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We present experimental data on the dielectric behavior of solid molecular hydrogen to pressures
up to 220 GPa. To complement these measurements, a calculation of the interband dielectric re-
sponse was done for two prototype structures of hcp molecular solid hydrogen. It is shown that this
theoretical approach allows a more complete analysis of the experimental data on compressed solid

molecular hydrogen than previously possible.

I. INTRODUCTION

The prediction of the metallization pressure of hydro-
gen has been a theoretical challenge since the proposal!
in 1935 that at sufficiently high pressure hydrogen would
transform from an insulating molecular solid into a
metallic atomic solid. It is now hypothesized that hy-
drogen can first metallize in the molecular state by a
band overlap mechanism. Evidence for this was first pro-
vided by calculations based on an assumed Pa3 crystal
structure.’”* However, according to x-ray and neutron
diffraction experiments,® 7 the room-temperature struc-
ture of solid hydrogen and deuterium to moderately high
pressures is hexagonal close packed (hcp). Subsequent
total-energy calculations® demonstrated that a prototype
hcep structure is more stable than the Pa3 arrangement in
the pressure range of interest. In this arrangement [which
we will refer to as mhep(O) in the following; (O) signi-
fies oriented] the hydrogen molecules are centered on the
sites of the hcp structure, with their axes aligned parallel
to the hexagonal axis. For this structure, the closing of
an indirect band gap upon compression was also shown
to occur, but at significantly lower pressures than those
reported for the Pa3 structure.®

On the experimental side, some evidence for a metal-
lic molecular phase of solid hydrogen has been reported.
In 1988 a phase transition was observed!® at about 150
GPa, which was thought to be an extension of the well-
known low-pressure transition to orientational ordering
of the molecules due to electric quadrupole-quadrupole
interactions. Later it was found!! that this transition
only existed above 149 GPa and it was attributed to a
new phase (hydrogen-A) unrelated to the low-pressure
phase. Subsequently, claims of metallization of hydrogen
at 148 GPa have been made based on the observation of
a rising edge in the ir reflectivity and absorption, which
was studied to pressures up to 177 GPa and assigned to
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a free electron Drude edge.!?!3 However, other studies

of optical reflectivity and absorption up to 230 GPa have
failed to confirm these observations and interpretation of
metallic behavior.!* It has been speculated that the re-
ported rising edge might be due to an impurity in the
sample such as ruby reacting with hydrogen.!s

For a comparison of the computed metallization pres-
sure and the experimental value to be meaningful, proper
consideration should be given to the limitations of the
theoretical approaches. In particular, the use of the local-
density approximation (LDA) for exchange and correla-
tion is inadequate, since the LDA is known to underesti-
mate the band gaps of semiconductors and insulators.!®
One attempt to correct this undesirable feature is the use
of a semiempirical model for the exchange and correlation
potential.}” This scheme predicts a metallization pressure
of 180(20) GPa for the prototype mhcp(O) structure,
and a much higher value (approximately 400 GPa), for
an idealized model with spherical charge distributions at
the molecular sites [referred to as mhcep(S)].}7 All of the
significant results obtained with the use of this semiem-
pirical approach have been qualitatively confirmed by a
more sophisticated quasiparticle calculation.®

If only comparisons between predicted and experimen-
tally determined metallization pressures are done, a great
deal of information is neglected, since optical experiments
typically probe the overall dielectric behavior of the solid
hydrogen samples. Hence, a more complete understand-
ing is possible if the dielectric response is modeled theo-
retically. Here we present experimental data on the di-
electric response of solid hydrogen to 220 GPa in the
visible part of the spectrum. In order to interpret these
data, we have calculated the interband contribution to
the dielectric properties of two prototype structures [the
mhep(O) and mhep(S) arrangements] as a function of
density. These structures are meant to be representa-
tive, since the structure of solid hydrogen in this pressure
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range has not been determined.

The experimental work described below has pushed
forward the range of pressures for which the dielec-
tric properties of hydrogen have been studied. FEarlier
Shimizu et al.!® measured the index of refraction to about
20 GPa using Brillouin scattering. van Straaten, Wijn-
gaarden, and Silvera?® introduced the Fabry-Pérot tech-
nique in the diamond anvil cell to measure the index
to 37 GPa. Subsequently van Straaten and Silvera?!:2?
measured the dispersion of hydrogen in the visible to 28
GPa. Eggert, Goettel, and Silvera?3 extended this work
to 73 GPa. Using the same technique, Hemley, Hanfland,
and Mao?* determined single oscillator frequencies into
the megabar pressure range, which we have reanalyzed
to obtain the dispersion.

II. EXPERIMENT

Hydrogen was cryogenically loaded into a diamond
anvil cell (DAC) and optical studies were carried out up
to 220 GPa at 77 K. Pressures were determined from
the quasi-hydrostatic ruby pressure scale,?® using fluo-
rescence spectra from small ruby grains embedded in the
edge of the hydrogen sample.

