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Raman scattering from the transverse optic phonon in the hep phase of single crystals of the

five modifications of solid hydrogen has been observed.

Frequencies have been measured to a

precision of 0.05 cm™! and are compared with results of recent quantum-crystal theories of

lattice dynamics.

Reasonable agreement with theory is found, although frequency differences

between ortho and para modifications of the same isotope are much larger than predicted.
Absolute measurements of the phonon scattering efficiencies are made by comparing to the in-

tensities of the J=1—3 or 0— 2 rotational Raman lines.
with Werthamer’s recent theory for light scattering in van der Waals—type crystals.

The results are in good agreement
A broad

continuous feature observed at shifts of 40—-200 cm™! is tentatively identified as a two-phonon

band.

I. INTRODUCTION
In the past several years there have been increas-
ing theoretical advances in the understanding of the
dynamical properties of the so-called quantum
solids (notably solid He, H,, and their isotopes).
In these solids the kinetic energy of a particle as-

Predictions are made for the phonon intensities expected in solid hcp helium.

sociated with a lattice site is comparable to its po-
tential energy, even at 0 K, and as a consequence
the zero-point motion is substantial. This large
zero-point motion and the attendant anharmonicity
render the standard methods of lattice dynamics
invalid and new methods have been developed.! The
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basic approach of these theories is to average the
bare intermolecular potential over the zero-point
motion and so obtain an effective potential that al-
lows the standard methods of dynamics to be ap-
plied. Since the bonding in the quantum solids is of
the van der Waals-type and the gas-phase inter-
atomic potentials are fairly well known, compre-
hensive checks on the theories can be made.

The solid hydrogens (H,, HD, and D,) represent
a particularly interesting system of quantum crys-
tals to study because of the large range of particle
mass with only minor variations in intermolecular
potentials, and because the effects of the anisotropic
intermolecular interactions can be studied by vary-
ing the ortho-para concentrations. Furthermore,
preparation of the solid samples is relatively sim-
ple compared to that for solid helium which exists
only at elevated pressures. Techniques of crystal
growth have been developed in which single crystals
of all of the isotopic modifications of solid hydrogen
can be grown. %3

The three classic methods for obtaining the pho-
non-dispersion relations in solids are inelastic
neutron scattering, infrared absorption, and Raman
scattering. The first technique provides the great-
est amount of information, yielding the dispersion
relations throughout the Brillouin zone, whereas
the information from the latter two techniques is
generally confined to the zone center. On the other
hand, the neutron technique is very time consuming
and cannot be used to study nonequilibrium ortho-
para mixtures if the measurement time is large
compared to the characteristic ortho~para conver-
sion time. Furthermore, good energy resolution
is difficult to obtain for the quantum solids since
neutron cross sections are quite small resulting in
poor counting statistics and high relative back-
ground.

The technique of infrared absorption has been
used previously to study the optical phonons in H,
and D, in the ordered state.? In the hcp phase the
phonons are no longer infrared active, but one of
the optical branches is Raman active and can be
studied by light scattering. An unusual feature of
the hydrogens is that the phonon intensities can be
measured absolutely by comparing to the intensities
of the /=0~ 2 or 1- 3 rotational Raman lines. %°
These measurements can then be used to check the
theory and make predictions of the intensities for
solid hep helium.

In this paper, we present a detailed and more
precise investigation of the earlier reported®optical
phonons observed by Raman scattering in the solid
hydrogens in the hep phase. We proceed with a
brief description of the experiment and results, and
finally a comparison of the observed scattering
cross sections with the recent theory of Wert-
hamer, ®
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II. PROPERTIES OF SOLID HYDROGEN

