
PHYSICAL REVIE% B VOLUME 31, NUMBER 11 1 JUNE 1985

Pressure dependence of intramolecular and intermolecular mode frequencies
in solid oxygen determined by Raman studies
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Solid molecular oxygen was investigated in a diamond anvil cell by Raman spectroscopy in the re-

gion of 6—300 K with pressures up to 14 GPa. Characteristic spectral features in the different crys-
talline phases of oxygen allow conclusions to be drawn about the p- T phase diagram. The splitting
of the vibrational Raman line in y-02 is explained by a vibration-vibration resonant transfer between
molecules on different sites in the lattice. In addition, the effect of pressure on intermolecular and
intramolecular forces, which causes a pressure dependence of mode-Gruneisen parameters, is inves-

tigated. Finally, inharmonic contributions to the potential are calculated from independent mea-
surements of (Bv/Bp)T and (dv/dT)~, allowing the separation of the anharmonicities into pure
volume and multiphonon contributions.

I. INTRODUCTION

Solid molecular oxygen combines properties of both a
molecular crystal and of a magnetic material. The mag-
netic moment of 02 arises from the two unpaired outer-
shell electrons (5= 1) in the electronic ground state Xg
and is directed perpendicular to the molecular axis.
Therefore, in addition to the weak intermolecular and
strong intramolecular forces characteristic for molecular
crystals, magnetic interactions will play an important role.
In particular they account for special crystalline configu-
rations, depending on the ordering of the magnetic mo-
ments.

Thus solid oxygen shows an antiferromagnetic order in
the low-temperature a phase which is stable up to 23.7 K
at zero pressure. ' Its structure is monoclinic with space
group C2/m ( C2h ) and one molecule per primitive cell.
All molecules are colinear and perpendicular to the basal
(a,b) plane.

At atmospheric pressure the rhombohedral P phase
with space group R 3m (D3d ) and one molecule per primi-
tive cell is stable between 23.7 and 43.8 K. ' All mole-
cules are colinear and perpendicular to the hexagonal
basal plane. Only short-range antiferromagnetic order is
present with a three-sublattice structure arranged in such
a way that all nearest-neighbor magnetic moments are
oriented at 120' with respect to each other.

The cubic y phase with space group Pm 3n (Ref. 6) ex-
isting from 43.8 K to the melting point at 54.4 K (Ref. 1)
shows an orientationally disordered structure with eight
molecules in the primitive cell. There are two molecules
on m 3(Th) sites which are randomly orientated about the
crystal C3 symmetry axis and six molecules on 42m (D2d)
sites which take random orientations about the crystal C2
axis. For more details about these low-temperature con-
figurations see Refs. 7 and 8.

As known from high-pressure x-ray measurements the
rhombohedral /3 phase extends up to room temperature
and even up to at least 600 K.' At 300 K a new configu-

ration known as a'-02 (orange 02) was identified between
9.5 and 10.0 GPa by single-crystal x-ray diffraction stud-
ies." The structure is orthorhombic with space group
Fmrnm (Dg ) and four molecules per unit cell. Above 10
Gpa at 300 K another new high-pressure phase was
found, referred to as e-O2, whose structure could not be
determined until now.

Optical investigations (ir, Raman) of several crystalline
phases of oxygen were performed. In accordance with
group-theoretical predictions vibrational and librational
modes can be observed in the Raman spectra. In the anti-
ferromagnetic a phase one Ag vibrational and two-
librational modes with Ag and Eg symmetry are Raman
active and have already been observed in Raman spectra
at zero pressure. ' In addition two magnon modes at -6
and -27 cm ' were investigated either by ir (Refs.
13—15) and/or Raman scattering (Refs. 16 and 17) in this
phase.

