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Rigid intertetrahedron angular interaction of nonmolecular carbon dioxide solids

Jianjun Dong, John K. Tomfohr, and Otto F. Sankey
Department of Physics and Astronomy, and Materials Research Center, Arizona State University, Tempe, Arizona 85287-1504
(Received 30 August 1999

We have theoretically investigated several polymeérionmolecular CO, solids analogous to various
phases of SiQ Our calculations reveal that GQliffers dramatically from Si@ because of its rigid intertet-
rahedron angular interaction. Because of this, we find th@-aistobalitelike phase is energetically the
favored polymeric CQ phase rather than quartz, which is preferred in,Sithe calculated Raman spectrum
of B-cristobalite CQ shows a dominam, peak at about 780 cnt at 40 GPa which shifts down to about 640
cm ! at 1 GPa. This is consistent with the recent high-pressure experiments eft latg Science283 150

(1999].

Carbon dioxide (CQ) is a linear molecule which contains phase reverts back to a molecular phase. The experimental
strong double bonds between carbon and oxygen, and is @aman lines of the polymeric phase are fairly sharp, indicat-
unreactive gas at room temperature and pressure. At loiwg that the material is not amorphous. These Raman modes
temperature and pressure it crystallizes into its “dry-ice” and their pressure dependence give important clues to the
molecularphase Pa3). This phase is familiar to all and has structure and bonding of this newly synthesized material, and
many uses since it is inexpensive, nontoxic, nonflammableheory can be used to follow these clues further and extract
and Under ambient Conditions |t SublimeS dil’eCt|y intO thenew information not yet availab'e from experiments_ From
vapor phase. This solid is a true molecular solid since thgnejr Raman frequencies and the existence of SHG dota.
C=0 double bonds remain intact with concomitant high fre'suggest the polymeric phase is similar to the quartz or coes-

guency intramolecular vibrational modes quite su’mlar 10jialike phase of Si@, this suggestion can be further explored
those of the gas phase molecules. These frequencies can l?)‘?theory

tuned somewhat with presgfrencludmg the Fermi reso- . In the present work, we perform calculations of the total
nance between the bending modes and the symmetric

. : ; energies, and phonon vibrational modes at the center of the
stretching modes of the Gnolecule, showing quite clearly Brillouin zone, which are the appropriate modes for Raman
that the solid is a weakly bound array of €@olecules. ' pprop

New chemistry can exist under extreme conditions SucﬁpectroscopYand infrared abso_r ptionOur calculations gi_ve
as under the application of very high pressure. The fouPtrong support to the hypothesis that the new, olymeric
bonds sought by carbon and the two bonds sought by oxygef@se is indeed an Sj@nalog; however it is not the quartz
can alternatively be obtained in solid ¢®y forming just  ©F coesite phase, _but rath_er a cristobalitelike ph_ase. Specifi-
single bonds and doubling the number of bonds compared tgally our calculations point to a structure similar to the
that found in a double-bonded molecular solid. Such a polyl42d B-cristobalite phase as the most likely structural can-
meric solid for CQ ought then to have similarities with the didate. The key new feature that we find for the Q®stem
polymorphs of SiQ. There is an extraordinary richness of is that the C-O-C bond angle is very stiff, severely limiting
polymorphism diversity in the SiQsystem and even modest structural candidates.
pressures and temperatures giveand B-quartz, tridymite, The theory we use is density functional thedBFT) in
a- and B-cristobalite, coesite, and stishovite; in addition the local density approximatiofLDA) implemented in a
there are over one hundred officially recognized expande@lanewave basi$using ultrasoft pseudopotentialsAll the

aluminosilicate zeolite$,with zeosils being the pure SjO Structures we consider are found to be insulators. A general-
analogs of these. ized gradient approximatiBiiGGA) was also used to evalu-

Recently, it has been reported by lathal® that at high ~ ate the energies of the optimized structures. Because the den-

pressure 40 GPa in the diamond anvil cgtind high tem- sities of the structures we considered are all similar, the
perature (1800 K), CQ transforms from a molecular GGA has little effect on the relative energetics of the poly-
solid to a polymeric solid. They refer to this new phase agneric phases. _ _