Molecular hydrogen, hydrogen deuteride, and
deuterium crystallize in the bulk to form hcp lat-
tices with freezing points in the range 14-20 K. A
feature in the hydrogens, not present in the quan-
tum-solid helium, is the presence of the orienta-
tional degrees of freedom. A peculiarity of the
solid hydrogens, distinguishing them from all other
molecular solids, is that the rotational quantum
number J of the free molecule remains a good quan-
tum number in the solid state since the anisotropic
interactions, which mix the J states, are small
(~10~-20 K) compared to a separation of several
hundred degrees between the lowest rotational lev-
els. Transitions between odd and even states are
strongly forbidden, 7 and thus nonequilibrium mix-
tures of the odd and even J species are metastable,
converting towards equilibrium at the rate ~1.9%/h
for solid H, and ~0.11%/h for solid D,. At low tem-
peratures only the J=0 (para-hydrogen or ortho-
deuterium) and the J=1 (ortho-hydrogen or para-
deuterium) levels are populated. The HD molecule
does not possess a center of inversion symmetry
so that the odd to even J transitions are allowed,
and at low temperatures essentially all of the mole-
cules are in the J=0 state.

The crystal structure of pure p-H, or 0-D, re-
mains hep to 0 K. For high enough concentrations
of the J=1 species, ® the anisotropic intermolecular
interactions, due mainly to the molecular electric-
quadrupole moment, are responsible for a transi-
tion into an orientationally ordered state.® Accom-
panying the ordering is a crystal structure change,
and in the low-temperature state (space group Pa3)
the molecular centers form an fcc Bravais lattice.
For decreasing temperature the transition occurs
at 2.8 K for pure 0-H, and 3.8 K for pure p-D,.
The critical temperature decreases linearly with
increasing concentration of J=0 species, reaching
0 K for a concentration of about 60% J=1 species.?

III. DYNAMICS

The dynamical properties, i.e., the dispersion
relations and polarization properties of the phonon
modes in an hep crystal, have been treated for both
classical'® and quantum crystals.'! The hep lattice
has two molecules per unit cell and thus six phonon
modes in all, three acoustic and three optical.
Selection rules restrict the Raman observations to
the optical phonons in the vicinity of the Brillouin-
zone center for the first-order processes.® The
LO mode, polarized along the ¢ axis, is Raman in-
active, while the two degenerate TO modes are
polarized within the hexagonal planes and are Raman
active. The scattering intensities of these modes
are proportional to sinZ6, sin%f,, where 6, and Os
are the angles formed between the incident and
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scattered electric fields and the ¢ axis of the crys-
tal.® In addition, two-phonon Raman scattering is
allowed in the hep structure. 2

In the quantum crystals, because of the large
zero-point motion and hard repulsive atomic or
molecular core potentials, short-range correlation
plays an important role. To take account of these
correlations, Nosanow!® introduced the Jastrow
factor

f(R)___e-cu(R)/z , (1)
where v(R) is the gas-phase Lennard-Jones (LJ)
intermolecular potential and ¢ is a constant. Using
a trial wave function of the form

N
II)(’VI;"':?/N): Z’;(p(;t—ﬁz)l(lf(i";_;j)y (2)

where ¢(r; - R;) is a single-particle wave function
localized on lattice site ﬁi, variational techniques
were used with one result being that the particles
behaved as if they interacted via the effective poten-
tial
W(R) = FAR)[v(R) ~ 3(7%/M)V?Inf(R)] . (3)

Phonon frequencies and polarizations have been
calculated for hcp helium!! with the result that one
obtains the classical eigenvalue equation with the
bare LJ potential replaced by a ground-state lattice
average of the effective potential. These results
have been compared with experiment'* and the re-
sultant picture that emerges is that for low values
of E, 15 the quantum crystals do not exhibit behavior
qualitatively different from that of ordinary crys-
tals which can be treated by the standard methods
of lattice dynamics in the harmonic approximation,*®
even though in the classical harmonic approximation
the quantum crystals are unstable. More recently
Klein and Koehler (KK)'” and Biem and Mertens
(BM)*® have calculated the phonon-dispersion rela-
tions for solid H, and D, using self-consistent pho-
non theory. Resulting phonon frequencies are in
good agreement with experiment, and in particular,
have been obtained experimentally throughout k
space in the neutron work of Nielsen and Mdller?®
in solid ortho-deuterium.

