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Raman scattering studies of the J=0-2 rotational transitions in solid parahydrogen
and orthodeuterium over the pressure range 0--p - 3.3 kbor have revealed a phase tran-
sition from hcp to fcc, with the fcc structure being stable at high pressures and hcp sta-
ble at low pressures (& 0.8 kbar). In both phases the main anisotropic interaction is mo-
lecular electric quadrupole-quadrupole (-It ), but we observe significant effects tenta-
tively attributed to correlated zero-point motion.

Solid hydrogen is the simplest molecular solid
and can be considered a model system for the
study of intermolecular interactions in condensed
phases for several reasons. Among them are the
following facts: The properties of the isolated
molecules are well known; the solid is quite com-
pressible (—dlnV/dp-6&&10 4 atm ' at p =0); and
the anisotropic intermolecular interactions can
be "turned on" at will by the use of ortho and
para modifications and by the introduction of ro-
tational excitations. Because of the small mo-
ment of inert:ia (BH = 60 cm ', Bz =30 cm ') and
the weakness of the anisotropic interactions, the
molecular angular momentum J remains a good
quantum number even at normal solid densities.
At the low temperature of the solid (T &15 K) the
thermodynamic equilibrium distribution has es-
sentially all the moleeules in the J= 0 state,
where they are effectively spherically symmetric,
rare-gas-like, Van der Waals molecules.

When grown under ambient pressure, both para-
hydrogen (P-H, ) ' and orthodeuterium (o-D, )

'
form a simple hcp lattice. X-ray evidence~
shows, however, that when grown on certain sub-
strates an fcc pattern is observed, raising the
question of whether the hcp phase is merely me-
tastable, with the fce modification being kinetical-
Iy inaccessible under normal growth conditions
(T &0.158D). It is known, for instance, that the
stable low-temperature modifications of o-H, and
P-D2 have the molecular centers on an fcc lattice.

We report here rotational Raman scattering
studies of the J=0-2[So(0)] transitions in para-
hydrogen and orthodeuterium which show that the
hcp phase is stable at the densities corresponding
to ambient pressure, both for H, and for D„
while the fcc structure is stabilized at slightly
higher densities (b, V/V, -0.15). Direct measure-
ments of the dependence of the anisotropic inter-
molecular interactions are also reported as func-

tions of lattice parameters in both the fec and
hep phases.

Lattice parameters were varied by application
of pressures up to 3.3 kbar, generated by trans-
mitting a known uniaxial force through a long
hollow stainless-steel compression member to
a Bridgman unsupported area piston in contact
with the sample, in essentially the same manner
as used by Stewart4' for measuring the equation
of state. Stewart has shown that, since hydrogen
flows under very low shear, essentially hydro-
static pressures can be generated in this manner
for pressures greater than a few hundred atmo-
spheres. The three-window high-pressure opti-
cal cell was similar to that used by Fitchen. '
Assignment of unique frequency-pressure rela-
tionships, from hysteresis curves of the mea-
sured frequency shifts of the Raman bands versus
applied force, parallels the equation-of-state de-
termination of Stewart. Knowledge of the crystal
structure and the pressure-density relationship
then yields the functional dependence of the split-
tings of the Haman bands on lattice parameter.

Samples of parahydrogen and orthodeuterium
were prepared by allowing several cubic centi-
meters of the pure liquid to remain in contact
with a ferrous oxide hydroxide gel catalyst at the
normal boiling temperature for approximately
2 h. The samples were then stored in degassed
Pyrex bulbs. Only polycrystalline solids could
be grown in the high-pressure cell be cause of
the low symmetry of the container geometry and
the lack of control of suitable temperature gra-
dients during growth. The samples as grown at
low pressure were highly cracked and of unsuit-
able optical quality, but the application of only
100-150 atm pressure caused compaction and the
5145-A laser light was then readily transmitted.

The J=O-2 [S,(0)] rotational Raman transition
is in an experimentally convenient region [v, -360
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cm '
(H, ) and 180 cm ' (D, )], and its characteristics have been accurately determined at zero pres-

sure. '' The anisotropic interactions delocalize the excitations, creating bands of rotational excitons.
Raman scattering probes only the K =0 modes and their frequency differences are determined by the
crystal structure and by the detailed nature of the interactions. The most general pairwise interaction
for homonuclear diatomic rnolecules with 4l++g 2 is

V(R~„ tu„(u2) = Voo(R,2)+ V2O(R~2)[Y20((u, )+ Y2~((u2)]++ V2~ (R,2)Y2 ((u, )Y2„((u2), V22 = V22 . (1

Here, we have chosen the intermolecular vector as the quantization axis. It is well known that, at
zero pressure, the predominant anisotropic interaction is molecular electric quadrupole-quadrupole:

V, ,(EQQ) = 20m I', where I'= |Le'Q'/R'l2.

