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The crystal structure of carbon dioxide phase IV (€®) has been characterized based on powder angle-
resolved x-ray diffraction data obtainéu situ at 300—750 K and 11-50 GPa. The results confirm that in this
high-pressure polymorph-2C=0O molecules are nonlinear. Rietveld analyses of the x-ray data yield two
plausible structures: P4,2,2 («a-SiO, cristobalit¢ and Pbcn (a-PbQO,, post-stishovite Carbon dioxide
molecules are bent slightly more in tiRbcn phase € C-O-C=160°) than in theP4,2,2 (171°. For both
structures, the intramolecular C-O bond is increased to(1.6Q) A at the distance of a C-O single bond,
whereas the intermolecular GO distance is reduced to around @:D.2) A. 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 @ase<l-V) are also discussed in the
context of symmetry arguments and transition mechanisms. Considerations of plausible mechanisms of the

transitions among phases |, Il, IV, and V favor tRbcninterpretation of the crystal structure of phase IV.
DOI: 10.1103/PhysRevB.68.014107 PACS nunifer64.70.Kb, 62.50tp, 71.15.Nc
INTRODUCTION for example, can also be produced without remnants of phase

Il by directly laser-heating phase Il at pressures between 10

Pressure-induced electron delocalization has well beeand 30 GPa® Both phases Il and IV are recoverable at am-
recognized for many years as observed in the insulator-tdsient temperature at pressures well within the stability field
metal transitions of X&? and H,>4 and more recently in the of the phase lIl. Laser heating of quenched €@ further
molecular-to-nonmolecular phase transitions of ,&0and  transforms it to the extended phase V above 30 GPa, which
N,.”® These pressure-induced changes in such simple syss substantially lower than the pressure where phase il trans-
tems provide an excellent test bed to develop new condensddrms to V upon laser heating. In this respect, phase IV be-
matter theory ! as well as a great opportunity to discover haves as a precursor for forming g®trahedra like those
novel phases and exotic materials. As a result, it is quite cleanaking up phase V. Such multiple pathways to the phase V
that high pressure is rapidly establishing its important role infrom both phases IIl and IV make it difficult to determine the
materials research. Despite such importance, high-pressuexact thermodynamic phase boundaries above 30 GPa and
materials research, however, has remained largely explo#000 K. In fact, a recent study suggests that yet another
atory, partly owing to the formidable high-pressure and temphase V1’ occurs in the pressure-temperature region over-
perature conditions that often hinder one from obtaining fundapping with phases IV and V.
damental materials data such as the crystal structure, The existence of the phases II, lll, and IV at intermediate
transition mechanism, and lattice dynamics. pressure-temperature conditions suggests that the molecular-

Carbon dioxide is a good example of a material with ato-nonmolecular transformation may occur via intermediates
richness of high-pressure polymorphs and a great diversity idifferent from either the quadrupole-quadrupole interacting
intermolecular interactions, chemical bonding, and crystamolecules of phase | or the covalently bonded extended
structuresl.z_SoIid CO, ranges from a typical molecular phase V. For example, phase®ldupports extremely high
phase | Pa3)*® observed below 10 GPa and 700 K to a fully strains, evident from its characteristic textures and its ability
extended, polymeric phase \P2,2,2,)® above 40 GPa and to support a large pressure gradient near 100-200 GPa/mm,
1800 K. Between these extreme of pressure and temperatufegth of which are quite unusual for a molecular solid. The
three additional phases have been discovered. The cubigystal structure of phase'flshows an elongated intramo-
phase | Pa3) transforms to the orthorhombic phase IlI lecular G=0 bond to around 1.33 A bond, collapsed inter-
(Cmca'* above 11 GPa at temperatures below 450 K. Upommolecular G--O bond near 2.33 A, and nearest-@ con-
subsequent heating at 20 GPa, phase lll transforms to tacts intermediate between those of molecular and extended
pseudotetragonal phase IP4,/mnm or Pnnm'® above phases. The Raman spectrum of phas¥ Blearly includes
~500 K and then to phase IV abovel000 K. v, bending modes, indicating that G@nolecules are bent