IV. EXPERIMENTAL

A. Apparatus

The basic features of the Raman scattering cell
have been described elsewhere, 2 the major im-
provements being the use of a first-surface dielec-
tric reflector on the bottom of the cell and a more
pointed cold finger for initiating crystal growth.®
Samples of 0-H; and p-D, were prepared from nor-
mal gas using an adsorption column of the type de-
scribed by Depatie and Mills.?® The p-H, and 0-D,
were prepared by passing normal gas through an
Fe(OH), gel catalyst maintained at 20.4 K. Initial
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ortho-para concentrations were measured in the gas
with a thermal conductivity bridge?; in the solid,
they were determined by the temperature of transi-
tion into the ordered state or by the intensity ratios
of the J=1-~3 and J=0- 2 rotational Raman lines.
The high-purity HD was obtained by double distilla-
tion at 20.4 K of chemically prepared HD.

The exciting source for the Raman spectrometer
was the 5145- A line of an argon-ion laser, the
right-angle scattered light being observed with a
Spex model No. 1400 double monochromator and a
cooled I. T. T. FW-130 photomultiplier whose out-
put was detected with a picoammeter. Frequency
shifts could be determined to within 0.05 cm™ using
a frequency calibrator based on the spectral comb
generated by a Fabry-Perot etalon illuminated with
white light.® This increase in accuracy over that
obtainable with the dial calibration of the mono-
chromator (~1 cm™) was important in view of the
fact that the spread in optical-phonon frequencies
of the five species of hydrogen is less than 3 cm™.

Single crystals were grown of all species by tech-
niques described elsewhere.®® Growth takes place
in the birefringent hcp phase with the ¢ axis gener-
ally oriented along the axis of the tube, i.e., in the
direction of the main thermal gradient. Observation
of the crystals between crossed polarizers clearly
showed the presence of grain boundaries in non-
single-crystal samples. Single crystals of p-H,,
0-D,, and HD were easiest to prepare, while the
0-H; and p-D, were considerably more difficult and
depended delicately on the thermal gradients in the
cold helium gas and on other parameters.

B. Results

The Raman spectra of all species of hydrogen
showed a single sharp, but weak, line in the hcp
phase, which can be identified as a zone-center
optical phonon by its frequency, intensity, and po-
larization properties which were measured on what
were apparently single crystals. In addition, the
abrupt disappearance of the line in the J=1 species
when the temperature was lowered through the
orientational transition temperature was further
support for its identification. The intensity data
for the J=1 species used here was always taken
before the sample was cycled below and above the
transition temperature since repetitive cycling pro-
gressively destroys the hexagonal phase.® Typical
spectra are shown in Fig. 1 for deuterium; similar
results were obtained for hydrogen. HD spectra
exhibited no other structure between the phonon and
the laser line, as in H,; and D,, since the J=1 level
is not metastably occupied. In Table I the mea-
sured frequencies are listed along with the theo-
retical results of KK'” and BM, *®

An interesting aspect of this study is the linewidth
of the phonon lines. Unfortunately most of the data
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FIG. 1. Raman spectra in para- and ortho-deuterium at 4. 2K showing the phonon lines and other structure arising

from transitions within the J=1 molecular rotational states.

The scattering geometry is shown in the inset.

Polarization

is XY +XZ, where the first letter denotes the polarization of the incident field and the second that of the scattered field.
The frequency of any features can be measured by multiplying the number of fringes between the feature and the laser
line by the calibration constant 2.057 cm~!/fringe. A linear frequency axis is not given because of inherent nonlinearities
in the spectrometer drive. The gains of the upper and lower traces are not related.

for the phonons were taken at lower resolution (and
higher signal-to-noise) to optimize the accuracy of
the line position measurements.
crude attempts to unfold the instrumental slit func-
tion from the observed line shape to obtain the true
linewidths indicate full widths at half-maximum of

1.3 and 1.1 cm™ for p-D, and 0-H,, respectively,

ly, with error limits of order
Nevertheless,

and 0.6 and 1.1 cm™ for 0-D, and p-H,, respective-

0.5 cm™, In the 0-H,

there were indications that the line broadened after
the sample was thermally cycled through the orien-
tationally ordered phase and back (corresponding

spectra were not obtained in D,).
prising since cycling transforms the crystal into a

This is not sur-
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mixture of fcc and hep regions.8

