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The zero-temperature properties of solid 02 are calculated at pressures 0 & P (70 kbar by minim-

izing the Gibbs free energy at each pressure and then using the equilibrium lattice parameters in a
harmonic-lattice-dynamics calculation of the dynamical properties. The minimization is based upon
a continuously deformable monoclinic unit cell where the internal energy is composed of the static
lattice energy and the properly weighted Einstein zero-point energies of the phonon, libron, and vib-

ron modes. The lattice parameters, binding energy, compressibility, pressure-volume relation, lib-

ron, .phonon, and vibron frequencies, phonon velocities, and dispersion curves are determined at
each pressure. The lattice parameters and the phonon, libron, and vibron frequencies show clear
evidence of a monoclinic to orthorhombic Fmmm structural phase transition at 24+1 kbar. A
change in slope of these quantities is also observed at P=7 kbar. A detailed comparison of these re-
sults with recent Raman scattering measurements is given.

I. INTRODUCTION

A previous calculation' on the high-pressure properties
of solid oxygen at low temperatures predicted a monoclin-
ic to orthorhombic phase transition at approximately 6
kbar that was driven by a shear force along the a axis of
the crystal, as shown in Fig. 1. This shear results from a
partial cancellation of the repulsive van der Waals poten-
tial with the attractive magnetic interaction. Also calcu-
lated were the pressure dependence of the libron and vib-
ron frequencies, the phonon velocities, the equilibrium lat-
tice parameters, and the pressure-volume curve. Subse-
quently, low-temperature Ram an measurements were
made to 60 kbar by Meier, van Albada, and Lagendijk
(MvAL) that showed abrupt changes in the slope of the
vibron and libron frequencies at P=11+3 and 8+1 kbar,
respectively. Concurrently, Jodl et al. observed the same
behavior at approximately 4 kbar. This was interpreted as
a phase transition and the Raman spectra are entirely con-
sistent with predicted transition at 6 kbar. The measure-
ments of Jodl et al. also showed an abrupt change in slope
of both the libron and vibron frequencies at about 28+2
kbar, which was not detected in the MvAL experiment or
in the theory. ' These and other zero-pressure measure-
ments of Cahill and Leroi at low-temperature show Ra-

FIG. 1. Monoclinic unit cell of a-02. Lattice parameters are
the lengths a, b, c, and the angle P. At P* =90', this lattice be-
comes the orthorhombic Fmmm structure. Arrows designate
the directions of the magnetic moments.

man peaks at 43+1 and 79+2 cm ', which are interpret-
ed as libron modes.

In the previous calculation, ' the libron and vibron fre-
quencies showed no evidence of an abrupt change in slope
at the transition. Instead the transition was identified by
a dramatic decrease in one of the transverse acoustic shear
mode velocities at pressure P=6 kbar and by the lattice
parameters which clearly showed a monoclinic to
orthorhombic structural transition. Otherwise, the pres-
sure dependence of the vibron and libron frequencies were
in reasonably good agreement with experiment. In this
previous publication, however, the important cubic in-
tramolecular potential term was inadvertently omitted
from the dynamical matrix and the reported vibron fre-
quencies are all too low. This correction has been made
and reported in an erratum. ' Another prediction was that
the two librons at zero pressure have zone-center frequen-
cies of 46 and 52 cm ', respectively. All other previous
calculations~ have yielded approximately the same result,
where the splitting between the modes was either slightly
less or slightly greater depending on the potential used. In
no previous calculation has the observed high-frequency
libron peak at 79 cm ' been predicted and various ex-
planations for this apparent failure of the theory have
been put forward. A recent conjecture is that the mag-
netic unit cell, which contains two molecules, is the ap-
propriate cell for interpreting the Raman data, rather than
the traditional one-molecule crystallographic unit cell.
Supporting this conjecture is that a zone-center libron
with frequency near the observed zero-pressure Raman
peak at 79 cm is an expected prediction. However, in-
terpretation of the dynamical data on the basis of either
unit cell presents problems that presently cannot be
resolved, over which there is considerable controversy. In
this work these problems are somewhat circumvented by
presenting results based upon both descriptions and a de-
tailed discussion of their relative merits and liabilities is
presented in Sec. IV.

