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The infrared spectrum of the phase of solid oxygen has been studied between room temperature and 20 K
as a function of pressure up to 63 GPa. Besides the strong absorption in the fundamesittab®mode and
the broad doublet in the overtone region, another peak is detected in the far infrared region. The analysis of the
overtone bands allows the determination of the density of states of théf@n region which consists of two
separated energy regions, including one the infrared and the other the Raman bands observed in the
1500-1650 cm? range. This result, consistent with the analysis of the other Raman and infrared bands at
lower frequency, is interpreted on the basis of a crystal composed by a molecular unit formed by four oxygen
atoms. This hypothesis explains the strong infrared absorption which is in contrast with the model of a crystal
composed by diatomic oxygen molecules. Very thin crystalline slab8.4 wm) allowed to measure the
intensity of the strong infrared absorption at 1500—1550" triThe measurement of the Raman spectrum as
a function of the incident power and of the laser excitation frequency shows how the intensity and the
frequency of the Raman lines are affected by the experimental conditions. Finally, a simple chain model
provides indirect proof of our assignment of the low-frequency infrared mode and allows to rule out an
association in polymeric units formed by more than four atoms even at pressures close to the insulator-metal
transition.
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[. INTRODUCTION scribed for the lower pressure phases. Two structural inves-
tigations on thee phase agree on a monoclinic structure
When high pressure is applied to molecular solids impres(A2/m; Z=8), but the exact positions of the molecules and,
sive phenomena can be observed also in crystals of vergonsequently, the local (sitey symmetry are still
simple molecules. The progressive strengthening of the ininknown®* In contrast with the several crystalline modifi-
termolecular interactions on compression can induce, besidé&tions observed below 10 GPa, thghase is stable up to
a molecular reorientation which generally leads to the96 GPa where eventually the insulator to metal transition is
achievement of more efficient crystal packing, a reorganizadbserved? Besides the intense coloration other important
tion of the molecular chemical bonding. In general, cooperaProperties characterize thephase. First, a big volume re-
tive processes are responsible of the growth of ordered polyfuction is observed at thé— e transition (=10%), essen-

meric products, as recently observed for solid,aRef. 7  tally due ]EO a cont][a(r:]tion in Ithbcl pslgne WT:Ch contains tr?e
and acetylené.The formation of different molecular units centers of mass of the Onolecules.” On the contrary, the

was, on the contrary, never reported in the past even thouglﬁans't'on to the metal takes place with a very small volume

0, i i -
an increasing interaction among neighboring molecules ha ecrease £ 1.4%). The second important aspect is the ap

been observed at high pressure in hydroyaitrogen® and pearance of a strong infrared absorption in the fundamental
in a low-pressure ph%sep of oxygen y rogen, mode regiort* This observation was associated to the exis-

. . tence of important intermolecular interactions between oxy-
The existence of a red colored phase of solid oxygen a(%L b y

) . “gen pairs which could account for the existence, but not for
room temperature and high pressure was reported by Nicgjq intensity, of this absorption. An explanation of the high

et al. twenty years agd The intense coloration of this phase, intensity of the infrared band was attempted by Niebhl.
known as thee phase, is a direct evidence to which extentgn the basis of optical absorption specftahey suggested
pressure is capable to modify the electronic properties of ghat the out-of-phase stretching mode of the oxygen pairs
simple molecular crystal. At room temperature oxygen crysinduces a mixing of the ground state with low-energy ionic
tallizes in the rhombohedrgB phase R3m) around 5.7 states (Q —0,) giving rise to a strong transition dipole
GPa’® A transition to anFmmmorthorhombic structure§ ~ moment. Later, Agnevet al. proposed a polymeric associa-
phasg is observed near 9.6 GPahe 8 and thes phases, as tion for the e phase explaining the vibrational properties on
well as the low-temperature phase, possess a peculiar ar-the basis of a simple chain model, based on arp&r unit,
rangement of the oxygen molecules whose centers of masgith equal intermolecular force constants among the mol-
sit on layers, coincident with crystal planes, with all the mo-ecules of the pair and the nearest-neighbors molecules of
lecular axes perpendicular to these crystal planes. The tramdjacent pairs® The possibility of a chemical bond between
sition to thee phase takes place around 10 GPa, and also thisvo O, molecules and the consequent existence of an O
phase it is characterized by the same layered structure desolecule has been invoked several times since the beginning
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of this century*”'8In these cases the definition of,@ol-  tion losses are very important below 500 cthmaking the
ecule could be better identified with strongly interacting O measurement of far-infrared absorption spectra a challenging
— 0O, dimer. The Q— 0O, dimers, revealed in the gas-phase experiment. For this purpose we built a different focusing
by Long et al,'® are now extensively characterized both system, used in place of our usual cassegrain microscope
from experiment&P?! and theoreticdf~2* point of view. objectives system, which employs ellipsoidal mirrors as fo-
The equilibrium distance of the dimer in the gas is muchcusing optics. For the far-infrared spectra we used a bolom-
larger (=50%) than in thee phase at its lower pressure, eter as a detectqcooled to 4.2 K and two different beam
nevertheless a pronounced energy minimum for the fundasplitters depending on the spectral region of interest: a
mental singlet state, corresponding to a rectangular geon& wm thick mylar for the range 100-450 crh and a KBr
etry, is found®® Recently, we discovered a low-frequency between 450 and 4000 crh.
infrared absorption which allowed to conclude that a differ- To measure the intense absorption of the oxygen vibron
ent tetratomic planar oxygen molecule accounts for the enwithout saturation we performed midinfrared measurements
tire, peculiar vibrational properties of thephase?® on sample slabs having an optical thicknes8.4 pm. This