In the Raman spectrum of the rhombohedral P phase
only one librational mode with Eg symmetry shows up in
addition to the Ag vibron. ' The Raman spectrum of y-
02 is characterized by a vibrational doublet resulting from
molecules on the two nonequivalent sites in the Pm 3n lat-
tice. ' The splitting is 1.3 cm ' at zero pressure and
the observed intensity ratio is 3:1, in accordance with the
occupation ratio of the two sites which is 6:2. The low-

energy Raman spectrum, however, reveals, in addition to
the Rayleigh wing, a broad structureless hump which is
characteristic of a rotationally disordered system. '

The high-pressure orthorhombic Frnmm phase has two
librational modes with B2g and B3g symmetry, which
were observed recently, as well as one Ag vibrational
mode. ' The present knowledge of the p- T phase diagram
of oxygen in the low-temperature region is based either on
volume investigations or on susceptibility measure-
ments, whereas the region above 200 K in an extended
pressure range was mainly studied by optical techniques
such as Raman scattering ' or by direct observation of
color changes (absorption) of the sample which accom-
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pany the P-a and a'-e phase transitions. ' ' The results
of all these investigations are compiled in the p-T phase
diagram of oxygen, shown in Fig. 1. In addition to open
questions about the connection of phase boundaries be-
tween low- and high-pressure regions (thus between low
and high temperatures), discrepancies also arise in com-
paring data of Nicol et al. and Yagi et al. ' concerning
the liquid-P, P-a', and a'-e phase boundaries.

One aim of our investigations was the determination of
phase boundaries and thus the completion of the p-T
phase diagram of oxygen. Raman scattering has proven
to be useful for this purpose because of its adaptibility to
high-pressure diamond anvil technique. As will be shown
later the different phases exhibit characteristic spectral
features either in the vibrational or librational part. In
some cases these features are unique and can be used to
identify unambiguously the presence of a special phase.
In other cases the spectral features are not unique (e.g. , a
and a' phase) and one must look for other indications of
the occurrence of phase transition, i.e., frequency shifts or
discontinuities in the pressure dependence of the vibra-
tional and librational mode frequencies. A second aspect
of this work deals with the investigation of the inter-
molecular and intramolecular potentials and their anhar-
monic contributions which cause a.pressure and tempera-
ture dependence of the mode frequencies. A third aim is
to compare our experimental results with theory as far as
possible concerning the pressure dependence of vibrational
and librational modes in e-Q2. ' FinaHy, an interesting
aspect is offered by the peculiar pressure behavior of the
intensities of the two vibrational components in y-Oq.
This effect will be explained by resonant V-V transfer
coupling between moleeules on two different sites in the
lattice of y-02.

II. EXPERIMENTAL

The Raman measurements were performed with a
high-pressure diamond anvil cell described in Ref. 27.
The samples were prepared in the following way. The cell

with a small ruby chip inside the sample chamber for
pressure calibration was mounted in a cryostat with the
movable stem holding the upper diamond fixed above the
gasket, providing a spacing between the diamond and the
gasket of about 0.3 mm. This spacing is large enough to
allow the liquified oxygen to flow below the upper dia-
mond and to fill the sample hole in the Inconel gasket.
After the cell was cooled to 80 K, gaseous oxygen (purity
99.999%) was led inside through a thin capillary attached
just beside the sample hole in the Inconel gasket. After
the gas had liquified, which could be observed from out-
side by a microscope, the cell was closed and the liquid
was pressurized to a few kilobars.

Temperature was measured either by a Pt-100 or a ger-
manium resistor with an accuracy of 0.5 K and a stability
of 0.2 K for many hours. The sensor was attached direct-
ly beside the gasket. As He gas was used as a heat-
conducting medium a very continuous heat transfer was
possible between the high-pressure cell and the coolant.
Therefore temperature gradients, unavoidable in bath
cryostates, where cooling is only provided through heat
transfer from the cell to the bath mediated by a cooling
flange, were negligible in our case.

Special care was taken to avoid local heating during
laser irradiation. The precise knowledge of the actual
sample temperature was especially necessary for the deter-
mination of the p-T phase diagram. %'ith a maximum
power of 200 mW (5145 A) no significant laser heating
was observed, as cheeked carefully by the following exper-
iments.

(1) The temperature shift of the ruby fluorescence line
R ), known from the literature, was measured after
focusing the laser spot directly on the ruby chip.

(2) Intensity measurements (I,„„/Is„k„)for the low-
frequency Raman spectrum yielded an estimation for the
local temperature.

(3) When cooled down at zero pressure, the a-P and P-y
phase-transition temperatures were measured and com-
pared with those from the literature. '
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FICx. 1. p- T phase diagram of molecular oxygen prior to our
work. The phase boundaries in the low-temperature region are
taken from Refs. 22 and 23: 0, H, ~, data from Ref. 24; o,
Ref. 10; the dashed line is taken from Ref. 20.

These three independent checks led to the conclusion that
in our case laser heating was less than 3 K.