Until now there has been little high-pressure experimen-
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tal data upon which comparisons with theory could be
made. However, the recent Raman measurements ' pro-
vide results which, while in reasonable qualitative agree-
ment with the previous theory, ' contain features that were
not predicted. The objective of this work is to refine the
accuracy of the calculations and focus attention at those
pressures where phase transitions and other distinct
features manifest themselves so that a more detailed
understanding of the properties of solid Oz under pressure
and their relationship to the experimental observations is
exposed.

II. THEORY

+ (Blo ~rs ) ] ] + UEQQ i

(1)

where 3=1.944114X10 K, a=3.8 A ', B6
0 1507694 ~10 KA Bs ———06966021)&10 KAs

and B~0=0.9562391&10 KA ~ The sum over s ex-
tends over the four distances between the two interaction
sites on each molecule, placed at the atomic positions
which are 1.208 A apart at P =0. The long-range disper-
sion terms are damped by the standard factor

exp[ —[(1.28r~lr, ) —1] j, r, & 1.28r~
f'"'= '1,, )1.28.. (2)

0

where r =3.3 A. The coefficients B6, Bs, and B&0 are
determined so that the well and long-range part of the po-
tential agrees with a previous expression' that was found
to give good agreement with experiment for the second
virial coefficients and the zero-pressure structural proper-
ties of a-Oq. The parameters A and a were chosen to be
within the range of uncertainty of expressions deduced
from molecular beam scattering and recent ab initio data.
The weak electric quadrupole-quadrupole interaction
UEQQ was described by placing point charges
( —q, 2q, —q) along the molecular axis at
(0.6038,0,—0.6038 A), respectively, with respect to the
mass center so that the observed quadrupole moment

Q = —0.39 && 10 esu cm is reproduced. The potential

UFQQ between two molecules is then given by the
Coulomb interaction between the charges on the two dif-
ferent molecules.

It is now well known that the antiferromagnetic
Heisenberg interaction

The van der Waals potential between two 02 molecules
(i,j) is given in terms of a site-site expression

4
U~(i j ) = g [Ae ' f(r, )[(B—6/r, )+(Bs/r, )

$=1

(3), R;J is the distance between mass centers of molecules

(ij ) and the S; are unit vectors that define the direction
of the magnetic moments. In this and previous work'
these unit vectors are constrained to be along the b axis of
the crystallographic cell in the antiferromagnetic order as
established by experiment. ' As a consequence, the small
anisotropic terms" in the magnetic interaction that estab-
lish the direction of the moments with respect to the crys-
tal axes can be replaced by this constraint and otherwise
ignored. The exchange energy J is taken to be

J(R)=Joexp[ a(R —Ro)—+P(R —Ro) ], (4)

U;„„,=—,
' k (d —do) +g (d —do) (5)

where the force constants k and g and the equilibrium
bond length do are taken from gas-phase spectroscopic
data given in Herzberg. ' Thus the total potential is

Ur= g [Uv(i J)+U~«,J)]+ g U;.~,.(i) .
i,j=l i=1

l (J
(6)

where Jo ——30 K is the value of the exchange energy at the
calculated nearest-neighbor separation Ro ——3.1854 A at

0 0

pressure J' =0, and (a,P)=(3.5 A ', 1.2 A ), respective-
ly. Recent neutron scattering' and magnetic susceptibili-
ty data' give 25 (.Jo (38 K. It is clear from the form of
Eq. (4) that the exchange energy is represented as a func-
tion of only the distance between mass centers R, whereas
ab initio results' indicate that there is a strong depen-
dence on the relative orientation between molecules. For-
tunately, for the crystal structures found in this work the
molecular axes are collinear and the magnetic interaction
between molecules in the a &plane -of the crystal totally
dominates contributions from out-of-plane molecules.
Thus, only magnetic interactions between parallel mole-
cules need be considered, for which Eq. (4) provides a to-
tally adequate description. The quadratic term in Eq. (4)
was introduced in order to accurately reproduce the ob-
served P =0 lattice structure. This high level of agree-
ment could not otherwise be achieved. For R &2.6 A,
P )50 kbar, the parameters in Eq. (4) are given by
Jo ——19.885 K, a=4.9 A, P=O, which are determined by
ensuring that J(R) and its first derivative are continuous
at R =2.6 A. Experimental data for J(R) exists' only
up to pressures P =6 kbar, which corresponds to a
nearest-neighbor distance of R =3.03 A. A comparison
of J(R) with experimental results, ' ' ab initio data for a
pair of isolated molecules, ' and the expression used in
previous work, ' shows that it is clearly within the range of
existing uncertainty.