No changes of the frequency or intensity were
noted in the hcp phase in the temperature range
1.1-4.2 K. In a p-D, sample at 14. 2 K (triple point
~18. 8 K) the phonon line was observed to broaden
and shift down a few cm™ in frequency to 35.48
£0.2 cm™,

In addition to the single one-phonon line observed
in all the samples, close examination of the higher-
frequency regions (40-200 cm™) of a spectrum of
HD revealed a broad continuous feature (Fig. 2).
Corresponding spectral regions were not studied in
H, or D,. The feature is partially obscured by the
low-frequency tail of the intense J=0- 2 transition,
centered at ~ 268 cm™. The frequency distribution
is consistent with that expected by analogy with
solid helium!? for two-phonon scattering, as is the
integrated intensity (~5 times that of the one-phonon
line). However, definitive assignment must await
theoretical calculations of the lattice dynamics and
scattering cross sections of HD.®

C. Discussion

The theoretical predictions for the phonon fre-
quencies at the Brillouin-zone center are in fair
agreement with the experimentally observed fre-
quencies, and are somewhat better for D, than H,,
probably because the quantum effects are smaller
due to the larger mass of the former. For the TO
modes the calculations of KK!7 are from 3 to 10%
high, while those of BM'® are ~30% high. However,
BM agree better with the LO mode, being ~ 25%
high compared to KK which is ~35% high. Both
calculations are based on self-consistent phonon
theory with effective potentials of the form given in
Eq. (3), and both use an LJ intermolecular poten-
tial v (R), but with slightly different parameters.
The KK calculations follow the collective picture,
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whereas BM use the single-particle random-phase
approximation.! Unfortunately, the two approaches
for the phonon calculations cannot be directly com-
pared since KK used a single-parameter Jastrow
function f(R) [see Eq. (1)], while BM employed a
less restrictive two-parameter Jastrow function.
Lattice sums well beyond first neighbors were em-
ployed in both calculations.

A comparison of the calculated shapes of the dis-
persion curves to those obtained from neutron
measurements'® show good agreement, except for
a scale factor. Nielsen and M¢ller apparently have
compared their results to KK’s dispersion relations
for the self-consistent frequencies w,, rather than
the poles of the displacement-displacement correla-
tion function §,, which is used to identify the phonon
frequencies in the collective picture. The agree-
ment with w, is better than that for §,, but this is
presumably fortuitous.

One of the most dramatic aspects of the quantum
crystals is the near absence of the isotopic-mass
effect of classical lattice dynamics, which predicts
the phonon frequencies to vary inversely as the
ratio of the square root of the masses. This would
predict a frequency increase of v2=1.414 in going
from D, to H,, whereas for the TO modes the ob-
served increase is only 1.03 for boththe J=1 and the
J = 0 species, in fairly good agreement with theoreti-
cal values of ~1.06. Although the gas-phase inter-
molecular potentials are almost identical for H,
and D,, the effective intermolecular potentials for
the solid given by Eq. (3) (and the lattice param-
eters) differ significantly in a manner such that the
effective-force constants are softened for the lighter
mass.

A further observation, which does not agree with
theory in magnitude, is the frequency differences
between the J=1 and J =0 species: +1.76 cm™ for

TABLE I. Experimental observations and theoretical predictions for the phonon frequencies in the various species of
hydrogen.
Ground Observed phonon Theoretical phonon
state Temperature frequencies (cm™!) frequencies (cm™!)
Species J (K) Mode Raman® Neutron KK MB
‘0-H, 1 4.2 TO 38.55+0.05 40.8
LO cee 119.2 ce
p-H, 0 4.2 TO 36.79 £ 0.05 40.5 48.4
4.3 LO 87.9 (Ref. 37) 118.3 110.4
HD 0 4.2 TO 36.16 +0,05
LO . e .o
p-D, 1 4.2 TO 37.27 +0.05 38.3
LO eee 108.9
14,2 TO 35.48+0.2
0-Dy 0 4,2P TO 35.83+0.05 37.0+0.8 (Ref. 19) 38.2 45.2
5 LO 79.8+2.4 (Ref. 19) 108.6 97.8

2This work.
PNeutron measurements made at 5 K.
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FIG. 2. Spectrum showing light scattering feature in the region where two-phonon scattering is expected. The two-

phonon density of states for HD extends in frequency from zero to the estimated position indicated by the arrow on the

frequency axis.