The pathways and dynamics of the transitions among COand, thus, the intermolecular interactions are much stronger
phases are rather complicated because of the strong kinetit this phase.
barriers associated with some of these transitions. Phase 1V, Because the stability field of phase IV occurs between
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those of molecular phase | and extended phasedétailed  phase IV upon further compression, we only discuss in this
structural information about phase IV is critical for achieving paper the crystal structures ofnsitu” and “as-quenched”
a better understanding of the transition pathways, transitiogamples of the phase IV from external heating experiments.
dynamics, and stabilitiegor metastabilities of the phases The details of pressure-induced Raman changes and phase
governing the molecular-to-nonmolecular phase transition. Ifransitions of phase IV have previously been reported
this paper we report the crystal structure of phase IV obg|sewherd®
tained from the angle-resolved synchrotron x-ray diffraction Angle-resolved powder x-ray diffractiofADXD) data of
experimentsin situ between 300 and 750 K above 11 GPac(Q,-|v samples were collected by using focused monochro-
and, based on crystal symmetry arguments, offer some playnatic synchrotron x-rays at=0.3738 A from double undu-
sible explanations for the transition pathways among all fivators at the ID-30 of the European Synchrotron Radiation
(I-V) phases of C®. Facility (ESRP and atA=0.6199 A from a wiggler at the
BL 10-2 of the Stanford Synchrotron Radiation Laboratory
EXPERIMENTS (SSRD). A series of Debye-Sherrer diffraction rin.gs was re-
corded between 2=5° and 35° on high-resolution image
Carbon dioxide samples were loaded into diamond-anviplates (MAR 345 at the ESRF and Fuji BAS2500 at the
cells by condensing gaseous £(99.99% purgcontained in ~ SSRL). The FIT2D progrant® was then employed to convert
a pressure vessel at40 °C and 10 atm. The initial compres- the two-dimensiona{2D) image-plate records into 1D data
sion during loading typically produced phase |, and furtherfor structural refinement by using thesas routines?°
compression transformed phase | to phase IIl above 11 GPa
at ambient temperature. Phase IV was then synthesized by

externally heating phase Il to temperatures between 500 and RESULTS
750 K at pressures between 11 and 20 GPa, respectively. _ .
Heating was achieved by an external heat®mega Figure 1 shows a typical ADXD pattern of GOV at 15

wrapped around the diamond-anvil cell which could heatGPa and ambient temperature, together with the calculated
the sample to 750 K at pressures up to 50 GPa. The samp@d difference diffraction patterns. The diffraction pattern
temperature was measured with a precision~df K by can be indexed to either a tetragonal unit cell wéh
using a calibrated thermocoupl& type) in contact with ~=4.335(7) A anct;=6.102(3) A or a pseudotetragonal unit
the anvils. A small amount of a HAr mixture (1% H,)  cell with a;=4.3441(8) A, bo=6.111(3) A, and co
was continuously flowed to avoid oxidizing diamond above=4.285(1) A, with the exceptions on several weak features
600 K. A few micron-sized ruby (AD;:Cr*") crystals originated from rhenium gasket and diamond scattering.
were loaded in the cell, and the pressure was determineote that these two cells are very similar to each other,
based on the previously reported temperature-adjusted rubyao~Co andcr=bg, as well as are very close to a cubic
luminescencé® Because each GOphase has a distinctive cell, v2-ar (ag or cg)=cr (or bg)=ac~6.10 (+ 0.05) A.
visual appearance, a characteristic Raman spectrum, andHpwever, the peak splitting at higher angl@0°-249 and
characteristic x-ray diffraction pattern, one can unambiguthe intensity data indicate that the symmetry is lower than
ously probe the phase transitions from £ to CO,-II cubic and favors the tetragonal or pseudotetragonal structure.
and subsequently to GAV, with increasing temperature. The observed extinction conditions of the tetragonal cell
The reproducibility of these properties over broad ranges ofire k=even for (&0) andl=4n for (00), which corre-
pressure and temperature implies that, once formed, phase Bpond to the space groip#,2,2. The refined intensity is in
can be quenched at ambient temperature between 11 and a@ood agreement with the observed one withRtiactors of
GPa as a single phase without remnants of any other phaseRup=2.71%, R,=2.35%, reducedy’=1.286, andR(F?)
Above 20 GPa, because of the relatively high temperature= 0.2424, the texture index of 2.1, and zero shift-e0.11
required to make phase 1V, it was typically made by laser{Ref. 21). The final refined positions of C @ and O (&)
heating CQ-lIl. Despite a large temperature gradient within are, respectively,(0.4602), 0.4602), 0) and (0.2622),
the laser-heated area, the laser-quenched sample was tyfi2182),0.2641)), while the corresponding displacement
cally a mixture of phase IV and unconverted phase lI, with-parameters are 0.148) and 0.0873) A,
out any apparent phase Il. This result implies that phase tran- Considering peak overlaps and broadness, the diffraction
sitions among llI, Il, and IV involve large kinetic barriers pattern also appears to match with the systematic absences of
and that phase IV probably forms directly from phase Il orthorhombicPbcn Again, this is nearly a tetragonal cell
during laser heating. No differences were apparent betweewith a small difference,~1.5%, in thea and c unit cell
phase-IV samples quenched from laser-heating experimenpgrameters. The refined results are as good a®P#he, 2,
and external-heating experiments. However, when pressuith the R factors ofR,,=2.70%, R,=2.31%, reducec?
on quenched phase-IV material is further increased at ambi=1.076, ancR(F2) =0.222 with 2.9 of the texture index and
ent temperature, broadening of the Raman spectra shows thzgro shift—5.1. The final refined atomic positions are G{4
strong lattice distortions develop; indeed, these distortion$0,0.3234),0.25 and O (8l) (0.2722),0.37(02),0.4672)).
may mean that quenched phase IV transforms into yet ariFhe displacement parameters are 0(96%? for carbon and
other new phase upon compression at ambient temperatu@e0844) A? for oxygen.
above ~30 GPa® Because of these complications, lattice  Both structures generate patterns relatively well matched
distortions, and the possible phase transition of the quenched the observations and, based on fhfactors andy values,
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it is difficult to distinguish one being better than the other.with oxygen atoms at the apices of highly distorted octahe-
Therefore, in this paper we shall first present the crystatra; those oxygen atoms are two oxygen atoms bonded at
structures of both models and then discuss aspects of tHe4878) A and two pairs of nonbonded oxygen atoms at
transition dynamics which suggest that phase IV has th@.0939) and 2.3629) A. We attribute the small disparity in

