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High-pressure and low-temperature infrared study of solid oxygen:
Evidence of a new crystal structure
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Infrared spectroscopy has been applied to the study of solid oxygen at high pressure and low temperature.
An absorption line in the vibron fundamental mode region has been observed, and its behavior with pressure
measured up to the transition to thee phase. This absorption, not expected according to the symmetry of the
d phase, indicates the existence of a new crystal structure between 2 and 8 GPa at low temperature. The
comparison of the infrared and Raman frequency evolution with pressure is done quantitatively on the basis of
a simple vibrational coupling model and the intermolecular coupling force constant is obtained. In contrast to
solid hydrogen, here the coupling constant is positive and shows a strong dependence on the intermolecular
distance which can indicate that significant charge transfer processes are already present in this low-pressure
phase.@S0163-1829~99!05533-2#
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A renewed interest in the properties of oxygen at h
pressure has arisen again after its metallization at 96 GPa
been demonstrated.1 However, many aspects of the physi
of this system remain to be interpreted in a satisfactory m
ner. The phase diagram at low temperature is not kno
even if it is commonly accepted that the magnetic proper
determine the parallel alignment of the molecules in all
low temperature crystal phases.2,3 Furthermore, the visible
absorption~orange or red color! observed in thed and e
phases4 testifies, already at low values of pressure, for b
changes in the electronic properties, that are not clearly
derstood. The intermolecular potential is affected severely
electronic properties. Because of this, infrared and Ram
data, able to reveal fine changes in the internal and exte
vibrational properties, are particularly relevant. In this pa
we present the results of a low temperature~25–50 K! infra-
red absorption study between 1 and 8 GPa. A narrow, un
pected infrared peak is detected in the fundamental vib
tional mode region. This observation contrasts with
assignment of this part of theP2T diagram to the ortho-
rhombicd phase.

A membrane diamond anvil cell equipped with type I
diamonds and an inconel gasket was loaded with O2 ~purity
.99.99%) by means of cryogenic loading equipment. T
infrared experimental apparatus, with specific attention to
low temperature application, has been carefully descri
elsewhere.5 The pressure is determined from the peak wa
length of the R1 ruby fluorescence band. The instr
mental resolution used was better than 0.5 cm21 in all the
measurements.
PRB 600163-1829/99/60~9!/6179~4!/$15.00
as

n-
n,
s

e

n-
y
n
al
r

x-
a-
e

e
e
d
-

Oxygen was crystallized in theb phase by pressurizing
the fluid at 5.5 GPa around 315 K. The crystal was annea
and then cooled avoiding theg2b phase transition where
strong decrease in volume~5.4%! takes place.6 The spectrum
in the fundamental vibration region was monitored during
the process, but, as expected from symmetry arguments
measurable absorption has been detected in theb phase.
Spectra were collected, on different samples, during an
baric cooling at 4 GPa from 150 to 23 K, therefore cross
the b2d boundary at about 140 K, and during isotherm
scans at low temperature~23 K and 50 K! from 0.9 GPa to
thed2e phase transition~7–8 GPa!. On cooling at 4 GPa, a
broad absorption band, extending approximately from 15
up to 1725 cm21, appears below 135 K, in corresponden
of a predicted phase change.7 The intensity of this feature
markedly increases as the temperature is further lowered,
becomes more structured below 77 K, where three max
can be identified at about 1680, 1695, and 1715 cm21. In
the fundamental vibration region a very weak line, who
intensity increases as the temperature is lowered, begin
be visible in the 95 K absorbance spectrum at 1549 cm21.
Since at this pressure the Raman vibron peak is observe
1569 cm21 ~80 K!,8 the weak line at 1549 cm21 cannot be
attributed to the Raman component of the fundamental m
whose infrared intensity is induced by defects or impuriti
Furthermore the narrow bandwidth, 2–3 cm21 between 2
and 7 GPa, and the almost Lorentzian line shape testi
good crystal quality. The unit cell ofd oxygen is orthorhom-
bic face centred (Fmmm, D2h

23) with four molecules
6179 ©1999 The American Physical Society
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6180 PRB 60BRIEF REPORTS
aligned parallel.9 The center of mass of the molecules lies
sites havingD2h symmetry, i.e., only one molecule is con
tained in the primitive cell, therefore no Davydov splitting
the fundamental mode is expected. In Table I the correla
between the isolated molecule and the factor group sym
tries is presented. It results that only one Raman active (Ag)
component should be observed, therefore we explain
splitting of the fundamental mode on the basis of a differ
crystal structure. Finally, the broad absorption abo
1600 cm21 is correlated to phonon side band, i.e., vibron1
lattice phonon double excitations. Two lines, assigned a
bron excitations, were indeed observed by Raman scatte8

at about 126 and 194 cm21 ~4–5 GPa!.
During the isothermal compression, the infrared line

observable above.2 GPa, and its intensity rapidly grow
with pressure. Some spectra of the series measured at
are shown in Fig. 1. The position of this peak is not mu
affected by the pressure increase and the overall chang
frequency between 2 and 7 GPa is 0.15 cm21. At about 7.5
GPa another broader peak appears in the spectrum, and
ascribed to the formation of thee phase ~monoclinic
A2/m; z58).10 A strong infrared absorption is indeed r
ported in this phase also at room temperature.2,11 The coex-
istence of the two phases is evident up to 8 GPa, where
intensity of the symmetry allowede mode is enormously
increased while the peak of the lower pressure phase is

TABLE I. Correlation diagram among molecular, site and fac
group symmetry of theFmmmstructure of thed phase.