The one-phonon line is shown in the inset for comparison.

Interfering features are identified including

that due to a trace of D, impurity. The data shown is computer smoothed by taking a running average of five adjacent

points separated by ~ 0.3 cm™!,

H, and +1.44 cm™ for D,, compared to predictions
by KK of +0.3 cm™ for H, and +0.1 cm™ for D,.
The latter estimates are calculated from the small
differences between the gas-phase intermolecular
potentials of the ortho and para species. Due to the
attractive electric-quadrupole-quadrupole (EQQ)
anisotropic intermolecular interaction, in the orien-
tationally ordered phase there is a coherent effect
and the phonon frequencies should be shifted of
order 3 cm™ 2! from the value they would have if the
interaction were zero. However, in the orienta-
tionally disordered phase, if the molecules are
randomly oriented there should be no shift of the
phonon frequencies because the mean energy shift
due to the EQQ interaction is zero. The most plau-
sible source for the large observed shift is the
short-range orientational order that must exist when
ET is of order or less than the pair-interaction en-
ergies. A careful study of the temperature depen-
dence of the phonon frequencies in the J=0 and 1
species should provide an answer, if this effect can
be separated from frequency shifts due to ordinary
thermal expansion.

For completely random molecular orientations
the main effect of the EQQ interaction should be to
broaden the phonon lines. In fact, crude estimates

of the linewidths appear to support this conjecture
(see Sec. IV B) in the case of D, with the J=1
species having broader lines than the J=0 species.
For H,, the linewidths were roughly equal in the

two species. However, the width in the J=0 species
was measured in only one sample, and strains

could possibly account for its width being equal to
that of the J=1 species. Further work is required
in this area to make other than speculative state-
ments.

V. CROSS SECTIONS

The integrated intensity of the Raman lines pro-
vides information that can be compared to Wert-
hamer’s® recent theory for light scattering effi-
ciencies in van der Waals—type crystals. This the-
ory assumes a model in which each atom (or mole-
cule) is regarded as a neutral but polarizable point
mass interacting via induced dipole-dipole interac-
tions. Short-range overlap interactions are ig-
nored, but this should be a good approximation for
solid hydrogen at low pressures.® The neglect of
the local field in hydrogen (€=1. 3) is not as good
an approximation as for helium (€ =1.05), but is
still a relatively small effect and tends to cancel
when comparing the optical-phonon intensities with
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the rotational intensities. The Raman scattering
efficiency for the excitation of a single optical pho-
non, i.e., the fraction of incident light scattered
per units frequency solid angle, and length of the
crystal is given by®

w; \* L
Slozp(-?'> (nf+1) Mo R
Di

4,2 5 2, oio2
Ay, sin®g; sinf ¢

X 6((0“- -wph) P} (4)

where p is the number density, w; the incident fre-
quency, w;, the frequency shift, w,, the phonon
frequency, M the molecular mass, «,, the average
polarizability, and n, the phonon occupation num-
ber. The angles 6; and 6, were defined in Sec. III.
The factor w is proportional to the Raman matrix
element and is estimated by Werthamer to have the
value w?~6.5/a® for the hcp structure with nearest-
neighbor distance a. In the solid hydrogens a rea-
sonably accurate experimental measure of S;;, can
be obtained by comparing it to the scattering effi-
ciency of the rotational transitions S(J-J + 2) for
J=0 or J=1, which can be calculated in terms of
known constants. Since these measurements can
be made on the same sample under identical condi-
tions, less reliably known factors such as efficiency
of the light-collection system, efficiency of the de-
tection system, etc., can be eliminated by taking
ratios.

To calculate S(J— J + 2) in the orientationally dis-
ordered hcp phase with large J=1 concentration,
we assume a model in which the molecules are
treated as noninteracting free rotors fixed to the
crystal sites. The scattering efficiency appropriate
to compare with Eq. (4) is given by?

