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Midinfrared (IR) fundamental modes of CO, were measured at hydrostatic pressures up to 50 GPa
and room temperature. A distinct splitting in the fundamental stretching v; and bending v, modes
marks the structural transition from phase I to III. No other solid-solid phase transitions were observed
but the spectrum acquired near 2 GPa suggests that liquid CO, may be stable over a narrow pressure
range. The number of stretching and bending modes observed for the high-pressure polymorph corro-
borates a Cmeca structure. Overtone-combination modes were also observed and their frequencies agree
well with previous data. The measured frequencies of overtone-combination modes and those calculated
from observations of the fundamentals differ by as much as 70 cm™!, which indicates a significant
amount of anharmonicity for crystalline CO,. The phase transition is not easily detected in the over-
tones because both phases I and III were observed between 9 and 13 GPa, and because the coexistence of
two phases with overlapping bands causes the frequency of the overtone to be “curved” near the transi-
tion rather than “kinked,” as was seen for the fundamentals. The sluggish kinetics and different sam-
pling scales could explain discrepancies in transition pressure among previous studies and suggestions of
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structures in addition to Cmca and Pa3.

INTRODUCTION

Knowledge of the high-pressure behavior of CO, is
crucial for understanding planetary evolution and funda-
mental physics of molecular crystals. Previous studies
suggested that solid CO, undergoes a structural change
from the dry-ice cubic phase, phase I, to a new structure,
phase III, at pressures above ~12 GPa. The reported
transition pressure ranged from 11 to 18 GPa upon
compression and was several GPa lower during
decompression in the various x-ray and Raman experi-
ments.! ”* The variance in transition pressures has been
attributed to hysteresis. The structure of this high-
pressure phase has been controversial. Recent free-
energy calculations (e.g., Ref. 5) and a subsequent x-ray
crystallographic study* suggest an orthorhombic struc-
ture (Cmcm) for the high-pressure phase, but the tetrago-
nal structure adopted by y-N, is also possible. Another
structure (designated as phase II) has also been proposed
to exist at 0.5-2.3 GPa and room temperature® based on
changes in both optical properties and x-ray-diffraction
lines. However, neither could its structure be determined
due to the limited x-ray data,® nor has this phase transi-
tior} l;een detected in subsequent spectroscopic stud-
ies.

The fundamental IR modes of solid CO, at high pres-
sure have not heretofore been observed because the ex-
tremely strong absorptions lead to saturation even for the
minute amount of sample in a diamond-anvil cell. Conse-
quently, the existing high-pressure IR data consist ex-
clusively of overtone-combination modes’® which are
significantly less intense. The overtone-combination
mode frequencies appear to change smoothly across the
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transition between phase I and III. The pressure depen-
dencies of the fundamentals are inferred and discrepan-
cies exist amount the inferred values.>’

This study presents direct observations of the mid-IR
active fundamentals as well as of overtone-combination
modes of CO, at hydrostatic pressures up to 50 GPa,
which is more than double the maximum pressures previ-
ously attained. The measured fundamental frequencies
differ dramatically from those inferred due to anharmoni-
city. The pressure-induced structural transition between
phases I and IIT are manifest in an abrupt splitting of one
fundamental mode, and in shifts in frequencies and
differences in slopes (0v/dP). At low pressure (~2 GPa)
our data imply that CO, condenses as a liquid.

SYMMETRY ANALYSIS AND 1 ATM OBSERVATIONS

CO, in the gaseous state possesses three internal vibra-
tions: an asymmetric stretch v; at 2350 cm ™! (IR active),
a symmetric stretch v; at 1337 cm ™~ ! (Raman active), and
a doubly degenerate bending v, mode at 667 cm~! (IR
active). The Raman spectrum is complicated by Fermi
resonance of 2v, with v,.

