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Molecular character of the metallic high-pressure phase of oxygen
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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.

DOI: 10.1103/PhysRevB.68.100102 PACS number~s!: 61.50.Ks, 64.70.Kb, 78.30.2j
e
t

,

it

in
e

re
a

ur
th

e

in

-

c
e

o
re
fo

n

t

le
d
ta

ri-
lar
re

ents

per-
y-
-
g

l for
e of

sure

vi-
of
t

.
d-

ia-

ple
n-

old

-

nts

oid

ck-
kept
m-
res
d
d in
Among diatomic systems solid oxygen stands apart du
its peculiar magnetic interactions, being the only magne
insulator among elements.1 Unlike nitrogen and hydrogen
which are expected to undergo insulator-metal transition
pressures above 300 GPa,2–4 oxygen becomes a metal~and
superconductor! at ;100 GPa.5,6 This difference arises from
the unique electronic structure of the oxygen molecule w
two unpaired electrons in the ground state (p* ), which leads
to the formation of the unpaired molecules with total sp
S51. At low pressures the electronic and structural prop
ties of molecular oxygen~in liquid and solid phases! are
determined by magnetic interactions,7 forming a Mott-
Hubbard insulator as a result of strong on-site Coulomb
pulsion. With increasing pressure, the magnetic moments
expected to collapse, which would lead to the gap clos
The electronic, vibrational, and structural properties of
high-pressure semiconducting phasee undergoing insulator-
metal transition has been investigated using different exp
mental and theoretical techniques.7–18 It has been found8,14

that the phase transformation toe oxygen gives rise to a very
strong infrared absorption@similar to that in phase III of H2
~Ref. 19!# in the vibron region and a modest increase
low-frequency modes. This effect has been interpreted
arising from low-energy charge transfer excitations7 or for-
mation of O4 molecules.14 Unfortunately, at present x-ray
diffraction data fore oxygen20 do not allow for determina-
tion of the exact positions of the atoms, so no preference
be given to the presence of O4 molecules or the alternativ
O2 chain model.9

The structure of the metallic higher pressurez phase also
remains unknown. Although it has been reported to be is
tructural to e oxygen,11 this has been disputed in a mo
recent study.17 Attempts to measure the Raman spectrum
this phase resulted in either no signal12 or a weak and barely
observed vibron mode.17 The discontinuity in vibron fre-
quency (22.5%) observed in the latter work would signal a
abrupt weakening of the intramolecular bonding inz-O2
compared to the semiconductinge phase, despite the fac
that no substantial volume change has been reported.11,17

Until recently, first-principles calculations were not ab
to reproduce the properties of thee phase, predicting instea
magnetic collapse and a concomitant transition to the me
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lic molecular z phase.13 A recent density-functional theory
calculation18 gives a description of thee phase as a chainlike
structure similar to that proposed in Ref. 9. Although expe
mental data and theoretical calculations imply the molecu
character of thez phase, the available experimental data a
too poor to be considered as solid evidence. The argum
about continuity of the x-ray data through the transition11 are
not satisfactory because no structural refinement was
formed. Moreover, existing powder and single-crystal x-ra
diffraction data11,17 are difficult to reconcile, and the index
ing of the e and z phases is a matter of continuin
debate.13,17

Raman spectroscopy has been shown to be essentia
characterizing high-pressure phase especially in the cas
microscopic amounts of material used in megabar pres
experiments. The presence~or absence! of well-defined high
frequency excitations corresponding to internal stretching
brations~vibrons! can be used as a diagnostic of the nature
phases in question.21–23 In this paper we present the firs
detailed Raman data through thee-z transition and in thez
phase. The data show unambiguously that thee-z transition
is not isostructural, and that thez phase is clearly molecular

