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We report Raman measurements of solid oxygen under high static pressures up to 134 GPa through the
transition to the metallic phase. Contrary to previous studies, we observed a moderate decrease in intensity of
the Raman vibron at the transition, which allows us to characterize unambiguously the metallic phase as a
molecular solid. The transition involves a change in lattice of molecular centers and a possible reorientation of
the molecules together with a relatively weak change in molecular bonding. We observed a large pressure range
of phase coexistence and hysteresis of the transformation.
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Among diatomic systems solid oxygen stands apart due téic molecular ¢ phase:® A recent density-functional theory
its peculiar magnetic interactions, being the only magneticalculatiort® gives a description of the phase as a chainlike
insulator among elementsUnlike nitrogen and hydrogen, structure similar to that proposed in Ref. 9. Although experi-
which are expected to undergo insulator-metal transition amental data and theoretical calculations imply the molecular
pressures above 300 GP4 oxygen becomes a metednd  character of the phase, the available experimental data are
superconductorat ~ 100 GPa>® This difference arises from 100 poor to be considered as solid evidence. The arguments
the unique electronic structure of the oxygen molecule witt@bout continuity of the x-ray data through the transitfcare

two unpaired electrons in the ground state §, which leads MOt satisfactory because no structural refinement was per-
to the formation of the unpaired molecules with total spinformed. Moreover, existing powder and single-crystal x-ray-

- . 1'17 . . . . _
S=1. At low pressures the electronic and structural properdifiraction data™'" are difficult to reconcile, and the index

ties of molecular oxyger(in liquid and solid phasegsare ing of the e and { phases is a matter of continuing

3,17
determined by magnetic interactiohsforming a Mott- debate’ .
. ; Raman spectroscopy has been shown to be essential for
Hubbard insulator as a result of strong on-site Coulomb re-

lsion. With i . th i ¢ characterizing high-pressure phase especially in the case of
puision. With increasing pressure, the magnetic moments arr‘ﬁicroscopic amounts of material used in megabar pressure

expected to collapse, which would lead to the gap closur€,yneriments. The presenter absenceof well-defined high
The electronic, vibrational, and structural properties of theequency excitations corresponding to internal stretching vi-
high-pressure semiconducting phasendergoing insulator-  prations(vibrons can be used as a diagnostic of the nature of
metal transition has been investigated using different experiphases in questioft?® In this paper we present the first
mental and theoretical techniques® It has been fourfi*  getailed Raman data through tke’ transition and in the
that the phase transformation¢mxygen gives rise to a very phase. The data show unambiguously thatehetransition
strong infrared absorptiofsimilar to that in phase Ill of Bl is not isostructural, and that thiephase is clearly molecular.
(Ref. 19] in the vibron region and a modest increase in  We generated pressure with modified Mao-Bell diamond-
low-frequency modes. This effect has been interpreted agnvil cells equipped with synthetic ultrapure beveled dia-
arising from low-energy charge transfer excitations for-  mond anvils having 5@sm flats and 15Q:m outer culets.
mation of @ molecules:* Unfortunately, at present x-ray- Rhenium gaskets were employed to confine oxygen sample
diffraction data fore oxygerf® do not allow for determina- (petter than 99.99% purity with the natural isotope abun-
tion of the exact positions of the atoms, so no preference cagance. The sample was loaded cryogenically through a cold
be given to the presence of,@olecules or the alternative trap in a sealed cylinder; no other materisinall grains of
O, chain modef ruby for pressure measurementsas present in the high-
The structure of the metallic higher pressyrphase also pressure chambecf. Ref. 17. No sign of impurities(e.g.,
remains unknown. Although it has been reported to be isosnitrogen was found by direct careful Raman measurements
tructural to e oxygen!! this has been disputed in a more at low pressure(about 4 GPa An angular scattering
recent study. Attempts to measure the Raman spectrum forgeometry* was mostly used to reduce background and avoid
this phase resulted in either no sigifair a weak and barely overheating of the sampleee Ref. 15 The latter was easily
observed vibron mod¥. The discontinuity in vibron fre- achieved by increased laser spot siabout 15um) which
quency (2.5%) observed in the latter work would signal an reduces the power density compared with standard back-
abrupt weakening of the intramolecular bonding §rO,  scattering geometry. The laser power on the sample was kept
compared to the semiconductirgphase, despite the fact below 30 mW. The experiment was performed at room tem-
that no substantial volume change has been rep&Hgd. perature except for one excursion to low temperatures
Until recently, first-principles calculations were not able (40—60 GPa, 80 K which shows little difference compared
to reproduce the properties of tlegohase, predicting instead to room-temperature data. Our Raman setup is described in
magnetic collapse and a concomitant transition to the metalletail in Ref. 24.
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FIG. 2. Raman frequencies of oxygen as a function of pressure
. ) obtained by fitting of pseudo-Voigt functions to the measured spec-
tion. Raman bands of-oxygen are labeled according to Ref. 12. Solid and dotted open symbols correspond to pressure increase

