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Vibrational studies on CO, up to 40 GPa by Raman spectroscopy at room temperature
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Raman spectra of CQvere obtained under hydrostatio He-N,) and nonhydrostati(pure CQ) pressures
up to 40 GPa at room temperature. The pressure-induced changes of the librational spectra suggest that solid
CO, does not transform directly from phasélbic Pa3) to phase Ill(orthorhombicCmca). An intermediate
phase IV, which may involve only minor modifications of phase I, is formed prior to the transiti@mtoa
structure. Phases IV and Ill coexist over some pressure range. The pressure shifts of all four Raman-active
librons of phase Il were determined over a wide pressure range and are compared to previous theoretical
results. Splittings in the:~ and v* modes are observed in the stability field of phase | below 10 GPa. The
frequency of thev* mode decreased slightly whereas the frequency ofthenode increased slightly at the
transition to phase Ill. The liquid-to-solid transition at 0.6 GPa was confirff&@ll63-18208)04502-(

INTRODUCTION ever, from subsequent x-ray-diffraction studies Aekial*
concluded that an orthorhomb@mca structure supersedes
CO, is an important volatile component of the earth asthe low-pressure cubic phase above about 10 GPa. A more
well as other planets in the solar system. Its high-pressureecent infrared study of vibrons up to 50 GPa has been
behavior is therefore of fundamental importance in planetaryeported to be compatible with @mca structure for the
science. On condensation into the solid state, @ms a  high-pressure phase and no indications of a phase IV were
simple molecular crystal. The crystalline structure of suchdetected.
solids is mainly determined by weak intermolecular interac- The reported transition pressutés®°range from 10 to
tions, while the molecule itself is held together by strong18 GPa on loading and are some GPa lower on unloading at
intramolecular forces. High-pressure spectroscopic studiemom temperature and also depend on the pressure history of
provide useful data for refining the various model potentialshe specimen. Another reported feature of the phase transi-
which are used for the prediction of the physical propertiegion is the coexistence of phases | and Ill over a wide pres-
of such systems as well as for the formation of differentsure rangé?®
phases. In the orthorhombic structure, the originally equivalent
The liquid-to-solid transition was reported to occur at  cubic axes split into the orthorhombig b, andc axes, and
0.5-0.6 GPa at room temperature. In the solid state; COat the same time the molecules tilt down on one of the base
crystallizes in a fcc latticéspace groug?a3), with the mo-  planes with their molecular axes inclined at 52° from the
lecular axes oriented along the body diagonals of the cubiexes:* Comparison between experimental and theoretical
cell. Indications for another phase Il between 0.5 and 2.3attice parameters shows good agreement forkthend c
GPa at room temperature from high-pressure x-rayaxes, but is far less satisfactory for theaxes, which has
diffraction studies by Lificould not be verified by the x-ray- been attributed to an insufficient theoretical description of
diffraction studies by Olingérand the Raman studies by the intermolecular interactions along theaxes!* Another
Hanson and Jondsyhich confirmed that C@remains stable test of the intermolecular interactions is provided by the li-
in the cubic phase up to at leastlO0 GPa. While the x-ray- brational Raman shifts and their pressure dependences. The
diffraction studies of Liti revealed no phase changes in theCmcaphase supports four Raman-active librational modes.
pressure range up to 50 GPa, Harfsobserved a new high- Previous Raman spectroscopic restits led to contradic-
pressure phase lll above 18 GPa in a subsequent roonwery results regarding the number of observed Raman Ili-
temperature Raman study up to 25 GPa by drastic changes bfons. Aoki, Yamawaki, and SakasHiareported two
the spectral features in the low-frequency region. This tranwhereas Hansén observed three low-frequency Raman
sition was confirmed by Raman studies at low temperaturesmodes. It was, however, conjectured that the strongest of
with the transition pressure around 11 GPa and large hystethese lines could be in fact two separately unresolved fines.
esis. In this study indications for the formation of an addi-The calculated librational modes compare reasonably well
tional phase IV prior to the transition to phase Ill were foundwith the existing experimental dati.
in the librational Raman spectra. On the basis of free-energy One difficulty in high-pressure studies on €8 the ap-
calculations, Kuchta and EttéPs?predicted an orthorhom- pearance of large pressure inhomogeneities in the high-
bic structure Cmca for the high-pressure phase Ill and pressure phase. For example, Hafis@ported differences
calculated transition pressures are 4.3 GRaOfd&k and 11 of 5 GPa or larger within the sample for phase llI, which
GPa for room temperature. This structural assignment wamiakes it difficult to obtain Raman spectra of satisfactory
later questioned by the results of infrared and Raman spequality at higher pressures and might account for the contra-
troscopic studies by Aoki, Yamawaki, and Sakashitaho  dictory results of previous Raman studies.
instead suggested a tetragonal lattice isomorphic with, In the present Raman study of G@e pressure range was
as a more likely candidate for the high-pressure phase. Howextended up to 40 GPa, as compared to 25 GPa for the
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libron®8°13and 18 GPa for the vibrofS in previous stud- -
: : ; : e COy Librons
ies. By using a quasihydrostatic pressure transmitting me-