Pbcnstructure.

Figure 2 illustrates the crystal structure of &@/ based
on (a) P4,2,2 and(b) Pbcn The P4,2,2 structure is isos-
tructural to low-temperaturg-cristobalite? It has four mol-
ecules per unit cell:  two molecules along {14.0] and two
molecules alon¢110] in alternatingab planes. This structure
can be considered as a twin cell of phase P4{/mnm
along thec axis, resulting from a slight bending of GO
molecules. Similarly to the situation in phaseliicarbon

nonbonded €-O distances to the small bending in the
0O-C-0 angle at 171(@)°. Because of this molecular bend-
ing, nearest nonbonded- QO distance is slightly farther
apart, 2.50@) A, than that in phase 12.303 A), relieving
an instability of shear-type vibrations in tlaé planel’
ThePbcnstructure is, on the other hand, isostructural to a
post-stishovite a-PbQ, structure?® previously found in
TiO,?* and SN@?® 28 at high pressures. In this structure, the
carbon atoms are neighbored by two bonded oxygen atoms at

atoms in phase IV can be considered as pseudo six foldetl53344) A and two pairs of nonbonded ones at 1.854
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FIG. 3. (Color) Pressure-volume relationships of GO/ in the
two proposed structure®bcn (open circley and P4,2,2 (solid
circles, in comparison with those of other G@hases. Note that
the specific volume of CI1V is between C&-1l and Il

elongated to be in the range of C-O single bohds .50
(+0.1) A]° as opposed to£0 double bondg~1.20 A).1*
The intermolecular distance, on the other hand, is substan-
tially shorter than twice the C-O intramolecular bond dis-
tance. Based on the long intramolecular bond length and
short intermolecular distance, phase IV should be considered
as an intermediate state between a molecular crystal and an
extended solid. The nature of phase IV is therefore analogous
to that of phase I, but is even closer to extended phase V.