phase V, but its structural motif remains speculative since The polymeric phases we considered contain corner shar-
diffraction measurements have not yet been achieved. Thepd CO, tetrahedra analogous to SjOthey area-quartz
probe this new phase with optical spectroscopy, includindP3221), B-quartz (P6,21), a-cristobalite 4,2,2),
Raman spectroscopy and the detection of second harmongg-cristobalite (42d), coesite C2/c), and C9 Fd3m). We
generationSHG) of the light from the Nd:YLF laser used to optimize all structural parameters including the external and
heat the samples to high temperatures. The large SHG effinternal coordinates, and fit the results to the Birch-
ciency (~0.1%) indicates that the unknown crystal structureMurnaghan equation of statEOS. The parameters of the

is noncentrosymmetric. lotat al. have made careful mea- fit are shown in Table I, and plots of the total enefgpm-
surements of the Raman modes fren50 GPa on down to pared to separated atojnss. volume are shown in Fig. 1.
only ~1 GPa where, unfortunately, the new polymeric The LDA clearly shows that th@-cristobalite phase is the
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TABLE I. The parameters of the Birch-Murnaghan equation
of state [E(V)=Eq+ gKVo[(Vo/V)?P—112(1+[(4—K")/2][1
—(Vo/V)??])] obtained from a fit of the LDA energy vs volume
curve. The parametdf, is the minimum energybinding energy
relative to separated atom¥/ is the minimum energy volumés
is the bulk modulus, an’=dK/dP the volume derivative of the
bulk modulus.

Phase Eo (eV/ICO,) V, (A%CO,) K (GPg K’
[B-cristobalite —24.60 22.30 149.1 3.62
a-cristobalite —24.40 22.01 1428 4.21
a-quartz —24.20 20.93 205.7 3.92
B-quartz —23.69 23.74 268.4  3.28
C9 cristobalite —22.76 30.86 2355 3.97

lowest energy phase of those tested by at least 0.2 e)/CO
Figure 1 also shows that there are no “common tangents”
connecting these curves so that thermodynamically driven
transitions between these phases is unlikely.

Amongst the phases we have chosen to study, why is
B-cristobalite the lowest in energy? To answer this, we study
the energetics of the COsystem by varying the C-O-C
bond-angle §c.0.0 and the C-O bond lengthdg.g). In

B-cristobalite (42d), these two quantities can be varied
completely independently of one anotdérThe structure
contains CQ tetrahedra, with each oxygen corner shared
with another tetrahedron. If we view the G@etrahedra as
being ideal(four equal bond lengths with O-C-O angles of
109.5%) and rigid(fixed bond lengths the anglefc.. then

is the rotation angle of one corner sharing £®trahedron
relative to its neighboring corner sharing tetrahedron. This
rotation is quite “floppy” for Si0,,'° particularly for large
angles, but is generally found to lie nearl45—150°. We
perform calculations where we vary the bond-angles.c

from linear (180°) which is the C9 cristobalite=@3m)
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FIG. 2. Contour plots of the binding energy as a function of
bond length and intertetrahedral bond angle of idpalfect tetra-

hedra 142d B-cristobalite phases a) CO, and (b) SiO,. This

structure(the C9 structure is commonly, but incorrectly, as- structure allows the intertetrahedron bond angle and bond length to
be varied independently. The insensitivity of the SiGnding en-
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FIG. 1. LDA binding energy curves for several €Polymeric

ergy to intertetrahedron bond angle is in sharp contrast to the deep
minimum observed in CO

signed to the true SiQpB-cristobalitel42d phasé?), to the
defective chalcopyrite structuré¢.o.c= ietranedrar 109.5°).
We show in Fig. 2a) energy contour curves of Gas a

function of 6c_.o.c anddc_g in B-cristobalite (42d), and for
comparison similarly computed curves for Sifd Fig. 2(b).

The contours for C® show a “bulls-eye” pattern, while
those for the Si@ show a “thumb-print” pattern. This dra-
matically illustrates the key difference between possible new
high pressure C® polymeric phases and analogous $iO
phases; the COanalogs of Si@ have an enormously in-
creased rigidity of the intertetrahedral rotation an@ey._c.

The softness of the SiQrotation angle allows Si©to form

a rich variety of polymorphs. CQon the other hand is far
more sensitive to the angle and as such ought not to be

phases analogous to those of SiChe binding energies are relative €xpected to form SUCh a diVerSe set of StrUCtUlga" polymorphs.
to free atoms. The solid curves are fits to the Birch-Murnaghan EOS Recent theoretical calculations by Seetaal "~ have also

(Table ). All structures are fully optimized, an@-cristobalite is
the 142d structure.