dium we have been able to overcome the problem of poor P}

quality Raman spectra due to pressure inhomogeneities and
provide evidence for the existence of a phaséRéf. 9 and
confirm the existence of four Raman-active librational modes
in phase Il

39.8 GPa

19.2 GPa
EXPERIMENT

In one run CQ was used as the sample and pressure
transmitting medium at the same tinjigonhydrostatic con-
ditions). In a second run, a gas mixture of 7% £Q8% N,,
and 75% He was used. In this system, (Gf@ezes out at 1.5
GPa, and the remaining He;khixture, which becomes solid
around 9 GPa, and excess He, which becomes solid around
12 GPa, serve as a pressure-transmitting medium foy CO
(quasihydrostatic conditions The pressure distribution
across the sample chamber was determined at various pres-
sures. We found no pressure differences within experimental
error at 16.8 GPa and only minor differences of 1 GPa over
the total gasket hole were noticed at 30.8 GPa. Measure-
ments of the ruby linewidth and rubdy, — R, splitting indi-
cate that quasihydrostatic conditions were maintained at the
highest pressures. The gases were filled into the gasket hole Frequency (em™D)
of a high-pressure diamond-anvil cell at 0.2 GPa using a
high-pressure gas-loading technidieRaman spectra were FIG. 1. Lattice mode Raman spectra of solid & various
excited by the 514.5 nm line of an Arlaser, which was Pressureshydrostatic run, loading cycle
focused to 20um on the sample. Scattered light, collected
through a spatial filtering aperture, was analyzed at an angle RESULTS
of 135° with respect to the incoming laser beam using a 0.6
m triple spectrograph and a liquid-nitrogen-cooled CCD
multichannel detector. Pressure was determined with the The evolution of spectral features with increasing pres-

Intensity

16.8 GPa
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ruby fluorescence methdd. sure in the low-frequency region from the hydrostatic run are
shown in Fig. 1 and can be characterized as follows: Up to
SPECTRAL FEATURES ~12 GPa the three Raman-active librational modeg,

Fq-, andFg4+) characteristic for phase | were observed. At
The primitive unit cell of the cubic phase contains four higher pressure new band3, 4, 5,a, b, c) appear with
CO, molecules. According to symmetry selection rules thefrequencies between the two librational modes of phase |
Raman spectrum in the low-frequency region consists ofvith Fy symmetry and a new peakl) on the high-frequency
three librational modes. From the three internal vibrations oide of theF,, mode. Furthermore splitting of the, mode
the CQ molecule only the symmetric stretch should be Ra-is observedpeak 2 and an asymmetric bangheak 2 ap-
man active. The crystal field splits the symmetric stretgh  pears also on the low-frequency side of tgmode. Inten-
into a threefold degenerakg; mode and am\q mode’® Due  sity changes are observed in the new bands betWwgerand
to Fermi resonancéFR) between the symmetric stretch F . mode of phase | with increasing pressure. Above
mode v, and two-phonon states of the bending mode ~20 GPa phase-I peaks vanish as well as some of the new
further modifications in the spectral features occur. In theones(1, 2, 3, 4, 5 and the Raman spectra become more
case of CQ, two bound states, usually denotedas and  simple. At 39.8 GPa an intense double pdak b) and a
v~ to emphasize the effect of FR, separate as intense peakgeaker moded) at higher frequencies can be clearly distin-
from both sides of the two-phonon statdsin low-  guished. During unloading these spectral features remain
temperature studiésat ambient pressuréyy-F4 splitting of  preserved down to 12 GPa. Between 20 and 30 GPa the
0.37 cm ! was observed for the~ mode, while no splitting  doublet (b, ¢) cannot be resolved, however, it is clearly
could be detected for the” mode within experimental un- present at lower pressures with the intensity ratio reversed
certainty of 0.1 cm. indicating mode crossing under pressure. A further peak on
For the orthorhombic high-pressure phase, four Ramanthe low-frequency side of the doublet and denotedabip
active librational modes witA;, By4, By, andBsg sym-  Fig. 2, which is difficult to recognize at higher pressures due
metry are expecteth.In the vibronic region the Raman spec- to its low intensity, becomes more intense below 20 GPa on
trum should contain the symmetric stretch mode, split  unloading. At 10 GPa and below, only the three modes char-
into two component#\, and B34, and due to the effect of acteristic of phase | were observed.
Fermi resonance a bound state, split into A; and By The spectra up to 12 GPa on loading and below 10 GPa
component$? on unloading are characteristic for cubic phase I. The spectra
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FIG. 3. Lattice mode Raman spectrum of £& 15.7 GPghy-
drostatic run, reloading cycleThe arrows indicate the frequencies
of the four librational Raman modes of GOI.