In a DAC the sample lies between two parallel faces
of the diamond culets; the cavity formed by the two
diamond-hydrogen interfaces forms a Fabry-Pérot (FP)
resonator. We measured the FP fringes in reflection in
the visible region of the optical spectra, for pressures up
to 220 GPa. An example of the experimental data for
the fringes can be seen in Ref. 14. The details of the
method can be found elsewhere.?!™23 In principle, this
measurement technique can yield both the index of re-
fraction and its dispersion as a function of frequency and
pressure,’l:22 however, in this work, because of geomet-
rical constraints, we only determined the product nod of
the index of refraction and the sample thickness and the
ratio

C = (1/no)(dn/dv)y, (1)

of the index and its dispersion. (The subscript 0 refers to

magnitudes taken at the frequency v = 18000 cm™!.)
The magnitude C in Eq. (1) can be determined rela-
tively accurately if the order of the fringes is known.?!:%2
J

2
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where
e'Mcv(k) = ('¢’ck Ie : pl wuk) (4)

is the dipole matrix element. The subscripts v, ¢ refer to
valence and conduction bands, respectively, and E, (k)
is the band energy. The integration is over wavevectors k
in the Brillouin zone (BZ). Formally, the dielectric func-
tion is a second-rank tensor. For our prototype struc-
tures, if we take the z axis to coincide with the hexagonal
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In our case the mean fringe order was about 28 and we
could not unambiguously identify each fringe by its order.
Instead of fitting to the Fabry-Pérot intensity equation,
we used a sinusoid, which is a good approximation to the
FP equation for low reflectivity, as is the case here:

I(v) = Asin{47B[1 + (v — 1y)Clv + D}. (2)

Here A is the amplitude, B = nod, and D is the phase.
Before fitting, the data were Fourier filtered to remove
the zero- and low-frequency components. The parame-
ters were determined with a least-squares nonlinear fit-
ting routine. This was done for all pressures studied,
except in the region of 120 to 160 GPa, where the fringe
contrast was very low because of index matching between
the hydrogen and diamond.

III. THEORY

The various optical response constants can be calcu-
lated from the complex dielectric function, which in turn
is obtained from the band structure. As in previous
work,!” the shortcomings of the LDA can be addressed
through the use of a semiempirical model for the ex-
change and correlation potential. Here we choose the
Slater Xo scheme?® and vary the strength parameter
« to reproduce the main features of the experimentally
determined?” absorption at atmospheric pressure. The
spectrum has an interband onset at approximately 15 eV
and a broad shoulder at approximately 17 eV. We note
that the value chosen in Ref. 17, namely, a = 1.56, gives
the same value for the direct gap in mhcp(O) as a first-
principles quasiparticle calculation.’® For mhep(S) « is
set at 1.44 to reproduce the corresponding zero-pressure
quasiparticle gap.

We fixed the molecular bond length at the experi-
mental value of approximately 1.4 a.u.?® The c¢/a ratios
were based on x-ray data,® with a high-density limit of
1.58. We use the Natarajan-Vanderbilt diagonalization
scheme?® to obtain the energy levels and wave functions
from the secular equation, with a plane-wave basis and a
36 Ry cutoff.

Using first-order perturbation theory,3® the imaginary
component of the dielectric function is given by

S [ dkleMe 00 8(Ex(K) = B,() - hw) 3)

[

axis, only two components need to be specified, namely,
the zz and the zz(= yy) components. These compo-
nents are obtained by setting the unit vector e in Eq. (3)
to Z and X, respectively. Note that both mhcp(O) and
mhcp(S) share the same space group.

We use the tetrahedron method (enhanced to account
for the k-dependent matrix elements3!) to compute the
relevant BZ integration. The real part of the dielectric
function is obtained by an application of the Kramers-
Kronig relation
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(W) =1+ %P/m <2(8) ge.

[eS) €_w

(®)

The imaginary part of the dielectric function must satisfy
the sum rule

/ weg(w)dw = —;Ewpz,
0

where w,, is the plasma frequency associated with the va-
lence electrons. Since the number of bands taken into
account in the sum in Eq. (3) is necessarily finite (20 in
this work), the sum rule can only be approximately satis-
fied (to better than 80% in this case). It should be noted
that in the calculation of the dielectric properties of inter-
est €5(w) always appears integrated with negative powers
of w. This circumstance makes it possible to safely ne-
glect the contribution of higher bands. This is not the
case for the integral in Eq. (6), where €2(w) is weighted
by w, since this weighting magnifies the contribution of
higher bands. Once both components of the dielectric
function have been determined, the frequency-dependent
complex index of refraction is given by the square root
of the dielectric function.