energetically ordered various phases of . Clhese workers
chose only the two end members of t#2d series: defec-
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(our assignmentpeak at 781 cm*® (theory and 790 cm?
At 1 (experimenk In this mode, the carbon atom does not move,
and the oxygen atomic displacement is in the C-O-C plane
and perpendicular to the line running between its two neigh-
boring carbon atom. This displacement of the oxygen atom
stretches the two C-O bonds, and bends the stiff C-O-C
angle. Table Il shows a numerical comparison between
theory and experiment at 40 GPa. All the high frequency
modes(452, 781, 880, 1103, and 1201 ch) agree with
expelriment to within~=3% (except about 9% in the 452
. cm - mode.
BI+E E There are differences between theory and experiment with
E J \ /\ /\ E the low frequency modeSTable Il). At 40 GPa theory finds
N - - AB1 no modes below 452 cnt while experiment reveals low-
200 400 600 800 1000 1200 frequency modes of relatively small intensity. We note that
Raman shifts (cm ) modes observed at about 360 and 390 &40 GPa are
FIG. 3. Th lculated R ¢cristobali from unconvert'ed Colll which is the phase existing'before
_FIG. 3. The calculated Raman spectrum grcristobalite e |aser heating has enabled the phase trandfidine
(142d) CO; at 40 GPa. modes which do not agree completely with theory then are
the three modes at 200, 230, and 260 ¢érwhich are absent
in B-cristobalite 142d. This discrepancy in the low-
requency modes is an important issue, which we are unable

40 GPa

Relative Raman Intensity

tive chalcopyrite @c.0.c=109°), and C9 cristobalite
(0c.0.c=180°). They correctly concluded that these are no

epergehcally likely structures, but did not consider .|nterme—t0 satisfactorily resolve without further structural informa-
diate angles’?c_o_p, and hence concluded th@‘quaﬁz ISthe  4ion There are several possible explanations why theory
lowest energy_hlgh pressure phase. Our calculations strong bes not produce these modés.The experimental Raman
suggest that #42d g-cristobalite-like phaséor perhaps an-  spectra shows the polymeric phase and the molecular phase
other uncalculated phase with C-O-C bond-angles near 120simultaneously. There is no reason to rule out the possibility
125°) is the likely polymeric C®phase. This is because the that another new molecular phase has also been synthesized
a-quartz phase cannot adjust its geometrical configuration tgh addition to those already known. The observed low-
capture the center of the “bulls-eye” in Fig(&. frequency modes then could correspond to the “molecular”
Calculations using DFT have been very successful in thenodes of this new phaséi) Another possible explanation is
past, but there are many known failures, so we seek confifz |attice distortion producing a pseudo-supercell effect in
mation of this result by comparing the observed Raman scatyhich the g-cristobalite structure acts as a parent structure,
tering peaks with our calculated Raman spectra. ITf@int  put the true structure has a larger unit cell of several parents
phonon modes are derived from the first principles calculacells slightly different from one another. This effectively
tion of force constant matri¥ using finite displacements of brings in phonons at nonzero wave vectors into the parent
the atoms in the minimum energgero-force structure. The  Brillouin zone. This explanation would require that the Ra-
calculated phonon frequencies and mode displacement pahan intensity of the additional high-frequency modes is
terns are in principle exact within the harmonic approxima-small compared to that of the additional “folded in” low-
tion. We carry out this procedure at various volumes whichfrequency modegiii) We have been assuming perfect crys-
the EOS translates into pressures. The Raman intensities ag structures, while the samples synthesized at high-pressure
not predicted from first principles, but are obtained fromand laser-heating conditions may be highly defective. Dif-
a bond-polarizability model, where two empirical fraction of such samples does not always produce sharp lines
parameter$''®are best fit to the experiments of la@aal.at  due to extended defects.
40 GPa. Thel42d space group allows the spectrum of We have performed some simple tests conceriiindoy
modes 1A;+2A,+2B;+2B,+4E (neglecting the B, searching for low-frequency modes in larger unit cells. The
+ 1E translational modes or 11 distinct frequencies. Our B-cristobalite phase has no low-frequency modes below
results for the Raman spectrum of €@-cristobalite at 40 450 cm ! (2CO, units/cel), while «a-quartz andalpha
GPa are shown in Fig. 3. These results can be compared wittristobalite have only one low-frequency mogeear 200
the experimental results of Ref.(see their Fig. B By far ~ cm™1). The situation becomes more favorable when tridym-
the dominant peak in both theory and experiment isAhe ite is considered. Tridymite is similar {8-cristobalite in that

TABLE II. A comparison of the experimentally observed Raman lines with the theoretical predictions @fctfietobalite model at 40
GPa. The data are taken from Fig(ahd 3 of Ref. 1. The * indicates a mode reported in Fig. 3 but not Fig. 4 of Ref. 1. The lower portion
of the table givesB; or B, modes which have either a very small Raman inten@iyoutside the range of the experiment, e.g., the
1246 cm! B, mode, or are Raman silent'}.