Phase I, the structure assumed by CO, upon freezing at
ambient pressure or upon compression at ambient tem-
perature is cubic, having a Pa3 (T}) space group.®’ Its
33 optically active modes consist of various splittings of
the internal modes of the CO, molecule, rotations and/or
librations R of CO,, and translations 7 of CO, (Table I).
At liquid N, temperatures, the frequencies of phase I are
v3=2345cm™ !, v;=1332 cm™ !, and v,=660 cm ! (Ref.
10). These frequencies change negligibly with tempera-
ture!! (< 1%) from 10 to 150 K.
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Above about 12 GPa, CO, transforms to another struc-
ture, phase IIL.! Recent crystallographic studies indicate
the Cmeca space group,* which has 15 vibrations (Table I),
owing to the smaller Bravais cell. It is possible that other
structures exist. In particular, a tetragonal structure (the
v-N, phase with space group P4,/mnm, Ref. 14) as-
sumed by N, during compression has been proposed?® for
phase III of CO,, although not confirmed. Theoretical
free-energy calculations!® are also compatible with this
tetragonal structure. Its symmetry analysis is also in-
cluded in Table I. It is clear that the number and symme-
try of the internal modes present in the IR-active sym-
metries for each of the above crystalline structures differ:
thus, structural phase transformations should be ap-
parent in the mid-IR region.

EXPERIMENT

Gases of CO, and argon were condensed at liquid-
nitrogen temperature into a Mao-Bell-type diamond-anvil
cell (DAC) with type-II diamonds (1 carat) with flat-tip,
0.6 mm cutlets. Argon served as both an IR-transparent,
essentially hydrostatic pressure medium and a dilutant to
reduce the intensity of IR absorptions in CO,. An all-
reflecting beam condenser was used to interface the DAC
with the spectrometer. Pressure was measured with the
ruby fluorescence technique.!®”!® Detailed descriptions
of experimental procedures are given previously.!® Selec-
tive pressure measurements of ruby grains at the edge,
center and intermediate points over the gasket hole
showed essentially no differences below ~15 GPa.
Above this pressure, a pressure gradient of up to about
5% was observed.

Infrared spectra were acquired using an evacuated
Bomem DA3.02 Fourier transform interferometer at 1
cm™! resolution above 450 cm~! with a KBr beam
splitter and a liquid-nitrogen-cooled HgCdTe detector.'’
All spectra were collected at room temperature with a
large number of scans (3000 to 6000) for a high signal-to-
noise ratio.
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RESULTS

The fundamental bending v, [Figs. 1(a) and 1(b)] and
stretching v; [Figs. 1(c) and 1(d)] vibrations of solid CO,
are on scale at all pressures, allowing direct and precise
determination of mode frequencies (Table II). Spectra
below ~13 GPa have sharp and well-resolved bands
whereas those above ~13 GPa (from both compression
and decompression) appear much broader. All spectra
acquired above pressures of 4 GPa correspond to solid
CO, because they all show factor group splittings. The
moderately intense combination mode (v,;+v;) was
traced to 50 GPa in both compression and decompression
spectra, whereas the weaker overtone combination
(2v,+v;) was resolved up to ~15 GPa in decompression
spectra [Fig. 1(e) and Table II]. Only the low-pressure
data is shown for (v;+wv;). Spectra of the overtones at
higher pressures (not shown) resemble that of the 12.8
GPa spectrum.

The spectrum taken at 2 GPa differs from all others,
possessing simple, symmetrical peaks [Figs. 1(b) and
1(d)]. The frequencies clearly deviate from the trend fol-
lowed at higher pressures [Figs. 2(a) and 2(b) and Table
II]. Because factor-group splittings in v, expected for
solid CO, were not observed, we infer that this phase is a
liquid (see discussion section).

Spectra obtained between 4.7 and 8.1 GPa from
decompression [Fig. 1(b) and 1(d)] were assigned to phase
I (dry ice) based on their close resemblance to the spec-
trum of solid CO, at low temperature.!® The observed
number of modes matches that expected from symmetry
analysis for phase I (Table I). The stretching vibration
showed a slight nonlinear dependence with pressure
whereas the bending vibrations appear to depend linearly
on pressure [Figs. 2(a) and 2(b)]. A v; peak attributable
to the isotope '3CO, was also observed [Fig. 1(d)]. The
pressure dependence of this mode lies parallel to that of
12C0O,. Extrapolation of our data to ambient pressure
gives a 1 atm pressure mode frequency of 2289.6 cm™!

which lies close to the observed frequency of 2283 cm ™!