FIG. 2. Raman spectra of Gl lattice modes at various pres-
sures(hydrostatic run, unloading cydle

The pressure shifts of all low-frequency lattice modes of

abO\_/e~20 G_Pa on loading angl down te 12 Gl_Da on un- - ihe hydrostatic run are shown in Fig. 5, where we have also
loading consist of four modes in agreement with symmetry, . ded results from the experiments on the pure, @an-

analysis for space groupmca.The Raman spectra at 15.1 pygrostatic sample. The pressure-frequency data of the ob-

and 16.8 GPa in Fig. 1 consist of more than seven modes. Igerved bands are also summarized in Table | for the different
this pressure range the spectral features cannot be explainkghding cycles.

just by a mixture of the low-pressure phaséhree Raman-
active modeps and high-pressure phase Il{four Raman- CO5 Librons
active modeps P=16.8 GPa
Increasing the the pressure for a second time into the sta- )
bility field of phase lll, the transition to phase Il was spread
over a larger pressure range. Though phase Il peaks domi-
nate at 21.5 GPa there were still low intensity peaks of the
lower-pressure phases present. A spectrum typical for the
first slight changes of spectral features of phase I, obtained in
this second cycle, is shown in Fig. 3. The frequency posi-
tions of the four phase-lll librational modéa, b, c, d) at
this pressure, which are precisely known from the down-
stroke run, are indicated by the vertical arrows. Besides the
three modes typical of phase I, four additional bafids3, 4,
5) as well as broadening of the phasée} mode due to
splitting can be recognized. The asymmetries on the higher-
frequency sides of peaks 3, 4, and 5 may indicate the pres-
ence of minor portions of phase Ill. The new balitis5) are
considered as indicators for an intermediate phase IV and the Frequency (cm™})
spectrum of Fig. 3 indicates that phase IV appears prior 0 £ 4. comparison of observed and fitted lattice mode Raman
the formation of phase lll. Deconvolution of the Ramangpecira of solid CQat 16.8 GPa. Open circles indicate observed
spectrum at 16.8 GPa of Fig. 1 is shown in Fig. 4. In thiSRaman spectrum: solid line through open circles indicates sum

spectrum the four modes of phase (4, b, ¢, d) are the  curve of the fit; the individual bands of the fit are represented by
dominant features, but the three modes characteristic Qolid lines in the lower part: thick solid lines indicate g lattice

phase | and five new peaks, 2, 3, 4, §, which characterize modes; thin solid lines indicate lattice modes of Z&Cand/or
phase IV, are also present. CO,IV.

Intensity
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450 - largest pressure shift. Reloading from 10 GPa and again un-
:COZ Librons loading showed the same results with the pressure range,
where all three modes coexist, shifted to higher pressures by
a few GPa.

As is well known from previous experiments, de-
creases with increasing pressure in phase | and loses consid-
erably in intensity due to FR, which makes it difficult to
obtain satisfactory spectra in the higher pressure regime. The
results of the present study show that splittingvof is ob-
served above 6.7 GPa and that two components are observed
in the high-pressure phase Il located a few wave numbers
above thev™ mode of phase I. A deconvoluted spectrum of
the v~ spectral region is shown in Fig. 8. The origin of the
broad feature at the low-frequency side in the spectrum is not
yet clear. From its frequency location, this feature might be
assigned to an isotopic species, but the intensity appears too
high to be in accordance with their natural abundances. The
pressure shifts of the dominant lines in the region are
shown in Fig. 9 up to 23 GPa. At higher pressures, the sig-
nals became very weak due to pressure tuning of Fermi reso-
nance. The pressure-frequency data of the vibronic bands are
summarized in Table II.