Finally, the intramolecular interaction between oxygen
atoms in the O2 molecule is given by

U~(ij )=2 + J(R,J )S; SJ (3)

The results were obtained as follows. A pattern-search
optimization of the Gibbs free energy

G = Ug+Ezp+PV

is an essential component in the description of the 02 pair
potential and is responsible for stabilizing the u phase
over the P phase at low temperature and pressure. In Eq.

was initiated at each pressure with the lattice parameters
(a,b, c,P) and the bond length d taken as independent vari-
ables. Lattice sums were taken that include the 280
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+zp = gaia ~

l, CX

(8)

where i sums over each molecule in the unit cell and
a = 1,2, . . . , 6, is a sum over all independent modes of os-
cillation with Einsten frequencies co;~.

The lattice parameters and bond lengths determined by
the above-mentioned minimization are then introduced
into a lattice-dynamics calculation and d and the orienta-
tion of the molecules are further refined by minimizing
the Gibbs free energy with respect to them at each pres-
sure. Lattice sums are taken out to 280 neighbors as be-

nearest neighbors, which is an interaction range of about
15 A. In Eq. (7) Vis the molar volume and Ezp 1s the
zero-point energy evaluated by calculating all the Einstein
frequencies of the phonons, librons, and internal vibra-
tions (vibrons) at each stage in the optimization. To test
the accuracy of the zero-point energy calculation, Ezp
was also calculated at P =0, 20, and 50 kbar by averaging
the lattice-dynamical frequencies over the Brillouin zone
of the crystal and the results were consistently about 9%
lower than from the Einstein determination. Thus, in the
pattern-search minimization, the Einstein zero-point ener-
gies were scaled by a factor f=0.912 to improve the
quality of the structural determination, even though this
difference is a small effect. Thus

fore, except for the magnetic interaction where only the
first two nearest-neighbor shells are important. Details of
the. pattern-search optimization and the lattice dynamics
are given elsewhere. ' Out-of-plane contributions to the
magnetic interaction were calculated using the
orientational-dependent expression for J derived from
ab initio data. '" As mentioned above, these contributions
were found to be negligible. The minimization of the en-
ergy with respect to the orientation of the molecular axes
of each molecule in the unit cell showed they are collinear
and point normal to the a-b plane.

III. RESULTS

The second virial coefficients were determined from
Ur, given by Eq. (6), and the results were found to be in
good agreement with experiment. ' In that calculation
the average of the magnetic interaction (g, U~(i,j))
was taken to be zero as is appropriate for a paramagnetic
gas. The calculated lattice parameters, molar volume V,
and binding energy E, determined at P =0, are shown in
Table I. These values for (a,b, c,P, V,E) are in close agree-
ment with the experimental values (5.375 A, 3.42 A, 5.065
A, 132.18', 20.81 cm /mole, 1042 K). ' The calculated
nearest-neighbor distance is 3.1854 A compared to the ex-
perimental value of 3.186 A. The calculated bond length
is d = 1.207 19 A. The binding energy is E = U«„

TABLE I. The values of the lattice parameters (a, b, c,P, P ) and the intramolecular bond length d
that minimize the Gibbs free energy vs pressure. Calculated volumes and energies are also displayed.

V
(cm /mole)

20.88
19.57
18.68
18.27
17.91
17.69
17.47
17.30
17.12
16.96
16.80
16.64
16.S1
16.37
16.23
15.99
15.77
15.70
15.61
15.50
15.31
15.12
14.94
14.55
14.19
13.84
13.52
13.31
12.67

P
(kbar)

0
2.5
5.0
6.5
8.0
9.0

10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
20.0
22.0
22.5
23.0
24.0
26.0
28.0
30.0
35.0
40.0
45.0
50.0
55.0
70.0

5.355
5.212
5.103
5.049
5.003
4.966
4.944
4.914
4.888
4.863
4.83S
4.810
4.788
4.762
4.731
4.686
4.647
4.620
4.S28
4.508
4.479
4.448
4.408
4.345
4.276
4.216
4.148
4.113
4.012

b
(A)