TABLE L. Symmetry analysis of vibrational modes in structures possible for solid CO,.

Pa3=T}
Fopnca‘b 4, R) E, R)
Internal modes Vi
External modes R

Cmca=D1}

3T, R) 24, 2E, 5T, (IR)
vy V3 vy vit+2v,
2R T T 2T

T optic” 24, R) By, R) B, R) 2B;, (R) 24, 3B, (IR) 3B,, (IR) B,;, (IR)

Internal modes vy vy v, vit+v, vit+v, v,

External modes R R R R T T T
P4,/mnm=D}}

T optic™® Ay, (R) Ay By R) By, (R) E, R) A4,, (IR) 2B, 3E, (IR)

Internal modes vy v v, V3 2v,

External modes R R R T T

#Acoustic modes are not included. R, Raman active; IR, infrared active. See text for other abbrevia-

tions. :
*See also Powell et al. (Ref. 12).
A partial analysis is given by Freiman (Ref. 13).
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for the isotropic peak of phase I at low temperature.'®!!

Spectra taken at pressures above 13 GPa differ
significantly from spectra acquired from phase I and thus
were attributed to phase III [Figs. 1(a)-1(d)]. Differences
include an increase in the number of peaks, overall
broader bands, and lower intensities. Spectra obtained
between 13 and 50 GPa exhibit two distinct stretching
modes and three bending modes in agreement with the
symmetry analysis for a Cmca space group (Table I). All
phase III mode frequencies linearly depend on pressure
[Figs. 2(a) and 2(b)], and data from compression and
decompression cycles agree well. Compression spectra
appear noisier at low pressures probably because the sam-
ple was initially not fully compacted. A slight deviation
from the linear trend between 20 and 30 GPa [Figs. 2(a)
and 2(b)] is likely to be associated with structural adjust-
ments and local stress evidenced by the relatively high-
pressure gradient in phase III. The higher fluctuation in
mode frequencies of phase III is also associated with
difficulties in precisely locating the maximum for the
broader bands of this phase.

Features of phases I and III are both present in spectra
between 8.1 and 12.8 GPa, indicating partial transforma-
tion. The proportion of phase III increases with pres-
sure: the spectrum at 8.1 GPa appear to be mostly phase
I with only a trace amount of phase III [Fig. 1(b) and
1(d)]; whereas the spectrum at 9.6 GPa shows roughly

TABLE II. IR Frequencies of CO, as function of pressure. Frequencies are incm™'.

equal amounts of phase I and III, and spectrum at 12.8
GPa is nearly all phase III. Mode frequencies within this
mixed-phase region are less accurately established due to
overlapping peaks. As a result, the mixed-phase region
deviates from the trends established for the single phase
regions [Figs. 2(a) and 2(b)]. Coexistence of two phases
for alkali halides over a range of pressures has also been
observed and the lattice constants determined from ex-
periments with two phases are similarly disturbed from
data acquired from a uniformly transformed sample.?°
Thus, frequencies from the two-phase region were not
used in the least-square fits.

Neither discontinuous behavior nor phase transitions
were observed at higher pressures (up to 50 GPa). In par-
ticular, transition to another solid (e.g., phase II) (Ref. 6)
is not supported by our data.

Frequencies of overtone-combination modes (v;+v;)
and (2v,+v;) (Fig. 3) are in good agreement with previ-
ous experiments.>”1® The slightly higher frequencies
previously observed for the more intense (v;+v;) mode
may be due to (1) mixing with phase III or (2) the pres-
ence of LO (longitudinal optical) components in the
thicker samples used in previous studies. The present
study of a very dilute (thin) sample should basically con-
sist of TO (transverse optical) component. The weaker
bands of CO, related to isotopes of '*C and 'O in the