The Raman equipment consisted of a double-grating
monochromator in connection with a third monochroma-
tor, a Peltier-cooled photomultiplier tube (C31034), and a
standard photon-counting system. The experimental pro-
cedure for gathering spectroscopic data was the following:
Spectra were always recorded at fixed temperatures (iso-
thermal conditions) with increasing pressure starting from
the liquid state to avoid hysteresis effects on crossing
phase boundaries. At temperatures below the melting
point at zero pressure the pressure was released to zero be-
fore each run. All spectra were calibrated with spectral
lines of an Ar lamp with an accuracy of 0.3—0.5 cm ' for
the vibration and 0.5—2 cm ' for the librations, depend-
ing on line intensity and width.

III. RESULTS AND DISCUSSION
A. Description of the spectra

Figure 2 shows a collection of low-energy Raman spec-
tra of solid oxygen in different phases. Three phases can
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FIG. 2. Raman spectra of solid oxygen in the low-energy re-
gion.

easily be recognized by mere observation of the spectra.
There is a broad single band (Eg) in P-O2, an extended
Rayleigh wing in y-O2, and two modes ( Ag, Bg) in a-O2,
as already known from zero-pressure experiments. '

The spectrum of a'-02 (orange O2) with two modes B2g
and B3g (Ref. 21) is similar to that of a-02, which will be
discussed later. The e phase shows also two modes but
with a different intensity pattern compared to a-Oq.

For various fixed temperatures, pressure runs were done
by recording the vibrational and librational Raman fre-
quencies. One example of this is shown in Fig. 3 for the
case of 80 K. Some indications of phase transitions are
evident in Fig. 3, such as changes in the number of modes,
distinct changes in the pressure coefficients (Bv/I3p)T
(especially for the vibron) or discontinuities in the pres-
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sure dependence of special modes, and differences in the
intensity patterns of the spectra.

Thus the y-P and P-a (P-a') phase transitions can be
clearly identified by looking at the low-energy Raman
spectra. The liquid-y and y-P transitions are marked by
the appearance and disappearance, respectively, of a doub-
let in the vibrational Raman line (see Figs. 4 and 7).

The frequency-pressure relation of the vibron can be
approximated very well by a straight line in all phases up
to 7.5 GPa. However, the slope of this line is slightly dif-
ferent for each phase. Above 7.5 GPa a sudden decrease
of frequency of 4—5 cm ' is observed, demonstrated in
Fig. 3 for the case of 80 K. This drop in frequency can be
observed at all temperatures up to at least 300 K and is
interpreted as due to the phase transition to the so-called e
configuration. ' This sudden drop is also accompanied
by an abrupt change of color of the sample from nearly
transparent to dark red. In addition, the two librational
Raman lines markedly grow in intensity, in contrast to the
range between 5.5 and 7.8 Gpa, where these two lines are
extremely weak. Most probably the region where these
two lines are present in the spectrum, together with the
two lines of the a' phase, can be interpreted as a region
where u'- and e-Oq coexist. This behavior can be observed
for temperatures up to 120 K. At higher temperatures the
four lines of this coexistence region broaden and smear
out, especially the lines characteristic of e-Oz, which are
merely detectable in the coexistence region.

Other hints for phase transitions follow from the dis-
tinct change in the pressure dependence, especially of the
vibron near 3 GPa (see Figs. 3 and 5). This distinct
change of the pressure coefficient (Bv/Bp)z. is observed in
all pressure runs for temperatures below 105 K. Above
this temperature this effect is missing and the pressure
coefficient does not change up to the a'-c transition. Only
a slight decrease of 0.5 cm ' is measured on crossing the
P-a' boundary, an effect which cannot be represented us-
ing the scale of Fig. 4. Thus this behavior near 3 GPa for
temperatures below 105 K is most probably a hint for a
phase transition. A similar and more drastic change of
(Bv/Bp)T is observed in pressure runs below 30 K at near-
ly 0.5 GPa, for the vibrons as well as for the librons (Fig.
5). The same effect has been noticed by Meier et al. ,
who report such a change in the slope of the pressure
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FIG. 3. Pressure dependence of the vibrational and libration-
al energies of solid oxygen at 80 K.
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FIG. 5. Pressure-dependent vibron and libron frequencies of
solid oxygen at 10 K.

dependence at 0.8—1.1 GPa. The discrepancy with our
pressure value of 0.5 GPa is most probably due to inaccu-
rate pressure calibration in their work.