400
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Pressure (GPa)

Liquid-to-solid transition

In the experiment on the pure G&ample below 0.6 GPa
FIG. 5. Pressure shift of Raman-active lattice modes of solicthe frequencies of the internal modes are a few wave num-
CO,. Solid symbols indicate C@III (thick solid lineg; open sym-  bers higher than one would expect from the extrapolated
bols denote C@I and CQ-IV (thin solid lines; circles denote the pressure shifts of the phase-I vibrofsee Fig. 1D Since in
loading cycle; squares denote the unloading cycle; upward trianglethis pressure range no signals in the low-frequency region
indicate the reloading cycle; downward triangles indicate the reuneould be recorded, we infer that below 0.6 GPa £6 lig-
loading cycle. Besides all data points from the hydrostatic run dataid. In the mixed-gas sample G@mained liquid up to 1.5
points up to 7 GPa and for 12.1 and 26 GPa from the run on pur&sPa on loading where we observed vibrational modes both
CO, are also included and are shown as dotted diamonds. Dashest the liquid and solid phase. In the down stroke run signals
lines are theoretical results from Ref. 10. The solid lines serve as gt the solid phase could be observed down to 1.2 GPa. Both

guide for the eye. Note the crossing of modeandc of CO.-llI in liquid CO, and in the liquid C@-He-N, mixture a rather
around 26 GPa. weak band is observed around 1410¢nmon the high-
Vibrons frequency side of the™ mode which corresponds probably
o to th -ph “hot” t 1410 cin t
Spectra of the Raman-active internal modés and v~ Sotoicﬁefgfglss phase “hot" band a 0 cmreported by

from the hydrostatic run are shown in Figs. 6—8. For pres-
sures below~7 GPa the present results are in agreement
with those of previous studi@s for phase I. At higher pres-
sures some subtle changes in the spectra occur which have
not been observed in previous studies. Above 9 GPa a low The evolution of the spectral features in the libronic spec-
intensity peak(labeled withx in Figs. 6 and ¥ can be dis- tral region proceeds in the pure G8ample in the same way
tinguished on the high-frequency side of the¢ peak. as described above as pressure increases. This can be noticed
Around 13 GPa another pedlabeled with+ in Figs. 6 and in Fig. 5, where the frequencies of the librational modes
7) starts to grow up on the low-frequency sideiof. Inthe  observed for pure CQ are shown for comparison at 12 and
deconvoluted spectrum at 15.1 GPa shown in Fig. 7 the three6 GPa. Due to nonhydrostatic effects the corresponding
peaks can clearly be distinguished. The new band on thehanges are shifted to slightly lower pressures in the experi-
low-frequency side grows up in intensity with increasing ment on pure CQ Splitting of theE; mode can be noticed
pressure whereas the other two bands decrease in intensipiready at 9 GPa. The first new spectral features between
Above ~20 GPa only this new band is observed and is preF - andF g+ appeared around 10 GPa. Pure phase-Ill spec-
served down to 12 GPa on the unloading cycle and is astra could be observed at 17.8 GPa and above. On unloading
signed to phase Ill. The pressure shift of observed bands ipure phase-lll spectra remain preserved down to 11.6 GPa
the »* region is shown in Fig. 9. All modes increase in and pure phase-l spectra are observed below 9 GPa. Splitting
frequency with increasing pressure. The frequency ofis  of the E; mode is still present at 6.2 GPa during further
slightly lower in phase Il as compared to phase | in theunloading. On reloading the transition to phase-lll takes
observed pressure range and also exhibits a slightly smallglace over a larger pressure range and only above 24 GPa are
pressure shift. From all bands the high-frequency peakspectra of solely phase Il observed. With the exception of
which can be observed between 9 and 20 GPa, shows tHarger peak widths due to the rising pressure inhomogeneities

Comparison between the hydrostatic and nonhydrostatic
experiments
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TABLE |. Observed lattice mode frequencies of solid G®cm L.