In this paper we want to show how the complete set ofvalue, necessary to evaluate the absorption coefficient, was
vibrational data concerning thephase of solid oxygen can calculated by comparing the intensity of the overtone bands
be interpreted according to a simple model based on a latticeith that measured in the pure sample spectra. In this last
composed by @molecules. Absorption spectra collected in case the optical thickness could be determined from the pe-
the far infrared, in the @fundamental mode and in the over- riod of the interference fringes observed in the spectrum and
tone regions provide, together with the Raman data, a condue to reflections on the diamond windows. These crystalline
plete information on the formation dynamics and on theslabs were prepared by a particular technique, that is filling
properties of this molecular unit. A linear chain model basedhe gasket hole with NaB¢containing 1% of NaN@ for
on O, units is capable to explain all the data, confirming thepressure calibratidy, pressing it since a transparent pellet
assignment of the different bands, and can provide unanwas obtained and then, after the surface of this pellet was
biguous proofs of the absence of a further polymeric assoscratched by means of a thin needle, the cell is filled by the
ciation prior the insulator to metal transition. usual cryo-loading technique.

II. EXPERIMENTAL Ill. RESULTS

High-pressure infrared and Raman spectra of solid oxy- e used infrared and Raman spectroscopy to investigate
gen were measured using a membrane diamond anvil celhe vibrational properties of solid oxygen in teephase. For
Oxygen (purity=99.99%) was loaded in the cell by means the sake of clarity we will present the data relative to the

of cryo-loading equipment. The crystal in tifephase, with  different techniques in separated subsections.
a typical thickness of 40-5Q:m, was produced by com-

pressing the liquid just above room temperature3(0 K).
Care was taken to cross very slowly the melting point in A. Infrared
order to obtain high quality crystals. A ruby chip was in- Some representative spectra collected in the fundamental
serted in the sample to measure the local sample pressure bipration region, at different pressures and 50 K, are reported
the R, ruby fluorescence band shift according to the equatiorin Fig. 1. The spectrum at 6.3 GPa is measured in dhe
P(GPa)=248.4 (\/\y) 76~ 1].% phase. Here, beside the quite narrow and weak peak of the
The complete apparatus for infrared experiments, includfundamental mode around 1550 thy a broad feature is
ing the optical beam condenser and the cryogenic systenaJso observed between 1650 and 1750 &mwhich is as-
has been extensively described in a previous réfdoth  signed to the phonon side bahédbove 7 GPa the transition
infrared and Raman set up were the same employed in @ the e phase can be easily detected by the appearance of a
previous experiment on nitrogéA A Fourier Transform In- strong band about 15 cm below the frequency of the vi-
frared (FTIR) spectrometefBruker IFS-120 HR was used bron § peak. The absorption of this band rapidly increases
to measure the infrared spectra. Raman experiments wergth pressure, and a pronounced shoulder on the low-
performed by using as excitation lines the 514.5 and 488 nnfrequency side of the saturated peak is observed. In a recent
emissions of an At and the 647.1 nm emission of aKion infrared study this has been interpreted as due to the presence
lasers. A double monochromatdit)-1000 Jobin Yvoh  of four infrared active Davydov componerifs However,
equipped with a liquid nitrogen cooled CCD camera wasthis assignment is not very convincing since all the compo-
used to detect the Raman signal. The instrumental resolutioments appeared with the same relative intensity also in spec-
was better than 1 cnt both in infrared and Raman experi- tra recorded on a single crystal with polarized light. For
ments, while the frequency accuracy was 0.17érn Ra-  strongly absorbing infrared modes distortions and important
man and much higher (0.005 c¢r) in infrared measure- asymmetries of the lineshape are frequently observed in the
ments. The temperature of the sample is measured by a Sifrared spectra of molecular crystdfsFor polar modes an-
diode placed in the copper ring where the diamond isgular dispersionLO-TO splitting is observed in polycrys-
mounted, the resulting uncertainty on the sample temperatuttalline samples, and in single crystals when the focalization
is estimated int2 K. angle is large, as it is common in high-pressure infrared ex-
The typical sample diameter is 15@m and the diffrac- periments. The second, and more reasonable reason for the
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FIG. 2. Room-temperature infrared spectra in the overtone re-
gion recorded in the phase at different pressures.

prepared an oxygen sample having an optical thickness less
1450 1500 1500 1700 1800 than 0.4 um. With this sample we could measure the ab-
sorption of the band at 1500 crhup to 24 GPaRef. 26
Frequency (cm”) and accordingly calculate the absorbance per unit leagth
=log,o(1o/1)/d, where the sample thicknedds assumed to
be equal to the optical thickness=0.4 um). It resultsa
=1.1.10* cm ! at 22 GPa, a value which is about one order
of magnitude larger than that reported in Ref. 30.

In Fig. 2 the spectra in the overtone region at 300 K and
presence of this shoulder in the case of oxygen, is the actt different pressures are reported. Also in this case, as for
vation ofk# 0 modes due to the breaking of the translationalthe fundamental vibration region, low- and room-
symmetry caused by lattice defects. This effect could be reaemperature spectra are very similar. The independence from
sonably expected in experiments at high pressure where themperature of the spectral profile indicates that the overtone
sample undergoes to strong nonisotropic strains unless thghsorption essentially reflects the convolution of the density
single crystal is immersed in an hydrostatic medium likeof states(DOS) of the fundamental mode region. The two
helium. The presence of four infrared bands contrasts witlhands are very similar in shape being constituted, each one,
the missed observation of a Davydov splitting for all the by two peaks with a sharp low-frequency edge and a broader
other infrared and Raman bands measured ircthbase. In - and weaker shoulder on the high-frequency side. From the
our spectrgsee Fig. 1 a weak and narrow peak is observed, figure, a different behavior of the frequencies of the two
below 20 GPa, at lower frequenéground 1450 cm').Ina  bands is evident. Below 20 GPa the low-frequency band
previous infrared absorption study performed on isotopicsoftens while a shift to higher frequencies is common to both
mixtures this band was attributed to the isotoly®'®0'®.  bands above 20 GPa. As will be shown in the following, the
Around 20 GPa another weak and broad absorption is visiblehifts with pressure are of great help in the assignment of the
at frequencies just above the isotope peak. The evolutiofwo bands.
with pressure of the intensity and the position of this absorp- In a previous letter we reported the observation of an
tion band mirrors that of the main saturated peak. intense peak in the far-infrared regi6hAccording to the

