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Pressure dependence of the vibron modes in solid hydrogen and deuterium
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It has long been speculated that the high-pressure softening of the Raman-active vibron in hydrogen is
a precursor of metallization. We use data for hydrogen, our new results for deuterium, and an estab-
lished theory of the infrared- and Raman-active modes, to show that the softening of the Raman mode is

due to the intermolecular potential and that it is the behavior of the ir mode which is crucial in con-
siderations of metallization.

The Raman-active vibron mode (internal molecular vi-
bration) of solid hydrogen and deuterium has been exten-
sively studied as a function of pressure and temperature
into the megabar (100-GPa) range. ' For hydrogen the
mode frequency rises with pressure to about 36 GPa and
then turns over and decreases with further increase in
pressure, shown in Fig. 1; a similar result is observed for
deuterium. This turnover in frequency has been hy-
pothesized as being due to charge transfer and called a
possible precursor of dissociation of the molecular bond
leading to the atomic metallic phase of hydrogen, al-
though a detailed theoretical model with such an inter-
pretation did not exist. Pucci, March, and Siringo, in-
spired by the turnover of the Raman-active vibron,
presented a general analysis of the vibron frequency max-
imum in terms of the intramolecular potential but were
unable to relate the turnover to the insulator-metal (IM)
transition. Silvera has stated that the frequency turn-
over of the Raman mode "is an interesting 'red herring'
with regard to the IM transition. " Ashcroft has utilized
the experimental pressure dependence of the frequency of
the Raman-active mode to determine a density-dependent
intramolecular hydrogen potential.

In this paper we argue that the turnover of the
Raman-active vibron at intermediate pressures is pri-
marily due to intermolecular interactions, rather than be-
ing a result of weakening of the intramolecular interac-
tion and a precursor of metallization; it is mainly the ir
mode that should be used to determine the intramolecu-
lar potential in the solid. This is seen from a vibron nor-
mal mode analysis and is clearly demonstrated by experi-
mentally studying both the Raman- and ir-active vibron
modes; the frequency of the ir mode continues to rise
with pressure to 55 GPa, the highest pressure of study.
A similar interpretation has also been reached recently by
Loubeyre, LeToullec, and Pinceaux' from studies of hy-
drogen embedded in a neon lattice.

We present measurements of the ir vibron in deuterium
at high pressure. Deuterium was pressurized in a
diamond-anvil cell and studied at liquid-helium tempera-
tures; the experimental system has been described else-
where. " Pressurized samples of deuterium were allowed
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FIG. 1. Pressure dependence of the infrared and Raman ac-
tive vibrons in hydrogen. The modes of Silvera and Wijngaar-
den, Lorenzana et al. , and Boggs et al. are helium tempera-
tures; the rest are at higher temperatures.

to convert to the equilibrium ortho-para concentration at
T =5 K, essentially pure ortho-deuterium (even rotation-
al states). Infrared vibron spectra were measured using a
computer controlled tuneable Burleigh ir color center
laser. At low pressures the intensity of the ir-active vib-
ron mode is zero in a pure ortho-deuterium sample as it
depends on a j =1 impurity induction mechanism. 'x
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V(u], u2, R]p)= Vp(R 12)+ A (p]] m2 &R]2&)

+F(u], u2, R]2)+ (2)

where Vo is the isotropic part, A is the anisotropic part,
and F is the vibrational part of the potential. For our
purposes it is suScient to consider only the vibrational
term,

F(u, , u2&R, 2)=F, (u „R,2)+F, (u2, R,2)

+Fr(u]&u2, R,2),
which has a single-molecule and a two-molecule part.
These potentials can be expanded in terms of intramolec-
ular displacements:

F2(u, & u2&R ]2 ) g(R ]~ )u ]u~+—
We incorporate the single-molecule part F, into ]0]&p so
that our reduced pair potential is

Np(u]&R]2)+4p(u2, R]2)+g (R ]2)u]u~

keeping only the harmonic terms. Pp(u;, R,z) thus be-
comes the density-dependent intramolecular potential in
the solid and g (R,2 )u, uz is the harmonic part of the in-
termolecular potential.