3.448
3.377
3.331
3.310
3.291
3.285
3.267
3.263
3.254
3.247
3.243
3.236
3.230
3.227
3.228
3.221
3.214
3.224
3.290
3.287
3.277
3.268
3.268
3.244
3.230
3.206
3.191
3.181
3.137

(A)

5.058
4.940
4.849
4.798
4.761
4.725
4.700
4.682
4.658
4.639
4.610
4.589
4.S70
4.543
4.5'10

4.467
4.429
4.391
4.179
4.143
4.133
4.111
4.091
4.062
4.028
4.004
3.976
3.956

. 3.899

(deg}

132.04
131.62
131.18
130.84
130.64
130.33
130.17
130.06
129.88
129.75
129.46
129.31
129.15
128.88
128.51
128.06
127.68
127.14
123.63
123.02
123.04
122.78
122.63
122.44
122.09
121.87
121.44
121.35
120.96

pQ

(deg)

100.70
100.35
99.97
99.59
99.42
99.08
98.86
98.82
98.62
98.52
98.20
98.05
97.89
97.58
97.15
96.66
96.25
95.57
90.83
90.06
90.23
90.03
90.03
90.10
90.02
90.01
90.00
90.02
90.00

d
(A)

1.207 19
1.207 00
1.206 83
1.206 74
1.20662
1.206 61
1.206 54
1.206 50
1.206 45
1.206 40
1.206 36
1.206 31
1.206 26
1.206 21
1.206 17
1.20610
1.206 01
1.206 00
1.20600
1.205 96
1.205 89
1.205 82
1.205 76
1.205 60
1.205 48
1.205 43
1.205 31
1.205 16
1.204 71

—1056
—1040
—1001
—974
—943
—920
—892
—874
—849
—825

799
—773
—747
—719
—691
—634
—579
—561
—537
—505
—448
—387
—324
—171

—7.61
169
357
491
991
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+ Uzp(l p) where U„„=g, ( Uz+ U~) and Uzp(l, p) is
the libron and phonon contributions to the zero-point en-
ergy. The term involving U~„„, in Eq. (6) and the vibron
contribution to the zero-point energy Ezp(U) are interpret-
ed as internal self-energies of the molecules. The solid
line in Fig. 2 is the calculated pressure-volume (I' V) r-ela-

tion at temperature T =0, and the circles represent the ex-
perimental data of Stevenson' at T =16 K, where the
reference volume at zero pressure is Vo ——20.8 cm /mole.
This data and the points represented by the square' and
triangle were taken at temperatures sufficiently low that
a direct comparison with our calculation can be made
without introducing thermal corrections. The experimen-
tal data of Stevenson at T =33 K, not shown in Fig. 2,
can also be compared with our zero-temperature results by
taking into account the measured a-P transition volume
change and thermal expansion. A comparison of a11 the
above data with our calculated P- V curve is very good.
The diamonds represent the experimental data of
Stewart at T =51 K, but no attempt was made to com-
pare with our T =0 results because a-P and P-y transi-
tion volume changes and thermal expansion cannot be ac-
curately determined, except near P =0, where such
corrections give good agreement with our results. The
calculated isothermal compressibility at T =0 K and low
pressure is K=(2.99+0.3))&10 " cm /dyn compared to
the experimental value extrapolated to 0 K of
+expt =2.76 X 10 cm /dyn.

The calculated lattice parameters versus pressure are
shown in Fig. 3. Parameters (a, b, c) are identified by the
circles, triangles, and squares, respectively. The solid in-
verted triangles represent experimental data extrapolated
to zero temperature and the solid diamonds show experi-
mental data' taken at T =19.1 K. Two features are im-
portant in these curves. First, the slope of the lattice pa-
rameters a and c changes rather abruptly at P=7 kbar.
The slope of the lattice parameter b also changes consid-

ocf
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lK

I-~ 4.8
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4.6

LLI

4.4l-

4.2

—3.44
—5.40
—3.36
—3.52
—3.28
—3.24
—3.20
—3. 16
—3. 12

5.8
0

I
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I
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I I I I
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FIG. 3. Squares, circles, and triangles, connected by solid
lines, are the calculated lattice parameters c, a, and b vs pres-
sure, respectively. Lattice parameters b refer to the right-hand
scale. Solid diamonds' and inverted triangles (Ref. 7) show
low-temperature experimental data.