In the & phase at low temperature, the intensity of theside bands observed in the low-temperature spectra of the
infrared peak was observed to increase very steeply witphase, just before the transition to thehase, we concluded
pressure, revealing an induction mechanism of the dipoléhat the one-phonon density of states of the lattice modes
moment related to the short-range part of the intermoleculagxtends up to 250 cnt at the coexistence of thé and e
interaction>** The high intensity of the vibron peak in tke  phases. The far infrared peak has a frequency greater than
phase indicates that a different activation mechanism takes00 cm ! when it appears entering into tlegohase, making
place. In fact, we never observed this peak without saturatiofts assignment to a lattice phonon unreliable. The intensity of
also reducing the sample thickness down to 2, unless  this band grows rapidly with pressure but only up to 20 GPa,
using the special sample prepared as described above. Thigile above this point its integrated absorption is almost
result contrasts with the observation reported in Ref. 3Gressure independent.
where the main peak was measured without saturation in a
polycrystalline sample of thickness15 um. The measure-
ment of the absorption coefficient is crucial, since the com-
parison with other systems can help to understand the nature The room-temperature Raman spectrum of éhphase
of the transition dipole moment relative to this vibrational has been recently reported up to the insulator to metal
mode, but extremely thin crystal slabs are necessary. Accordransition®® The spectrum consists of three main bands: a
ing to the procedure described in the experimental section wkigh-frequency peak around 1580 c¢hyassigned to the vi-
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FIG. 1. Low-temperature infrared spectra at different pressure
in the fundamental mode region in th& (6.3 GPa and in thee
phase.

B. Raman
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C. Frequency and intensity analysis
FIG. 3. Integrated intensities of the Raman vibron and L2

modes, empty and full circles, respectively, measured by using afs
excitation line the 647.1 nm emission of a'Klaser. or

The analysis of infrared and Raman spectra was per-
med by fitting with pseudo-Voight profiles the bands of
interest. Frequency, linewidth and integrated absorption, or
relative intensity for the Raman bands, could be obtained.
For the thick samples the frequency of the infrared vibron
bron, and two low-frequency bandbelow 500 cm') in-  peak at 1500 cm' (MIR band could be only estimated
terpreted as two libron€_1, L2). The pressure evolution of from the saturated peak. A precise determination was pos-
the intensities of all the modes shows a maximum, particusible only in the experiments on the thin sample. The fre-
larly pronounced for the L2 band, between 25 and 35 GPaluencies values of the MIR peak obtained, at room tempera-
This maximum was attributed to resonance Raman effectdure, with the two procedures are presented in Fig. 4. The
since the 514.5 nm line of an Arion laser was used as (sisrtr?bgll:;)ta;r]:dinlgctugz Z)g(]?:grr:s:tt vc\)/ir:htrt]r?etr\]/larllluseirr(epger:ated
source. In fact, being-oxygen crystals deeply red, the green ) ) )
light is strongly absorbed determining also a heating of thérom the saturated peatsolid dots. From the figure it ap-

sample. In order to avoid this heating we repeated the exper years that the frequenpy of this peak shows a surprising be-
. . . avior when pressure increases. After thee phase transi-
ment by using the red line of a Krion laser(647.1 nm,

which is weakly absorbed by the sample, with a maximumtIon the frequency rapidly decreases, of about 50" tm

£0.5 W W d pol tallie | t approaching a minimum around 20 GPa, then it grows
power ot . - e measured polycrystallieesamples a slowly up to the highest pressure of this experiment, 63 GPa.

room temperature up to 39 GPa by using different laser POWThis behavior was not observed by Agnewal,'® whose

ers and excitation wavelengths, in order to identify the ef,casurement was extended only up to 20 GPa. They con-
fects of laser heating. The first result concerns the evolutiog,ded, from the observed monotonic softening, that the O-O
of the intensities with pressure of all the bands which appearggng continuously weakens rising pressure. The present evo-
to be independent from the excitation WaVElength. In Flg 3|ution of the MIR peak with pressure, which is almost iden-
the Raman intensities of the L2 and the vibron peaks, obtical also at low temperature, was described in our previous
tained with Kr" laser source, are reported up to 39 GPa. Thaeporf* and recently confirmed by other studf&s? indi-
evolution with pressure of the two sets of data is very similarcates that the process is more complex.