As it is evident from the above, this calculation ad-
dresses only the contribution of interband transitions to
the dielectric behavior. We have not considered the
effects of the free carriers arising from the closing of
the indirect band gap with increasing pressure [at ap-
proximately 180 GPa in mhep(O) (Ref. 17)]. Also,

(6)
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the experimental absorption spectrum of solid molecu-
lar hydrogen?? shows important excitonic effects. It is
likely that a fraction of the total oscillator strength is as-
sociated with exciton absorption over the whole pressure
range considered.

IV. RESULTS

We show in Figs. 1 and 2 the computed e(w) for
mhcep(O) at r,=2.00 a.u.,3? which corresponds to ap-
proximately 13 GPa,3 and at r,=1.60 a.u. (approxi-
mately 93 Gpa). A sizable anisotropy is evident from
the comparison of ¢,, and ¢;,. This is expected on the
basis of the orientation of the molecules: Similar plots
of €(w) for mhep(S) (Figs. 3 and 4) show a greatly re-
duced anisotropy. A direct comparison with experiment
can be carried out for pressures below 40 GPa (Refs. 19
and 34) for the index of refraction. The results are pre-
sented on Fig. 5. We note that there is fair agreement
between the experimental results and the computed n,,
for mhcp(O). In contrast, n,, deviates markedly, and so
does the computed index for mhep(S). No information is
available about whether the samples used in Refs. 19 and
34 were single-crystal or polycrystalline.

Previous data on the dispersion of the index of
refraction3%23:24 can be brought into the form used here,
namely, as the ratio C = (1/n)dn/dv, for the purpose of
comparison.?® Figure 6 shows the computed values for
the magnitude C defined above as a function of den-
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FIG. 1.

Computed dielectric function for mhcp(O) at r,=2.00 a.u. (corresponding to approximately 13 GPa). The top

panels display the real (left) and imaginary (right) parts of €zz(w). The bottom panels present the same information for €;:(w).
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FIG. 2. Computed dielectric function for mhcp(O) at r,=1.60 a.u. (corresponding to approximately 93 GPa). The top
panels display the real (left) and imaginary (right) parts of €zz(w). The bottom panels present the same information for €..(w).
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FIG. 3. Computed dielectric function for mhcp(S) at 7,=2.00 a.u. The top panels display the real (left) and imaginary
(right) parts of €zz(w). The bottom panels present the same information for €. (w).
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FIG. 4. Computed dielectric function for mhcp(S) at r,=1.60 a.u. The top panels display the real (left) and imaginary
(right) parts of €zz(w). The bottom panels present the same information for e..(w).
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FIG. 5. Calculated index of refraction for 18 000 cm™! photons as a function of pressure [lines marked (O)z and (O)z for
mhcp(O), lines marked (S)z and (S)z for mhcp(S)] compared with experimental data from Ref. 19 (19400 cm™?, solid circles)
and from Ref. 34 (18000 cm™!, open squares, representing a fit to the data).
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Calculated (1/n)dn/dv as a function of density [solid lines marked (O)z and (O)z for mhcp(O), dashed lines marked

(S)r and (S)z for mhcp(S)] compared with experimental data from Ref. 22 (solid squares), Ref. 23 (solid triangles), Ref. 24
(open hexagons: room temperature, solid hexagons: 77 K) and this work (stars): 77 K.

sity, together with several experimental data sets. For
mhcp(O) , the agreement is again quite good for the
zz component, although the relevance of this fact is not
clear in view of the uncertain sample conditions.36 At
the highest densities considered in our study (above ap-
proximately 200 GPa), the dispersion of n,, for mhcp(O)
turns out to be negative at the frequency chosen, which is
consistent with the shift of the onset of direct interband
absorption to lower frequencies.3”

V. CONCLUSIONS

We have presented experimental data on the di-
electric behavior of solid molecular hydrogen to pres-
sures up to 220 GPa. To complement these measure-
ments, we have carried out a calculation of the inter-
band dielectric response of two structures for solid hy-
drogen. The chosen structures are only prototypes.
In fact, recent total-energy calculations®® have demon-
strated that lower-energy structures exist. In this connec-
tion, it should be stated that current structural models
treat the rotational degrees of freedom of the hydrogen
molecules in a very simplified manner. For instance, the
“dumbbell” wave function used for the “oriented”
structures®® is a linear combination of all the spherical
harmonics. On the other hand, realistic models of or-
dered para-hydrogen at a high-pressure point to a mostly
J = 0 wave function with a small admixture of J = 2,

and ortho-hydrogen is mostly J = 1. Likewise, our sim-
ple spherical model may not be appropriate for a pure
J = 0 crystal and, since the electrons can easily follow
the molecular reorientations, is a rough description of a
disordered system.

The study presented here provides a testing ground for
calculations of the dielectric response. Through its ap-
plication to a variety of structures, the method outlined
should prove useful to interpret experimental data.
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