erably in this region but it seems to be more continuous in
nature. Additional data points at low pressure, not shown
here, confirm this behavior. As will become more obvious
later, this change in slope does not appear to be associated
with a phase transition but this feature does appear in
other physical properties and may be associated with some
as yet unidentified instability. Secondly, abrupt changes
in the values of the lattice parameters occur at P=23
kbar, which is clearly identified as a transition from the
monoclinic a-phase structure to an orthorhombic Fmmm
structure, which is known to be stable near room tempera-
ture at higher pressures. ' The solid lines are intended
only to aid the eye. Figure 4 shows the pressure depen-
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FIG. 2. Solid line gives the calculated zero-temperature P- V
curve. Circles (Ref. 18), square (Ref. 19), and triangle (Ref. 7)
represent experimental results at low temperature and the dia-
monds are experimental results {Ref.20) at T =51 K.
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FICi. 4. Squares connected by the dashed line are the calcu-
lated angle I3 vs pressure (left-hand scale) and the solid dia-
monds (Ref. 19) and inverted triangle (Ref. 7) show low-
temperature experimental data. Circles connected by the solid
line (right-hand scale} show the calculated angles P*.
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dence of the calculated angles P and P', given by squares
connected by the dashed line and circles, connected by the
solid line, respectively. The solid diamonds' and inverted
triangles show the low-temperature experimental data.
These angles are identified in Fig. 1. It is noted that these
angles do not show any change in slope near I' =7 kbar,
as do the other lattice parameters, but do show an abrupt
change at the orthorhombic transition pressure. It is also
noted that P*=90 for all P &24 kbar, characteristic of
the orthorhombic structure. By comparing the volume
V =abc sinP, determined from the lattice parameters on
both sides of the orthorhombic transition, an upper limit
of b, V=0.05 cm /mole is assigned to the transition
volume change.

The change in 'vibron frequencies in the solid,
hv =v(P) —v(0), are shown on Fig. 5. Because of the con-
troversy surrounding the proper description of the unit
cell, the results based upon both the crystallographic and
the magnetic unit cell are presented. The squares are the
calculated frequencies for the vibron associated with the
one-molecule crystallographic unit cell. The circles and
triangles are selected data points from recent Raman
measurements. The calculations show reasonably abrupt
changes in slope at P=7.5 and 28 kbar, which we identify
with the changes in lattice parameters shown in Figs. , 3
and 4. This is consistent with the Raman data of Jodl
et al. (triangles), where sharp changes in slope of the vib-
ron frequency at P=4 and 28+2 kbar are reported. The
Raman data of MvAL (Ref. 2) (circles) shows a sharp

, change in slope at P=12 kbar but there is no indication of
a similar change at higher pressures. These changes in
slope from the Raman experiments ' cannot be easily
seen from the selected data points displayed in Fig. 5 but
they are quite evident from the original results. Based
upon the magnetic unit cell, which contains two mole-
cules, another vibron mode is expected and the calculated

results for that mode are given by the diamonds. This
mode corresponds to the two molecules vibrating out of
phase and normally would be expected to have low inten-
sity in Raman scattering, as seems to be the case since it is
not observed experimentally. The solid and dashed lines
are approximate linear fits to the calculated data points.
Because of the difficulty in detecting the finer details in
Fig. 5, an expansion of the low-pressure vibron data is
presented in Fig. 6, where the solid circles are the calcu-
lated data points. While it is not possible to assert that
there is a discontinuous change in dv jdP, it is clear that
the slope does change from one constant value to another
in the vicinity of P=7.5 kbar. Allowing for the calcula-
tional uncertainty, which is slightly less than the dimen-
sion of the solid circles, the data could be reasonably well
fit by two, intersecting straight lines with different slopes,
as shown by the solid curve.