o . ra.
The solid lines are the specira taken on pressure increase; the Sohﬁd decrease, respectively. Circles and dashed lines represent the
line with data points is the spectrum taken on pressure release. Trbeﬁase bandS"squares and solid lines represent fitease bands

spectra are shifted vertically for clarity. All lines are guides to the eye. The bands are labeled according to

FIG. 1. Raman spectra of oxygen through #é phase transi-

Fig. 1
Figure 1 shows representative Raman spectra through theg
transition to the phase. Our Raman spectradroxygen are - .
essentially in agreement with previous studébove 96 The data presented here clearly indicate that phase transi-

GPa new low-frequency Raman bands ; become visible tion at 90—120 GPa is structurdle., first ordey A complete
while those related te oxygen[dominating bands are, , " interpretation of this transformation requires a more detailed

and v, (Ref. 12] lose their intensity with pressure rapidly. Interpretation _Of the Raman spectra ofoxygen, which is
At 134 GPa(highest pressure reachethe low-frequency currently missing. According to Ref. 16, the low-frequency
excitations ofe oxygen are almost completely supplanted byRaman spectra correspond to thg tolecule fundamentals
new bands, which we attribute to the high-pressfighase.
The changes in vibrational spectra are accompanied by
gradual change in visible reflectivity, in agreement with ear-
lier observations.

Figure 2 shows the pressure dependence of the low o2} .
frequency modes in the transition region. Measurements or
pressure release show that the observed spectral changes ¢
reversible(Figs. 1 and 2, but exhibit hysteresis in terms of
the relative intensitie$Fig. 3). The effect of hysteresis on
intensity can also be seen in Fig. 1 by comparing the spectr:
taken at 112 GPdtaken on decompressipmand 119 GPa
(taken on compressionThese resemble closely the spectra
of the { and e phases, respectively, despite the fact that the 00F Vi 101
former spectrum is taken at lower pressures. —

Unlike the low-frequency spectra, the vibron spectra show
no visible changes through the transitidfig. 1; cf. Ref. 17.

The pressure dependence of the vibron frequency is shown ii
Fig. 4. Below~100 GPa, our data are in reasonable agree-
ment with previous measurements-’ Somewhat lower fre-
quencies in our experimertat the same pressyrenay be FIG. 3. Pressure dependence of Raman intensities of selected
explained by different stress conditions compared to those iBands of thee and ¢ phases(labeled according to Fig.)1Full

Ref. 17 and/or possible effect of local heatffighbove 96  symbols denote pressure increase; open symbols denote pressure