Pressure-volume curves of the two proposed structures
are illustrated and compared with those of other phases in
Fig. 3. All lattice parameters at several pressures and tem-
peratures are also summarized in Table I. Both structures
yield very similar specific volumes within 1%. The volume
of phase IV is between those of phases Il and Il. That phase
IV is denser than phase Il clearly results from the higher
coordination numbetbetween 4 and)6of carbon atoms and
the shorter intermolecular-GO distances in phase IV. The
higher density of phase IV and its position relative to other
phases irP-T space also suggest that it is thermodynamically
more stable than phase Ill. On the other hand, the carbon
atoms in phase IV are more fourfoldlike than sixfold, as
distinct from the pseudosixfold carbon atoms in phase Il. As
, , a result, the specific volume of phase IV is larger than that of

FIG. 2. (Colon The crystal structure of COIV refined in the  hh55e |1 which is consistent with the slope of the II-IV
space groups ofa) P4,2,2 and(b) Pbcn Ea_lch unit ceII_ contains boundary.
four_bselr;t CQ molecules, as suggested in the previous Raman Raman spectra of quenched phase IV between 10 and 30
studies. GPa exhibit at least eight well-resolved lattice phonons in the

region between 100 and 500 ¢ as shown in Fig. 4. These

and 2.5324) A. The larger disparity in the nonbonded-@  Raman data clearly suggest that the symmetry of crystal
distance is apparently due to the larger bending in the O-C-@tructure of phase IV is substantially lower than the
angle at 160.@)°. By the closest intermolecular-CO  c-centered structure of phase Ill, which is consistent with the
bonds, CQ molecules form buckled C-O layers parallel to two proposed primitive unit cells with four molecules. For
theac plane. In each layer, four carbon atoms and four oxy-example, factor group analyses of these crystal structures
gen atoms form an eight-membered ring with two C-O alteryield 12 Raman-active lattice mode§ {;mai=2A3+4B14
nating bonds 1.533) and 1.9644) A by the angle of + 2B,y +4Bg3g) for thePbcn all of which may be nondegen-
97.1(1)°. erate, and 18 Raman-active modeBg{=2A1+4B;

In both structures, the intramolecular C-O bond is highly+2B,+5E) for the P4,2,2, but only 13 nondegenerate
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TABLE |. Lattice parameters of phase IV as refinedAbcnand P4,2,2 space groups, at several high
pressures and temperatures.

Pbcn P4,2,2

P T ag by Co Vo a, (o Vi

(GPa 0 A) A) (R) (A3 (R) (R) (A3)
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 6.120 115.49
18 200 4.330 6.124 4.331 117.02 4.335 6.113 114.88
18 275 4.354 6.148 4.350 116.44 4.342 6.130 115.57

bands. Therefore, the Raman spectrum of the quenchedO,-1 is similar to theFd3m of «-SiO, in that all carbon
CO,-1V is not determinative, considering the possible degen-and silicon atoms are at fcc sites. The only difference is that
eracy of the observed bands. oxygen atoms inx-SiO, are centered between nearest sili-
con atoms(1/4,1/4,1/4, whereas in Cg| they are asym-
metrically driven closer to one than the otf&in this re-
spect, the high-temperature distortion from £ (cubic
Recall that the lattice parameters of the two proposegpa3) to CO,-IV (either tetragonaP4,2,2 or pseudotet-
structures closely resemble those of a cubic structure. SuglygonalPbcn seems to resemble the pseudocubic distortion
pseudocubic distortions are not rare._For example, highpccurring in thea-to-8 phase transition in SiQ Further-
temperaturer-cristobalite SiQ (cubic,Fd3m) also adopts a more, temperature effect on the pseudocubic distortion is
similar distortion tog-cristobalite(tetragonalP4,2,2) upon  clearly shown by plotting the change @ /b, andc, /by in
cooling below 500 K2° Furthermore, thePa3 structure of Fig. 5. The cell parameters obtained at room tem-

DISCUSSION
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FIG. 4. Raman spectra of GAV (right) as quenched after laser heating £I0 (left) at several high pressures. Note that,Gists
as a mixture of phase | and Il between 10 and 20 GPa. Phase IV is quenchable without any back transformation to phase Il or Il in the
entire pressure range between 10 and 30 GPa. The presemsebending modes near 650 ¢tin phase IV is consistent with the bent
structure of CQ molecules found in the present x-ray study.
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T T T T T 8-member ring in phase IV. Then the structural difference

0.714 . between phases IV and V can be readily illustrated as shown
in Fig. 6(c), by counteracting rotations of oxygen atolas
0.712 e<~—a /b / g depicted in arrowsand bridging oxygen atom@lepicted in
0 o a, Ct circles between two adjacent layers of the planes. How-
Al " o ./ ) ) ever, because of a relatively large volume difference between
phases IV and \(nearly 15%—-20% the IV-to-V phase tran-
0.708 | 8 . . . - . .
I ® .~ _ 0. sition will also involve diffusive motions of carbon and oxy-
0.706 | 0\ o) T_ i gen atoms.
Cub The transitions between th®4,2,2 structure of phase IV
0.704 L c/b uoic | and other phases are considered in similar ways. However, if
& B the transformation from phase Il is displacive, the O-C-O
0.702 . bending in phase IV doubles the axis of phase Il
o (P4,/mnmor Pnnm by lowering the 4/m axis to a 4 axis