We generated pressure with modified Mao-Bell diamon
anvil cells equipped with synthetic ultrapure beveled d
mond anvils having 50-mm flats and 150-mm outer culets.
Rhenium gaskets were employed to confine oxygen sam
~better than 99.99% purity with the natural isotope abu
dance!. The sample was loaded cryogenically through a c
trap in a sealed cylinder; no other material~small grains of
ruby for pressure measurements! was present in the high
pressure chamber~cf. Ref. 17!. No sign of impurities~e.g.,
nitrogen! was found by direct careful Raman measureme
at low pressure~about 4 GPa!. An angular scattering
geometry24 was mostly used to reduce background and av
overheating of the sample~see Ref. 16!. The latter was easily
achieved by increased laser spot size~about 15mm) which
reduces the power density compared with standard ba
scattering geometry. The laser power on the sample was
below 30 mW. The experiment was performed at room te
perature except for one excursion to low temperatu
~40–60 GPa, 80 K!, which shows little difference compare
to room-temperature data. Our Raman setup is describe
detail in Ref. 24.
©2003 The American Physical Society02-1
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Figure 1 shows representative Raman spectra through
transition to thez phase. Our Raman spectra ine oxygen are
essentially in agreement with previous studies.12 Above 96
GPa new low-frequency Raman bandsna2 f become visible,
while those related toe oxygen@dominating bands arenL1
andnL2 ~Ref. 12!# lose their intensity with pressure rapidl
At 134 GPa~highest pressure reached! the low-frequency
excitations ofe oxygen are almost completely supplanted
new bands, which we attribute to the high-pressurez phase.
The changes in vibrational spectra are accompanied b
gradual change in visible reflectivity, in agreement with e
lier observations.5

Figure 2 shows the pressure dependence of the l
frequency modes in the transition region. Measurements
pressure release show that the observed spectral change
reversible~Figs. 1 and 2!, but exhibit hysteresis in terms o
the relative intensities~Fig. 3!. The effect of hysteresis on
intensity can also be seen in Fig. 1 by comparing the spe
taken at 112 GPa~taken on decompression! and 119 GPa
~taken on compression!. These resemble closely the spec
of the z ande phases, respectively, despite the fact that
former spectrum is taken at lower pressures.

Unlike the low-frequency spectra, the vibron spectra sh
no visible changes through the transition~Fig. 1; cf. Ref. 17!.
The pressure dependence of the vibron frequency is show
Fig. 4. Below;100 GPa, our data are in reasonable agr
ment with previous measurements.12,17 Somewhat lower fre-
quencies in our experiment~at the same pressure! may be
explained by different stress conditions compared to thos
Ref. 17 and/or possible effect of local heating.16 Above 96
GPa, the slope of the vibron frequency shows the kink t
was reversibly reproduced on pressure release~Fig. 4!.

FIG. 1. Raman spectra of oxygen through thee-z phase transi-
tion. Raman bands ofe-oxygen are labeled according to Ref. 1
The solid lines are the spectra taken on pressure increase; the
line with data points is the spectrum taken on pressure release
spectra are shifted vertically for clarity.
10010
he

a
-

-
n
are

ra

e

w

in
-

in

t

The data presented here clearly indicate that phase tra
tion at 90–120 GPa is structural~i.e., first order! A complete
interpretation of this transformation requires a more deta
interpretation of the Raman spectra ofe oxygen, which is
currently missing. According to Ref. 16, the low-frequen
Raman spectra correspond to the O4 molecule fundamentals

olid
he

FIG. 2. Raman frequencies of oxygen as a function of press
obtained by fitting of pseudo-Voigt functions to the measured sp
tra. Solid and dotted open symbols correspond to pressure incr
and decrease, respectively. Circles and dashed lines represente
phase bands; squares and solid lines represent thez phase bands.
All lines are guides to the eye. The bands are labeled accordin
Fig. 1.

FIG. 3. Pressure dependence of Raman intensities of sele
bands of thee and z phases~labeled according to Fig. 1!. Full
symbols denote pressure increase; open symbols denote pre
decrease. Dashed areas correspond to the observed pressure
esis.
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~two modes ofAg andB1g symmetries!. The number of ex-
perimentally observed modes~Figs. 1 and 2! clearly exceeds
this prediction and also that for the theoretically propos
Cmcm herring-bone-type structure.18 Although we cannot
confirm or rule out the existence of O4 molecules, it is clear
that a satisfactory crystal model should include at least f
O2 units in the primitive unit cell. Irrespective of whether O4
model is correct or not, the low-frequency Raman mod
represent vibrations related to weaker~compared to the O-O
shortest bond! O2-O2. This is confirmed by their larger pres
sure coefficient,10 which is typical for molecular crystals.