GPa, the slope of the vibron frequency shows the kink thatlecrease. Dashed areas correspond to the observed pressure hyster-
was reversibly reproduced on pressure reld&sg 4). esis.
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unit-cell broadly consistent with the previous x-ray structure
| determinatiort}'” Alternatively, one would need to invoke a
deformation or a disruption of Omolecules at the transition
to explain the discontinuity in the low-frequency Raman ex-
citations. The behavior of the vibron through the transforma-
tion (Fig. 4) is consistent with the first interpretation, because
one expects lower vibron frequencies for ther@oleculest®
which contradicts the negative vibron discontinuity at the
transition. We estimate that the maximum discontinuity in
1 the vibron frequencies less thanl1% discontinuity at the
transition (cf. 2.5% in Ref. 17. Because of coexistence of
the two phases in the 96—-130 GPa pressure range and the
presence of pressure gradients, this behavior is smeared out,
so only one vibron peak is observed through the transition
region. In fact, the measured linewidth full width of half
maximum in this range is about 30 ¢y compared to the
20-cmi ! discontinuity measured as an offset between the
. ; s linearly extrapolated lower pressure data anddtphase vi-
40 60 80 100 120 bron frequency. The persistence of the O-O vibron in fhe
Pressure (GPa) phase clearly demonstrate that this phase is molecular. The
. vibron frequency change at the transition reflects possible
FIG. 4. Pressure dependence of the Raman vibron frequency:h(,ﬂ.]geS in bond length and electron-phonon coupling at the

Solid and dotted large symbols correspond to pressure increase "’_‘ﬂ%nsition. Indeed the frequencies and intensity of the Raman

decrease, respectively. Circles show room-temperature, and d'?ﬁodes in metallicand superconductinghase can be renor-

monds 80 K data. The thick solid line is a guide to the eye; the lonqﬂalized by the electron-phonon coupling

dashed lines are extrapolations of the low-pressure and high- Finally, we discuss the origin of the difference between
pressure data. Triangles and dotted lifgaside to the eyeare from the dat ’ ted in thi k and th f ;
Ref. 17; crosses and dash-dot lines are from Ref. 12. € data prezsle7n €d 1n this work-and ose 1rom previous
experiments?’ The experimental conditions in our experi-
ment and those described in Ref. 12 are similar. Use of ad-
vanced Raman techniquése., with holographic optigsand
ynthetic low-fluorescence diamonds allowed us to improve
he signal-to-noise ratio and consequently obtain the Raman
spectra of the metalli¢ phase. It also allowed us to show
Phat the intensity of the vibron band decreases moderately

L S . . and stays relatively high up to the highest pressures reached.
O, units in the primitive unit cell. Irrespective of whethey, O Unlike the authors of Ref. 17, who used a Ng-@ixture to

model is correct or not, the low-frequency Raman modes’ "~ . “the R t of th tra” did not ob
represent vibrations related to weakeompared to the O-O maximize “the Raman part of theé spectra,” we did not ob-

L . ; the abrupt discontinuity in the vibron frequency. Al-
shortest bondO,-O,. This is confirmed by their larger pres- serve b )
sure coefficient® which is typical for molecular crystals. though the origin of the extra Raman peak-at 700 cm

At the transition, the low-frequency modes experience 6{eported in Ref. 17 is not clear, we speculate that it may be

sudden frequency discontinuity with the exceptions of the;_elated to the presence of Nep to 90 vol %) in the sample.

v, modes, wich aredifcul o olow, because he (0% 11 1 9 STouL o hew ooy o
vq and v, modes of thel phase are too close in frequency. ' P

We interpret these changes to be the result of a rearrangtTEher understanding the molecular phase of oxygen.

ment of the lattice of molecular centers afubssibly a This work was supported by the Carnegie/DOE Alliance
change in orientational order. The number of the low-Center(CDAC) which is supported by the DOE/NNSA, and

frequency Raman modésix Raman bands, some of which by NSF-DMR, NASA, and the W. M. Keck Foundation.

can be an unresolved superposition of two or more modesiNork at Lawrence Livermore National Laboratory was per-
suggests a rather complex crystal structure for ghghase formed under the auspices of the University of California
which preferably contains more than two, @nits in the under DOE Contract No. W-7405-Eng-48.
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(two modes ofA; andB;, symmetries The number of ex-
perimentally observed modéBigs. 1 and 2clearly exceeds
this prediction and also that for the theoretically propose
Cmcm herring-bone-type structufg. Although we cannot
confirm or rule out the existence of,;@nolecules, it is clear
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