to that reported in Fig. 2 of Ref. 33 obtained with the 514.5 The position of the peak observed in the far infrared re-
nm excitation line. This suggests that the maximum of thegion (FIR band has a completely different pressure evolu-
Raman intensity of the vibron, observed around 30 GPa, cartion. In the region between 10 and 20 GPa, characterized by
not be fully ascribed to resonance effects. We also revealethe big softening of the MIR mode, the frequency of the FIR
frequency shifts of some tens of wavenumbers for all thenode increases steeply (10 chGPa). The frequency be-
bands depending on the power and on the wavelength of theavior with pressure of all the infrared and Raman modes
excitation line, remarking how important is the heating effectmeasured in the present work is shown in Fig. 5. For com-
due to the laser absorption. The frequencies of the threparison also the Raman data from a recent work by Akahama
bands reported in Ref. 33 were always largeip to et al® are shown. The frequency of the Raman vibron is
20 cmi ! at 39 GPathan our data. This is a very important almost constant up to 15 GPa, then it rises linearly with
aspect to decide the assignment of the low-frequency Ramasressure up to the transition to the metallic ph@&GPa.*?
bands in relation to the infrared results. Furthermore, it is also characterized by a steeper dependence
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at 20 GPa isy=13-10* cm/g2® This value, extraordinarily
large for a diatomic homonuclear molecule which can bor-
row infrared activity only from crystal field effects, is typical
of infrared allowed transitions in isolated molecules
like CO, (y=31.4010* cm/g) and NO (y=15.85 10
cm/g) 36

D. Analysis of the overtone bands

The presence of two absorption bands in the overtone
region was mentioned by Swansenhal* Before assigning
the spectral features of this region some elements necessary
to the discussion should be defined. Since the separation be-
tween the Raman and the infrared MIR peaks in the funda-

" mental Q vibration mode increases continuously with pres-
sure (100 cm! at 23 GPa; 150 cm' at 63 GP3 we
identify the DOS close to the optical infrared and Raman
modes asdR(k) and R(k), respectively. Agnewet al. as-
signed the low-frequency overtone band to the combination
of Raman and infrared zone boundaky=w/a) vibrational
modes with opposite wave vectorR(k)+IR(—k). The

_ _ higher-frequency band was on the contrary assigned to the
FIG. 5. Frequencies of the Raman and infrared modeg of combination of the infrared and Ram&r0 modes® The

oxygen. Dots refer to theyy, g and vg g modes, squares to the - -
vibron, L2 and L1 Raman modes. Full symbols refer to our meareduencies of the overtone bands calculated according to

: this assignment are higher than those experimentally ob-
surements while open symbols refer to data from Ref. 33.
P y served. The authors had to scale down of 20—25 ‘cthe

calculated values in order to reproduce the measured over-

on pressure £2.5 cm Y/GPa) than that of the MIR peak tone frequencies justifying this procedure by considering the
(=1.1 cm Y/GPa) above 35 GPa. The evolution with pres-anharmonicity of the isolated molecule. The strong limit of
sure of the low-frequency L1 and L2 Raman modes recallshis assignment is that the combination of two crystal modes,
quite closely that of the FIR mode. It is important to remarkwith the only exception of bound states, are not affected by
the difference, concerning the frequency position of the L2the single molecule anharmonicityAs already pointed out
peak, between our datéull square$ and those from Ref. 33 our spectra of the overtone regigeee Fig. 2 show two
(empty squares Our data discredit any speculation on the separated broad absorptions having a similar shape. The
possible coincidence of the L2 and the FIR peaks and, conwidth of the low-frequencyLF) band is systematically 1.5
sequently, the possibility that the two peaks are due to thémes larger than the high-frequen@yF) one, and the fre-
same crystal mode, showing both infrared and Raman activguency behavior with pressure of the two bands is very dif-
ity, can be ruled out. Therefore, the phase seems to be ferent. Between thé— e phase transition and 20 GPa the LF
characterized by two pressure regions. Fromdhes phase  band moves to lower frequencies while, at higher pressures it
transition(10 GPa up to 20 GPa all the modes show quite hardens, mirroring the frequency evolution of the fundamen-
different evolution. Above 20 GPa, although with different tal MIR mode. On the contrary the frequency of the HF peak
slopes, all the frequencies increase with pressure. The diffeis practically unchanged below 20 GPa and grows faster than
ent behavior of the Raman vibron and of the MIR peak carthe LF band above this pressure value. On this basis we
be hardly explained considering them as crystal componentsuggested a different interpretation of the two bands assign-
(Davydov splitting of the same stretching mode of the iso- ing the LF band to the combination of two delocalized infra-
lated molecule. red vibron excitations having opposite wavevectdiR(k)

Quantitative information can be obtained by the inte-+IR(—k)], while the HF band is due to the combination of
grated absorption of the two infrared modes. In fact thesénfrared and Raman active vibron modes with opposite
data, after a renormalization with respect to the optical thickwavevector§ R(k) + IR(—k)].2*
ness and density, provide a powerful tool to understand the Following this assignment, the profiles of the LF band is
nature of the strong infrared activity in thephase by com- the convolution of the infrared density of states with itself,
parison with infrared active vibrational modes of other mo-while the HF band is the convolution of the infrared and the
lecular crystals. The experiment on the thin slab allows tocRaman density of states. On this basis we can extract these
obtain the integrated absorption also for the strong MIRlatter from the spectra. In this procedure we used the mini-
mode. The quantityy=1/pnd, where | is the integrated mum amount of gaussian bands to simulate the fundamental
mode intensityp is the densit}® andnd is the optical thick- infrared and Raman DOS and reproduce analytically the ex-
ness, calculated according to the procedure described in theerimental overtone spectra. The sum of two gaussians, for
experimental section, was computed for both modes. Thisoth DOS, sufficed to provide the experimental spectral
normalized intensity obtained for the MIR modeebxygen shape of the overtone bands at every pressure. According to

2001 : o

Pressure (GPa)
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FIG. 6. Fit of the overtone bands at 26 and 63 GPa and room ,".J "
temperature. Dashed and full lines represent experimental and cal- EE i 558GPa
culated spectra, respectively. ,'_5'-"' :‘é ’
this model thelR(k)+IR(—k) and the R(k)+IR(—K) i i

combination bands are composed by three and four Gauss-
ians, respectively. We performed a nonlinear fit procedure, to
reproduce the overtone spectral profiles, by using as adjust- Frequency (cm”)

able parameters the position, amplitude and width of the four , ,

gaussians, which constitute th& and the Raman vibron _ F'C: 7. (@): Density of states of the Raman and infrared modes
DOS. The excellent agreement obtained at all the iI,M_:‘Sﬁ[esultlng from the deconvolution of the overtone combination bands

ted or res i direct confirmation of our ianment Iat 19.7(dashedq, 34.2 (dotted, and 55.8(full) GPa. Vertical lines
9‘."‘ €d pressures IS a direc .CO a O. or our assignment. mdicate the position of th&=0 infrared and Raman modet):
Fig. 6 the results of the fit at two different pressures ar

h eExperimentaI infrared and Raman spectra at 25 GPa compared with
shown. the calculated DOS at the same pressure.