0.700 6 =) 56 750 200 250 300 and removing then glide to a 2 screw. Similarly, the tran-
o sition from phase | to IV P4,2,2) is also expected to be
T (TC) displacive, involving rotations of oxygen atoms as shown in
Fig. 6(b), followed by a doubling of the axis due to the
FIG. 5. The pseudo-cubic character of ¥ as a function of  gjight bending of the molecules.
temperature at 15 GPa. The pseudo-cubic distortion nearly dimin- \We also note that all of the space groups are in subgroup
ishes within 0.8% above 150 C. and supergroup relationships as shown in FigCihca of
phase lll andP4,/mnmof phase Il are subgroup éfa3 of
perature deviate within 0.8%. As the temperature increasephase |Pbcnof phase IV is a subgroup @mcaof phase IlI
the distortion nearly diminishes to a cubic condition ofand a supergroup d?2,2,2, of phase V throughr2,2,2.
ag/bg=cy/bg=1N2 (~0.7071. Here P2,2,2, of phase V is also a subgroup B#4,2,2 of
The transitions among the various carbon dioxide phaseghase IV. However, the phase transitions betweenPihen
can be understood as shown in Fig. 6. For example, considend other phases IIR4,/mnm or Pnnm, | (Pa3), or V
the phase transition from phase Il to phase(Pbcn. Both  (P2;2,2;) are discontinuous and reconstructive. The transi-
the rutile (or CaC}) structure of phase Il and the-PbO, tions between th®4,2,2 to other phases are continuous and
structure of phase IV are based on hcp oxygen sublatticedisplacive. While the x-ray data do not distinguish between
forming highly distorted octahedral as shown in Figa)s the P4,2,2 andPbcn the transition dynamics seems to fa-
Therefore, the oxygen positions in phases Il and IV are simi¥0r the Pbenstructure for phase IV. That is, these and pre-
lar. Carbon atoms, on the other hand, fill a half of thoseVious experiment$*>‘®show that(1) the II-IV phase tran-
octahedral sites in phase IV, while they form straight chain$ition is very sluggish over a relatively large temperature
through edge-sharing octahedral in phas€ As a result, the ~ '@nge of between 30 and 50 &) Phase IV can be quenched
[I-1V phase transition involves reconstruction of mostly car-© ambient temperature without a b?Ck tr_ansformatlon to
bon atoms; that is, the shift of every other carbon atoms b hase ”'(.3) Lz_arge grains of ”?af'y optically Isotropic phase
1 - o7 . . V are quite distinctive from highly polycrystalline phase II.
2 (0,1,0 as indicated by arrows in Fig.(. This motion (4) Significant volume changes are associated with the phase
produces the layers of zigzag chains—thd”bO, structure.

Such tructive t f i cain . transitions among 1V, Il, and \(see Fig. 3 These experi-
uch a reconstructive transiormation certainly requires go a1 opservations clearly imply that the transitions from

Ia}rge activation energy and, thus, is consistent with th? pre‘|5hase IV to phases Il and V are diffusive and thereby support
viously reported sluggishness of the II-1V phase transitfon.

) the Pbcnstructure for phase IV. Our recent observation of a
The phase transformation from P@3) to IV (Pben also  gimilar Pbenstructure in NO-IV, an isoelectronic analog of

changes both the carbon and oxygen sublattices. _Recall th@toz_N, further supports this conclusiofl.Finally, single-

the a and ¢ axes of phase IV are nearly same with’2,  crystal x-ray diffraction and infrared spectroscopy may pro-

which is also similar to the axis of phase I, as illustrated in yijde further constraints for the structure of phase IV, al-

Fig. 6(b) by dotted lines. Therefore, the phase transformatioqhough both growing a single crystal of phase IV and

from | (Pa3) to IV (Pbcn can be understood in terms of observing infrared bands near strong diamond absorptions

counterrotations of CO molecules(depicted by short ar- are formidable experimental challenges.

rows) to an intermediate state similar to phase I, followed

by translations of half of the carbon atoms by half unit cell SUMMARY
distance in a similar way to the phase-ll-to—IV transition
shown in Fig. 6a). In this paper, we presented two plausible crystal structures