In addition, the kink at 3 GPa, especially for the vib-
ron, was not seen in their work because of too few data
points in that region. As a result these two changes at 0.5
and 3 GPa, especially observed for the vibron, can be in-
terpreted to be caused by phase transitions. The fact that
in both cases any discontinuities in the Raman frequencies
are missing and that the general features of the Raman
spectra are the same, leads to the conclusion that the
structure of the oxygen lattice does not change drastically
during these two transitions. The discussion about this
will be continued in the next section.

B. p- T phase diagram of oxygen

The results of the measurements described in Sec. III A
can be used to construct a p-T phase diagram which is
presented in Fig. 6. For the sake of simplicity this graph
contains only our experimentally determined phase boun-
daries.

For temperatures below 120 K our liquid-y, y-p, and
p-a boundaries coincide with earlier data. ' ' Concern-
ing the y-phase boundaries, good agreement can also be
seen comparing our work with that of Yen et al. Thus
the liquid-y-p triple point is located at 286+4 K and
5.4+0.2 GPa.

Discrepancies are evident between our data and those of
d'Amour et al. concerning the high-pressure data of the
liquid-p, p-a', and a'-e phase boundaries. All their curves
are shifted to lower temperatures compared to ours.
Indeed, their values were revised in a recent paper by Yagi
et al. ,

' in which the temperature range was extended up
to 600 K. Thus the p-a'-e triple point can be extrapolated
to lie near 440 K and 11.5 GPa in accordance with es-
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FIG. 6. p-T phase diagram of oxygen-determined from our
Raman experiments.

timations from our data.
Open questions remain in the low-temperature region

between 0.5 and 3 GPa. As we interpret the changes in
(Bv/Bp)T to be due to phase transitions, most probably a
new configuration of solid oxygen exists between 0.5 and
3 GPa (denoted a). Theoretical considerations of Helmy
et al. predict a phase transition at T=O K and 0.6 GPa
without any change in volume from the monoclinic a
phase to an orthorhombic phase, which could be similar
or even equal to the a' structure, identified at 9.6 GPa at
room temperature. " Both structures are, indeed, closely
related. Only a small change of the monoclinic angle p
and perhaps a slight reorientation of the molecules per-
pendicular to the basal plane transforms the one structure
into the other. This transition, driven by a simple shear,
should occur with little volume change. The general spec-
troscopic features as far as the number of lines and their
intensities are concerned do not change in our experiment
in the pressure range of 0 to 7 GPa below 30 K. Only the
pressure shift (Bv/Bp)T changes for both the vibron and
librons at the values noted above. These observations lead
to the conclusion that the unit cell does not change drasti-
cally across these two phase transitions.

Our suggestion is that the onset of the a' configuration
at low temperatures is near 3 GPa and, thus, between 0.5
and 3 GPa a new low-temperature and high-pressure
phase exists (tentatively called a), the structure of which
is closely related to both the o. and a' structures. Perhaps
this phase is characterized by a different magnetic order-
ing compared to the antiferromagnetic a structure. Un-
fortunately the magnetic susceptibility measurements of
Meier et al. were only performed up to 0.5 GPa and
therefore cannot give hints about the magnetic structure
above 0.5 GPa or even about the occurrence of a phase
transition to support our assumption.

In this sense the pressure dependence of the magnon
modes, observed at -6 and -27 cm ' at zero pres-
sure, ' ' would be of great help for the solution of this
problem. Unfortunately these modes could not be seen in
our spectra because of too-low intensity due to the small
sample dimension (70 pm thickness). As known from
earlier Raman investigations, ' ' the intensity of the 27
cm ' magnon line is about 1% of the intensity of the
lowest-energy libration in a-02. Furthermore the 6 cm
line would not have been resolvable from the intense Ray-
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leigh light with our Raman equipment.
At the end of this section the peculiar behavior of the

vibron in e-02 will be discussed. After the sudden drop in
energy, there is a smooth decrease and, after passing a
broad minimum, the pressure dependence is almost linear
with a shift of 3 cm '/GPa, which extends to 40 GPa at
room temperature. It was concluded from this and ad-
ditional measurements in that region ' that the molecular
axes are probably not parallel and compression between
the a'-e transition point (sudden drop of the vibron fre-
quency) and the onset of the linear frequency-pressure re-
lationship causes a reorientation of molecular axes. How-
ever, until a structure analysis has been done, no definite
explanation can be given for this behavior.