1400 1450 1500 1550 1600 1650 1700

maximum. The gap reaches a maximum around 20 GPa and
decreases almost linearly at higher pressures.

From the analysis of the overtone bands described in the
previous paragraph we extract the vibron density of states of
the infrared and Raman modes. These DOS are reported in

Fig. 7(a@), at three different pressures, together with the peak A the results, presented in the previous sections, con-
position of the experimental bandgertical lines. The infra-  cerning the vibrational properties of thephase are hardly
red and Raman density of states are quite similar in shap@erpreted on the basis of a crystal of simplg olecules.
being constituted by a low-frequency intense peak and & is well known that one of the characteristic features of the
hlgh-frequenc_y broader_and weaker pgak. The d|sper5|'on erystal structures of oxygen, with the only exception of the
the DOS relative to the infrared mode is always 1.5-2 t'me%hase, is the parallel alignment of the closest neighbor

greater than that corresponding to the Raman band. The ops5jeculed® At the 5— e phase transition a strong volume
tical vibron modes lies always on the high-frequency side of

the two DOS which are separated by a well pronounced gap.
The presence of this gap is a very surprising result if one
wants to interpret the full density of states as arising from 70
one single molecular mode. This would be the only case, to
our knowledge, where such effect is observed in molecular
crystals. As an example we report in Figbythe infrared e
and Raman calculated DOS together with the experimental <
spectra at 25 GPa. It can be observed that the calculated &
frequency dispersion of the infrared DOS is in good agree-
ment with the experimental infrared absorption.

By performing the deconvolution of all the spectra we 551
have determined the profiles of the DOS at every pressure - y - - -

. 10 20 30 40 50 60 70

and, consequently, we were able to follow the evolution of Pressure (GPa)
the gap with pressure, shown in Fig. 8. To extract a numeri-
cal value, the limit of each DOS was conventionally set FIG. 8. Evolution with pressure of the gap between the IR and
where the intensity value was less than the 5% of the peakaman density of states. The solid line is an eye guide and not a fit.

E. Determination of the vibron density of states

IV. DISCUSSION

65 1
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reduction is observed, essentially driven by a contraction in
thebc plane where the centers of mass of the parallel oxygen
molecules are containéd.The main consequence is a con-
sistent reduction of thenn distance, which, assuming a

S-type layer structure, is about 2.4 A at 13.7 GPa. A sug- R . 18
gestive hypothesis to explain the appearance of the infrared 3% (R) w(®)
1 z - T+
+ -

by, (IR) 3, (R)

peaks and the complex shape of the infrared and Raman
DOS in the fundamental mode region of thg @olecule is
provided by the existence of a more complex molecular unit.
According to the previous considerations, the simplest mo-
lecular structure consists of an oxygen unit composed by g 9. Normal modes, with relative symmetry and activity, of
four atoms and a rectangular geometry. The formation of thign g, molecule havingd,;, symmetry.

unit follows a progressive stronger interaction between ) _

nearest-neighbor Omolecules. In fact, we already reported  AS already pointed out in the-oxygen crystal the sepa-

. : i ighboring molecules in the plane is
how important are charge transfer mechanisms at lower pre&ation between neig
sures, in thes phase'5,32where the distances among the CIOS_surely less than 2.4 Afor P=13.7 GPa) therefore at least

est molecules are larger than 2.55%% Moreover the ap- S0~ lower than the dimer equilibrium distances, making rea
earance of a diffraction line at 4.48 A in the phase sonable the picture of an© O, bond. Six normal vibra-

P that the orimiti Il has d .bl%a q ideri tional modes are expected for thig Onit. For a rectangular

{Jhroves i a'lbl € E{)”ml' Ive cde_ A as (()ju n (ftot?]s' termgt' D,, geometry these modes are shown in Fig. 9: a symmetric

the negligible inteérplanar distance decrease at the transitio a,) and an antisymmetrichg,) stretching mode involving

it is reasonable to conclude that this doubling has occurre

i e internal O-O bond, two analogous symmetrég)(and
along one of the two axes of the molecular oxygen plane. antisymmetric b,,) stretching modes involving the ,O

Between 13.7 and 35 GPa, the distances between the nearesty, ponds, and one in-planéd{,) and one out-of-plane
neighbors molecules in théc plane farther decrease of (a,) bendiné modes. ’

=10% (being of the order 2.2 A at 35 GRawhile the A calculation on a hypothetical Onolecule using density

distances between closest oxygen atoms of molecules sittifgnctional theory,(B3LYP functional$ with the 6-31GD)

in different planes are always larg€rThese pure geometri- basis setGAUSSIAN rev E.2,*L gave as result a rectangular

cal considerations suggested that this molecule derives froplanar structure with a distance between the @its of

the bonding between nearest-neighbor molecules inbthe 1.95 A% This distance is shorter than the separation be-

plane?® tween closest @units which changes, assuming a layered
structure as in theS phase, from 2.414 GPa to about
2.0 A just before the insulator to metal transition at 96