Phase V P2,2,2,) is a 3D network structure with four for phase IV: theP4,2,2 andPbcnstructure that we pre-
coordinated carbon atoms and two coordinated oxygen afer. We also discussed the transition pathways between
oms, while phase I\{Pbcn can be considered as a 2D buck- CO,-1V and its neighboring phases I, I, and V.
led layer structure. Six carbon dioxide molecules make a The crystal structure of CQIV clearly represents an in-
12-member ring in phase V, whereas four molecules form atermediate, as evident from its highly elongated intramolecu-
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a) Il (P4,/mnm) -> 1V (Pbcn) b) 1 (Pa-3) > 11 (P4/mnm) > 1V (Pbcn)

ab-plane ac-plane

be-plane

c) IV (Pbcn) > V (P2,2,2))

ac-plane ab-plane

FIG. 6. (Color Schematics to illustrate the transition dynamics between pha¢eleh) and phase I(a), phase I(b), and phase \c).
Note that the transitions between tRbcnand other phases are reconstructive with relatively large volume changes of 3 to 15%.

lar C-O bond length(~1.45 A) and its collapsed intermo- Despite the huge difference among their electronic struc-
lecular G--O distance (~2.0 A). The bent molecular tures, the crystal structures of G@hases exhibit a great
configuration in this phase clearly assists in lowering thedegree of similarity with those of many Si@olymorphs.
activation barrier associated with the transition to phase VIhe examples include stishovite-like @ (P4,/mnm),
Therefore, phase IV can be considered as a precursor {g-cristobalite-like @4,2,2) or post-stishovite-like(Pbcn
phase V. Carbon atoms in phase IV are coordinated witcOo-1V, tridymite-like CO,-V (P2,2,2;), and even
from four (up to first nearest neighbgrto six (up to second a-cristobalite-like CQ-1 (Pa3) polymorphs. While the
nearest neighboroxygen atoms, which results in the spe- structures of CQ phases are isostructur@r close to those
cific volume between phases Il and IIl. of SiO, polymorphs, the nature of chemical bonding is
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L 7a 3 nonmolec.ular transition. The present re;ults indicatg t_hat
_______ R pressure-induced electron delocalization in carbon dioxide
........ \ occurs continuously via intermediate states like phases IV
) and I, rather than more abruptly within a single-step phase
11 (P4yfmmm R,S,B 11 (Crica) transition from a localized molecular phase to an itinerant
Prnm) extended phase. Such a continuous transformation gfi€O
........ in a way analogous to SN-II type of polymerization, as op-
posite to SN-I type. According to this scheme, the final struc-
ture of the covalent solid is not uniquely determined by
IV (Pben) lowest-energy considerations, but may be strongly influenced
by the existence of kinetic barriers between intermediate
R,B structures. Importantly, this result explains the observed
overlaps in the stability domains of high-pressure phéges
I, IV, V, and VI) and may be the reason why covalent CO
crystallizes in the tridymite structure rather than in the cris-
FIG. 7. Schematic to illustrate the sub- and super-group relation?()b"’l.IIte st_ructure, which was r?%‘f”ed as the lowest-energy
ships of CQ phases. R, B and S respectively represent Rotation,Conflguratlon for CQ-based solids.
Bending and Shift of atomic positions. Solid arrows illustrate ex-
perimentally observed phase transitions, whereas broken arrows the
subgroup relationship of phases where no direct transitions were The x-ray work has been done at the ESRF and SSRL. We
observed. thank K. Visbeck at LLNL for assisting with the experi-
ments. Numerous discussions with S. Bonev, G. Galli, and F.
clearly different between CQand SiQ polymorphs. With  Gygi at LLNL have been very useful for the study. This work
increasing pressure and temperature, the intermoleculdras been supported by the LDRD and PDRP programs at
bonding in CQ phases, for example, increases from nearlyLawrence Livermore National Laboratory, University of
nonbonding in phase | to approximately a half-bonding inCalifornia, under the auspices of the U.S. Department of En-
phases Il and IV and to a full covalent bonding in phase V.ergy under Contract No. W-7405-ENG-48 and DOE Coop-
In short, the phase diagram of G@oupled with detailed erative Agreement No. DE-FC08-01NV14049 with the Uni-
structural information provides insight into the molecular-to-versity of Nevada, Las Vegas.
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