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Pressure dependence of the optical phonon in solid hydrogen and deuterium up to 230 kbar
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We have studied the E2g transverse-optical phonon by means of Raman scattering in solid

molecular hydrogen and deuterium at pressures up to 230 kbar at 5 K in a diamond anvil

cell. With the use of a self-consistent phonon calculation which incorporates anharmonic

corrections to the self-energy, phonon frequencies were calculated using an isotropic inter-

molecular pair potential. Deviations between theory and experiment point to deficiencies in

the potential. The present experimental data can be used as a test on the isotropic part of
the intermolecular potential of the solid.

I. INTRODUCTION

Solid molecular hydrogen and deuterium are the
simplest molecular solids. A great deal is known
about their interaction potentials, equations of state,
and dynamical properties for both the even-ro-
tational-state species (para-Hz, ortho-D2) and the
odd-rotational-state species (ortho-H2, para-D2). In
this paper we confine our attention to para-H2 and
ortho-D2 for which the molecules are in the spheri-
cal J=0 state (J is the rotational quantum number)
at low pressure. The crystal structure of the solid is
hexagonal close packed (hcp) and is not complicated
by an orientational-order phase transition such as
that which occurs in the odd-J species at low pres-
sure.

The lattice excitations in order of descending en-

ergy are the vibrons (coupled internal vibrational
modes), the rotons (J=2 rotational excitations), and
the phonons. All of these lattice modes vary in en-

ergy with crystal density (pressure). The mode-
Griineisen constant is by far the largest for the pho-
non so that by increasing density (pressure), the pho-
non energy will eventually cross and exceed that of
the rotons. Since the energy is directly related to the
intermolecular potential and its derivatives, a study
of its density dependence can be used to assess the
quality of intermolecular potentials currently in use.
Such a study has at least two operational difficul-
ties. First, at low pressure the phonons are highly
anharmonic, requiring the sophisticated calculation-
al techniques developed for quantum solids. These
techniques are used in this paper. However, with in-
creasing density, the self-consistent phonon approxi-
mation improves due to decreasing anharmonicity,
so that the validity of the theoretical approximations

increases with density. Second, the Raman-active
phonon studied has a level anticrossing with one of
the roton bands, severely distorting the density
dependence in the crossing region. However, we feel
confident in our understanding of this crossing
phenomenon so that we can use standard theory to
correct the phonon frequency to correspond to its
value in the limit of zero roton-phonon coupling.
Moreover, these corrections are only important in
the region of the crossing.

In the hcp crystal structure there are three zone-
center optical phonons. Of these, the doubly degen-
erate transverse-optic (TO) phonons are polarized
within the hexagonal planes and are Raman active
with a symmetry E2~. This phonon mode was first
observed by Silvera et al. ' at zero pressure and
later by Nielsen, Thiery et al. , and Berkhout and
Silvera for pressures up to 10 kbar. In this paper
we present the experimental phonon frequencies of
the TO E2g mode in hydrogen and deuterium for
pressures up to 230 kbar. These are compared to
self-consistent phonon calculations using an inter-
molecular pair potential that has been developed ear-
lier to fit the P-V equation of state data of H2 and
D2.

II. EXPERIMENTAL OBSERVATIONS

Samples of 98.5% para-H2 and 98.5% ortho-D2
were prepared by catalytic conversion in the liquid
state. Pressure was applied in our diamond anvil
cell (with a pressure range up to 600 kbar) which is
operated in a He cryostat enabling temperature con-
trol in the range 1.1—300 K. Samples were confined
in a steel T301 gasket; the typical sample size had a
100-pm diam. and was -20 pm thick. Present ex-
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perimental data were obtained in several runs on
both isotopes. The lattice excitations were observed
in a Raman backscattering geometry. An argon-ion
laser with power up to 500 mW in the 5145-A line
was employed. Pressure was determined from the
luminescence spectrum of a few grains of ruby en-
closed with the sample which was also excited with
the 5145-A line. The pressure calibration of Mao
et al. was used. At the beginning of each experi-
mental run the zero-pressure frequency of the
fluorescence line was determined at 5 K. This zero-
pressure frequency was used when applying the for-
mula of Mao et al.

Owing to our small sample size, phonon intensi-
ties were generally too weak to detect. However, in
the pressure region where the phonon has about the
same frequency as the roton, a much higher intensi-

ty is observed due to hybridization of these two
modes. ' In this pressure region the phononlike
branch was measured. The effect of hybridization
on frequencies is given by
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Here ru, and ru& are the unperturbed roton and pho-
non frequencies, co~ are the hybridization frequen-
cies, and c is the coupling constant which at the
crossover point has the experimental value

FIG. 1. Phonon frequencies plotted on a double loga-
rithmic scale. The slope is the Gruneisen parameter.
Measurements by Berkhout and Silvera (Ref. 5), Lassche
et al. (Ref. 16), Silvera et al. (Ref. 2), Nielsen (Ref. 3) and
Thiery et al. (Ref. 4) are also included. The dashed line is
the calculation discussed in Sec. III; the solid line is a
least-squares fit to the data.