Expt. (cnmt) 200 230 260 415 790 905 1110 1190
Theory (cm )—seen in Raman —— - = - = 452(E) 781(A,) 880(E) 1103E) 1201E)
Theory (cm't)—not seen 6414,") 7628, 876(B;) 11008, 1181@A,")  1246@B,)
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the T atomdtetrahedral atoms, here cardorm a hexago- AElxp data'

nal wurtzite (or lonsdalit¢ network in tridymite, and a — Theory Bcrist; —- Theory a—quartz
zincblendeg(or diamond network in B-cristobalite. The local
topologies ofB-cristobalite and tridymite are similar in the
same sense that zincblende is similar locally to wurtzite.
Thus there is a striking similarity in the ring configurations
of cristobalite and tridymite. Energetically we find that low- — -
tridymite structures are only a little higher in energy than p WO = E
B-cristobalite, although we have not yet found a tridymite
structure more favorable thas-cristobalite. Tridymite rep-
resents a class of Si(polymorphs, and the relations among
these Si@ polymorphs are still not completely understood.
Tridymite SiO, has a variety of incommensurate superstruc-
tures, a high degree of stacking disorder, and intimate inter-
growth with cristobalite.

Specifically for a vibrational signature, we have checked a
form of low-tridymite, namely the averaged MX-1
structuré’ (monoclinic, space group G:cOur calculated Ra-
man spectra indeed produces three Raman active modes in
the low-frequency region of the experiments at 40 GPa. Un-
fortunately, its high-frequency specti®00—1200 cm?) be-
comes more complex and does not match the experimental 0 10 20 30 40 50
spectra well. A final understanding of the low-frequency Pressure (GPa)
modes and synthesized struciigiecan only be resolved by _
further experimental studies, e.g., x-ray synchrotron studies, /G- 4. The pressure dependence of high frequency Raman

The dependence of pressure on the Raman frequenci&Odes of polymeric C® calculated for two candidate structures

; i ; .~ and experiment. The solid linegheory are those forl42d

(r)nffeer:f I(; n Flindeﬁge r\;\?eer;;gae&ke ct);e%!?’e;!:oﬁae“sfu;Sﬂgnen_ﬂ-cristobalite, the dashed linétheory) are those fow-quartz, and
) 9. o P . P the triangles are those of the experiment of letal. (Ref. 1).

dence of the Raman modésolid lineg together with the
experimental resultgtriangles of Ref. 1. For comparison, In conclusion, our calculations show that polymernon-
we also show the theoretical pressure dependence of the Raoleculay CO, solids have a far more rigid intertetrahedron
man frequencies im-quartz(dashed lines The theoretical ~angular interaction than their SjGnalogs. Thus the ener-
results forl 42d [B-cristobalite are more consistent with the getic ordering of solid C@structures does not follow trends

) t than th of 7 This i t evident i established by Si© One ramification of this is that struc-
exp?r[men ‘:’,m 0Sé a@t-quartz. ThiS IS Mos evtein N tures similar to B-cristobalite are energetically favored.
the “signature”A; mode and th& mode(near 900 cm~ at  \ye have compared a computed Raman spectrum of

40 GPa. TheA; mode near 790 cnt' (at 40 GPais experi-  g_cristobalite to the Raman spectra of the newly synthesized
mentally the signature mode of the new high-pressure phasgo2 samples. We find good agreement with all the high-
and both the frequency and the pressure dependence are bigequency modes which are signatures of the tetrahedral
ter described by the cristobalite phase than by the quartkonding units of a four-connected network of T atoms. How-
phase. The behavior of tHe mode near 900 cimt is even  ever, three low-frequency modes are not accounted for in the
more striking. For this mode, the quartz phase yields a fretheoretical spectrum, and futu_re experimental and theor(_atical
quency which is quite sensitive to pressure while thestgdles are necessary to achleye a further understanding of
B-cristobalite phase exhibits the pressure insensitivity obhis exciting new class of materials.

served in the experiment. However, we note that the agree- We thank the NSF-ASU MRSE(DMR-96-32635 and
ment between the cristobalite modes and the experiment®dNSF (DMR-95-26274 for support. It is our pleasure to ac-
data is not perfect, in particular with tie mode near 415 knowledge several discussions with Paul McMillan, George
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