1

P(GPa) v,(a) v,(b) v,(c) vs(a) v4(b) vitvy 2v,t v,
Phase III (compression data)
20.2 652.8 2368.4 2439.8 3809.2
22.5 652.2 636.1 2374.9 2448.6 3822.6
25.3 651.0 636.7 2378.8 2456.6 38324
28.6 650.2 636.5 2384.8 2460.0 3839.7
32.3 649.0 638.2 2387.8 2467.1 3846.4
36.6 649.2 638.4 624.3 2395.5 24779 3861.1
43.2 648.6 637.6 618.2 2409.2 2499.7 3881.2
46.7 648.9 637.3 616.3 2413.8 2506.6 3892.2
50.4 649.1 639.0 611.0 2419.8 2515.1 3898.7
Phase III (decompression data)
50.4 649.1 639.0 611.0 2515.7 2419.8
443 648.9 640.7 618.2 2499.7 2410.4
38.2 649.5 640.6 624.8 2480.4 2395.9
29.8 648.9 639.9 629.1 2461.7 2381.4
19.5 651.8 639.6 2438.1 2361.7
12.8 653.7 640.4 2416.2 2349.0 3778.4 3638.2
9.6 653.6 639.5 2405.7 2342.0 3766.4 3631.4
8.1 2344.2
Phase I (decompression data)
12.8 659.6
9.6 660.6 643.7 2393.6
8.1 658.5 644.8 2388.1 3760.8 3627.9
6.0 659.0 646.9 2381.0 3751.0 3623.2
4.7 659.7 648.7 2374.4 3742.2 3619.7
Liquid (decompression data)
2.0 663.4 2345.9 3709.8 3605.7
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(v;+v3) region' are not observed due to use of the thin
sample.

In contrast to the behavior of the fundamentals, no
discontinuities were observed in the frequencies of the
overtone-combination modes (Fig. 3). A single quadratic

curve could represent all the observed data. The phase I
to III transition only induced minor changes in intensity
and shape of the overtones, such that overtones for phase
I are slightly asymmetric in shape and have a narrower
half-width as compared to those of phase III [Fig. 1(e)].
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FIG. 1. IR spectra of CO, at high pressures. (a) Bending vibrations of phase III during compression. (b) Bending vibrations during
decompression. (c) Stretching vibrations of phase III during compression. (d) Stretching vibrations during decompression. (e) The
overtone-combination region during decompression. Modes from phase III are labeled by primed letters. The shoulders in the
stretching region (traced by dotted lines and labeled “i”) which are parallel to a and a’ are isotopic peaks of phases I and III, respec-
tively. The pressure-independent peak at ~2325 cm ™! present in the stretching region (indicated by an arrow) is an artifact. The in-
terference fringes in the stretching region at high pressures are due to the size of the gasket aperture.
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Fermi resonance, originating from accidental degen-
eracy of v, with the overtone 2v, (Ref. 21), induces a
poorly resolved band consisting of an upper component
v, and a lower component v_ in Raman measurements.
These two components have been used to calculate v,
based on Fermi resonance theory (e.g., Ref. 7). The 1
atm and low-temperature results are 1347, 1348, and
1352 cm ™! (from Ref. 22, 7, and 23, respectively). Fermi
resonance is not present in the IR overtones,! allowing
calculation of v, readily from the most intense overtone.
Calculation of v; from our observed pressure depen-
dences of the combination (v;+v;) and of v, (Fig. 4) is
similar to that calculated from the available high-
pressure Raman data on phase I.” A small difference ex-
ists between the present result and those from previous
studies especially near the phase I to III transition. The
differences are probably related to the coexistence of the
two phases over a wide pressure region, and different pro-
portions of the phases between the experiments.
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FIG. 2. Frequency of internal modes of CO, as function of
pressure. (a) Stretching modes v; and (b) bending modes v,
from compression (solid symbols) and decompression (open
symbols). The vertical scale is highly expanded in (b). Solid
lines are from least-square fits. Ambient pressure data are cryo-
genic measurements (Refs. 10 and 11). The data point at 2 GPa
(open diamond) appears to be a liquid phase (see text).
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FIG. 3. Frequency of the overtone-combination modes as
function of pressure. The present data (labeled “meas.”) are
open circles and upward-pointing triangles (from decompres-
sion) and solid circles (from compression). Downward-pointing
triangles (labeled “calc”) are calculated (see text). The open
symbols at ambient pressure are values from low temperature
(Refs. 10 and 11). Long dashed lines are previous measurements
of Aoki, Yamawaki, and Sakashita (Ref. 3) and short dashed
lines are those of Hanson and Jones (Ref. 7). Data points at 2
GPa of this study (solid diamonds for measurements and open
diamond for the calculation) are for the liquid phase.