Phase J and phase IV Phase I
P (GPa 1 2 Eq Fg- Fg+ 3 4 5 a b c d

CO, with He-N, as pressure transmitting medium
4.7 108.3 136.1 200.8
9.1 T 128.0 163.5 243.8
9.8 130.2 166.4 248.8
11.7 136.8 175.9 264.5
15.1 119.7 143.1 149.3 189.2 286.9 208.3 2255 247.8 232.0 257.3 2653 305.7
15.6 115.7 143.7 151.7 191.4 290.7 210.5 2325 2479 239.8 260.0 268.3 310.3
16.8 117.4 1452 1555 1959 297.8 216.2 236.2 260.5 246.4 267.7 2739 318.1
19.2 118.2 149.3 164.3 206.2 261.0 279.3 285.0 333.8
23.3 302.4 354.1
30.8 337.6 332.2 3929
35.6 356.3 347.7 412.3
375 363.9 354.1 420.7
39.8 3719 360.6 430.0
331 348.3 342.0 405.8
26.0 290.2 313.6 315.6 371.2
17.2 2495 268.0 275.4 322.2
16.2 2427 262.6 270.6 3154
14.3 106.2 233.0 250.5 259.5 301.7
13.0 99.4 225.6 2435 252.7 290.5
10.6 1329 1704 254.8
125 135,5 139.8 178.8 268.8
13.9 139.7 1440 184.8 278.8
15.7 144.3 150.3 191.6 290.0 209.6 228.4 248.0 267.5
15.8 1446 150.9 1919 2915 209.9 230.0 251.5 237.0 259.7 267.4 308.0
17.6 126.2 1479 156.2 198.8 302.1 2184 239.0 260.2 246.8 268.4 2752 319.4
19.5 130.5 151.6 164.3 206.7 314.8 2286 247.2 2715 2550 2829 287.1 331.1
215 127.8 148.8 169.6 216.3 324.2 258.4 281.4 267.8 291.4 296.4 344.8
14.2 110.1 140.3 148.2 1858 281.3 204.8 223.2 238.1 2299 248.6 257.7 299.8
12.0 103.7 1353 139.5 176.8 265.7 193.0 211.1 227.0 217.2 235.2 2457 2827
9.2 128.3 164.0 244.1
5.4 112.6 142.2 208.7

CO, without pressure transmitting medium
0.6 71.1 87.2 130.5
0.7 714 878 131.0
1.3 815 101.00 149.0
2.2 915 113.7 167.1
3.0 985 1229 180.5
3.7 103.1 129.3 190.3
4.7 107.6 1354 199.0
5.1 109.8 138.4 203.8
6.7 117.3 1485 2199
12.1 111.3 1354 141.3 1784 269.0 193.3 214 230.2 220 236.2 2457 2834

26

294 314 366.8

with increasing pressure the results on the pure €8nple
in the v~ /v™ region are in agreement with those of the hy-reduced as compared to pure £Qesulting in improved
drostatic run. The agreement of the changes in the spectragsolution of the Raman spectra in the high-pressure range.
features and their pressure shifts between the hydrostatic afdgure 11 shows phase-lll Raman spectra of both runs at
nonhydrostati¢pure CQ) experiments indicates that the ad- approximately the same pressure. In the pure €dnple the
ditional spectral featurepeaks 1-bcannot be attributed to Raman bands are very broad and not well resolved indicating
either N, or He forming a solid solution or van der Waals comparatively huge pressure inhomogeneities. In addition a
compound with CQ@ The main advantage of using the gas broad asymmetric feature is observed around 650 cifhis

mixture is that the pressure inhomogeneities are drastically



884 H. OLIINYK AND A. P. JEPHCOAT 57
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FIG. 8. Comparison of observed and fitted Raman spectra of the
X 9.8 GPa v~ region of solid CQ at 15.1 GPa. Open circles indicate the
R SEamnns! e ERRARES T T observed Raman spectrum; solid line through open circles are the
1400 1410 1420 1430 1440 sum curve of the fit; the individual bands of the fit are represented
1 by solid lines in the lower part: thick solid lines indicate £l0;
Frequency (cm™") thin solid lines indicate C®I and/or CQ-1V; dashed line indicates

. . nidentified mode.
FIG. 6. Raman spectra of solid G@t various pressures of the un “

.o .
v" region (hydrostatic run quency and pressure shift, this band is assigned to the bend-

ilag mode v, of CO,-lll. The appearance of this Raman-

band appeared around 24 GPa during loading and remain . ; : . .
down to 12 GPa in the unloading cvcle. The asymmetry o orbidden mode is another manifestation for the existence of
g cycle. y y large uniaxial stress components in pure G high pres-

this band indicates that it is composed of several compo-

nents. In Fig. 12 the pressure shift of this band is compareaures (acting as its own pressure-transmitting medium

with the phase-Ill bending mode components as determine\éyhICh reduce t.he crystal symmetry and as a result lift the
rigorous selection rules for th@mcastructure.