C. Splitting of the vibron in y-O2

As described in the Introduction, the vibrational Ra-
man line splits into a doublet in y-02 at zero pressure.
This splitting is caused by the molecules occupying two
nonequivalent sites in this phase. The intensity ratio of
both components reflects the occupation ratio of these
two sites, known to be 6:2 in the unit cell.

In our experiment at higher pressures this doublet
shows an increase of the splitting with increasing pressure
and a continuous change of the intensity ratio of both
components (Fig. 7). At zero pressure the ratio is 3:1 for
the lower-frequency component and the splitting is 1.3
cm (Ref. 19) and increases to 5 cm ' at 5 GPa (Fig. 7).

At 3 GPa and 200 K both components have equal in-
tensities and for even higher pressures the intensity of the
higher-frequency component exceeds that of the lower
one. This peculiar intensity behavior with pressure can be
explained by a coupling of the vibrational motions of mol-
ecules of different sites, the so-called V- V resonant
transfer coupling. The description is similar to the case of

c =(2V,b)/(Vbb —V«)+[(Vbb —V«) +4V,g]' (2)

This parameter determines the extent of mixing of the
wave functions of the molecules a and b. Only if c=o
can each band of the spectrum be assigned to a special
type of molecule. Consistently with increasing coupling
V,b, the splitting increases. In addition the intensities of

both components are strongly influenced. Let N, and Nb
be the number of molecules on site a and b, I, and Ib the
respective intensities; the following ratio can be derived:

[1—c(Nb/N )' ]
Ig /Ib ——(N, /Nb )

[1+c(N, /Nb)' ]
(3)

Combining Eqs. (1) and (2) one obtains an expression for
the coupling constant V,b..

the "Fermi-resonance interaction" for degenerate vibra-
tional levels with equal symmet'ry in polyatomic mole-
cules. Therefore the same formalism can be used for the
description of the V- V coupling in y-02. Guissani
et al. have developed a suitable formalism applying per-
turbation theory. As a result the interaction can be
described in terms of anharmonic contributions V to the
harmonic oscillator Hamiltonian Ho, which describes the
uncoupled vibrational motion of the two "types" of mole-
cules. Thus the well-known expression for the energies of
the two coupled oscillators is obtained:

+ =( V «+ Vbb)/2 —2 [(V«Vbb) +4~ah]

( for convenience 6:= Vbb —V«and [( V« —Vqb )

+4 V,b]':=S represents the total splitting of the doub-
let).

The levels are equally spaced around ( V„+Vbb)/2.
Here V„and Vbb denote the eigenvalues of V between the
unperturbed eigenfunctions of the molecules on site a and
b, respectively. V,b describes the coupling between mole-
cule a and b. Consequently a mixing parameter c can be
defined

K
GPa

V,b
——S(c/1+c ) . (4)

K
GPa

K
GPa

K
GPa

K
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FIG. 7. Raman doublet in y-02 at different temperatures and
pressures. The zero-pressure spectrum is taken from Ref. 19.

f

Here S represents the total splitting of the doublet and c
the above-mentioned mixing parameter which are both
measurable quantities and thus directly accessible from
experiment, one from intensity considerations via Eq. (3),
the other from frequency measurements.

As known from zero-pressure experiments, ' I, /Ib
=3:1 and b,(p=O)=1.3 cm '. Consequently c and V,b

are equal to zero at p=0, which describes the uncoupled
case. According to the phase diagram (Fig. 6) higher tem-
peratures are needed to stabilize the y phase at high pres-
sures. Thus one could expect also temperature to affect
the parameters c and S in the coupling constant V,b in
addition to pressure. However, if one extrapolates the fre-
quency versus pressure plots for both vibrational com-
ponents (see Fig. 4) to zero pressure, which was done at
various fixed temperatures up to 240 K, one obtains a
zero-pressure splitting in the range of 1—2 crn in all
cases. Therefore it is mainly volume change that drives
the V- V resonant transfer interaction and one can restrict
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on a single parameter only in the following, namely, pres-
sure.