The two calculated libron frequencies based upon the
crystallographic unit cell are shown in Fig. 7 by the
lowest-frequency curve of solid circles and the triangles.
At I' =0 these modes, which are characterized by libra-
tions about the a and b axes, are nearly degenerate with
frequencies of approximately 40 cm '. With increasing
pressure a change in the slope of these frequencies occurs
at I'=6 kbar, and above about 12 kbar they split apart
with the libration Lb about the b axis being higher. At
approximately 23 kbar there is an abrupt change in I.b
and a smaller one in I.„signaling the orthorhombic phase
transition. The only low-frequency libron observed from
Raman data is given by the solid line (Jodl et al. ) and the
dashed line (MvAL). The MvAL and Jodl et al. data
give considerably different values at low pressures but
show changes in slope of the libron frequency at about 8
and 4 kbar, respectively. The Jodl et al. data also show
another change in slope at 8=28 kbar, which is not ob-
served in the MvAL data. Above 24 kbar, the calculated

10

20

16

12

6

E
C3

5

10 20 30 40 50
PRESSURE (kbor)

60 70

FIG. 5. Squares connected by the solid line give the calculat-
ed shifts in the vibron frequency vs pressure based upon the
crystalographic unit cell. Circles (Ref. 2) and triangles (Ref. 3)
represent low-temperature Raman spectroscopic results. In ad-
dition to the high-frequency branch (squares). the magnetic unit
cell predicts another branch, given by the diamonds connected
by the dashed line.

6 8 10 l2 I4 16 18

PRESSURE (kt or)

FIG. 6. Solid circles give the calculated shift in the vibron
frequency vs pressure, based upon the crystallographic unit cell.
Solid lines are approximate fits through the data.
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50 60

FIG. 7. The low-frequency branch of solid circles and trian-
gles give the calculated I.b and L, libron frequencies, respec-
tively, vs pressure, based upon the crystallographic unit cell.
Dashed (Ref. 2) and solid (Ref. 3) lines show the originators fit
to their experimentally Raman data. In addition, the magnetic
unit cell predicts two additional libron modes given by the upper
branch of solid cirlces and the squares. Dashed (Ref. 2) and
solid (Ref. 3) lines near the uppermost branch are the experi-
mental data,

40
0 6 8 10 12 14 16 18

PRESSURE (kbar)

FIG. 8. Diamonds (Ref. 2) and squares (Ref. 3) are the ob-
served libron frequencies and the solid circles are the calcula-
tions. Solid lines are approximate fits through the calculated
data.

I.I, libron frequency is in good agreement with the Jodl
et al. data, whereas the MvAL data are at somewhat
higher frequencies.

Based upon the magnetic unit cell, twq additional lib-
rons are predicted corresponding to out-of-phase libra-
tions of the two molecules in the unit cell about the a and
b axes. These modes are represented by the high-
frequency curve of solid circles and the squares in Fig. 7.
At zero pressure our calculation gives a high-frequency
libron at about 81 cm ' and a change in slope occurs at
P=6 kbar. At P=23 kbar, the frequency shows a small
nearly discontinuous change and then monotonically in-
creases with a different slope at higher pressures. This is
qualitatively the same as the Jodl et al. (solid line), which
gives the first slope change at I'=4 kbar and the second
at P=28 kbar but, as for the other modes, there is no in-
dication of a change in the MvAL data (dashed line) near
the proposed orthorhombic transition pressure. The
quantitative agreement with experiment is good up to 10
kbar but, at higher pressures, the calculated frequencies
are on the order of 15% too high. The other out-of-phase
mode predicted on the basis of the magnetic unit cell lies
between the two in phase modes and the high-frequency
out-of-phase mode, and is identified by the squares. It is
not observed experimentally. It must be noted that the
solid and dashed lines are the previous author's ' fit to
their experimental data, which are either too sparse or
with sufficient experimental uncertainty or both to clearly
indicate whether or not the slope changes are discontinu-
ous as shown, or are more gradual over a range of several
kbar. The solid circles in Fig. 8 show. an enlargement of
the two calculated librational modes over the pressure

2.5

1.0

0.5

&- 0I-
o 5O
O.
LLI

4

10 20 30 40
PRESSURE ( k bar)

FIG. 9. Circles and triangles connected by sohd lines on the
upper graph show the calculated phonon velocities vs pressure
for modes propagating with wave vector k perpendicular to the
a-c and 6-c planes, respectively. Triangles, circles, and squares
connected by solid lines on the lower graph show phonon veloci-
ties propagating with k perpendicular to the a-b plane.
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FIG. 11. Dispersion curve at P =0 based upon the magnetic
unit cell.

range 0 &P & 18 kbar that presumably correspond to those
observed. ' For both modes the results can be very accu-
rately fit to two straight lines (solid lines) which intersect
at about 6 kbar. The change in slope seems quite abrupt
at this -.point but one cannot rule out a more gradual
change in dvldP over an approximately 2-kbar interval.