A. O, model GPa®® The results of this calculation, reported in Table |,

According to the previous structural considerations theshould be considered just as a qualitative guide for the inter-

geometry of the @unit can be confidently considered rect- pretation of our spectra. The symmetric stretchiag) (and

. X the antisymmetric If3,) mode, calculated at 1634 and
angular, i.e., having ®,, symmetry. The same geometry 1465 cm!, can be assigned to the Raman and infrared

was rec_:ently _found to be the mqst stable also for the (Omodes observed in the crystal at 1590 and 1500 @0
—0,) dimers in the gas phase, with a pronounced W80  Gp, respectively. It follows that the infrared and the Ra-
K) for the fundamental singlet state where the molecules arg,5p, peaks are not the Davydov components of the O
separated by 3.56 A: Also high resolution electronic data. stretching mode, but are originated by two different modes in
of O,— O, dimers in a solid neon matrixt & K suggest this  the isolated Q molecule. The experimental separation be-
geometry with a distance between the molecules ofween the two bands is comparable to that obtained in the

3.41 A?° The existence of Qmole_cules in the_ gas ph_as_e simulation =170 cm'!) only at quite high pressure
has been also proposed to explain the red light emission, _ _ )
observed in the chemical oxygen iodine |a3&geveral re- TABLE I. Calculated frequencies and relative symmetries, of
ports on the cooperative absorptions and emissions of she € V'br_at'cl’”a' ?Ode of the mqlecu'eéRe;' 42, as.ands.s. ari’_
molecule account for strong intermolecular interactionsresgecwehyl‘ the ar;ns;:jmmeén_c at? dt © d.Smiet”c stt_retlc '?r?
which can be read on the basis of tightly bound-@, modes, whiie 0.0.p. bend. and 1.p. bend. indicate, respectively, the
. . . out-of-plane and in-plane bending modes.
dimers. For instance, Dianov-Klokov reported on a number
of experiments measuring the cooperative absorption ban%ode

of oxygen under a variety of conditiof$The radiative life-

b,, (IR) a, (in)

Symmetry v (cm™Y) Activity IR int.(arb.unit3

time of the Q complex has been estimated by Bernatd a.s. (O-0) bay 1465 IR 431
al.*C Finally, Busseryet al. computed arab initio intermo-  s.s. (O-0) ag 1634  Raman -
lecular potential for (@), dimer?* They found that the low- 0.0.p. bend. a, 541  inactive -
est energy corresponds to a parallel plaDay geometry for  jp. bend. big 804  Raman -
the singlet stateAE,j,= —221 K atR,=3.2 A) and con- as. (-0, b, 205 IR 19
clude that the (§), dimer is indeed a weakly bound mol- ss. (g-0,) ag 524 Raman B,