Mode Molecule Site Factor group
D`h D2h D2h

(O2O) Sg
1 Ag Ag

(Tz) Su
1 B1u B1u

a

(Tx ,Ty) Pu B2u1B3u B2u1B3u
a

(Rx ,Ry) Pg B2g1B3g B2g1B3g
b

aAcoustic mode.
bLibrational mode.

FIG. 1. Low temperature infrared spectra of the vibron region
oxygen before~lower part! and just at~upper part! the transition to
the e phase. The boundaries of theL1 andL2 regions are obtained
at each pressure by summing the libron frequencies~Ref. 8!
to the infrared~full lines! and to the Raman~dotted lines! vibron
frequencies.
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slightly reduced. The vibron peak in thee phase appears
down shifted of about 15 cm21 with respect to the one o
the low pressure phase. This shift is much larger than
measured for the Raman component at 80 K~about
7 cm21).8

The P-T region investigated in this study, assigned to
d phase according to Ref. 12, was extensively studied o
by Raman spectroscopy. A phase transition around 3 G
was claimed by Jodlet al. at 10 K,8 but not confirmed by
other Raman experiments.13 Yen and Nicol7 favor the exis-
tence of a phase transition at higher pressure and temper
(.5 GPa and 120 K!, but do not observe any effect on th
Raman vibron. In this study we do not get any precise in
cation of phase transitions between 2 and 7.5 GPa e
though, during the 23 K isothermal scan, a cusp in the vib
frequency evolution with pressure at about 4.2 GPa could
indicated. At the same pressure Meieret al.13 recorded the
appearance of a red-orange coloration of the sample. H
ever, none of these experimental results provide a relia
evidence of the existence of a phase transition.

In our opinion all the pressure range between 2 and
GPa belongs, below 50 K, to the same crystal struct
which is different from that of thed phase. Only minor
changes, as also evidentiated by the Raman results, sh
characterize the evolution between the monoclinic structu
of thea ande phases. We favor, therefore, still a monoclin
or an orthorhombic structure where only a doubling, w
respect to thed or a phases, of the primitive cell takes plac
Since the two Davydov components, one infrared and
Raman active, suggest a centrosymmetric cell, with at le
two molecules, we restrict the symmetry of the possible f
tor groups toC2h ~monoclinic! or D2h ~orthorhombic!. The
increased number of molecules in the cell should induce
activity of five or more new lattice modes. Even thoug
some of these modes will be Raman active, none of the
temperature experiments reported such changes in the la
modes region. The infrared experiment seems to be there
the best approach to obtain information on this phase s
high pressure and low temperature x-ray experiments
technically demanding.

Infrared phonon sidebands show a good resemblanc
the one phonon density of states~DOS! in simple molecular
crystals at low temperature and room pressure.14 In Fig. 1 the
pressure evolution of the structure of the phonon sideb
can be clearly discerned. The dispersion in frequency a
GPa is approximately twice the one of the zero pressura
phase.15 We have also shown the frequency regions (L1 and
L2) whose lower and upper limits are calculated as the s
of the libron frequencies, according to the values reported
Ref. 8, and the infrared and Raman vibron frequency~full
and dotted lines, respectively!. Contrary to theL1 region,
which always falls within the one phonon density of stat
the L2 region always appears to be outside. This sugge
that the higher frequency Raman peak could be due t
two-phonon excitation rather than to a second libron.

The dependence on pressure of the infrared and Ra
vibron frequencies is reported in Fig. 2. The nearly indep
dence from pressure of the infrared vibron frequency c
trasts with the behavior of the Raman component whose
ergy increases steeply (3 cm21/GPa).8 An analogous
difference between the infrared vibron band~induced by
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ortho-H2 impurities! and the Raman vibron has been o
served in solid hydrogen, where however it is the Ram
band to show the lower frequency, and the relative differe
reaches values comparable to those reported here (.1.8% of
the molecular vibration frequency at 7 GPa! only at much
higher pressure~25–30 GPa!.16 This phenomenon has bee
successfully interpreted as due to vibrational coupling
tween neighboring molecules, and the relative vibratio
coupling constant has been derived quantitatively.17,18 This
result was obtained by extending the original pair interact
model of van Kranendonk19 to the crystal. In the following a
similar quantitative analysis is carried on for solid oxygen
the present experimental situation.