Figure 9 shows the acoustic phonon velocities versus
pressure propagating along different directions k. The
circles on the top graph show velocities with klac plane,
and the assignments T„Tb, and T, refer to the crystallo-
graphic axis about which the molecules oscillate. The tri-
angles represent modes with kibe. On the bottom graph
the phonon velocities for kJab plane are. displayed. As
with the other properties, nearly all the phonon modes
show an abrupt change in velocity at P=23 kbar, associ-
ated with the orthorhombic transition. In fact, the trans-
verse acoustic shear mode T„with klab, nearly goes to
zero at the transition. Also, some of the velocities show a
significant change in slope at P=7 kbar. Figures 10 and
11 show the dispersion curves at P =0, based upon the
crystallographic and the magnetic unit cells, respectively.

FIG. 12. Calculated density of states at P =0 for the mag-
netic unit cell.

For the magnetic cell, the upper branches of L, and Lb
correspond to librations about these two axes with each of
the two molecules librating out of phase. Figure 12 shows
the density of states at P =0 based on the magnetic unit
cell.

The rms librational amplitudes are calculated using the
in-phase zone-center librational frequencies L, and Lb.
That is, (0; )=Pi!2IL;, i =a, b, where I is the moment of
inertia of the molecule. At P=0, (8, )' and (Hb)'
are approx&mately 10.9 .

IV. DISCUSSION AND CONCLUSIONS

The major accomplishments of this work are as follows.
(a) The calculated second virial coefficients are in good

agreement with experiment. '

(b) The predicted low-energy lattice at P, T =0 is the
observed C2/m, a structure. ' The calculated lattice
parameters (a,b, c,P) are in nearly exact agreement with
experiment, the largest difference being 0.7%%uo. The mo-
lar volume, sublimation energy, ' and compressibility
also agree closely with experiment.

(c) The P Vcurve is in good a-greement with experi-
ment, ' see Fig. 2.

(d) The pressure dependence of the vibron frequency is
in good agreement with experiment ' over the entire pres-
sure range 0 &P & 70 kbar.

(e) The pressure dependence of the low-frequency libron
L,b is in good agreement with experiment ' at all pres-
sures and, based upon the magnetic unit cell, a high-
frequency libron with frequency 81 cm ' at P =0 is
predicted that may be the mode observed in Raman
scattering measurements but heretofore not predicted by
theory.

(f) The predicted structural and dynamic properties give
clear evidence of a weakly first-order monoclinic to
orthorhombic phase transition at P =24+1 kbar, which is
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consistent with the Jodl et al. Raman experimental ob-
servations of a phase change at P =28+2 kbar. This
transition is driven by a shear force along the a axis of the
crystal that results in a softening of the transverse acous-
tic shear mode propagating in the z direction, as shown
by Fig. 9, and by an equally dramatic change in the angle
/3* from its value appropriate to a-02 at P =0, to 90' for
P )24 kbar, which characterizes the orthorhombic phase.

(g) The libron and vibron frequencies and some of the
lattice parameters and phonon velocities show a distinct
change in slope at P=7+ I kbar, but analysis of the re-
sults gives no evidence that this is associated with a phase
transition. This is consistent with the phase diagram
mapped out, by Olinger et al. where pnly the prthprhpm-
bic Fmmm phase has yet been confirmed from x-ray data
in the pressure region above the 0. phase and below the e
phase. A careful examination of the low-pressure Raman
data ' shows that it is not possible to resolve dvldP suf-
ficiently to be assured that it is discontinuous at any pres-
sure, despite the straight-line fits to the data that have
been reported. This is because of a divergence in the fre-
quencies reported at each pressure from two different ex-
periments, the inherent error in the measurements, and in
some cases due to a paucity of data in the region of the
slope change. Thus, in this regard, theory and experiment
are consistent with one another.

There remains several unresolved features of solid 02
under pressure at low temperatures. They are as follows.