St~ ") =4p <“’—CL> 0p) [ ("M

aylIm;)|®

Xé(w”-wAI) ) (5)

where w; is the frequency of the scattered light, #
way is the frequency of the rotational transition,

a;; is the gjth component of the traceless part of

the molecular -polarizability tensor in the labora-
tory scattering frame (see inset, Fig. 1), and »n;

is the Boltzmann thermal-population factor for the
state (JM;l. The Cartesian components a;; can be
written as linear combinations of second-order
spherical harmonics® ¥,,(2;), where ©; denotes
the direction of the molecular axis with respect to
the laboratory fixed frame. The wave functions

Vs u; for the state 1J, M) are simply the spherical
harmonics Y, ,,(®;) and thus Eq. (5) can be easily
evaluated. The usual selection rules AJ=0, +2,
AM;=0, 1, +2 are found. In evaluating (5) we
average over the initial states and sum over the
final states. We note that because of the initial
assumption that the molecules are in free-rotor
states, the results are independent of crystal orien-
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tation. For high concentrations of J=1 species
where there is short-range orientational order near
the transition temperature this assumption may in-
troduce errors in the intensities. For high concen-
tration of J =0 species, the roton wave functions®
must be used in evaluating Eq. (5) along with the
respective form of a”-.5 To compare to the phonon
scattering efficiency, Eq. (4) must be evaluated for
the appropriate orientation of the crystal ¢ axis
with respect to E, and Ey.,;. All of the samples
evaluated for the relative intensities had the ¢ axis
within 10° of the Z axis as shown in the inset of
Fig. 1 which also shows the scattering coordinate
system. The theoretical efficiencies for both the
J=0~2 and J =1~ 3 transitions are given in Table
II and comparison with experiment is in Table III.
The notation for polarization such as XY means the
incident electric field is polarized along the X di-
rection and the scattered field along the Y direction.
The scattering efficiencies given in Table II are
identical to the results one would obtain for a pow-
dered sample. This is an example of the principle
of spectroscopic stability3° which is effective here
since the intensities are summed over a complete
set of final states. Because of this, the integrated
rotational intensities should be insensitive to any
error in the identification of the sample orientation.
On the other hand, the phonon intensities do depend
on the sample orientation, and any misorientation
of the ¢ axis from the Z direction will decrease the
measured strength, although the effect should be
small for small error angles. (An error of 10°, of
the incident or scattered light from the assumed
geometry should decrease the intensity by ~3%.)
Another interesting result in Table II is that the
calculated intensities are identical for the J=0~ 2
transitions whether calculated for the free-rotor
model or the roton model, in which the motions of
the molecules are highly correlated. A detailed
analysis shows that, due to the correlation, the

TABLE II. Theoretical values of the scattering effi-
ciencies for the J =0—2 and 1— 3 rotational transitions
given in terms of 4 = (w/c)%(a, = ,)®. The intensities for
J=1— 3 were calculated on the basis of free-rotor states,
whereas the results for J=0— 2 are equally valid for
free-rotor or roton states. For the 5145-A laser line,
J=0~—2 transition, A has the value 5.9 x 10" for Hy and

6.6 x 10"7 for D,, in units of cm™! sr~?,

J=0—+2
rotons or J=1—3
Polarization free-rotor model free-rotor model
XY Za L4
Xz Za BA
Yy £a Ea
YZ 24 4
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TABLE III. Experimental ratios of rotational to
phonon intensities, with a comparison to theory. Experi-
mental accuracies are estimated to be 10%. The experi-
mental ratios are corrected to 100% concentration of the
rotational ground state indicated.

Intensity ratio

Rot. transition SU—J+2)/Sy,

Species J=J+2 Polarization Obs. Theoret.
o-H, 1—+3 XY+XZ 267 311
=Dy 1—+3 XY+XZ 304 412
p-Hy 0—2 YY+YZ 429 577
HD 0—2 YY+YZ 532 721
0-Dy 0—2 XY+XZ 458 661

strength of a single-roton transition is twice that
of an uncorrelated free-rotor transition. However,
half of the roton modes are Raman inactive, ® and
the net effect is that the integrated intensities are
equal for both models since the total number of
final states is equal, i.e., the degeneracy 2J+1
times the number of molecules N.