by infrared spectroscopy.From the point of view of fre-

" DISCUSSION
CO, Vibrons v

The present results on librational modes suggest that in
P=15.1 GPa

the upstroke run for pressures abowel7-20 GPa pure
phase-lll Raman spectra are observed. This pressure range
depends on the pressure conditions as well as on the pressure
history of the sample. The pressure range in which pure
phase-l Raman spectra are present extends to 10-13 GPa.
Hysteresis effects are observed in the down-stroke runs. In a
subsequent pressure range, 13—20 GPa, besides the three Ra-
man bands of C@I, five additional peaks, which are not
characteristic of phase 1ll can be distinguished as is demon-
strated in Fig. 3. Only at higher pressures do the Raman lines

of CO,-lll appear(see Figs. 1 and)4
M At this stage it is worth comparing the present results with
those of the three previous high-pressure Raman studies, be-

LR B B T cause they also show some of the new features found in the
1400 1410 1420 1430 present study. HansBrreported the transition to phase IlI

around 18 GPa in the upstroke run. In this paper is also
shown a spectrum at 14.5 GPa, which is dominated by the

FIG. 7. Comparison of observed and fitted Raman spectra of th "€ modes characteristic of phase I. However, in this spec-
»* region of solid CQ at 15.1 GPa. Open circles are the observed{'Um one can also recognize two very low intensity signals
Raman spectrum; solid line through open circles indicates the surR€tween the twd-; modes, similar to the spectrum shown in
curve of the fit; the individual bands of the fit are represented byFig. 3. These features were observed also by Olijetkl?
solid lines in the lower part: thick solid lines indicate ¢; thin  together with the splitting of the phaséz], mode which led
solid lines indicate C®I and/or CQ-IV. them to speculate on the possible existence of a phase IV

Intensity

Frequency (cm‘1 )
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1445 - found from this study that the cubic symmetry of phase | is
o CO, vibrons S lost in the phase mixture regime. In Fig. 2 of Ref. 14, ob-
1430 served and calculated diffraction patterns are compared. In
1425 the observed pattern there is a diffraction peak & 2
mg ~16.3°, which is not assigned to any phase. The 200 dif-
1410 fraction reflection of cubic phase | should occur at a smaller
1405 value 20~16°, as can be seen also in the calculated pattern.
1400 For a tetragonal distortion this would imply a change of the
o 1898 c/a ratio from 1 to 0.98.
g 1222 Usually one peak is observed at and v~ at high pres-
T 1380 sures in phase | due to smal,-F4 splitting. Within the
Q . .
§ 1300 4 framework of cubic phase | the two components, which can
= ] be distinguished for both modes above 9 and 7 GPa, respec-
£ 1290 tively, in phase I, must be assigned to thg and F; com-

1280 3 ponents of the bound states. Between 10 and 20 GPa splitting
3 of the v* mode increases from 2 to 7 crhwhereas it is
1270 4 smaller for »~. Since theoretical studi&s confirm that
12602 \\\ Ag-F4 splitting is very small in the pressure range up to 10
] ) GPa for the cubic phase, though no numbers have been
v given, the quite large frequency difference of the compo-
nents might be regarded as another hint that cubic symmetry
is lifted in this pressure range.
From recent spectroscopic studié®® of the internal
modes no indications for the existence of the intermediate
Pressure (GPa) phase IV have been found. Also in the present study no

FIG. 9. Pressure shift of Raman-active modes of solic, 6D clear-cut |nd|_cat|ons for phase I_V could be noticed in the
the »* /v~ region. Solid symbols indicate G@I (thick solid spectra of thénternal modes. In view of the subtle nature of

lines; open symbols indicate GA and CGQ-IV (thin solid lines: the I_—->IV.transiti0n, Which apparently invqlve§ only slight
circles indicate the loading cycle: squares indicate the unloadingnodifications of the cubid®a3 structure, it might not be
cycle; upward triangles indicate the reloading cycle: downward tri-SUrPrising that the internal modes are affected only very
angles indicate the reunloading cycle. Besides all data points frot/eakly by this transition. A careful x-ray-diffraction study is
the hydrostatic run data points up to 7 GPa from the run on purd€cessary to determine which structures besiseca are
CO, are also included. The solid lines serve as a guide for the eygdresent in the mixed phase regime.