According to Eq. (4) the pressure-dependent values for
the coupling constant V,b can be determined from the ex-
perimental values c and S compiled in Figs. 8(a) and 8(b),
respectively. A plot, similar to Fig. 8(b) for the total split-
ting S only, was already presented by Yen et al. Al-
though their data points show a much greater statistical
scattering than ours due to their lower spectral resolution,
the overall effect is comparable with our data. Figure 8(c)
presents values for the coupling constant V,b as a func-
tion of pressure. These values increase almost linearly
from 0 up to 1.6 cm ' in the pressure range of 0—5 GPa.

Using these data of V,b, one can derive pressure-
dependent values for 6, which represent the splitting of
the vibrational doublet in the case of zero coupling. These
data b are compiled in Fig. 8(b) together with the ob-
served total splitting S. Comparison of both curves
versus p demonstrates that only a minor part of the total
splitting is caused by the resonant interaction between the
oxygen molecules on the two different sites. Most of the
apparent splitting results from the different pressure
dependence of both components, regardless of any V- V
interaction.

The strength of the resonant V- V transfer coupling can
be estimated by relating the coupling constant V,b to the
splitting 6 (for strong coupling V,b »5). Thus the ratio
( V,b/b, ) increases from zero up to 0.15 in the range of
0—5 a+Pa. These small values imply very weak coupling
with a tendency toward increasing strength with volume
compression [for comparison the classical Fermi reso-
nance in CO@.. ( V,b /b, ) = 10].

D. Pressure dependence of the vibron and librons
in a-02.. Comparison of theory with experiment

High-pressure data can serve as a sensitive test for in-
tramolecular and intermolecular potentials as long as
pressure-dependent volume data or intermolecular dis-
tances of the material under compression are known. Re-
cent calculations of the pressure-dependent vibron fre-
quencies in P-02 at T=O K (Ref. 25) and vibron as well
as libron frequencies in a-Oz at T=O K (Ref. 26) have
been reported, which can be tested using our experimental
data. As for ft-02 only experimental data are available in
a reasonable pressure range for temperatures above 80 K,
we restrict our discussion to a-Oq. Helmy et al. have
made two different approaches. In one they used the
well-known English-Venables (EV) potential between non-
bonded 0 atoms plus an electric quadrupole-quadrupole
interaction term between pairs of molecules. The inter-
nal potential was constructed using a Taylor-series expan-
sion about the equilibrium interatomic distance with
quadratic and cubic force constants taken from spectro-
scopic gas data.

In the second approach an r attractive and exp( —ar)
repulsive term instead of the Lennard-Jones potential used
by English and Venables have been tested. In addition to
an electric quadrupole-quadrupole term, similar to the one
introduced by English and Venables, a magnetic interac-
tion was considered represented by a Heisenberg-exchange
Hamiltonian. The exchange energy was taken from mag-
netic susceptibility measurements of Meier et aI.

The results of both models are pressure-dependent vib-
ron and libron frequencies for a-02 at T=O K shown in
Fig. 9, which are displayed together with our experimen-
tal data at 10 K. For the vibron the simpler EV potential
seems to fit better for the description of the pressure
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Eq. (4).

FIG. 9. Comparison of theory with experiment for the pres-
sure dependence of the vibron and librons in n-O2. Solid line,
our experimental data at 10 K; dashed line, theory of Helmy
et al. (Ref. 26); dashed-dotted line, English-Venables potential
(Ref. 33).
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behavior than the more sophisticated potential of Helmy
et al. , which includes a magnetic interaction. In contrast
to their potential the EV potential at least describes the
general features of the pressure shift (Bv/Bp)z above 0.5
GPa quite well. Helmy et; al. predict a much smaller
slope (Bv/Bp) r than observed experimentally. Both
theories do riot, of course, consider any phase transition in
that range, but assume the a structure to be stable up to 7
GPa, and can therefore not describe the changes in
(Bv/Bp) r, as observed in the experiment at the phase tran-
sitioris.

Figure 9 (lower part) demonstrates rather good agree-
ment between the theoretically predicted pressure depen-
dence of the low-energy Raman-active mode (after Helmy
et al. ) with the one found experimentally, if one regards
only the overall tendericy. On the other hand, in contrast
to the vibron the agreement of experimental and theoreti-
cal results based on the EV potential is now worse.

