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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 theghase. This absorption, not expected according to the symmetry of the
S 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[S0163-18209)05533-2

A renewed interest in the properties of oxygen at high Oxygen was crystallized in th@ phase by pressurizing
pressure has arisen again after its metallization at 96 GPa hése fluid at 5.5 GPa around 315 K. The crystal was annealed
been demonstratédHowever, many aspects of the physics and then cooled avoiding thg— 8 phase transition where a
of this system remain to be interpreted in a satisfactory manstrong decrease in volunib.4%) takes plac&.The spectrum
ner. The phase diagram at low temperature is not knownp the fundamental vibration region was monitored during all
even if it is commonly accepted that the magnetic propertieg,e process, but, as expected from symmetry arguments, no
determine the parallel alignment of the molecules ir_1 gll thémeasurable absorption has been detected inghghase.
low temperature crystal phase® Furthermore, the visible Spectra were collected, on different samples, during an iso-

agsor%tion(g_rangel or dred C(I)I()robslervedfin thes an? € bi baric cooling at 4 GPa from 150 to 23 K, therefore crossing
phases testifies, already at low values of pressure, for bigy, . B— 6 boundary at about 140 K, and during isothermal

changes in the electronic properties, that are not clearly UN-eons at low temperatuf@3 K and 50 K from 0.9 GPa to

derstood. The intermolecular potential is affected severely b . .
electronic properties. Because of this, infrared and Rama eo—e phase_ transitiog7—8 GI.Da' on cool_mg at4 GPa, a
Iroad absorption band, extending approximately from 1595

data, able to reveal fine changes in the internal and extern 1 X
vibrational properties, are particularly relevant. In this papetP 1©© 1725 c¢m*, appears below 135 K, in correspondence

we present the results of a low temperat(®8-50 K) infra- of a pred{cted phase chanf&he inten;ity of this feature
red absorption study between 1 and 8 GPa. A narrow, unexharkedly increases as the temperature is further lowered, and
pected infrared peak is detected in the fundamental vibrab€comes more structured below 77 K, where three maxima
tional mode region. This observation contrasts with thecan be identified at about 1680, 1695, and 1715 tnin
assignment of this part of the—T diagram to the ortho- the fundamental vibration region a very weak line, whose
rhombic § phase. intensity increases as the temperature is lowered, begins to
A membrane diamond anvil cell equipped with type lla be visible in the 95 K absorbance spectrum at 1549 tm
diamonds and an inconel gasket was loaded with(@irity ~ Since at this pressure the Raman vibron peak is observed at
>99.99%) by means of cryogenic loading equipment. Thel569 cm* (80 K),2 the weak line at 1549 cht cannot be
infrared experimental apparatus, with specific attention to thattributed to the Raman component of the fundamental mode
low temperature application, has been carefully describewhose infrared intensity is induced by defects or impurities.
elsewhere. The pressure is determined from the peak waveFurthermore the narrow bandwidth, 2—3 chbetween 2
length of the R1 ruby fluorescence band. The instru- and 7 GPa, and the almost Lorentzian line shape testify a
mental resolution used was better than 0.5 ¢rin all the  good crystal quality. The unit cell af oxygen is orthorhom-
measurements. bic face centred Kmmm D32)) with four molecules
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TABLE I. Correlation diagram among molecular, site and factor slightly reduced. The vibron peak in the phase appears
group symmetry of th&mmmstructure of thes phase. down shifted of about 15 cnt with respect to the one of
the low pressure phase. This shift is much larger than that

Mode Molecule Site Factor group  megsured for the Raman component at 80 (&bout
D.p Dan Dan 7 cm1)8

(0-0) > A, A, The P-T regic_)n investigated in this study, assigne_d to the
(T,) sk By, By, 2 6 phase according to Ref. 12, was exten§|vely studied only
(T, Ty) m, B,y + Bay B,y + Bay @ by Raman spectroscopy. A phas8e transition around 3 GPa
(R,,R)) I B, +Bs B+ By was claimed by Jodeét al. at 10 K," but not confirmed by

4 ‘ o ¢ " other Raman experimentd.Yen and Nicof favor the exis-
@Acoustic mode. tence of a phase transition at higher pressure and temperature
b ibrational mode. (=5 GPa and 120 K but do not observe any effect on the