(a) Why do the two recent Raman experiments ' show
quantitative and qualitative features in the pressure
dependence of the libron and vibron frequencies that are
sufficiently different to be outside their relative error? In
particular, why do only the Jodl et al. measurements indi-
cate a phase transition at P =28+2 kbar when both ex-
periments were nearly identical?

(b) The magnetic unit cell supports one additional vib-
ron and two additional libron modes, as compared to the
crystallographic cell. These three modes all are character-
ized by out-of-phase oscillations of the two molecules in
the unit cell. It would therefore be expected that these
modes have appreciable Raman intensities only if the
spin-orbit coupling significantly enhances the correspond-
ing Raman cross sections. The features of such a mecha-
nism have not been established. Even so, it would then be
necessary to explain why the out-of-phase vibron and the
in- and out-of-phase libron modes, corresponding to oscil-
lations about the a axis, are not observed. Problems also
exist for the predictions based upon the crystallographic
unit cell where there seems to be no reasonable potential
that will give a single libron mode anywhere near the
P=0 Raman peak observed at 79 cm '. Instead, two
modes with nearly the same frequencies (-40 cm ') have
been predicted by every calculation to date, including this
one. Consequently, the observed peak at 79 cm ' has
been attributed by some as an overtone, a two libron peak,
or a mixed libron-magnon mode. Then, the observation
of only one low-frequency libron instead of two has been
explained te be a consequence of the near-degeneracy of
these two modes which makes them separately unresolv-
able. However, recent Raman results ' resolve only one
low-frequency libron at all pressures 0 &P & 70 kbar.

Thus the above argument holds only if this accidental de-
generacy remains at all pressures. Because of the high de-
gree of anisotropy in the crystal, as evidenced by thermal
expansion, it would be surprising if the pressure-induced
crystal field did not break this degeneracy, especially in
the Fmmm orthorhombic phase. This is, in fact, predict-
ed by our theory as shown by Fig. 6. Thus, regardless of
the assumptions adopted, the explanation of experimental
data is still not completely established.

Aside from the choice of unit cells, which only affects
the interpretation of the dynamical properties, the only
uncertainty in the calculation is in the repulsive part of
the van der Waals potential U~, and in the exchange ener-

gy J(R). As mentioned earlier, recent measurements' '3
indicate that 25 &J& 38 K for the nearest-neighbor
separation in u-Oz at zero pressure, and its volume depen-
dence has been unfolded from magnetic susceptibility
data' only up to 6 kbar. There are also some ab initio re-
sults' for isolated 02 pairs, but its accuracy and its appli-
cability to the solid-phase magnetic interaction is not es-
tablished. Similarly, the only information about the
repulsive part of the van der Waals potential Uz comes
from ab initio data for the isolated 02 pair and from
unfolding molecular beam scattering data. Not with-
standing the inherent uncertainty in these results, it is well
known that the effective pair potential in the solid is al-
most always considerably softer in the repulsive region
than is appropriate for the isolated pair potential. Thus,
the above-mentioned information can be regarded as no
more than a guide. In this work we have fine tuned the
potential used previously, still well within the above-
mentioned range of uncertainty, in an attempt to more ac-
curately describe the properties of Oq over a wide range of
conditions. This has been largely successful. By incor-
porating the zero-point energy contributions directly into
the optimization technique and carefully determining the
minimum-energy structures for a wide range of pressures,
a more detailed picture of the phase-transition region has
emerged which clearly shows its first-order character.
The fact that relatively small changes in the volume
dependence of J(R) and the repulsive part of U~ from
previous work' has resulted in a change of the predicted
orthorhombic transition pressure from 6 kbar previously
to 24+1 kbar shows how sensitive this transition is to the
details of the potential. This sensitivity is a consequence
of the delicate cancellation of the repulsive van der Waals
forces with the attractive magnetic force along the a axis
which gives rise to a shear force. Significant refinements
of the theory beyond this will depend on further experi-
mental and theoretical information about the details of
the van der Waals and magnetic interaction in the solid at
short ranges.

It is evident from the results that the technique of using
a general, deformable unit cell in minimizing the Gibbs
free energy with zero-point contributions is a powerful
method for predicting phase transitions in solids and the
resulting structural lattice parameters make possible accu-
rate calculations of the dynamical features of these sys-
tems. Clearly, applications of this method to solid
fluorine, CO, and other molecular solids is highly desir-
able.
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