measured in cm '. In the crossover region mea-
sured phonon frequencies mI, /2m were converted
back to unperturbed phonon frequencies co&/2m. , us-
ing Eq. (1) and the measured roton frequencies. In
Fig. 1 we present our thus corrected data. We plot
In(v/vo) vs 1n(V/Vo), where v denotes the phonon
frequency and V the molar volume and the zero sub-
script denotes zero pressure. The negative slope of
this plot is the (mode) Griineisen parameter,
y= —BlnvTO/Bln V. Our data together with those of
Berkhout and Silvera were fitted to a polynomial of
degree 2 by means of a least-squares method. All
measurements were given the same weight. We find
for hydrogen

In(v/vo )= —0.012(10)—2. 17(5) 1n( V/Vo )

—0.28(3) ln (V/Vp ) (3)

with vp ——36.79 cm ' and Vp ——23.14 cm /mol.
For deuterium

1n(v/vo )= —0.017(5)

—2.05(3) 1n(V/Vo )

—0.27(2) 1n (V/Vo ), (4)

with vp
——35.83 cm ' and Vp ——19.95 cm /mol.

These fits are indicated by the solid lines in Fig. 1.
For the (mode) Gruneisen parameter we find, for
hydrogen

yH=2. 17(5)+0.56(6) 1n(V/Vo ). (5)

For deuterium

yD
——2.05(3)+0.54(4) 1n( V/Vo ). (6)

The dependence of the Griineisen parameter on mo-
lar volume is plotted in Fig. 2.

III. THEORETICAL CONSIDERATIONS

The phonon frequencies were calculated starting
from a self-consistent phonon basis corrected by the
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FIG. 2. E2g mode-Gruneisen parameter as a function
of molar volume [from Eqs. (5) and (6)]. Solid line: ex-
periment; dashed line: calculation.

three-phonon anharmonic processes in the manner
described by Goldman et al. The hcp I optical
phonons calculated including terms up to the pure
three-phonon process were found to differ only mar-
ginally from similarly calculated (Ref. 10} L pho-
nons in fcc Hq and D2. For computational econo-

my, terms in the self-energy of Ref. 9 going beyond
the pure three-phonon process were evaluated for
the fcc L-phonon case. We believe that this pro-
cedure does not introduce any appreciable error. In
Ref. 10 it was shown that these higher-order correc-
tions can be neglected in Hz and D2 for densities
higher than 10 cm /mol. The intermolecular poten-
tial used was that of Silvera and Goldman" which is
an isotropic effective pair potential, which includes
three-body effects of the Axilrod-Teller-Muto type.

In Fig. I we show the results of this calculation
together with the experimental paints. We note that
the calculated values are systematically lawer than
the observed values. The same sort of discrepancy
was also observed for the pressure dependence of ir
frequencies measured by Jochemsen et al. ' and for
the density dependence of Debye temperatures. '

Since anharmonic effects become relatively smaller
at higher densities we believe the disagreement to be
due to the potential used in the calculation. This
can originate from effects such as the inadequacy of
the pair potential itself as well as the increasing im-
portance of many-body forces other than those ac-
counted for in Ref. 11 in the high-pressure regime.
The calculated E2g Gruneisen parameters are shown
in Fig. 2. Although the agreement with experiment
improves with increasing density, the calculated iso-
topic behavior is qualitatively different from the ob-
served one. This anharmonic effect may point ta
the necessity of including higher-order terms in the

phonon self-energy.
The pair potential of Ref. 11 was determined

principally by fitting the equation of state (EOS)
data for pressures up to 25 kbar. The phonons here
extend to 230 kbar, an order of magnitude higher.
Recently, van Straaten et al. ' have extended the
EOS to about 400 kbar. Their EOS is slightly softer
than that derived using the potential of Ref. 11 in
this region. On the other hand, we would expect a
softer potential to give lower calculated frequencies.
This possible correction apparently works in the
wrong direction and would not improve the agree-
ment. We also point out that calculated phonon fre-
quencies involve higher derivatives of the potential
than appear in the EOS and thus are a much more
stringent test of the quality of a potential.

Finally, we wish to mention that the present mea-
surements can be used to estimate the Debye tern-
perature for H2 and Dq at high pressures. This can
be done by scaling the calculated Debye tempera-
ture' with the ratio of the measured E2g frequency
and the calculated E2g frequency. The results of
this are shown in Fig. 3. This procedure would also
yield the Gruneisen parameter for the Debye tem-
perature (which would presumably be different from
the mode-Griineisen constant given in the experi-
mental section). Furthermore, the Debye tempera-
ture and its Gruneisen parameter could be used in
extending the low-temperature equation of state" to
higher temperatures via the Mie-Gruneisen scheme
as was done by Driessen et al. ' in the low-pressure
regime.
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FIG. 3. Logarithmic plot of Debye temperature vs mo-
lar volume. The dashed curve represents the direct calcu-
lation. The solid curve is scaled with phonon frequency
ratio (see text). Experimental points are from Krause and
Swenson (Ref. 17).
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