DISCUSSION

Phase transitions

Several linear molecules (CO,, N,0, and N,) crystallize
in the Pa3 space group at low temperature and ambient
pressure. Their higher-pressure polymorphs occupy vari-
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FIG. 4. Frequency of the Raman-active symmetric stretch v,
calculated from measurements of v; and of the observed com-
bination (v;+v;). Data at ambient pressure are from Cahill
and Leroi (Ref. 23) (slashed open square), lower value of Han-
son and Jones (Ref. 7) (dotted square), and the lowest value of
Anderson and Sun (Ref. 22) (open square). The least-square fit
to the data of Hanson and Jones (Ref. 7) up to ~ 12 GPa is plot-
ted as a dashed line.
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ous structures. The B-N,O structure?* has the space
group of Cmca (D13) whereas the y-N, phase!* crystal-
lizes in the space group P4,/mnm. Both of these struc-
tures have been proposed®!® for the high-pressure po-
lymorph (phase III) of CO,. These structures are related
and may be visualized as follows. For the low-pressure
Pa3 phase (the dry-ice phase), all the molecules align
along body diagonals. The 3-N,O phase is obtained by
rotating all molecules into the bc plane about axes per-
pendicular to the individual molecular axes. The y-N,
phase is achieved by further rotating the molecules
within the bc plane so that molecules in the adjacent
planes are orthogonal to each other. Sketches of these
three structures have been previously presented (e.g.,
Refs. 13 and 24).

The significant change in symmetry for the cubic to or-
thorhombic phase transition should remove degeneracies
and induce mode splitting (Table I). The present IR data
show three v, and two v; bands for the high-pressure
phase. Thus, the observed number of bands agrees with a
Cmca symmetry [as deduced by Aoki et al.*] but not
P4,/mnm which possesses only only v; band (Table I).

In contrast to fundamental modes, frequencies of the
overtone-combination modes (Aoki, Yamawaki, and
Sakashita® and present work) do not change discontinu-
ously with pressure at the phase transition [Figs. 1(e) and
3]. Mode frequencies of the overtones tend to be
“curved” near the transition rather than “kinked,” as
was seen for the fundamentals. Only a minor change in
mode profile is detectable across the phase I and III tran-
sition [Fig. 1(e)]. The above comparison suggests that
overtone-combination modes are not sufficiently sensitive
indicators for phase transitions. The indistinct separa-
tion between phase I and III in overtone-combination
modes may have partially contributed to the discrepan-
cies in the reported transition pressures.

Our spectroscopic data on fundamental modes clearly
show a large overlapping region of phase I and III be-
tween 8.1 and 12.8 GPa. This extended mixed-phase re-
gion shown in our IR data reflects a large degree of hys-
teresis and sluggish kinetics of this phase transition.

The x-ray data* did not show a region where both
phases overlap. Moreover, the transition pressure at
room temperature suggested by the x-ray data (11.8 GPa)
appears to correlate with the pressure for complete con-
version from phase I to III. This difference between the
present IR results and the previous crystallographic
study is due to sampling scale: coherent diffraction re-
quires some 100’s of juxtaposed unit cells whereas IR
spectra can be used to measure solute in a solvent. That
is, IR spectroscopy is sensitive to small amounts present
in a mixture but x-ray diffraction is not.

Raman spectroscopic data’? do not show an overlap-
ping region. However, the transition pressure is not con-
sistent among the various experiments. Observation of a
single phase occurs because the sampling scale in Raman
experiments is much smaller than that in IR experiments
and because photo stimulation in Raman experiments can
accelerate phase transitions.

A phase diagram for CO, is constructed based on the
current room-temperature data and previous low-
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temperature studies. The pressure of 12.8 GPa for which
we observe the initiation of phase I on decompression
from phase III appears to be the equilibrium phase
boundary at room temperature, and the pressure of 8.1
GPa at which back transition to phase I is completed is a
kinetic boundary with a ~5 GPa overstepping pressure.
The transition pressure at low temperature is not yet reli-
ably constrained because the various external modes ob-
served in Raman experiments do not show a consistent
and distinct transition pressure. Probably, the transition
pressure of ~11 GPa during compression in the low-
temperature Raman experiments? correspond to the equi-
librium boundary, and the lower transition pressure from
decompression may be associated with a kinetic bound-
ary. The proposed boundary between phase I and III has
a nearly vertical slope (Fig. 5).