The Wigner-Eckart theorem gives a relation among the V» (EQQ):

V»»(EQQ) = 3V», (EQQ), and V»»(EQQ) = ~~V», (EQQ).

(2)

Other contributions to the V» are not as well characterized, and, in particular, the short-range an-
isotropic Van der Waals and overlap terms which may become significant at higher densities have
been theoretically estimated'" only comparatively crudely. It was one of the goals of the present in-
vestigation to attempt to measure their functional form.

pan Kranendonk has shown that, in the hcp structure, the anisotropic interactions split the tenfold
degenerate K= 0, So(0) transition into six levels, characterized by m:

N/2

g (k=0)=N "'Q[Y '(0 )Y '(0 )+ Y "(0 )Y "(0 )] (4)

Here i indexes the unit cell, containing molecules
1 and 2, and m and 0 are given relative to the hcp
c axis. The plus sign is appropriate for the Ra-
man-active levels. In the absence of an external
magnetic field, the states g and g „are degen-
erate. Thus, only three lines appear in the S,(0)
spectrum, for the most general interaction. In
an ideal rigid hcp lattice the V» terms average
to zero for first and second nearest neighbors.
The EQQ interaction, summed over the entire
lattice, splits the Haman-active g levels into
three lines, equally spaced by b. = 3.761'. The (»
state is lowest in energy, followed by g». Ear-
lier studies" have confirmed both the order of
the states and the equality, to within 1%, of the
energy splittings. However, the magnitude of b,

was observed to be less than that calculated. The
presence of a large-amplitude zero-point motion
has the effect of renormalizing the interactions.
To first order one then replaces the rigid-lattice
interaction parameter I", by a scaled one, I"~„„-„
= &I',. For H„previous Baman experiments" at
p = 0 give $ = 0.76, while for D, the value 0.82 is
obtained, in reasonable agreement with measure-
ments on other levels by other techniques, and
with quantum crystal calculations. One would
expect, then, that the EQQ interactions should
cause the observed splittings to diverge uniform-
ly, approximately as R, ', as pressure is ap-
plied.

We have observed, however, that at higher
pressures the spectra differ not only quantitative-
ly but also qualitatively from this behavior. Fig-
ure 1 illustrates two representative spectra for
p-H, . Results are similar for o-D, . The lower
trace was obtained at p =400 bar and exhibits the
expected triplet structure, while the upper one
was observed at p = 890 bar, and consists of at
least four lines, a result inconsistent with the
hcp structure. The additional spectral feature
at the left appears abruptly with increasing pres-
sure, does not disappear entirely when the pres-
sure is decreased below the observed threshold
and increases in relative intensity upon further
pressure cycling. The other three bands behave
smoothly in both intensity and frequency with
pressure. We ascribe the new band to a transi-
tion within an fcc phase, which appears between
400 and 890 bar. No volume discontinuity has
been noted, a result consistent with the postu-
lated transition. For the fcc structure, group
theoretical analysis predicts a Tg and an Eg level,
with the Tg level having the lower energy under
an EQQ interaction. The EQQ rigid-lattice split-
ting is 9.57I",. If the new spectral feature is iden-
tified as the triply degenerate T& fcc band and the
center of gravity of the fcc leveIs is the same as
that observed for the hcp ones, then the F'& band
of the fcc phase would lie almost directly under
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the hcp m=01evel, giving $&„,-0.7+0.1, the un-
certainty ar ising from the assignment of the lat-
tice parameter. These assignments are consis-
tent with the apparent intensity enhancement with
pressure of the high-ener gy l. ine. In addition,
the appearance of a new phase has recently been
postulated in order to explain observed hysteresis
with pressure of NMB. T, values, ' and various
thermodynamic anomalies. '3

If the only interaction in the system were re-
normalized EQQ, both the splittings of the hcp
triplet would diverge approximately as R ' from
the zero-pressure value of 6 (+ 1, + 2) = A (+ 2, 0)
= 2.00 cm ' for hydrogen and 2. 56 cm ' for deu-
terium. Furthermore, the splitting of the fcc
phase doublet would also diverge as R ' from its
appearance onward. Figure 2 illustrates the ex-
perimental energy differences (in cm ') as a
function of (Ro/R)' for both phases, for both P-H,
and 0-D, . R, is the lattice parameter of hydro-
gen at zero pressure, and deuterium is plotted
at its measured lattice parameter as though it
were hydrogen, The fcc data provide no surpris-
ing information. To within the experimental er-
ror and the accuracy of the knowledge of the equa-