One last comment concerning the assignment of the
two Raman modes of a-02 at about 43 and 79 cm ' at
zero pressure is noteworthy. According to group theory
two modes of symmetries Ag and B~ are Raman. active,
the assignment seems straightforward. Several theoretical
calculations, ' ' ' whether magnetic interaction is in-
corporated or not, predicted at the I point two ne,arly de-
generate librations (As, Bs) near 45 cm ' with a separa-
tion of only 3—6 cm —'.

Therefore theory cannot explain the high-energy mode
in the Raman spectrum at 79 cm ' as a single libron
band. Thus the lower energy band is interpreted as the ac-
cidentally degenerate (As, Bs) mode, whereas the other
band is explained as either a two-libron or a libron-
magnon combination band. However, careful tempera-
ture-dependent Raman investigations at zero pressure'
demonstrate that both lines exhibit the same
temperature-dependent intensity behavior. Normally the
temperature dependence of the intensity of a two-libron
band is much stronger than that of a single-libron band,
due to different Boltzmann factors. Thus the band at 43
cm ' is most probably caused by the Bg libron, the other
one by the Ag libron. Keeping this in mind new calcula-
tions seem to be necessary to solve this puzzle.

sion increasing temperature will also influence volume-
independent parts of the anharmoriic interaction, such as
phonon-phonon interaction. Thus the experimental value
of (dv/dT)z comprises both volume dependent (explicit
contributions) and volume independent (implicit contribu-
tions) parts, namely, (Bv/BT)i . Both quantities are relat-
ed in the following way:

—(~/PT )
Bv Bv

V Bp
(5)

(a, thermal-expansion coefficient; PT, isothermal
compressibility). In order to calculate the, pure
temperature-shift data for a and PT are necessary in addi-
tion to (dv!dT)~ and (Bv/Bp)T which can be derived
from the pressure dependence of the vibron and libron fre-
quencies at various temperatures.

Experimental data for the volume-expansion coefficient

Phase

dv
dT

p
{cm '/K)

Bv

Bp

(cm '/GPa)

vibron
libron (LF)
libron {HF)

—0.01
—0.02
—0.1

7.5 (6—27 K)
50 (6—27 K)
70 (6—27 K)

vibron
librori (LF)
libron (HF)

—0.01
—0.02
—0.02

3.7 (6—98 K)
17.5 (6—98 K)
25.0 (6—98 K)

vibron
libron (LF)
libron (HF)

—0.01
—0.02
—0.02

3.0 {6—230 K)
13.3 (6—230 K)
16.6 (6—230 K)

TABLE I. Total temperature and pressure shifts of the vibra-
tional and librational frequencies in the different phases of
liquid and solid oxygen. High- and low-frequency components
(HF and LF, respectively) of libration {a,a', a) and vibration
(y)

E. Anharmonic contributions to the intermolecular forces

Pressure has proven to be a good tool for the investiga-
tion of potentials in solids, especially of molecular crystals
because of their high compressibility. This is caused by
the weak intermolecular forces in contrast to the strong
covalent intramolecular bonds. Thus pressure will influ-
ence both types of bonds in a different way. For example,
applying pressures up to 7 GPa to cz-Oz will cause a con-
traction of lattice parameters of about 3%%uo, whereas the
bond length of the 02 molecule is only compressed by
0.2%%u~ in the same pressure region. This behavior is re-
flected in different pressure shifts (Bv/Bp)T of the vibra-
tion (order of 3—5 cm '/GPa) and of the librations
(10—50 cm '/CsPa) of solid oxygen.

The effect of temperature compared with pressure is
more complicated, because in addition to volume expan-

vibron
vibron
vibron
libron

—0.02
—0.02
—0.02
—0.2

(LF)
(HF}
(LF)
(HF)
(LF)
(HF)

vibron
libron (LF)
libron (HF)

vibron
vibron

—0.09
—0.09

'Room-temperature data from Ref. 30.

5.0 (70 K)
4.4 (80 K)
3.0 (100—270 K)

20.0 (80—219 K)

5.0
7.5
4.4
6.0
4.5
5.2

2.7' (297 K)
10.0 {149 K)
».3 (149 K)

3.3 (148 K}
5.0 (183 K)
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a are only available at zero pressure for a-, P-, y-Oz. In
addition, available data for Pz are restricted to tempera-
tures, where the three mentioned phases are stable at
p=O. In contrast to this, most of our pressure- and
temperature-shift data are obtained at higher temperatures
and pressures. Under these restrictions one can calculate
some values for the pure temperature shift (Bv/dT)y. As
a result, one obtains values of the order of 10 —10
cm '/K for both the librons and the vibron without
specific differences for the three phases a, P, and y.