ecule with hindered rotation around its van der Waals bond

104110-7



GORELLI, ULIVI, SANTORO, AND BINI PHYSICAL REVIEW B 63 104110

(150 cm ! at 60 GP# where the distance between closestunderstand the frequency gap behavior which increases up to
neighbor Q units is estimated to be approximately 2.15 A .20 GPa mirroring the dynamics of the, @olecule forma-
Following this scheme, the two low frequency Raman band&ion. At higher pressure the progressive decrease in the gap
L, and L, can be assigned, respectively, to the in-planesuggests that the interactions among theu@its of the crys-
bending 0,4) and to the symmetric stretching of the, O tal are growing. An extensive discussion of this point will be
—0, bonds @g). The corresponding antisymmetric mode given in the next paragraph.
b2u is expected ina very |OW_frequency region, therefore we The Charge density oscillation which is at the basis of the
assign the peak observed in the far infrared region to thiStrongIR absorption can also explain the different behavior
mode. From this picture it derives that all the bands observe@f the frequency of the infrared and Raman high-frequency
below 1600 cm* can be assigned to fundamental modes ofnnodes between 10 and 20 GPa. Contrary to the remarkable
the isolated @ molecule. The assignment of the and FIR  softening of the infrared mode the frequency of the Raman
bands, respectively, to the symmetric and antisymmetri®eak increases very weakly in the same pressure range. For
stretching modes along the,©0, bonds is also supported Nonconducting charge transfé€T) molecular crystals an
by their intensity evolution with pressure. In fact, the inten-electron-molecular vibration coupling modé¢e-mv) has
sity of these modes increases enormously up to 20—30 GA¥en successfully applied to describe the infrared absorption
indicating a progressive strengthening of these béfds.  of the out of phase CT pair mode and the frequency of both
Another information obtained by the calculations con-Symmetric and antisymmetric vibrational modésin the
cerns the infrared activity of the antisymmetric stretchingcase of a linear stack of dimers, this model predicts that the
modes. Both modes are infrared allowed, by symmetry, ifrequency of the out of phase mode alone is affected by the
the isolated molecule, so that an infrared activity is expecte@-mMV interaction and a strong infrared activity for the same
in the crystal, as it is indeed observed. However, in order tdgnode is expected. On the contrary in the case of a regular
account for the large transition dipole moment of the midin-stack, in which each molecule has two neighbors at the same
frared stretching mode, other mechanisms should be consigdlistance no infrared intensity is predicted. Also this result
ered. The simplest hypothesis takes into account chargeicely agrees with a description of tlgphase in terms of O
transfer processes, already discovered in the lower-pressungolecular units.
6 phase, which are responsible of the,-30, bond At this stage of the discussion it is important to remark
formation®32 This process can produce a charge density osthat the two infrared bands around 3000 Crare, respec-
cillation which could justify the strong experimental absorp-tively, the overtone IR+ 1R) of the antisymmetric stretch-
tion. ing mode b;3,) and the combination of the two stretching
Also the peculiar shape of the overtone region can benodes involving the original Qinternal bonds &g;bs,).
interpreted on the basis of the, @olecule model. Once the This assignment suggests an immediate question on the ori-
two Raman and infrared bands in the 1500—1600 tme-  gin of the intensity of thdR+ IR band. In fact the intensity
gion are assigned to different stretching modes of the Oof a two quanta excitation generally agrees with the activity
molecule, respectivelpy andbg,, it is easy to understand expected according to symmetry argumetitThis means
the two distinct density of states in the crystal as derivingthat the first overtone bands should not be observed in the
from the two fundamental modes. Therefore, from thisinfrared spectrum of crystals of centrosymmetric molecules.
model we immediately explain the existence of a gap beA possible explanation for the presence of this band in this
tween thelR and Raman vibron density of states but we canspectrum is that the Omolecule is slightly distorted with
not provide any insight on its peculiar behavior with pres-respect to a perfect rectangular geometry, and consequently
sure. In the section dedicated to the frequency analysis wieses the inversion symmetry. A,C molecular symmetry
emphasized how peculiar is the evolution with pressure ofuffices to account for our infrared data, and only a very
vmir @nd how different it is from that of the low-frequency small tilt of the molecular axis of the Qunits forming the
FIR mode. The remarkable softening of the high-frequencyO, molecule is required.
mode clearly indicates a weakening of the force constants Finally, on the basis of this model we can draw some
involved in the corresponding vibrational motion. From Fig. conclusions on the magnetic properties of éyghase. In the
9 we can observe that the force constant involved inbtje ~ « phase the exchange intermolecular interaction for a couple
vibration is mainly the one related to the origing @onds, of neighboring molecules determines an antiferromagnetic
which implies that the @ bond progressively weakens be- order?* Also for the § phase, which was expected to be
tween 10 and 20 GPa. In the same pressure range, on taatiferromagnetic as the phase®® this magnetic order was
contrary, we observe that the FIR mode,() has a strong recently demonstratefAb initio calculations expect a pres-
hard behavior suggesting that the force constant relative teure induced magnetic collapse at high pressure as the result
the O,-O, bonds is increasing. The similar evolution of the of the increase of electron hopping and charge transfer
two modes above 20 GPa indicates that the process leadirigteraction?® At the 56— e phase transition the distance be-
to the formation of the @molecule is complete. These con- tween two Q molecules decreases, originating a spin pairing
clusions agree also with the intensity evolution of the low-process with the change of the electronic structures due to
frequency infrared and Raman modes which can be interthe formation of the @ molecule. This picture would also
preted as a sort of “dynamic” information on the bond imply a magnetic collapse at the transition, and the ground
formation. As a matter of fact, on this basis we can alscstate of the @ molecule would possibly be a singlet.
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FIG. 10. Linear chain of @ molecules in thebc plane. The
interactions are described by the force consténtg;, g,, andgs. 0 B
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B. Structural model: Linear chain of O, molecules 10 20 30 40 50 60
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In the previous paragraph we have demonstrated that all ressure (GPa)

the vibrational properties of the red phase of oxygen can be FIG. 11. Pressure evolution of the force constants values ob-
explained on the basis of the formation of ap@olecule. A tained by the linear-chain model.

primitive cell constituted by a single JOmolecule explains

also the absence of Davydov splitting of all the observed If L is the distance between nearest-neighbom)(unit
modes. All the arguments used to interpret the vibrationafells, and we consider only the interaction among the oscil-
spectra of this phase are still valid if we assume a ponmeri&atOfS present in these cells, the dynamical matrix reéilts:
association in thédc plane, having as a monomeric unit the 1

O, molecule. Th|s arrangement is ext.remely intriguing for D(k)= —(Fo+F,ekt+F_je kb, (1)

two reasons. First, an efficient electronic delocalization could M

account for the intense red color of the crystal as it is Ob'whereFo, F,, F_, are the force constants matrix which

served in Eolymenzatlon processes of simple molecules likgparacterize the interaction forces between oscillators of the
acetylené. Second,. a polymerlc arrangement in the ame and ofin unit cells, respectively. Therefore:
plane could be the first step in the metallization process ang '

could explain the small structural changes at the insulator to f elkL 0 e ikt

metal transition AV/V=1%) D(k)=— 9, &% ) + 9 gg)
According to the structural information, the simplest ap- p\gr f * 183 Q2 w10 9

proach to _discuss the formation _of a polymer is to consider a 1(f+2g,coskL  gy+gse kL

linear chain of Q molecules. A similar method was used by =— KL . 2

Agnewet al1® who considered a linear chain having as basis M\ g1+gse f+2g, coskL

unit two parallel Q@ molecules at equal distance. This ap- the gispersion curves of the Raman and infrared modes are

proach was used to reproduce the overtone region accordingained from the diagonalization of the dynamical matrix:
to an assignment different from the one favored in this paper,

as discussed in a previous section. They obtained two very
different dispersion curves for the infrared and Raman vé(k):
modes, with the dispersion of the Raman mode about four

times larger than the infrared one, and a crossing of the two Q)
curves at the zone boundary. The resulting density of states,
which  extends continuously between 1490 and , —
1580 cm 1% is in striking contrast with the one derived YIR(K)= 2 (f+2g, coskL— \gF +g3+ 29,05 coskL).
from the overtone bands. Our chain model is based on the K @)
assumption that the two molecules which associate inethe