The spectrum observed at 2 GPa suggests a liquid as
evidenced by the symmetric peaks and the absence of
factor-group splittings that are expected for a solid phase.
This phase cannot be a gas because the peaks are too
broad. The liquid phase was not seen in the Raman ex-
periments? because the temperature was too low. The
liquid phase was not detected by the previous IR mea-
surements of the overtones®’ because these data are not
sufficient to distinquish phase transitions [see Fig. 1(e)].
Regarding the crystallographic studies, Aoki et al.* did
not report data at these low pressures whereas Olinger?®
observed the dry-ice phase at room temperature and be-
tween 1.04 and 10.11 GPa. It is possible that (1) the sam-
ple partially converted because an amorphous liquid
phase cannot be detected by x-ray crystallography or (2)
the transition has a large hysteresis loop, as was observed
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FIG. 5. Phase diagram of CO,. The equilibrium boundary
between phase I and III (long solid line) is constrained by the
present data at ambient temperature and by Raman data (Ref.
2) at 80 K. Dashed lines, the kinetic phase boundary between
phase I and III. The region of mixed phases I and III is indicat-
ed by slashed open squares, and phase I and 111 are indicated by
upward and downward triangles, respectively. The liquid-to-
phase I boundary (short solid line) is constrained by the present
data at 2 GPa. The wiggly solid line labeled (G+K) is the
phase boundary from Grace and Kennedy (Ref. 25) and is prob-
ably the gas-to-liquid transition (see text).
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for the Pa3 to Cmeca transition. Thus, the previous data
do not rule out the existence of a liquid phase at high
pressure.

Observations of a sluggish transition in CO, at ~2.2
GPa (Ref. 27) and the proposal of a transition to “phase
II” at ~2.3 GPa (Ref. 6) are consistent with the liquid-
solid transition observed in our spectra at ~2 GPa. Pre-
viously, Grace and Kennedy? concluded that the liquid
to solid transition occurred at ~0.6 GPa. However, this
“melting point” was determined from a discontinuity in
the pressure-volume curve derived from a piston-cylinder
experiment and, thus, was not a direct measurement of
the structure. It is possible that the pressure-volume
study resolved the gas-to-liquid transition because of the
large volume difference between these two states.

Our observation of a solid-to-liquid transition at very
high pressure may be connected with experimental condi-
tions: our experiments were hydrostatic at this pressure
with CO, diluted in argon. Only one previous study
(Olonger?®) definitively observed the dry-ice phase be-
tween 1 and 2 GPa. However, these experiments used
CO, as its own pressure medium, which would not be hy-
drostatic, and used commercial powdered dry ice which
contains a binding agent. Possibly, either the binder or
the shear present caused freezing at lower pressures. Al-
ternatively, the finely divided CO, in our experiments
converted to liquid at a higher pressure during
decompression either due to the size of the CO, droplets
or to mixing effects with the Argon matrix. We tentative-
ly propose that at ambient temperature, CO, undergoes a
gas-to-liquid phase transition near 0.6 GPa whereas the
liquid-to-solid (dry-ice phase) transition occurs in the vi-
cinity of 2 GPa (Fig. 5). The precise field of stability for
the liquid phase is currently being investigated.

Anharmonicity

A dramatic difference up to ~70 cm ™! is found be-
tween the observed frequency of the combination
(2v,+v;) and that calculated from measurements of the

TABLE III. Pressure derivatives and Griineisen parameters of fundamental modes. v, is in cm™,
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fundamentals v, and v; (Table II and Fig. 3). This
difference appears to increase slightly with pressure. A
much smaller difference (~15 cm™!) is found between
the combination (v, +v;) and the sum of fundamentals v,
and v;. These differences reflect a large degree of anhar-
monicity in CO, crystals as these overtone-combination
vibrations originate from elevated energy states (e.g., Ref.
10). The significant anharmonicity is attributed to the
high dipole moment for the intramolecular vibrations v,
and v;.2® Thus, it is expected that anharmonicity is more
pronounced for the overtone combination (2v,+v;) and
less significant for the combination (v, +v3).