CM

FIG. 1. Haman spectra of the J=0-2 transition in
parahydrogen at T = 2 K. The lower trace was re-
corded at p =0.40 kbar on a sample which had been
previously cycled to high pressure. Although the sam-
ple is predominantly in the hcp phase, a remnant of
an fcc phase transition is visible in the region t = 349
cm . This feature is clearly seen in the upper trace,
recorded at p =0.89 kbar, as is the inequality in split-
tings between the hcp lines and the intensity enchance-
ment of the high-frequency line, assigned to a super-
position of the hcp nz =0 line and the fcc && line.
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FIG. 2. Frequency splittings observed for both hcp
and fcc phases. p-H2 data are denoted by solid points,
whiIe 0-D~ data are represented by open points. Cir-
cles, hcp phase D(+ 1,+ 2); triangles, &(+ 2, 0); squares,
fcc Q(T

2 gp Eg) A II data are referenced to Q p, the Iat-
tice parameter ofp-H2 at zero pressure. The lowest
density of p-H2 and o-Dz points on the lower curve also
represent the respective values of &(+ 2, 0). The lines
drawn are visual aids only.

tion of state and lattice parameters at zero pres-
sure, hydrogen and deuterium scale with lattice
constant and the predominant anisotropic inter-
action is the EQQ interaction. As a reference,
at the highest pressure reported, the molecules
are on the average at a separation corresponding
to the bottom of the I ennard-Jones well as op-
posed to the classical turning point at zero pres-
sure.

The hcp phase, however, exhibits an unusual
behavior, The lower curve for this phase is the
energy difference between the + 2 and 0 band and
appears to exhibit only an EQQ dependence. The
splitting between the +2 and + I bands diverges
from the + 2 and 0 band difference upon applica-
tion of the smallest pressures attainable and
uniformly increases. The solid line through the
data points is only meant to serve as a visual ref-
erence and not as an implied functional form.
Such an unsymmetrical divergence of the hcp
phase triplet is quite unexpected. It cannot re-
sult from a pairwise additive force of nearest
neighbors in a rigid lattice. Noolandi" has pro-
vided a theory of dielectric screening, a pseudo-
three-body interaction, which would result in an
unsymmetrical divergence, but it predicts that
this effect would cause the +2 and 0 band differ-
ence to be anomalous qualitatively and is an or-
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der of magnitude too small quantitatively to ex-
plain the present observations. Van Kranendonk
and Sears" have ascribed such a difference to
an alteration of the ratio c/a. This is ruled un-
likely since b. (c/a) would have to increase great-
ly as pressure was applied to quantitatively match
the data. Hydrogen supports little shear and it is
not physically apparent why the crystal would
tend to become less than close packed as the ma-
terial is squeezed.

It has been pointed out by Ebner and Sung" that,
although terms such as the V,o sum to zero over
close-packed nearest neighbors in a rigid lattice,
this is not in general true when zero-point mo-
tion is appreciable. If this is the case here, then
the anomalous splitting should reflect both the
detailed nature of the correlations in zero-point
motion and the significant non-EQQ interactions.
Detailed quantum crystal calculations are needed
in order to test this hypothesis, and are current-
ly in progress, as are experiments at higher
pressures. Furthermore, since a quantitative in-
terpretation of the splittings depends on the equa-
tion of state, a redetermination of it is needed,
and is being pursued.
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Paramagneti. c resonance of the self-trapped exciton has been studied in KBr. The gen-
eral features of the spectra confirm-. the validity of Kabler's model of a VE center having
trapped an electron. We describe special aspects of the optical technique used to detect
the resonance.

Intrinsic lumineseenee in alkali halides is
known to occur through radiative decay of the
self-trapped exeiton. l The hole j.s highly loca].-
ized on two adjacent, covalently bonded, halide
ions, so that the self-trapped exeiton may be re-
garded as an X, molecular ion in an excited
level or as a V» center (self-trapped hole) having
trapped an electron. " In most of the alkali ha-
lides, two emission bands are observed. On the
basis of lifetime measurements' and studies of
linear polarization and of circular polarization'

in a magnetic fieM, the hi.gh- and low-energy
bands have been assigned to transitions originat-
ing from a spin singlet and a spin triplet, respec-
tively. The existence of a long-lived emission
band, showing temperature-dependent circular
polarization in a magnetic field, ' suggests the
possibility of optical detection of the paramagnet-
ic resonance of the triplet state. Using simple
techniques described by Geschwind, ' we have de-
tected the resonance of the self-trapped exciton
in NB.CI, RbBr, and KBr. The last mentioned
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