phase are the nearest neighbors in ¢hphase. This deter- The two frequenciesr and v,z correspond, respectively, to
mines a structure relative to thec plane of thee phase as the in- and out-of-phase vibration of the twg @olecules in
that qualitatively described in Fig. 10. The dispersion curvesthe unit cell. Ifg;=0 andf>g,>g,>0 from Egs.(3) and
along the chain axis, of the infrared and Raman activg4) it results thatg, is responsible for the mode splitting for
modes, can be calculated by considering eaghhm@lecule every k, while g, determines the dispersion of the two
as an oscillator, with a natural frequeney= (1/2m)\f/u, modes. Therefore, if;=0, the gap exists only ifj;>2g,.
wheref is the internal force constant apdthe reduced mass If g;#0 the dispersions of the two modes are no longer
of the oxygen molecule. Each oscillator is allowed to interactequal and in order to obtain &R dispersion greater than the
with the neighbors, and their coupling is represented by th&aman one, as obtained from the experime@ee Fig. 7, a
force constantg);, g,, andgs. The Q, unit is formed by negative value ofy; is necessary. The values of the four
two O, molecules coupled by thg, force constant, whilg,  force constants, g,, g,, andgs are related to the values
andgs couple the vibrations of molecules sitting in nearest-of the Raman andR frequencies ak=0 and at the zone
neighbor primitive cells. boundary k= =/L) according to the following relations:

o (f+2g, coskL+ /g% + g5+ 29,95 coskL)
T
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) ) ’ Nk o [T the validity of the molecular @model for the whole phase
f=a"u) vR(0) + vip(0) + vR| ]+ ViR T (5 and exclude a further, polymer-type, association.
T an
91= m2u| VA(0) — 1%(0) + 13 E) - va(f” ) V. CONCLUSIONS

The infrared spectrum of solid oxygen has been studied
5 5 K g up to 63 GPa between 100 and 3500 ¢nin the tempera-
vR(0)+ ViR(0) = vR| |~ ¥ir| T (7)  ture range 20—300 K. Three different absorption regions are
identified. A low-frequency band, below 500 ¢ which
moves rapidly with pressure to higher energies especially
T T } (80 between 10 and 20 GPa. In the same pressure range the
frequency of the strong absorption in the @ndamental
We can observe tha, is related to the average splitting mode region remarkably decreas@bout 50 cm?). Fi-
between the Raman arlR modes, whileg, and g; are  nally, high quality spectra in the overtone region show two
responsible, respectively, for the average and the differertroad absorption bands very similar in shape. By considering
dispersions of the two modes. Using the experimektaD  the position of the fundamental Raman and the dispersion of
Raman andR frequencies and the zone boundary values othe infrared bands we are able to assign the two bands and to
the vibron modes DOS, as extracted from the deconvolutiofieproduce their profiles at all the experimental pressures. Ac-
procedure of the overtone bands, we can calculate, by usingprding to this fitting procedure it results a fundamental re-
Egs.(5)—(8), the force constants at all the experimental presgion composed by two separated density of states. The en-
sures. The relative weight of the coupling force constants a@rgy gap between the two DOS reaches a maximum around
20.1 Gpaigy; /f=7% andg,/f=g3/f=1%), whileinthes 20 GPa and decreases by further compression. To complete
phase at 7 GPa we obta®/ f=0.4%, indicating an increase the vibrational information we also measured Raman spectra
of the coupling force constant, fromto e, of a factor=20°  revealing an effect of the laser power on the peak position,
The coupling force constant between the twoudits which especially for the L2 mode. This effect, which is also corre-
constitute the Q@ molecule at 20 GPa is seven times greaterdated to the excitation wavelength, is ascribed to the sample
than the one between,Qunits of different Q molecules. heating due to electronic absorption processes. All these vi-
These values confirm that the phase is composed by,O brational data concerning thephase of solid oxygen can be
molecules characterized by two quite different intramolecuconsistently interpreted on the basis of a molecular crystal
lar forces which are, however, much stronger than tfisse ~ formed by Q molecules. The evolution of infrared frequen-
termoleculay among different @ units. cies and intensities suggests that the formation of the O
These conclusions are better illustrated by the force conmolecule is tuned by pressure and takes place between 10
stants evolution with pressure reported in Fig. 11. The interand 20 GPa. A simple chain model provides accurate infor-
nal (O, bond force constant decreases between 10 and 20mation on the interaction strength among neighboring O
GPa, while in the same pressure ramgencreases of more molecules. This model reproduces the density of states of the
than 50%. This behavior exactly mirrors the frequency evohigh-frequency stretching modes of the @olecule and rep-
lution of the MIR and FIR modes, respectively, and it sup-resents an indirect proof of the correctness of our assign-
ports our interpretation of a weakening of the interngl O ment, based on the results of ab initio calculation. On the
bond and of a corresponding hardening of the bond betwedpasis of the evolution with pressure of the characteristic
adjacent @ units leading to the formation of the,Omol-  force constants a polymeric association anticipating the insu-
ecule. The identical evolution af; respect to the frequency lator to metal transition can be excluded. The small structural
of the far infrared bandFig. 5 also confirms the assignment changes which characterize the transition to metallic oxygen
of this peak to the intermolecular asymmetric stretchingMay suggest the fascinating hypothesis of a molecular metal
mode. As tag,, responsible for the average dispersion of thecomposed by @units.
vibron modes, andy;, they increase almost linearly with
pressure but with a small slope, indicating that the two vi-
bron modes have a comparable dispersion at high pressure.
Even though our results are limited to 63 GPa, we can ob- We are grateful to P.R. Salvi who provided us with the
serve that at this pressure the valugyeiis much larger than results of DFT calculations on the,@ingle molecule and to
those ofg, and gs;. An association among Omolecules A. Painelli, G. Cardini, and V. Schettino for helpful discus-
requires that both the intermolecular force constapteind  sions. This work has been supported by the European Union
g3 approach they; value. Therefore, these results confirm under Contract No. ERB FMGE CT 950017.
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g3=7’u V%(O) - V|2R(O) - VZR + V|2R
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