The values used for the polarizability anisotropy
Ysre =(a, = a,);;+ and the average polarizability
agr.=%(a,+2a,),;+ are the static ones calculated
by Kolos and Wolniewicz® and are given in Table
IV. They have only calculated the off-diagonal
terms (i.e., J#J') for hydrogen; in the case of
HD and D, we have used a;; =% (Q; ;+ 0, ), etc.
The justification for using the static values rather
than the dynamic polarizabilities is as follows:
Victor and Dalgarno® and also Kelly® have calcu-
lated o and vy for optical frequencies finding an in-
crease in value of order 5% in going from infinite
wavelength to ~5000 A. Using the static values
which enter in the second and fourth powers might
give rise to sizable errors. However, we note that
the ratio used in the relative intensities, %/ ozz,
changes by less than 3% in the same wavelength
span. We assume the same is true for the off-
diagonal polarizabilities, and then use the static
values.

The results are in good order of agreement with
Werthamer’s theory, the observed intensity ratios
being ~ 25% lower than the respective theoretical
values. The main source of error for the phonon
intensities is probably in the squared matrix ele-
ment w?~6.5/a®, for phonon scattering. In the
estimate by Werthamer, w has not been averaged
over the zero-point motion of the lattice which
could substantially reduce its value through the de-
pendence on the lattice parameter. 3*

It is interesting to compare the phonon scattering
intensity in hydrogen to that expected for solid he-
lium. Minkiewicz et al.'* have experimentally de-
termined the dispersion relations of solid hcp He
by neutron scattering at a molar volume of 21.1
cm?, roughly that of unpressurized solid H,. Using
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a=~1.35 a.u., about four times smaller than that

of Hy, wy,=7.4 cm™ from Ref. (14), and My, = 2My 5
we find that the intensity in He of the TO phonon
should be about 1072 that of H,, whichindicates that
the measurement will be difficult, but still feasible.
Decreasing the molar volume will increase the
matrix element w? however, this will be compen -
sated by the increase in wy, which Reese ef al.™
have observed to depend exponentially on molar
volume V,,, i.e., Awy,=e®2"m with b=0.1262
cm™, In fact, halving the molar volume of 21,1
cm?® will only increase the intensity by ~1.3 if quan-
tum crystal effects are ignored. The estimate may
be somewhat low, however, since the quantum-
crystal effects, which tend to reduce w? will be
less pronounced at the lower molar volumes. 38

VI. CONCLUSION

Our study of the Raman-active TO phonon in the
hep phase of all five modifications of hydrogen yields
the following information:

To the extent that the polarizability approximation
holds for the rotational Raman intensities, absolute
measurements of the phonon intensities have been
made. They agree quite well with Werthamer’s
theory and give increased confidence in the intensity
predictions for solid helium.

The zone-center frequencies have been measured
to high accuracy (<0.05 cm™) using a Fabry-Perot
generated spectral comb. In the one instance where
inelastic neutron data is presently available (0-D,)
the agreement of measured frequencies is only fair.
Because of the much higher accuracy, the Raman
results will always be a valuable supplement to
neutron data; in the case of ortho-hydrogen, the
fast conversion rate probably precludes neutron
scattering on pure crystals.

A rather large difference between the phonon fre-
quencies for the ortho and para modifications of the
same species has been noted. The difference is
well outside that predicted by the slight difference
in the isotropic part of the gas-phase potentials.

We suggest that short-range orientational order

TABLE 1IV. Static polarizability parameters used in
evaluating the scattering efficiencies. The values are
given in atomic units, a,=0.5292x 10-8cm. See the text
for a discussion concerning their use at optical frequen-
cies.

Nearest-neighbor

Transition a=o,—a, o=§(a,+20,) distance

Species J=J’ (a}) (@ &)
w i TEm o TEm o L
oot rmm s
o 970 o s.am 3.68
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(that must exist when kT is less than or comparable
to the average pair interaction) is responsible for
the effect. The downward shift in frequency ob-
served at high temperature in p-D, probably con-
firms this view, although further measurements
would be required to determine how much of the
shift is due to normal thermal expansion. A care-

SILVERA, HARDY, AND McTAGUE

len

ful study of the temperature dependence for both
ortho and para modifications would be of interest.
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