We refer for the notation to Refs. 17 and 18, and we o
specify the hypothesis under which the result expressed
Eqs.~2! and~3! is derived, omitting the details of the calcu
lation. The force constantG depends here, besides from th
pair separationRi j , from the molecular orientation,v i and
v j , with respect to the intermolecular axis. Even though
exact crystal structure of this new oxygen phase is
known, we assume a layered structure, as it is the case fo
a, d, ande phases, with parallel oxygen molecules in ea
layer, and we neglect interactions between molecules in
ferent layers. This implies that the dependence ofG from v i
andv j can be neglected, since these variables have the s
values for any molecular pair. For a crystal with two equiv
lent molecules per primitive cell, the expression of the
32 dynamical matrix contains the force constantG(R) cal-
culated for all the pairs of interacting molecules, hence
different values of the distanceR. Assuming that the func-
tional dependence ofG on the intermolecular distanceR
could be expressed by a power law,

G~R!5G0S R

R0
D n

, ~1!

then it resultsG(Ri j )5ki j G(R0), with R0 a typical pressure
dependent scale length, and with the proportionality c
stantski j independent of pressure, assuming uniform co
pression in this small pressure range. The quantityG(R0)

FIG. 2. Frequency evolution of the Raman~squares; Ref. 8! and
infrared ~circles; this work! vibron components as a function o
pressure. The solid line is the best fit used to calculatevR in Eq.
~3!. The error bars on the infrared data are.0.1 cm21 not exceed-
ing therefore the dimension of the symbols.
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can then be factored out in the dinamical matrix, which
straightforwardly solved with the result

v65FF1~A6B!G

m G1/2

, ~2!

wherem is the reduced mass,A andB are two constants tha
depend on the particular crystal structure but not on press
v1 andv2 refer to the in- and out-of-phase vibration of th
pair, being therefore respectively the Raman and the infra
mode. The value of the coupling constantG can be extracted
to within a factor from the experimental frequencies at ev
pressure, resulting

G5
~vR

22v IR
2 !m

2B
. ~3!

At long distance, the force constantG is described by a
negative dipole-dipole interaction term proportional toRi j

26 .
For solid hydrogen, Mosharyet al. found an evolution ofG
proportional toRi j

27.2, up to 100 GPa, explaining this resu
with a short range correction to the intermolecu
interactions.18 It is a remarkable phenomenon that, as it r
sults immediately from Eq.~3!, G is positive for oxygen
molecules, while for hydrogen it is negative.17 It can be dem-
onstrated that for two linear molecules interacting only w
long range dispersion forces, the sign ofG should be nega-
tive, irrespective to the molecular orientation. This result c
be derived easily starting from the expression of the inter
tion energy for linear molecules,20 and in the hypothesis tha
both components of the molecular polarizability have a po
tive derivative with respect to the internuclear distan
Therefore, it is evident that for solid hydrogen the interacti
can be described with only a small correction to the lo
range behavior.

By using the Raman data of Ref. 8 the relativeG force
constant is then calculated, at any pressure. To report
quantity as a function of the internuclear distance, we h
calculated the evolution of the molar volume with pressu
by extrapolating up to 7.2 GPa the EOS given in Ref. 2
valid at 50 K up to 2 GPa and successfully tested by

FIG. 3. Vibrational coupling constantG as a function of inter-
molecular distance. Squares: experimental data from Eq.~3!; solid
line: best fit according to Eq.~1!. The relative error on theG data is
<0.2% assuming 1 cm21 of uncertainty on the Raman vibron po
sition.
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6182 PRB 60BRIEF REPORTS
same authors up to 5.5 GPa. Our extrapolation up to 7.2 G
given the approximations of this analysis, appears to be
tified. In Fig. 3 the experimental values ofG/G0 are re-
ported, as a function of the scaled intermolecular dista
R/R0, together with the best fit with a power law functio
according to Eq.~1!. The extremely large exponent value w
get from the fit,n.217, even though obtained in a ver
limited density range, and the positive sign ofG can only be
explained with a dramatic change of the interaction at sh
range which can be ascribed to charge transfer processe
suitable comparison is the low temperaturee phase of solid
nitrogen in a overlapping density region. Then2 Raman and
infrared peaks shift linearly with pressure between 2.5 a
12 GPa~Ref. 22! with almost identical slope values, 2.03 an
2.04 cm21/GPa for the infrared and Raman components
spectively, indicating the complete absence in nitrogen
vibrational coupling even at these high densities. It should
pointed out that in solid nitrogen, at the same density,
a
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distance among nearest-neighbors is larger than in oxyge
something more than 10%~data at 110 K!,23 even though the
relative orientations of the molecules makes the distance
tween closest atoms of nearest-neighbor molecules sh
~2.7–2.8 Å).

In conclusion, we have obtained low-temperature infra
data on the high-pressure phases of solid oxygen. These
will force to reinterpret the structural evolution of solid oxy
gen, since the presence of infrared activity for the vibron
not explained by the present assumptions on the lo
temperature portion of the phase diagram. A quantitat
analysis of the intermolecular vibrational coupling discove
a surprisingly large contribution of the short range intera
tions. This can indicate that charge transfer processes
important also in this pressure range and they must be
essarily considered in the study of thee phase.
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