Raman vibron. In this study we do not get any precise indi-

aligned paralle?. The center of mass of the molecules lies oncation of phase transitions between 2 and 7.5 GPa even
sites havingD,;, symmetry, i.e., only one molecule is con- though, during the 23 K isothermal scan, a cusp in the vibron
tained in the primitive cell, therefore no Davydov splitting of frequency evolution with pressure at about 4.2 GPa could be
the fundamental mode is expected. In Table | the correlatiotndicated. At the same pressure Metral'® recorded the
between the isolated molecule and the factor group symmeappearance of a red-orange coloration of the sample. How-
tries is presented. It results that only one Raman actiyg ( €Ver, none of these experimental results provide a reliable
component should be observed, therefore we explain th@vidence of the existence of a phase transition.
splitting of the fundamental mode on the basis of a different In our opinion all the pressure range between 2 and 7.5
crystal structure. Finally, the broad absorption aboveGPa belongs, below 50 K, to the same crystal structure
1600 cni!is correlated to phonon side band, i.e., vibren ~ Which is different from that of thes phase. Only minor
lattice phonon double excitations. Two lines, assigned as lichanges, as also evidentiated by the Raman results, should
bron excitations, were indeed observed by Raman scatferingharacterize the evolution between the monoclinic structures
at about 126 and 194 cm (4-5 GPa. of the « and e phases. We favor, therefore, still a monoclinic
During the isothermal compression, the infrared line isOf an orthorhombic structure where only a doubling, with
observable above-2 GPa, and its intensity rapidly grows respect to thes or a phases, of the primitive cell takes place.
with pressure. Some spectra of the series measured at 23 ¥nce the two Davydov components, one infrared and one
are shown in Fig. 1. The position of this peak is not muchRaman active, suggest a centrosymmetric cell, with at least
affected by the pressure increase and the overall change W0 molecules, we restrict the symmetry of the possible fac-
frequency between 2 and 7 GPa is 0.15 ¢mAt about 7.5  tor groups toC,y, (monoclinig or Dy, (orthorhombig. The
GPa another broader peak appears in the spectrum, and itiRcreased number of molecules in the cell should induce the
ascribed to the formation of the phase (monoclinic activity of five or more new lattice moples. Even though
A2/m; z=8).1°A strong infrared absorption is indeed re- SOme of these moqles will be Raman active, none of the onv
ported in this phase also at room temperaftifeThe coex- teémperature experiments reported such changes in the lattice
istence of the two phases is evident up to 8 GPa, where th@odes region. The infrared experiment seems to be therefore
intensity of the symmetry allowe@ mode is enormously the best approach to obtain information on this phase since

increased while the peak of the lower pressure phase is onfjigh pressure and low temperature x-ray experiments are
technically demanding.

15 Infrared phonon sidebands show a good resemblance to
the one phonon density of statd30S) in simple molecular
crystals at low temperature and room press(ite.Fig. 1 the

1.0
pressure evolution of the structure of the phonon sideband
o 05 can be clearly discerned. The dispersion in frequency at 4
§ b GPa is approximately twice the one of the zero pressure
£ 00f phaset® We have also shown the frequency regiohs &nd
2 L,) whose lower and upper limits are calculated as the sum
< 04 of the libron frequencies, according to the values reported in
| Ref. 8, and the infrared and Raman vibron frequeffcyl
0.2 ] : ; and dotted lines, respectivelyContrary to thel; region,
23 M which always falls within the one phonon density of states,
00500 1600 1700 1800 the L, region always appears to be outside. This suggests

that the higher frequency Raman peak could be due to a
two-phonon excitation rather than to a second libron.

FIG. 1. Low temperature infrared spectra of the vibron region of _ The dependence on pressure of the infrared and Raman
oxygen beforelower par} and just at(upper paitthe transition to  Vibron frequencies is reported in Fig. 2. The nearly indepen-
the e phase. The boundaries of the andL, regions are obtained dence from pressure of the infrared vibron frequency con-
at each pressure by summing the libron frequendiRef. 8 trasts with the behavior of the Raman component whose en-
to the infrared(full lines) and to the Ramardotted lines vibron  ergy increases steeply (3 cfGPa)® An analogous
frequencies. difference between the infrared vibron bafidduced by

Frequency (em™
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~ FIG. 2. Frequency evolution of the Ram@uuares; Ref.jgand FIG. 3. Vibrational coupling constai@ as a function of inter-
infrared (circles; thls _Wor_k vibron components as a fo_‘C'ﬂon of molecular distance. Squares: experimental data from(&gsolid
pressure. The solid line is the best fit used to calcw@ten Ed.  line: best fit according to Eq1). The relative error on th€ data is
(3) The error bars on the infrared data ar®€.1 cm - not exceed- =<0.2% assuming 1 Cﬁi‘- of uncertainty on the Raman vibron po-
ing therefore the dimension of the symbols. sition.

ortho-H, impurities and the Raman vibron has been ob-can then be factored out in the dinamical matrix, which is

served in solid hydrogen, where however it is the Ramarstraightforwardly solved with the result

band to show the lower frequency, and the relative difference

reaches values comparable to those reported kelie8% of F+(AxB)G
j22

the molecular vibration freqlLéency at 7 GRanly at much
higher pressur¢25-30 GPa™ This phenomenon has been whereu is the reduced mas#, andB are two constants that
depend on the particular crystal structure but not on pressure,

successfully interpreted as due to vibrational coupling be

::vc\;ielr;nneé%ﬁi?;mghgofggrl\efi’e I?Sg d thﬁaﬁ:{'ﬂ;ﬁ'\f@@éﬁﬁgona% and_w_ refer to the in- and out-of-phase vibration _of the
piing q : air, being therefore respectively the Raman and the infrared

ode. The value of the coupling const&tan be extracted

result was obtained by extending the original pair interactio
model of van Kranendorik to the crystal. In the following @ to within a factor from the experimental frequencies at every
pressure, resulting

similar quantitative analysis is carried on for solid oxygen in
the present experimental situation.