Finally data of the pressure and temperature shifts de-
rived from the Raman spectra are listed in Table I. One
can recognize that in most cases the total temperature
shift (dv/dT)z is about ten times smaller for the vibron
than for the librons. In all phases the pressure shifts for
librons and the vibron are also significantly different,
which, of course, reflects the different strength of
intermolecular- and intramolecular bonds.

In the phases a, a', and a the pressure shifts are in-
dependent of temperature for the vibron and the librons.
In contrast to this the P phase shows a temperature-
dependent pressure shift of the vibron with the tendency
of decreasing (Bv/Bp)T with increasing temperature. This
experimental fact clearly demonstrates that comparison of
experimental data, especially obtained at higher tempera-
tures, with theoretical ones (see,Sec. IIID) is sometimes
problematic, because in most cases theoretical values are
evaluated for T=O K only

F. Pressure-dependent mode-Griineisen parameters

The different types of bonds in molecular solids are re-
flected in a different pressure response of external and
internal modes, which was demonstrated in the preceding
section for solid oxygen. A dimensionless parameter y; is
often introduced (mode-Griineisen parameter) which re-
lates the pressure-induced frequency change of a special
mode to the according volume change:

p—1 —I
(6)Bp,

For external modes the Griineisen parameter, denoted
hereafter as y, „„

is usually of the order of unity. For
internal modes the corresponding parameter (y;«) drops
rapidly down to 10 —10 because of the small 1/v fac-
tor. On the other hand, Sherman has shown that y;„,
and y,„,tend to approach the value of one in the limit of
very high pressures.

For low pressures, where y;„,and y,„,differ markedly,
Zallen et al. have introduced a so-called bond-scaling
parameter y', which is a measure of the bond anharmoni-
city. This bond-scaling parameter is then of the same
magmtude as y,„,.

As we have measured vibrational and librational fre-
quencies in solid oxygen in a wide range of pressure,
Sherman's model of the pressure-dependent mode-
Griineisen parameters as well as the bond-scaling law can
be tested, which can be written according to Zallen
et al.

y'=(k;„,/k, „,)(r/a)y;„, .
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FIG. 10. Gruneisen parameters of the externaI and interna1
modes of a-02 as a function of pressure ( T= 10 K).

k;„,and k,„,represent the respective force constants, r is
for the equilibrium bond length of the molecule, and a is
the lattice parameter. The ratio of the force constants can
approximately be replaced by the squared ratio of the
mode frequencies (co;„,/co,„,) .

Due to the lack of sufficient data for Pr' in other
phases, only o.'-02 is considered here. The pressure-
dependent isothermal compressibility was taken from
volume-versus-pressure data of Helmy et a/. The re-
sulting pressure-dependent values of y;„,and y,„,are
presented in Fig. 10. In the range of 0—7 GPa, y;„,in-
creases from. about 10 up to 7&&10 . The y,„,values,
however, are in the range of 2—3 in the same pressure re-
gime. A similar behavior can be observed for the case of
P-02 (70 K). The Gruneisen parameters for the internal
modes show a tendency to follow Sherman's model. The
y„,values are more or less constant within the experi-
mental uncertainty (see Fig. 10) with the slight tendency
of decreasing values above 5 GPa.

Finally, bond-scaling parameters y' can be evaluated
according to Eq. (7). If data for lattice parameter a and
bond length r are used from Ref. 26 and y;« from Fig. 10
one obtains values in the range of 1.5—2 for a-02 as
predicted from the band-scaling law.

IV. CONCLUSION

It has been shown that Raman scattering is an excellent
tool for the determination of the phase diagram of solid
oxygen. The results of our measurements have enabled us
to complete the phase diagram of oxygen in the tempera-
ture and pressure range from 6—300 K and 0—10 GPa,
respectively. They also indicated the existence of a new
high-pressure phase c7 between the monoclinic a and
orthorhombic o."phase.

Unfortunately our Raman study did not allow us to
draw conclusions about the structure of the a and e phase,
so that further x-ray studies are necessary to clarify these
questions. Our study has also shown that the potentials
used in the theoretical calculations must be modified to
explain the pressure dependence of the frequencies of the
vibration and librations at pressures above 1 GPa.
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