However, at higher pressures when the sample has gone
into the broken-symmetry phase' ' (BSP) the lattice site
symmetry is changed, and the vibron intensity is then
nonzero. Our results for ir vibron frequencies are shown
in Fig. 1, as well as those of Mao, Xu, and Bell' for
room-temperature equilibrium hydrogen. We now ex-
plain the differences in the pressure dependence of the
Raman and ir vibron frequencies.

For an isolated molecule in its ground state, the inter-
nal vibrational frequency is determined by the reduced
molecular mass p, and the intramolecular potential (()p(u),
where u = r —r, is the deviation of the proton separation
r from its equilibrium position r, . In order to determine
a density-dependent intramolecular potential, Ashcroft
modeled Pp as a density-dependent Morse potential

]))p(u, R)=D(e '"—2e '"),
where R is the intermolecular separation in the solid.
The depth parameter D, the range parameter a, and
u =r —r, are all 8 or density dependent. Ashcroft used
the experimental Raman frequencies of hydrogen and
deuterium in an attempt to determine an effective in-
tramolecular potential for each density. This analysis
elegantly extracts information about the solid's in-
tramolecular potential. Here we show that the turnover
in frequency of the Raman mode at 36 GPa is due mainly
to the intermolecular potential, and that such analyses
should focus on the ir mode.

We shall first briefly review the theory of the vibron
frequency in solid hydrogen, developed by Van Kranen-
donk, ' and whose notation we shall follow. For a pair of
molecules separated by distance R&2, the potential is
]t&&p(u] )+pp(u2)+ V(u] u2, R]2), where V(u„uz, R]z) is
the intermolecular potential. V can be decomposed into
several parts:

In the low-density solid the potential can be taken as a
sum over all of the single molecule and pair potentials,
and we shall assume this to be valid for higher densities.
In the case of the vibrons,

y...= y yp(u, , Rp)+-,' y g(R, )u, u, , (3)
1 1,J

where Ro is the nearest-neighbor distance, and we have
assumed that P„,depends only on nearest neighbors.

The vibrational frequency of an isolated hydrogen mol-
ecule is 4161.2 cm '. ' ' This is shifted down several
cm ' when condensed in the zero-pressure solid; howev-
er, with increasing pressure the frequency increases by
about 100 cm '. Since this shift is small relative to the
frequency, I', and Fz can be treated as perturbations on
the vibrational energies.

In an ordered solid the collective vibrational excita-
tions are called vibrons and the frequencies of the modes
depend upon the lattice structure. Hydrogen has the
hexagonal close packed (hcp) structure for the conditions
of interest in this article. ' We shall show that the Ra-
man frequency is affected by both F, and F2, whereas the
ir frequency depends mainly on F&. In the following we
call v;„„,the part of the vibrational frequency due to the
intramolecular part of the potential Pp(u;, Rp). Due to
the intermolecular part of the potential F2, the Raman
vibrational energy is shifted by —s'/2 (the matrix ele-
ment of the perturbation between the vibrational eigen-
states of a pair of molecules). This has the value
E'= —ag(R;J)/]U, ', where a is a numerical factor, so
that c' depends on the intermolecular separation and is
inversely proportional to the square root of the reduced
mass. For the hcp lattice there are two vibron modes
with experimental peak energies at '

(4)

We thus see that it is the infrared mode, not the Raman
mode, which is more appropriate for determining the in-
tramolecular potential.

In Fig. 1 we show the experimental data for the Raman
and ir vibron frequencies as a function of pressure in solid
hydrogen and deuterium. Room-temperature modes
have been identified as the Q](l) mode. ' The
identification is unclear, since these samples were equilib-
rium hydrogen (25% para, 75% ortho). ' Although there
are differences in the measured Raman frequencies re-
ported by different experimenters (studies performed at
different temperatures), these are not important for the
purposes of this paper. Since the ir modes depend mainly
on the intramolecular potential and there is no turnover,
it is clear from experiment that the turnover of the Ra-
man modes is due to the intermolecular potential and
both frequencies should be used to determine the in-
tramolecular potential.