We refer for the notation to Refs. 17 and 18, and we only
specify the hypothesis under which the result expressed by
Egs.(2) and(3) is derived, omitting the details of the calcu-
lation. The force constar® depends here, besides from the
pair separatiorR;; , from the molecular orientationy; and
o;, with respect to the intermolecular axis. Even though th or solid hydrogen, Mosharst al. found an evolution o
exact crystal structure of this new oxygen phase is no ; )

s roportional toR;; "2 up to 100 GPa, explaining this result
known, we assume a layered structure, as it is the case for thie | . )
) ; with a short range correction to the intermolecular
@, §, ande phases, with parallel oxygen molecules in eaChinteractions1L8 It is a remarkable phenomenon that, as it re
layer, and we neglect interactions between molecules in dif- ; " pn o ’
T sults immediately from Eq(3), G is positive for oxygen
ferent layers. This implies that the dependenc&dfom w; . L :
andw; can be neglected, since these variables have the Sangnolecules, while for hydrogen it is negativet can be dem-
“j g T . S Rstrated that for two linear molecules interacting only with
values for any molecular pair. For a crystal with two equiva-

lent molecules per primitive cell, the expression of the 2Iong range dispersion forces, the sign@fshould be nega-

%2 dynamical matrix contains the force const@N(R) cal- tive, irrespective to the molecular orientation. This result can
cuIateyd for all the pairs of interacting molecules, hence forbe derived easily starting from the expression of the interac-

. . . ' tion energy for linear molecul nd in the hypothesis that
different values of the distand® Assuming that the func- on energy for linear moleculeS.and € hypohesis ta

. . X both components of the molecular polarizability have a posi-
tional dependence of on the intermolecular distanck tive derivative with respect to the internuclear distance.
could be expressed by a power law,

Therefore, it is evident that for solid hydrogen the interaction

can be described with only a small correction to the long
1) range be_havior. _

By using the Raman data of Ref. 8 the relati@eforce

constant is then calculated, at any pressure. To report this
then it resultsG(R;;) =k;; G(R), with Ry a typical pressure quantity as a function of the internuclear distance, we have
dependent scale length, and with the proportionality concalculated the evolution of the molar volume with pressure
stantsk;; independent of pressure, assuming uniform comby extrapolating up to 7.2 GPa the EOS given in Ref. 21,
pression in this small pressure range. The quar@tRr,) valid at 50 K up to 2 GPa and successfully tested by the

1/2

. 2

w+ =

2 2
_ (wR—wig)u

B ()

At long distance, the force consta@tis described by a
negative dipole-dipole interaction term proportionaR@G.

n

R
G(R)=GO<R—O
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same authors up to 5.5 GPa. Our extrapolation up to 7.2 GPdjstance among nearest-neighbors is larger than in oxygen of
given the approximations of this analysis, appears to be jussomething more than 10%lata at 110 K2° even though the

tified. In Fig. 3 the experimental values @&/G, are re-

relative orientations of the molecules makes the distance be-

ported, as a function of the scaled intermolecular distancéveen closest atoms of nearest-neighbor molecules shorter

R/R,, together with the best fit with a power law function
according to Eq(1). The extremely large exponent value we
get from the fit,n=—17, even though obtained in a very
limited density range, and the positive sign®ftan only be

explained with a dramatic change of the interaction at shor¥

range which can be ascribed to charge transfer processes
suitable comparison is the low temperatérphase of solid
nitrogen in a overlapping density region. Thg Raman and
infrared peaks shift linearly with pressure between 2.5 an

12 GPa(Ref. 22 with almost identical slope values, 2.03 and .
2.04 cm Y/GPa for the infrared and Raman components re
spectively, indicating the complete absence in nitrogen o

(2.7-2.8 A).

In conclusion, we have obtained low-temperature infrared
data on the high-pressure phases of solid oxygen. These data
will force to reinterpret the structural evolution of solid oxy-
en, since the presence of infrared activity for the vibron is
npt explained by the present assumptions on the low-
temperature portion of the phase diagram. A quantitative
analysis of the intermolecular vibrational coupling discovers

surprisingly large contribution of the short range interac-
ions. This can indicate that charge transfer processes are
important also in this pressure range and they must be nec-

Fssarily considered in the study of thghase.

vibrational coupling even at these high densities. It should be This work has been supported by the European Union
pointed out that in solid nitrogen, at the same density, thainder Contract ERB FMGE CT 950017.
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