The Cmcastructure of the high-pressure phase Il allows
prior to the transition to phase lll. Splitting of ti& mode  four Raman modes. In the present study three modes of this
can also be observed in the Raman spectrum at 19.6 GPphase are observed clearly in the loading run above 20 GPa
shown in the paper of Aoki, Yamawaki, and SakashitRhe  and the fourth mode can clearly be distinguished in the un-
assignment of the mode at250 cm ! to the Fg+ mode of  loading run below 20 GPa as well as in the regime of phase
phase | in this spectrum is incorrect and comparison with thenixtures using deconvolution techniques. These results indi-
present data shows that this misinterpreted mode is betteate that the intensity of this mode is rather low and de-
assigned to the extra mode 4 of phase IV. creases with increasing pressure. Similar effects have been

The present study clearly shows that the spectral featurezbserved also in other molecular solids crystallizing in the
of the librational modes in the range between 10 and 20 GP&mca structure: For NO only two broad bands could be
cannot be explained just by a mixture of g0and CG-lll.  observed in the€mcaphase?® which, besides the effect of
Free-energy calculations indicate that a tetragonal phase ispressure inhomogeneities, is the result of molecular disorder,
morphic with theP4,/mnmy-N, phase is also a possible which manifests itself in line broadening so that the the four
high-pressure phasé|n this structure there are two Raman- peaks cannot be resolved even at low temperatures. For CS
active low-frequency modeéé.A mixture of the three CQ  (Ref. 27 and GH, (Ref. 29 three librational bands out of
structures withPa3, Cmca andy-N, symmetry would ac- four have been observed in the investigated pressure range.
count only for 9 of the 12 observed modes. Also no evidencén the case of the halogens very small intensities have been
for this tetragonal phase has been found by x-rayobserved for the two lowest-lying librational modé&s®?
diffraction1* One striking feature of the librational spectrain  For CS (Ref. 27 and GH, (Ref. 28 crossing of the two
this intermediate pressure range is that all peaks characteriwest frequency librons has been observed with increasing
tic of phase | including those of the new peaks which do nopressure. For CQIIl crossing occurs for the two intermedi-
belong to phase Il persist up to the pressure above whichte modes. One might speculate that the modes involved in
solely phase-lll peaks are observed. The observed splittingrossing have the same symmetry in all three substances.
of the phase-IE; mode suggests a small distortion of the Unfortunately there is no definite symmetry assignment of
cubic lattice, e.g., but not necessarily, to a tetragonal or athe librational modes for these substances.
orthorhombic lattice. Though the x-ray-diffraction pattern of Calculated values of the librational mode frequencies
CO, at 11.8 GPa has been interpreted in terms of a mixturédave been given for the pressure range between 7 and 18
of cubic and orthorhombic phastssome evidence can be GPal® There is excellent agreement for the lowest and high-

1250

1240

LA R SR T
0 10 20 30 40 50



886 H. OLIINYK AND A. P. JEPHCOAT 57

TABLE Il. Observed vibronic frequencies of solid G@ cm L.

Phase | and phase IV Phase lll
P (GPa v vt v v’
CO, with He-N, as pressure transmitting medium

47 12743 1395.0

9.1 1268.0 1269.7 1402.9 1405.0

9.8 1267.0 1268.8 1403.8 1405.8

11.7 1263.6 1265.8 1407.4 1410.1

151 1257.3 1260.1 1412.6 1417.1 1265.0 1269.4 1410.4
16.8 1253.4 1256.9 1414.9 1420.0 1263.0 1267.8 1412.6
19.2 1416.9 1425.1 1259.8 1264.6 14154
23.3 1251.4 1259.1 1421.0
30.8 1429.9
35.6 1435.1
375 1437.2
39.8 1439.3
33.1 1432.2
26.0 1424.7
17.2 1262.0 1267.5 1413.0
16.2 1264.1 1268.5 1411.6
14.3 1266.1 1270.3 1409.2
13.0 1266.7 1270.2 1407.3
10.6 1265.5 1267.6 1405.2 1407.9

15.8 1256.4 1259.1 1413.4 1417.8 1411.0
17.6 1416.1 1421.4 14135
19.5 1419.0 1425.8 1416.2
215 1421.5 1430.3 1418.7
14.2 1257.5 1261.2 1410.8 1414.1 1265.5 1270.6 1409.1
12.0 1263.5 1265.8 1407.7 1409.9 1269.2 12725 1406.3