Using Eqs. (4), we can isolate the potential parameter
shown in Fig. 2. Here we have plotted

4v=v;, —v& =6.6c.' as a function of density, p. The
experimental data were fit to polynomials to facilitate the
analysis, so that the points in the figure represent
smoothed data. Van Kranenonk' found that at low-
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150—

powers of n between 1 and 3, and f, is a short-range at-
tenuation function of the form that Silvera and Gold-
man used to attenuate the dispersion forces in determin-
ing the isotropic intermolecular potential of hydrogen:

fc =exp[ —(3.3135pi~ —1) ], p ~0.0275,

fc =1, p&0.0275 .
(6)
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FIG. 2. The difference in the vibron frequencies as a function
of density shown as smoothed data, along with the fits discussed
in the text.

Avs, =1777p fc, p&0.043,
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Here ~ is a fitting parameter, which was optimized for

pressure c' originates from dispersion forces and varies as
R so that the dependence on density is p . At low den-
sity we expect the intermolecular potential to be dom-
inated by this term, and since there appears to be close
agreement with theory at zero pressure, ' we have fit the
difference in the vibron frequency at zero pressure,
hv= v;, —vR, ,„, and find Av@= 1724p, with the fre-
quency in cm ' when density is in mol/cm . We see in
Fig. 2 that agreement is good at low density but deviates
substantially at higher density.

It would be useful to fit the data and extrapolate to
higher densities to understand how one might expect the
infrared vibron to shift at high pressure. At high density
F2 or c' is probably dominated by overlap interactions
and charge transfer for which there currently exists no
theoretical analyses. Although the overlap depends ex-
ponentially on separation, we do not expect F& or F2 to
have such a dependence. In order to understand how the
potentials might vary with intermolecular separation we
consider the work of Ree and Bender who studied the
intramolecular forces for a pair of hydrogen molecules as
a function of intermolecular separation R and proton sep-
aration r. Their study reveals only the behavior of F&.
We shall assume that F& and F2 both have similar density
dependences and now consider the dependence of F&.
For each value of R we fit the Ree-Bender potential to a
harmonic potential of the form K(R)u to find the R
dependence of K. With increasing density (pccR ), E
remains constant until approximately the density corre-
sponding to the zero-pressure nearest-neighbor distance
(R =3.79 A, p=0.043 mol/cm ) and then increases as a
low-power n (n of order 1 —3) of the increase in density.

Thus, for low density, F2 varies as p and then gaes
over to the short-range behavior, similar to F~ ~ We use a
fitting curve of the form
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FIG. 3. The infrared and Raman active vibrons as a function
of density, along with the fits discussed in the text.

In the above, density is in the units of mol/cm . The
cutoff fc has the effect of gently turning off the long-range
dipole interactions at short range. This is shown in Fig. 2
along with the fit to the data, using the attenuated plus
short-range interactions (solid lines). We found the best
fits for the following values of n and ~: n =3, ~=12 500;
n =2.5, ~=6000. With these values the frequency is
given in wave numbers. We plot all of the data as a func-
tion of density in Fig. 3, along with the fits and their ex-
trapolations to high density. The fit to the deuterium
data uses the fit to the hydrogen data, scaled by p ', as
predicted by theory, and agrees reasonably well with the
data. This is a result of the dynamics and does not neces-
sarily support the form of the potential that has been
used. However, it may support our supposition that the
BSP phase of deuterium has an hcp lattice for the molec-
ular centers. ' The extrapolated fits feature the interest-
ing prediction that for the n =2.5 power, the ir frequen-
cy of hydrogen should turn over at a pressure of about
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100 GPa. From our scaling we expect the turnover for
deuterium to be at a higher pressure than for hydrogen.
However, it is clear from the figure that the high-density
behavior depends sensitively on the power of the fitting
function.

We conclude that information about the intramolecu-
lar potential of hydrogen and its isotopes is mainly con-
tained in the ir vibron frequency, not the Raman vibron
frequency. Unfortunately there is as yet no megabar
pressure data on the ir vibron frequency, so we have at-
tempted to fit the experimental data to be able to extrapo-
late this. It is quite possible that the ir vibron frequency

may have a turnover at higher pressures. This, by itself is
still no precursor of metallization although it may imply
that charge transfer out of the molecular bond is gradual-
ly taking place. Ultrahigh pressure measurements of the
ir vibron would be a welcome asset in trying to under-
stand the path to metallization of solid hydrogen.
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