At the transition, the low-frequency modes experienc
sudden frequency discontinuity with the exceptions of
nL2 andn4 modes, which are difficult to follow, because th
nd andne modes of thez phase are too close in frequenc
We interpret these changes to be the result of a rearra
ment of the lattice of molecular centers and~possibly! a
change in orientational order. The number of the lo
frequency Raman modes~six Raman bands, some of whic
can be an unresolved superposition of two or more mod!
suggests a rather complex crystal structure for thez phase
which preferably contains more than two O2 units in the

*Present address: Geophysical Laboratory, Carnegie Institutio
Washington, 5251 Broad Branch Road NW, Washington D
20015.

1D.A. Young, Phase Diagrams of the Elements~University of
California Press, Oxford, 1991!.

2E. Gregoryanz, A.F. Goncharov, R.J. Hemley, and H.K. M
Phys. Rev. B64, 052103~2001!.

FIG. 4. Pressure dependence of the Raman vibron freque
Solid and dotted large symbols correspond to pressure increas
decrease, respectively. Circles show room-temperature, and
monds 80 K data. The thick solid line is a guide to the eye; the lo
dashed lines are extrapolations of the low-pressure and h
pressure data. Triangles and dotted lines~guide to the eye! are from
Ref. 17; crosses and dash-dot lines are from Ref. 12.
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unit-cell broadly consistent with the previous x-ray structu
determination.11,17Alternatively, one would need to invoke
deformation or a disruption of O4 molecules at the transition
to explain the discontinuity in the low-frequency Raman e
citations. The behavior of the vibron through the transform
tion ~Fig. 4! is consistent with the first interpretation, becau
one expects lower vibron frequencies for the O4 molecules,16

which contradicts the negative vibron discontinuity at t
transition. We estimate that the maximum discontinuity
the vibron frequencies less than;1% discontinuity at the
transition ~cf. 2.5% in Ref. 17!. Because of coexistence o
the two phases in the 96–130 GPa pressure range and
presence of pressure gradients, this behavior is smeared
so only one vibron peak is observed through the transit
region. In fact, the measured linewidth full width of ha
maximum in this range is about 30 cm21, compared to the
20-cm21 discontinuity measured as an offset between
linearly extrapolated lower pressure data and thez-phase vi-
bron frequency. The persistence of the O-O vibron in thez
phase clearly demonstrate that this phase is molecular.
vibron frequency change at the transition reflects poss
changes in bond length and electron-phonon coupling at
transition. Indeed the frequencies and intensity of the Ram
modes in metallic~and superconducting! phase can be renor
malized by the electron-phonon coupling.

Finally, we discuss the origin of the difference betwe
the data presented in this work and those from previ
experiments.12,17 The experimental conditions in our exper
ment and those described in Ref. 12 are similar. Use of
vanced Raman techniques~i.e., with holographic optics! and
synthetic low-fluorescence diamonds allowed us to impro
the signal-to-noise ratio and consequently obtain the Ram
spectra of the metallicz phase. It also allowed us to sho
that the intensity of the vibron band decreases modera
and stays relatively high up to the highest pressures reac
Unlike the authors of Ref. 17, who used a Ne-O2 mixture to
maximize ‘‘the Raman part of the spectra,’’ we did not o
serve the abrupt discontinuity in the vibron frequency. A
though the origin of the extra Raman peak at;1700 cm21

reported in Ref. 17 is not clear, we speculate that it may
related to the presence of Ne~up to 90 vol %! in the sample.
Together with the large amount, of new low-frequency ex
tation, the new vibron measurements provide a basis for
ther understanding the molecular phase of oxygen.
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