c axes of phase IV are nearly same withc/&,
which is also similar to thea axis of phase II, as illustrated in
Fig. 6~b! by dotted lines. Therefore, the phase transformat
from I (Pa3̄) to IV ~Pbcn! can be understood in terms o
counterrotations of CO2 molecules~depicted by short ar-
rows! to an intermediate state similar to phase II, follow
by translations of half of the carbon atoms by half unit c
distance in a similar way to the phase-II–to–IV transiti
shown in Fig. 6~a!.

Phase V (P212121) is a 3D network structure with fou
coordinated carbon atoms and two coordinated oxygen
oms, while phase IV~Pbcn! can be considered as a 2D buc
led layer structure. Six carbon dioxide molecules mak
12-member ring in phase V, whereas four molecules form

FIG. 5. The pseudo-cubic character of CO2-IV as a function of
temperature at 15 GPa. The pseudo-cubic distortion nearly dim
ishes within 0.8% above 150 C.
01410
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8-member ring in phase IV. Then the structural differen
between phases IV and V can be readily illustrated as sh
in Fig. 6~c!, by counteracting rotations of oxygen atoms~as
depicted in arrows! and bridging oxygen atoms~depicted in
circles! between two adjacent layers of theac planes. How-
ever, because of a relatively large volume difference betw
phases IV and V~nearly 15%–20%!, the IV-to-V phase tran-
sition will also involve diffusive motions of carbon and oxy
gen atoms.

The transitions between theP41212 structure of phase IV
and other phases are considered in similar ways. Howeve
the transformation from phase II is displacive, the O-C
bending in phase IV doubles thec axis of phase II
(P42 /mnmor Pnnm! by lowering the 42 /m axis to a 41 axis
and removing then glide to a 21 screw. Similarly, the tran-
sition from phase I to IV (P41212) is also expected to be
displacive, involving rotations of oxygen atoms as shown
Fig. 6~b!, followed by a doubling of thec axis due to the
slight bending of the molecules.

We also note that all of the space groups are in subgr
and supergroup relationships as shown in Fig. 7.Cmca of
phase III andP42 /mnmof phase II are subgroup ofPa3̄ of
phase I.Pbcnof phase IV is a subgroup ofCmcaof phase III
and a supergroup ofP212121 of phase V throughP21212.
Here P212121 of phase V is also a subgroup ofP41212 of
phase IV. However, the phase transitions between thePbcn
and other phases II (P42 /mnm or Pnnm!, I (Pa3̄), or V
(P212121) are discontinuous and reconstructive. The tran
tions between theP41212 to other phases are continuous a
displacive. While the x-ray data do not distinguish betwe
the P41212 andPbcn, the transition dynamics seems to f
vor the Pbcn structure for phase IV. That is, these and p
vious experiments12,15,16show that~1! the II-IV phase tran-
sition is very sluggish over a relatively large temperatu
range of between 30 and 50 K.~2! Phase IV can be quenche
to ambient temperature without a back transformation
phase II.~3! Large grains of nearly optically isotropic phas
IV are quite distinctive from highly polycrystalline phase I
~4! Significant volume changes are associated with the ph
transitions among IV, II, and V~see Fig. 3!. These experi-
mental observations clearly imply that the transitions fro
phase IV to phases II and V are diffusive and thereby supp
the Pbcnstructure for phase IV. Our recent observation o
similar Pbcnstructure in N2O-IV, an isoelectronic analog o
CO2-IV, further supports this conclusion.30 Finally, single-
crystal x-ray diffraction and infrared spectroscopy may p
vide further constraints for the structure of phase IV,
though both growing a single crystal of phase IV a
observing infrared bands near strong diamond absorpt
are formidable experimental challenges.

SUMMARY

In this paper, we presented two plausible crystal structu
for phase IV: theP41212 andPbcnstructure that we pre-
fer. We also discussed the transition pathways betw
CO2-IV and its neighboring phases I, II, and V.

The crystal structure of CO2-IV clearly represents an in
termediate, as evident from its highly elongated intramole

n-
7-6
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FIG. 6. ~Color! Schematics to illustrate the transition dynamics between phase IV~Pbcn! and phase II~a!, phase I~b!, and phase V~c!.
Note that the transitions between thePbcnand other phases are reconstructive with relatively large volume changes of 3 to 15%.
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lar C-O bond length~;1.45 Å! and its collapsed intermo
lecular C̄ O distance ~;2.0 Å!. The bent molecular
configuration in this phase clearly assists in lowering
activation barrier associated with the transition to phase
Therefore, phase IV can be considered as a precurso
phase V. Carbon atoms in phase IV are coordinated w
from four ~up to first nearest neighbors! to six ~up to second
nearest neighbors! oxygen atoms, which results in the sp
cific volume between phases II and III.
01410
e
.
to

th

Despite the huge difference among their electronic str
tures, the crystal structures of CO2 phases exhibit a grea
degree of similarity with those of many SiO2 polymorphs.
The examples include stishovite-like CO2-II ( P42 /mnm),
b-cristobalite-like (P41212) or post-stishovite-like~Pbcn!
CO2-IV, tridymite-like CO2-V ( P212121), and even
a-cristobalite-like CO2-I ( Pa3̄) polymorphs. While the
structures of CO2 phases are isostructural~or close! to those
of SiO2 polymorphs, the nature of chemical bonding
7-7
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clearly different between CO2 and SiO2 polymorphs. With
increasing pressure and temperature, the intermolec
bonding in CO2 phases, for example, increases from nea
nonbonding in phase I to approximately a half-bonding
phases II and IV and to a full covalent bonding in phase

In short, the phase diagram of CO2 coupled with detailed
structural information provides insight into the molecular-

FIG. 7. Schematic to illustrate the sub- and super-group relat
ships of CO2 phases. R, B and S respectively represent Rotat
Bending and Shift of atomic positions. Solid arrows illustrate e
perimentally observed phase transitions, whereas broken arrow
subgroup relationship of phases where no direct transitions w
observed.
.

ys

.

J

nz

E

e

ys

01410
lar
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nonmolecular transition. The present results indicate t
pressure-induced electron delocalization in carbon diox
occurs continuously via intermediate states like phases
and II, rather than more abruptly within a single-step pha
transition from a localized molecular phase to an itiner
extended phase. Such a continuous transformation of CO2 is
in a way analogous to SN-II type of polymerization, as o
posite to SN-I type. According to this scheme, the final str
ture of the covalent solid is not uniquely determined
lowest-energy considerations, but may be strongly influen
by the existence of kinetic barriers between intermedi
structures. Importantly, this result explains the observ
overlaps in the stability domains of high-pressure phases~II,
III, IV, V, and VI ! and may be the reason why covalent CO2
crystallizes in the tridymite structure rather than in the cr
tobalite structure, which was reported as the lowest-ene
configuration for CO4-based solids.31
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