The degree of anharmonicity poses a problem to
deducing fundamentals solely from overtone combina-
tions because their frequencies are not equal to the sum
of the appropriate fundamentals. However, an accurate
slope (dv/dP) for the fundamental modes may be estab-
lished from data on overtone combinations because the
parallel curvature of fundamentals and overtone com-
binations (Fig. 3). Thus, fundamental frequencies may be
obtained by using independent measurements of funda-
mental frequencies at low temperature and ambient pres-
sure in conjunction with the slopes (dv/dP) obtained
from overtone-combination modes at high pressures.

Pressure derivatives

Stretching vibrations show pronounced positive pres-
sure shifts whereas bending vibrations have small nega-
tive shifts in both phases I and III (Table III). The varia-
tion in slope between the two types of modes is large in
phase III but not as drastic as that in phase I (Table III),
presumably due to differences in compressibility. The ap-
parent softening of the bending mode has been attributed
to internal molecular anharmonicity’ which is particular-
ly associated with bending vibrations in CO, molecules.

Apparent differences exist between the present pressure
derivatives of fundamental frequencies and those report-
ed previously.3’7 The very good agreement in directly
measured modes (i.e., overtone combination, see Fig. 3)

1

dv/dP is in cm™'/GPa and d*>v/dP? is in cm™!/GPal. v, is calculated from Eq. (1), using K+=2.93

GPa (Ref. 9).

Ice I (cubic phase Pa3)

Mode Vo
Bend (v,a) 660%
Bend (v,b) 655%
Asymmetric stretch (v;) 23452
Symmetric stretch (v,)° 1350%

Ice III (orthombic phase Cmca)

Bend (v,a) 654.2°
Bend (v,b) 640.3°
Bend (v,c) 657.1°¢
Asymmetric stretch (v;a) 2384.3°¢
Asymmetric stretch (v;b) 2335.7°

dv/dP d*v/dP* Yio( X1073)
—0.16 —0.71
—1.29 —5.77
+7.43 —0.25 +9.28
+5.05 —0.28 +10.9
—0.12

—0.09

—0.89

+2.60

+1.67

aFor phase I, ambient pressure values were obtained from extrapolation of low-temperature data (Refs.

7 and 10) to ambient temperature.
bCalculated from (v, +v;) and v;.

°For phase III, values are from linear extrapolation to ambient pressure.
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indicates that the apparent difference in fundamentals is
due to the method used in deducing fundamentals from
overtone combinations in the previous studies. Further-
more, a thick sample such as those studied in previous
experiments tends to yield higher peak positions because
LO components contribute to the peak.?’ The effect is
magnified by non-normal incidence in the DAC experi-
ments.

Mode Griineisen parameters
Mode Griineisen parameters are calculated from

a'Vi

_Kr
av |

Vio

v,

3P (1)

Yio—™ —
Vio

’
0

where V is volume, K is bulk modulus, and v; is a mode
frequency. We believe it is appropriate to use an initial
frequency from low temperature and ambient pressure
studies because mode frequencies are almost unchanged
with temperature (e.g., Refs. 2 and 11). The calculated
¥:o’s (Table IIT) show contrasting response to pressure for
bending and stretching vibrations. The large positive
values for stretching modes reflect a pronounced
stiffening of the C-O bonds by external pressures. The
slight softening of bending modes (i.e., negative values)
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has been related to molecular anharmonicity’ and is not
related to structural instability.

CONCLUSIONS

Internal infrared fundamental stretching and bending
modes were directly measured up to 50 GPa. The transi-
tion from the dry-ice phase to the higher pressure phase
was clearly shown by mode splittings. The structure of
this high-pressure phase was confirmed as Cmca. Both
phases coexist over a wide range of pressures indicating a
very sluggish kinetics in this phase transition. Overtone-
combination modes showed only minor changes in peak
shape across the above phase transition which suggests
that these modes are not sensitive indicators for phase
transitions. A liquid phase was also observed at very low
pressure.
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