15 1277.6 1388.6

23 1276.6 1390.0

CO, without pressure transmitting medium

6.7 1271.6 1273.0 1398.5

37 1275.3 1393.2

3.0 1276.0 1392.2

2.2 1277.1 1390.2

1.3 1277.8 1388.0

0.7 1278.6 1387.0

0.6 1278.7 1386.6

est frequency mode. At least one of the two intermediateSince Fermi resonance is not present in the IR overfdnes
modes is not well described by these calculations and may biese calculated; bands should represent the undisturbed
regarded as another indication that refinements of the intemodes and are not comparable to the preséntesults. At
molecular model potential are necessary to reproduce the exhose pressures where exclusively librons of phase Il are

perimental results correctly. present, we observe one peak in thHefrequency range and
In the orthorhombic phase il there should be two Ramaniwo bands in thev™ region. Forv™ either the separation of
active components ohy andB3y symmetry forv* andv™. A4 andBg, is too small or one component has a too small

From observedv; and (v;+wv3) combination Lu and intensity to be detectable in our experiments. In there-
Hofmeistel® calculated two components for the symmetric gion the higher-frequency component is tentatively assigned
stretch modev, separated by 75 cit in the pressure range to Ag4 and the lower-frequency componentBg, as in the
10-15 GPa. This higher-frequency component has frequenayase of C& The separation between both components in-
values quite similar to the high-frequency Raman peak obereases from~4 cm™! at 12 GPa to~6 cm ! at 20 GPa.
served between 9 and 20 GPa in theregion, but we would ~ Splittings of comparable magnitude have been observed for
like to emphasize that this Raman peak is definitely represolid CS, another three-atomic molecule, which also crys-
sentative for one of the low-pressure phases and not fomllizes in theCmcallattice??

Cmca phase, because it is not observed in the unloading Based on IR studies of vibrons of G@nbedded in argon,
cycle, where phase Il could be retained down-td2 GPa. Lu and Hofmeiste proposed that at room temperature the
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FIG. 10. Pressure shift of Raman-active and »~ modes of FIG. 12. Pressure shift of the bending maggn CO,-ll. Solid

solid and liquid CQ. Solid lines are solid C§ solid circles are

lines indicater, components from infrared spectroscajRef. 15;
liquid CO,; open circles are liquid CONn N,-He.

solid circles indicate the position of the center-of-mass of the band
observed by Raman spectroscopy.
gas-to-liquid transition occurs near 0.6 GPa and the liquid-

to-solid transition occurs in the vicinity of 2 GP‘."" The solid transition to higher pressures, which has been well
present study clearly shows that €@ndergoes the liquid- ; 24

. " known, for example, in the systemyie.”* The effect of the
to-solid transition near 0.6 GPa at room temperature as de_dmixt red components manifests itself in a decr f
termined previousfy and that there is really no need for a a u et _got_ po f fh a ¢ es SI sel ? t"acl eaie_z r?
revision of that part of the phase diagram of L®he effect some: contributions 1o the ntermolecular potential, whic

of admixing He-N or Ar shows up in a shift of the liquid- make it effectively weaker resulting in higher liquid-solid
transition pressures.

CO,-II
CONCLUSIONS

In this paper we have reported on the results of high-
40.6 GPa pressure Raman studies on £a@hder hydrostatic and non-
hydrostatic pressure conditions. In contrast to the widely
adopted view that solid CQransforms directly from phase |
to phase Ill between 10 and 20 GPa, the pressure changes of
the librational spectra indicate the formation of an interme-
diate phase IV prior to the transition to phase Ill. Taking into
account the results of a recent x-ray-diffraction study the
39.8 GPa present Raman results suggest that the structure of phase IV
is a slight distortion of the cubic phase I. The observation
S —— that the transition to phase IV is not easily detected in the
200 250 300 350 400 450 500 S50 600 650 700 vibrational modes, may be taken as another indication for the
subtlety of this phase transition. In the stability field of phase
Frequency (cm™!) I, we have reported factor-group splitting in thé and v~
modes. The effect of pressure on all four Raman-active li-
FIG. 11. Comparison of Raman spectra of £ at around 40 brons of phase 11l has been documented over a wide pressure
GPa. Upper spectrum show, pure C@wer spectrum show, CO  range. Crossing of two librational modes occurs with in-
with N,-He as pressure transmitting medium. creasing pressure, and is similar to the behavior in &%l

Intensity
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C,H,. In phase Ill, thev™ mode has a slightly lower fre-

guency and thes~ mode has slightly higher frequency than
in the preceding phase. The liquid-to-solid transition pres-

sure of 0.6 GPa in COis confirmed.
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